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Cashew nut shell liquid (CNSL) is a brown liquid obtained from cashew nut waste, with several 
applications as a renewable feedstock for polymeric industries. To obtain it, cashew nuts must 
undergo thermal pre-treatment processes to soften cashew nut shell (CNS) and extraction operations 
to separate CNSL from CNS. Although it is well known that CNSL is mainly composed of phenolic 
lipids, the chemical identity of minor components has not been widely explored. Thus, this study 
analyzed the lipid profile of CNSL using untargeted lipidomics aimed to understand the effects of 
CNSL extraction and cashew nut pre-treatment methods. Here, based on multivariate analysis we 
elucidated the differences between CNSL extracted by Soxhlet or mechanical pressing from CNS 
pre-treated by roasting or steaming. It was found that CNS pre-treatment displays a significant 
effect on CNSL regardless of the method used most likely related to lipid thermal degradation in raw 
nut samples. Similarly, it was found that extraction methods cause variances on lipid profile due to 
solvent selectivity in soxhlet method. Thus, the study expands the knowledge related to chemical 
differences in terms of lipid profile associated with CNSL processing, demonstrating that performing 
pre-treatment on CNS affects CNSL indistinctively of the method implemented.
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Cashew (Anacardium occidentale) is one of the most consumed nuts around the world, with a global market 
size that is expected to reach USD 10.5 billion by 20311. This nut has become a promising crop for developing 
countries in tropical areas such as India, Vietnam, Indonesia, Nigeria and Colombia due to its soil condition and 
high land availability2,3.

To obtain cashew kernels that can be sold in the market, producing countries must process raw cashew nut. 
This involves doing a thermal pre-treatment to harvested and dried cashew nuts to soften the cashew nut shell 
(CNS); which is typically done either by roasting (Hot oil bath for 1.5 min) or steaming (High pressure steam for 
30 min). Then cashew nuts are opened and cashew kernels are recovered, sorted and packaged4–7. However, the 
process involves a significant by-product generation since 75% of raw cashew nut weight is constituted by CNS 
as the main agro-industrial residue8.

Unlike other nut-shells, CNS has a thick honeycomb-like structure on its mesocarp that comprises a 
brown caustic oil-like fluid known as cashew nut shell liquid (CNSL). This substance represents 30–40% of 
CNS weight and has exhibited potential as a raw material to design more sustainable polymeric resins and 
additives, surfactants, lubricants, fuels and bioactive agents6,9–13. Thus, research has been done related to efficient 
alternatives to recover CNSL from residual CNS, where solvent extraction and mechanical extraction methods 
are the most explored and implemented processes among the producing countries14–19. The productive process 
of cashew kernel and its by-products is illustrated in Fig. 1.
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CNSL oily nature has been attributed to four phenolic lipids known as anacardic acid, cardanol, cardol 
and 2-methylcardol, which have been reported as the main constituents of CNSL and differ significantly from 
the polar nature of other nut-shells extractives such as walnut, almond or pine nut20,21. While phenolic lipids 
from CNSL have been mostly studied as starting point for many biobased chemical products for industrial 
applications, their bioactivity has also gained attention for their potential to develop active ingredients for 
cosmetical and pharmaceutical uses. For instance, some authors have examined the effect of different isomers 
of anacardic acid from CNSL and its effect on biological activities, where anacardic acid triene showed high 
antioxidant and bioactive capacities against Artemia salina as well as inhibitory potential of the HAT enzyme 
activity of p300 and p300/CBP-associated factor in vitro and 64 times more antibacterial activity against gram-
positive bacteria than salicylic acid22–24. Similarly, cardol has demonstrated bioactivity as a tyrosinase inhibitor 
by binding to the enzyme’s active site in mushroom cells and as an antiviral agent by targeting and inhibiting the 
envelope proteins of the dengue virus25–27.

There have been reports that explore CNSL composition beyond these phenolic lipids targeting potential 
bioactive molecules. For instance, some authors have found that CNSL samples contain hydrocarbons and 
components such as octacosene, sigmasterol, β-Sitosterol and triacontene28,29. Phytochemical screening has 
also been made on cashew nut waste, showing that CNS solvent extract contains flavonoids, saponins, certain 
proteins and glycosides30. Additionally, the presence of sugars, furans, phytosterols, flavonoids and fatty acid 
esters have been detected in solvent and water extractives of cashew shell according to other researches14. 
Nevertheless, other lipid species with potential bioactive capacity or key role on cashew metabolic cycles are 
still unknown. Furthermore, although most of the authors agree that chemical composition can be affected as a 
response of the extraction method selected (in terms of phenolic lipids and other components percentages), the 
possible relationships of CNSL processing steps (pre-treatment and extraction) with the potential species from 
a full lipid fingerprint of CNSL is yet to be studied.

A full lipid fingerprint through lipidomic analysis have been key to understand the effect of processing and use 
of edible oils from several nuts and seeds. For example, the effect of cooking methods on the chemical profile of 
peanut seeds has been investigated via metabolomics approach, where 630 metabolites were identified, allowing 
to conclude that baking process was able to preserve most of the metabolites comparing with roasting and boiling 
process31. Other researchers have shown the changes on lipid profile of hazelnut oil during storage, where major 
differences are identified on triacylglycerols, diacylglycerols, phosphatidic acid, phosphatidylethanolamine, 
phosphatidyl ethanol and ceramide32. For the case of cashew, only cashew nut kernel edible oil has been analyzed 
through lipidomics analysis, where 141 lipids are identified including 102 glycerides and 39 phospholipids33. 
This demonstrates that the use of a lipidomics approach could contribute to the annotation of a full lipid profile 
of CNSL that could explain the effects of processing beyond physicochemical properties. However, to date, no 
study has been made to generate a robust lipid profile of non-edible CNSL from cashew nut shell using lipidomics 
analysis. Additionally, there has been poor research that understands the implication of cashew processing steps 
on the lipid composition of CNSL beyond phenolic lipids, especially regarding pre-treatment of cashew nut. 
Thus, the present article aims to understand the effect of cashew nut pre-treatment and extraction methods on 
the lipid profile of CNSL by a non-targeted lipidomics approach.

Results and discussion
Lipid profile of CNSL
787 features were observed in the samples of CNSL extracted by Soxhlet (SX) and mechanical pressing (P), where 
27 different lipid compounds were annotated on level 3 (Putative compounds matching molecular formula and/

Fig. 1.  Scheme of cashew processing steps from cashew crops to cashew kernel and cashew nut shell liquid 
(CNSL)
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or MS/MS data) (Table 1); which were categorized in Fatty acyls (6), glycolipids (4), glycerophospholipids (11), 
prenol lipids (4), sphingolipids (1) and sterol lipids (1).

According to the results, glycerophospholipids and fatty acyls are the groups that exhibit the largest amount of 
lipids identified. This result corresponds to previous studies, where it has been shown that glycerophospholipids 
and fatty acyls represent the most predominant fraction of lipid species from cashew nut. Although, it has been 
mentioned that the glycerophospholipid phosphatidylinositol (PI, 16:0/18:2, 18:1/18:1) is strongly involved 
in the development stages of cashew nut, specifically acting as a signaling lipid to inhibit cell apoptosis; 
phosphatidylserines (PS) and phosphatidylcholines (PC) have shown higher abundance on cashew kernel oil34,35.

For the case of CNSL the glycerophospholipids that are most abundant are PC, which are also highly present 
in other nuts species such as walnut, almond and cashew kernel itself33,36,37. According to the genome scale 
metabolic reconstruction of Anacardium occidentale, biosynthesis of PC is identified through the reaction 
of CDP-choline with 1,2 Diacylglycerol and shows to be a key connecting point for the biosynthesis of 
lysophosphatidylcholines (LPC), fatty acids (FA), phosphatidic acids (PA) and diacylglycerols (DG) through 
the enzymatic reactions catalyzed by phospholipases PLA1, PLA2, PC and PD. These resulting lipids are also 
found in CNSL samples (Table 1), which confirms the reactions identified in the metabolome reconstruction. 
This abundancy of PC on CNSL samples could be related to its metabolic function on cashew fruit. Previous 
research has shown that PC is a major phospholipid that contributes to the vegetable cells membrane integrity 
and adaptability to the environment38. Similarly, it has been shown that PC turnover products such as PA and 
phosphocholine and its complexes with phospholipases can act as signaling metabolites able to aid plant defense 
response39. Since CNSL is located in the mesocarp of cashew nut, the presence of PC and its turnover metabolites 
PA, DG and LPC could be related to the protective function of cashew nut shell, which through these lipids could 
trigger biochemical defense and cellular adaptability.

Compound Formula

Fatty acyls

Hydroxy-methyl-decadienoyl-glucopyranose C17H28O8

Rhamnopyranosyl-hydroxydecanoic acid C16H30O7

FA 17:2; O5 C17H30O7

FA 19:4; O6 C19H30O8

FOH 35:4; O6 C35H64O7

FOH 35:5; O6 C35H62O7

Glycerolipids

DG 36:8 C39H60O5

TG 57:8 C60H100O6

TG 57:9 C60H98O6

TG 57:10 C60H96O6

Glycerophospholipids

LPC 12:4 C20H32NO8P

LPC O-19:2//LPC P-19:2 C27H54NO6P

PC O-42:0// PC P-42:0 C50H102NO7P

PC O-42:1// PC P-42:1 C50H100NO7P

PC 42:5 C50H90NO8P

PC 42:6 C50H88NO8P

PC 44:4 C52H96NO8P

PC 44:5 C52H94NO8P

PC 44:6 C52H92NO8P

PC 44:7 C52H90NO8P

PA 31:3 C34H61O8P

Prenol lipids

Gibberellin A29 C19H24O6

Neurosporaxanthin glucopyranoside C41H56O7

Hexaprenyl-dihydroxybenzoic acid C37H54O4

Decaprenyl-methoxy-methyl-benzoquinone C58H88O3

Sphingolipids

Hex2Cer 38:0;O2 C50H97NO13

Sterol lipids

Spirostan-triol-glucopyranoside C34H58O10

Table 1.  Lipid metabolites identified in CNSL samples Compounds presented as (M: N) with M carbon 
atoms and N double bondings FA fatty acids, FOH fatty alcohols, DG diacylglycerols, TG triacylglycerols, LPC 
lysophosphatidylcholines, PC phosphatidylcholines, PA phosphatidic acids
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Some of the turnover lipids from PC that are also present on CNSL samples according to lipidomic assay are 
FA and fatty alcohols (FOH) which could be derived from the enzymatic hydrolysis of PC with PLA1 or PLA2 to 
form FA and subsequent reaction with the enzyme Ω-hydroxylase to generate FOH considering the presence of 
these enzymes and reactions in the metabolome reconstruction. Nevertheless, the FOHs present are identified as 
Annonacin A (FOH 35:4;O6) and Squamone (FOH 35:5;O6) which belong to the group known as annonaceous 
acetogenins(AGEs). Some studies have shown that FOH serve as lipid protective layers on the aerial parts of 
plants which might be the case for cashew nut40. However, since the lipids identified belong to AGEs, it could 
be argued that these lipids not only exhibit lipid protection layer to cashew nut but also cytotoxicity as a defense 
mechanism according to previous studies of the bioactive potential of AGEs41.

Prenol lipids have been also identified in CNSL after lipidomic assay. Starting by Gibberellin A29, a 
phytohormone that is involved in diterpenoid biosynthesis as the product of the oxidation of Gibberellin A20 
in presence of 2-Oxoglutarate according to the reactions identified in the metabolic reconstruction. It has been 
previously reported that Gibberellin A7 is actively involved in the color changes of the flowering process of 
cashew nut42. Since cashew nut starts growing after flowering stages and both Gibberellin A7 and A29 belong to 
diterpenoid biosynthesis, it could be inferred that the lipid identified in CNSL samples is a phytohormone that 
might contribute to cashew nut growth and development.

Other prenol lipids identified in CNSL samples are decaprenyl-methoxy-methyl-benzoquinone and 
hexaprenyl-dihydroxybenzoic acid where both belong to ubiquinone and other terpenoid quinones biosynthesis 
pathway according to Anacardium occidentale metabolome reconstruction. These lipids show to be highly 
correlated since polyprenyl-dihydroxybenzoic acids are precursors of polyprenyl benzoquinones in the 
biosynthesis of ubiquinone. These last metabolites have shown to be key electron carriers on plant respiratory 
chain as well as being key metabolites in plant growth and development43. Available KEGG data suggests that 
quinones also participate on the biosynthesis of carotenoids and gibbellerins, which can correlate to the other 
prenol lipids identified in CNSL samples. Thus, prenol lipids identified act as biomarkers that give evidence of 
the possible metabolic routes related to cashew nut flowering, growth and development.

Evaluation of the effect of extraction and pre-treatment methods by multivariate analysis
To observe the effect of processing (pre-treatment and extraction) on the lipid profile of CNSL, principal 
component analysis (PCA) was applied on samples of CNSL extracted either by Soxhlet(SX) or Pressing (P) 
whose nut was pre-treated either by roasting (R) or steaming (S). The total variance of the data explained by 
the PCA model built was 90.85%, with 73.61% from PC1 and 17.24% from PC2. According to PCA scores plot 
(Fig. 2), clear separation between raw nut and pre-treated CNSL clusters is evidenced along the axis of PC1. This 
shows that CNSL from nuts that have had some kind of pre-treatment (either R or S) show variances on its lipid 
profile compared with CNSL recovered from raw nuts.

Similarly, a separation of SX and P samples clusters is exhibited along the axis of PC2, which indicates that 
extraction method can cause variability on lipid profile of CNSL. It is worth noticing that there is no clear cluster 
separation in the scores plot related to the difference in pre-treatment methods in neither the axis of PC1 or PC2, 
which leads to the conclusion that this factor has little effect on CNSL lipid profile. Nonetheless, performing pre-
treatment on CNSL shows a significant effect on the lipid profile since samples of CNSL from raw nut present a 
considerably isolated cluster.

On one hand, based on the heatmap, it can be evidenced that CNSL from raw nut show higher content 
of triglycerides (TGs), glycerophospholipids, decaprenyl-methoxy-methyl-benzoquinone and fatty alcohols 
(Fig. 3). On the other hand, samples of CNSL extracted by pressing after pre-treatment of the nut (roasting 
or steaming) show a less diverse lipid profile, where free fatty acids, glycerophospholipids, prenol and sterol 
lipids exhibit higher relative abundance compared with raw nut samples. Figure  3 also shows that some 
of the glycerophospholipids PC are still present in the pre-treated samples (SP, RP, SSX and RSX) but with 
reduced relative abundance. This phenomenon could be attributed to thermal degradation of TGs, FOH and 
glycerophospholipids due to the pre-treatment conditions, which leads to generation of free FA (from thermal 
hydrolysis) or oxidized forms of the lipids. Nonetheless, the higher thermal stability of PC compared to TGs 
upon heat-induced oxidation processes could explain the conservation of some of these glycerophospholipids 
on pre-treated samples44,45.

Other lipidomic and metabolomic studies have shown that shells, husks and kernels of certain edible nuts 
usually exhibit predominant accumulation of triglycerides and phospholipids; which is comparable to the 
results exhibited on the heatmap for raw nut CNSL samples. For instance, it has been reported that seeds from 
Macadamia ternifolia show accumulation of long chain TG in mature growth stages where they play a key role 
on seed germination. It is also demonstrated that phospholipids tend to have higher relative abundance on early 
growth stages of Macadamia ternifolia, where they are involved in signal transduction during abiotic stress to 
protect the nut against possible harmful conditions46. Similarly, literature has demonstrated that walnut (Juglans 
regia) husk exhibit predominance of TG, FA and PC on its lipid profile; which only differentiate from the kernel 
due to a higher amount of terpenoids, oxylipins and dicarboxylic fatty acids that protect the kernel from oxidation, 
fungal infections and abiotic stess47. Additionally, it has been observed in the mesocarp of Elaeis guineensis that 
this structure has a strong relationship with the metabolic cycles of lipid and fatty acid biosynthesis; which could 
imply that lipids such as TG, FA are likely to be present on the mesocarp of nuts prior to a migration into the 
kernel on the growth stages of the seed48. Results found for raw nut CNSL agree with previous research since 
TG and PC show the highest relative abundance in the annotated profile; which could mean that compounds 
from CNSL (found in mesocarp of CNS) participate on triglyceride and phospholipid biosynthesis, that then 
accumulate on cashew kernel on the mature growth stage. While pre-treatment conditions could lead to thermal 
degradation of triglycerides and formation of free fatty acids, the results suggest that raw nut CNSL is not only 
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rich on phenolic lipids (anacardic acid, cardol and cardanol) but potentially a good source of triglycerides to be 
used on cosmetic formulations and lubrication industries49.

In the case of Soxhlet extracted CNSL, we found that samples display higher relative abundance of prenol 
lipids, sterol lipids and some glycerophospholipids (Fig. 3). Prenol and sterol lipids can be seen in higher relative 
abundance most likely due to the capability of organic solvents to recover components that are firmly fixed to 
cellular tissues and are not easily recoverable by pressing50. Since prenol and sterol lipids show higher polarity 
compared to other lipid species such as triglycerides and long chain FA due to the presence of aromatic and 
hydroxyl groups on its molecular structure; the use of a polar solvent on the extraction (acetone)could have 
favored the recovery of these species. This result suggests that soxhlet extraction with polar solvent might be a 
suitable strategy to recover CNSL with higher content of prenol and sterol lipids. Thus, new potential bioactive 
agents could be derived from CNSL (beyond phenolic lipids) since previous research has demonstrated that 
the types of prenol and sterol lipids annotated for CNSL in this study (gibbellerins, benzoquinones, benzoic 
acids and glucopyranosides) could generate potentially biobased surfactants and dyes for chemical industry and 
can exhibit interesting properties for biotechnological applications such as antimutagenic, anti-inflammatory, 
antioxidant, antifungal and antibacterial activity51–54.

Furthermore, the higher relative abundance of LPC evidenced in soxhlet extracted samples compared with the 
pressed CNSL samples could be attributed to a possible enzymatic hydrolysis reaction of phosphatidylcholines 
(PC), since previous research indicate that this reaction tends to occur when the reagents are allowed to be in 
a polar solvent such as ethanol or acetone (the one used in extraction method), generating LPC as a result55. 
Since phospholipases PLA1 and PLA2 were identified in the metabolic reconstruction, this scenario shows to 
be highly plausible. Therefore, it could be argued that pressing extraction method favors the recovery of CNSL 
with higher relative abundance of PC and FA (possibly derived from TG thermal degradation) compared to 
soxhlet samples. This result suggests that pressed CNSL has the potential to be a useful feedstock since PC (also 
known as lecithin) is one of the most used natural surfactants for food and cosmetic industries as well as for 

Fig. 2.  Principal component analysis (PCA) scores plot of CNSL samples from raw nut, extracted by soxhlet 
from steamed CNS (SSX), extracted by Soxhlet from roasted CNS (RSX), extracted by pressing from roasted 
CNS(RP) and extracted by pressing from steamed CNS (SP)
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pharmaceutical and medical purposes to treat respiratory distress; while FAs are widely used as a starting point 
to generate surfactants, polymeric additives, fuels and rheology modifiers56–58.

Identification of key lipids affected by pre-treatment and extraction processes by partial 
least squares discriminant analysis (PLS-DA)
Partial least squares discriminant analysis (PLS-DA) was performed to elucidate the differences between the 
extraction methods and the effect of pre-treatment in CNSL lipid profile with maximized co-variances. Samples 
of CNSL from raw nut were compared one by one with pre-treated CNSL samples extracted either by SX or 
P. (Detailed figures can be found in supplementary material). Additionally, CNSL samples with the same pre-
treatment (either R or S) were compared according to the extraction method to identify the detailed effect of this 
processing step in lipid profile of CNSL.

Comparative analysis between raw-nut CNSL and the rest of the samples show clear separation of the 
clusters in the component 1 as illustrated in Fig. 4 which compares raw nut CNSL with the samples extracted 
by Soxhlet from roasted CNS (RSX). For the PLS-DA analysis exhibited in Fig. 4, component 1 explains 99.8% 
of the variance, however, for all the comparisons of raw nut vs. pre-treated CNSL (from either roasting and 
steaming), the component 1 explains more than 95% of the variance (Complete PLS-DA plots can be found in 
supplementary material). This confirms that pre-treatment has an effect over lipid profile of CNSL since raw-nut 
samples shown considerable differences in lipid profile as evidenced in PCA analysis.

PLS-DA also helped to identify the metabolites which had greater contribution to the variance between 
the samples through VIP scores plot (Figures found in supplementary material). Results show four common 
metabolites with the greatest VIP scores in the comparison between raw-nut CNSL and the pre-treated CNSL 
samples. Similarly, other four common metabolites with significant contribution to VIP scores were identified in 
the comparison between SX and P extracted CNSL by either R or S pre-treatment processes. Table 2 shows the 

Fig. 3.  Heatmap of lipids of CNSL samples from raw nut, extracted by soxhlet from steamed CNS (SSX), 
extracted by Soxhlet from roasted CNS (RSX), extracted by pressing from roasted CNS(RP) and extracted by 
pressing from steamed CNS (SP)

 

Scientific Reports |        (2025) 15:18103 6| https://doi.org/10.1038/s41598-025-03071-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Sample comparisons Lipid name Retention time (min) Mass

Raw nut vs. pre-treated CNSL

Unknown 28.74 905.7568

Mosinone A 18.14 620.4652

TG 57:9 29.30 914.7363

TG 50:6;2O 25.21 849.6948

Soxhlet vs. pressed CNSL

PA 17:1 1.86 422.2433

Jasmolone Glucoside 1.75 342.1678

TG 56:9 26.17 900.7207

TG 54:7 26.55 876.3606

Table 2.  Identity of key lipid metabolites with higher VIP score according to PLS-DA analysis for comparisons 
between raw nut and pre-treaded CNSL as well as Soxhlet and pressed extracted CNSL

 

Fig. 4.  Partial least squares discriminant analysis (PLS-DA) scores plot of CNSL samples from raw nut and 
extracted by Soxhlet from roasted CNS (RSX)
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names of the main metabolites in the comparison between raw-nut CNSL and pre-treated CNSL as well as in the 
comparison between Soxhlet extracted and pressed CNSL.

PLS-DA analysis shows that the metabolite with the greatest contribution to the variance between raw-nut 
and pre-treated CNSL has an experimental mass of 905.7568 Da. By comparing the mass with the information 
available in HDMB and PubChem metabolite databases, it could be inferred that the metabolite belongs to the 
glycerophospholipid group. However, it was not possible to accurately identify this compound in the samples. 
VIP scores plot show that this unknown metabolite is more abundant in raw-nut CNSL. If the metabolite 
corresponded to a glycerophospholipid, the result would support the findings of the heatmap of the samples, 
since raw-nut CNSL showed a greater amount and variety of glycerophospholipids than in the rest of the 
samples. Nonetheless, more detailed analysis of that detection should be done to accurately confirm the nature 
of this metabolite.

Mosinone A was identified as the second metabolite which contributes the most to the variance between 
raw-nut and pre-treated CNSL. Results show that raw-nut CNSL had higher abundance of mosinone A, which 
suggests that there might be degradation processes due to pre-treatment. Mosinone A belongs to the group 
AGEs, and it has been acknowledged to be responsible of the regulation of stability and integrity of cellular 
membranes, as well as an ATP regulator59. Although some research has hypothesized that acetogenins are 
sensitive to degradation at temperatures above 50  °C, thermal stability of the molecule has not been widely 
explored yet60. According to the lipid profile of CNSL found in Table 1, mosinone A is not the only AGE present 
in the samples since isoannonacin A and squamone are also identified. Nevertheless, these compounds show 
also a decrease in abundance in CNSL samples after pre-treatment according to the heatmap (Fig.  3). This 
phenomenon supports the results evidenced in PLS-DA, which shows that pre-treatment might be triggering 
degradation of this metabolite as a result of the high temperature of the process. While this hypothesis must be 
researched in terms of thermal stability of acetogenins and fatty alcohols, the presence of AGEs in raw nut CNSL 
represent a significant opportunity since this kind of molecules have exhibited in previous research antitumor 
properties, cytotoxicity and obesity mitigation potential61–63. Thus, new potential research fields can be further 
explored for CNSL as a source of bioactive molecules.

Similarly, raw-nut CNSL shows higher relative abundance of triglycerides when compared with pre-treated 
CNSL. Specifically, it was identified that TG 57:9 and TG 50:6,2O had significant contribution to the variance 
and were more predominant in raw nut samples. This phenomenon could be attributed to thermal degradation 
due to high temperature processes. Since both roasting and steaming involves heating of cashew nut and its 
internal structures, it might be possible that triglycerides present in the sample are being transformed into free 
FA due to hydrolysis. Studies suggest that heating processes favors oxidation of double bonds in the aliphatic 
chains of triglycerides from vegetable oils, which can lead to hydrolysis and generation of free FA due to catalysis 
aided by hydrolytic enzymes, which are common on vegetable cells of nuts45. This result agrees with the findings 
of the heatmap (Fig. 3), where the differences between raw-nut and pre-treated CNSL lipid profile is strongly 
influenced by triglycerides degradation.

Through PLS-DA it was also possible to elucidate the effect of extraction methods over lipid profile of CNSL. 
Results show clear separation of clusters of SX and P extracted CNSL from R and S CNS over the first component, 
which explained more than 73.8% of the variance (Plots found in supplementary material). The key metabolites 
with higher contribution to the variance of this comparison according can be seen in Table 2, where 4 main lipids 
where identified.

In the first place, glycerophospholipid PA 17:1 was identified as a characteristic metabolite from SX samples, 
since VIP scores show that P extracted and even raw-Nut CNSL had lower amount of this metabolite compared 
with SX. This result is comparable with the findings of heatmap since SX samples also show high relative 
abundance of PA 31:3, which also belongs to the family of PA. This kind of metabolites are commonly found in 
cell membranes as structural elements that allow selective mass transfer, which might also be the case for CNS 
vegetable cells. Since pre-treatment and extraction methods favors rupture of vegetable cells of CNS to recover 
CNSL, it might be possible that these processing steps lead to an increased concentration of glycerophospholipids 
in the samples due to cell membrane rupture. For the case of PA, the increased relative abundance found in 
SX samples could be attributed to the polarity of the solvent used (acetone) since PA is a simpler and smaller 
phospholipid than PC or LPC and has a polar nature, making it suitable to be selectively recovered by the solvent 
involved in the extraction59,64. P extraction does not involve any polar extractant as SX extraction, which could 
explain PA concentration differences in the samples.

On the other hand, triglycerides TG 56:9 and TG 54:7 were identified to be predominantly on P extracted 
CNSL compared to SX extracted samples according to VIP scores. Although heatmap showed that the sample 
with higher amounts of triglycerides is raw-nut CNSL, in the comparison of pre-treated CNSL (P and SX 
extracted) TG 56:9 and TG 54:7 showed to be key metabolites that contribute to the variance between these 
samples. Higher relative abundance of these metabolites on P extracted CNSL could be also attributed to the 
solvent polarity of SX extraction, since polar solvents like acetone tend to recover mainly polar substances from 
the biomass65. Triglycerides are not considerably polar compared to other lipids such as phospholipids; thus, it 
might be possible that SX extracted CNSL had more selectivity towards polar phospholipids, which resulted in a 
sample less concentrated in triglycerides when compared to P extracted CNSL66.

Finally, jasmolone glucoside is identified as one of the metabolites that contributes the most to the variance 
between P and SX extracted CNSL. This metabolite belongs to the family of terpenes and has been reported to 
be present in plants leaves such as tea (Camellia sinensis), basil (Ocimum basilicum) and Saussurea pulchella.67–69. 
Considering that Anacardium occidentale metabolic reconstruction includes jasmonic acid biosynthesis, it could 
be inferred that jasmolone glucoside could be involved in this metabolic pathway as part of the plant hormones 
and signaling metabolites. For the case of CNSL, higher relative abundance of jasmolone glucoside were 
observed in P extracted CNSL independently of the pre-treatment method used in CNS. This might be related 
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to solvent evaporation after SX extraction, which could have led to a decrease in the relative concentration of 
the metabolite in the purified SX extracted CNSL due to terpenes volatility. Being part of the family of terpenes 
it could be inferred that this molecule might exhibit high bioactivity in terms of antioxidant, antimicrobial and 
anti-inflammatory capacity70. Nonetheless, since there are few reports related to this metabolite, its behavior 
related to extraction process and bioactive potential is still a challenge to be studied.

Conclusions
This study explored the lipid profile of CNSL beyond phenolic lipids using untargeted lipidomics analysis aimed 
to understand the effect of pre-treatment and extraction methods. It was found that CNSL lipid profile is mainly 
constituted of fatty acyls, glycerophospholipids, triglycerides, sterol lipids and prenol lipids; where annonaceous 
acetogenins (mosinone A, isoannonacin A and squamone) and jasmolone glucoside stand out as key lipids from 
raw nut and pressed CNSL respectively that contribute to the variance among the different samples.

Also, the study showed that pre-treatment of CNS has a considerable effect on lipid profile of CNSL since 
raw nut samples were significantly different from the rest of the extracted CNSL in terms of triglyceride, 
phospholipids and fatty alcohols relative abundance, mainly due to thermal degradation of the metabolites 
identified. Similarly, extraction methods exhibited significant differences in the lipids identified, where soxhlet 
extracted CNSL showed higher amounts of phospholipids LPC and PA, prenol lipids and sterol lipids. However, 
no significant difference was observed in the lipid profile between roasting and steaming pre-treatments. These 
results allow to understand the effects of not only extraction but pre-treatment processes on CNSL detailed lipid 
profile; proving that beyond phenolic lipids, raw nut CNSL could be a good source of triglycerides for fuel and 
lubricating industries, while soxhlet extracted CNSL could be a potential feedstock for sterol and prenol lipids 
with high bioactivity, and pressed CNSL could be a starting point for surfactant, fuels and polymeric additives 
production. While further research is still required regarding extraction optimization (in terms of efficiency, 
selectivity and yield), effect of cashew clones and crop conditions as well as the identification of a major part of 
the features present on CNSL; this research expands the existent knowledge and potential opportunities for this 
by-product.

Materials and methods
Cashew nut shells
Cashew nut shells (CNSs) from varieties Yopare, Mapiria, Yucao and regional 8315 were kindly provided by 
cashew processing farms from Vichada, Colombia. CNSs were sorted according the pre-treatment method 
implemented by the supplier. Thus, roasted (R) CNSs were provided by “Marallano Vichada” after roasting 
pre-treatment of the nut in hot CNSL during 2 min. Steamed (S) CNSs were provided by “Florez Rojas Finca 
Agroturística” after a high-pressure steam pre-treatment during 30 min.

CNSs were dried in a convection oven at 50  °C for 27  h and were ground in a mill (mean particle size: 
2.35 mm).

CNSL extraction
CNSL was extracted by two different methodologies: Soxhlet apparatus (SX) and mechanical pressing (P). For 
the first method, 20 g ground CNS were placed in a porous thimble inside a Soxhlet siphon. Acetone (PanReac 
AppliChem 211007, Darmstadt, Germany) was refluxed over the CNS as the extraction solvent for 30 h until the 
extraction was completed. Ketonic extract was concentrated in a rotary evaporator to recover CNSL. Samples 
were dried in a convection oven for 72 h at the boiling temperature of the solvent (56 °C) and subsequently 
placed in a desiccator for 48 h to eliminate solvent traces in final CNSL which was stored at − 4 °C28.

For mechanical pressing method, CNSs were placed inside the press vessel of a vertical hydraulic press. Then, 
the piston was located over CNS to generate compression and pressure was increased to 3000 psi leading to 
CNSL releasing from CNS. CNSL was collected in glass flasks and centrifuged at 4000 rpm for 20 min at 25 °C 
to separate suspended solids and was finally stored at − 4 °C for further analysis. Hydraulic pressing method was 
also used to recover CNSL from cashew nuts without pre-treatment or shelling (raw nut) as a blank sample for 
comparison.

Sample preparation for lipidomic analysis
20 mg of each CNSL sample were added to 500 µl of MeOH: MTBE (Sigma Aldrich 293210 and 6.06007, St Louis 
MO, USA) 1:1 and were stirred in a vortex for 1 min. The samples where then centrifuged at 14,000 rpm during 
10 min at room temperature and the supernatant was collected and filtered through PTF 0.2 μm filters. Finally, 
the samples were diluted 10 times before chromatographic analysis.

Instrumental analysis conditions
Agilent technologies 1260 liquid chromatography system coupled with a mass analyzer Q-TOF 6545 and 
electrospray ionization was used to perform the analysis in positive mode (Agilent technologies, Inc). 1 µl of 
each sample were injected in a InfinityLab Poroshell 120 EC-C8 column (2.1 × 100 mm, 2.7 μm) at 60 °C with a 
gradient elution composed by 5mM aqueous ammonium formate solution (Phase A) (Sigma Aldrich 70221, St 
Louis MO, USA) and 5mM ammonium formate solution in MeOH: IPA 85:15 (Phase B) (Sigma Aldrich 6.06007 
and I9516, St Louis MO, USA) with a constant flow of 0.4 mL/min. Mass spectroscopy detection was performed 
in positive ESI mode in full scan mode from 100 to 1700 m/z and MS/MS from 100 to 1700 m/z. Throughout 
the whole analysis mass correction was made using reference masses: m/z 121.0509 (C5H4N4), m/z 922.0098 
(C18H18O6N3P3F24). QTOF instrument was operated in 4 GHz (high resolution mode). Chromatographic 
elution gradient started with 75% of Phase B and increased until 96% of B at 23 min. Conditions were kept steady 
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until minute 36 where it increased up to 100% of B until minute 41. Then, the system returned to the initial 
conditions in 1 min, staying in equilibrium for 9 min71.

LC-MS-QTOF lipidomic data analysis
The compounds were manually analyzed and inspected using Agilent Mass Hunter Profinder 10.0 software using 
recursive molecular extraction algorithm with the conditions from Table 3.

Results were filtered based on reproducibility, where molecular characteristic with variation coefficient 
(VC) above 20% in quality control samples (QC) were excluded. Additionally, results were filtered based on the 
presence of the characteristics in the 100% of the samples of each group.

To verify the quality of the data unsupervised analysis was made using principal component analysis (PCA) 
to evaluate stability of the analytic platform. It was confirmed good clustering between QC samples, which 
demonstrated that the analytic system was robust during sample processing.

The most abundant characteristics of each group were identified tentatively using criteria such as monoisotonic 
mass, isotopic distribution, adduct formation and molecular formula. This was achieved by consulting online 
databases such as Lipid MAPS, using CEU Mass mediator tool. To confirm the identity of the metabolites, 
annotations were made based on MS/MS spectrum and using MS/MS libraries such as MSDIAL 4.9 or in silico 
online spectrum such as CFM ID 4.071.

Metabolomic reconstruction of Anacardium occidentale
To support the analysis of the lipidomic assay results, metabolomic reconstruction of the species Anacardium 
Occidentale was performed. The genome was obtained from National Center of Biotechnology information 
(NCIB) database, and was annotated using Augustus model on galaxy Genome Annotation software. The 
metabolome reconstruction was built using RAVEN and KEGG database to identify possible metabolites and 
reactions derived from the species genome72.

Multivariate analysis
To understand the effect of nut pre-treatment and extraction methods on the lipid profile of CNSL, a heatmap of 
the lipid profile for each sample was created using the function clustergram of software MATLAB R2022b72.The 
analysis was complemented with Principal component analysis (PCA) that was performed using pca function 
on software MATLAB R2022b72. Finally, partial least square discriminant analysis(PLS-DA) was performed to 
elucidate the influence of key metabolites on the comparison between raw nut and pre-treated CNSL as well as 
Soxhlet extracted and pressed CNSL. This analysis was performed with MetaboAnalyst 6.0 tool.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary 
Information files.
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