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Abstract Jackfruit seeds are an underestimate residue

having important biological activity such as anti-inflam-

matory, cytotoxicity and antimicrobial effects. However

few researches have been done for this material using

alternative extraction technologies, so this study aimed to

evaluate the extraction of triterpenes and sterols from

jackfruit seed by applying high- and low-pressure tech-

niques. Response surface methodology (RSM) was used to

determine the best conditions of pressure, temperature and

CO2 flow rate for extraction with supercritical CO2. The

yield and profile of these compounds were compared with

the low pressure technique, which was considered as a

reference. In vitro biological tests of anti-inflammatory

activity and cytotoxicity in L929 and RAW 264.7 cells

were also performed. The best extraction conditions in SFE

for sterols were 40 �C/20 MPa/4 mL min-1

(0.832 ± 0.007 mgSR g-1
sample) and 40 �C/20 MPa/3

mL min-1 (0.800 ± 0.009 mgSR g-1
sample), for triterpenes

were 50 �C/12 MPa/4 mL min-1 (1.501 ± 0.004 mgTT
g-1

sample) and 45 �C/9.3 MPa/3.5 mL min-1

(1.485 ± 0.004 mgTT g-1
sample). No cytotoxic activity was

detected in L929 cells in the extracts obtained from ethanol

up to concentration of 100 lg mL-1 of extract. The Pear-

son’s coefficient indicated that the reduction in cell via-

bility was related to the concentration of triterpenes. Anti-

inflammatory assays showed that some extracts could

inhibit the inflammatory action induced in RAW 264.7

cells at concentration of 30 lg mL-1 of extract. Our results

justify the further exploration of these characteristics to

obtain natural products for the pharmaceutical and food

industries.

Keywords Jackfruit seeds � Response surface � Biological
activity � Triterpenes � Sterols

Introduction

Efforts have increased in recent years to characterize and

utilize compounds of vegetal origin that have biological

activities able to replace or improve upon the characteris-

tics of synthetic compounds currently used in industrial

applications (Baldino and Reverchon 2018; Pandey and

Kaur 2018). Supercritical fluid extraction (SFE) technology
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has strong potential for obtaining molecules with biological

activity, because it is possible to selectively solubilize the

compounds of interest without the use of organic solvents

and has been explored in several studies that indicate the

high selectivity and purity of its extracts (Brunner 1994;

Reverchon and De Marco 2006; Taylor 1996).

The selectivity of SFE can be improved by limiting co-

extracted compounds if the mechanisms acting on the plant

matrix and the appropriate choice of pressure and tem-

perature are defined (Baldino and Reverchon 2018). In

addition to improving selectivity, SFE allows to separate/

isolate compounds by fractional extraction (multistep

extraction at increasing pressures) or fractional separation

(multistep separation at increasing pressures) and these

strategies may represent a possibility to improve the quality

of the extracted products (Baldino and Reverchon 2018;

Brunner 1994; Taylor 1996).

The Response Surface Methodology (RSM) is a tool that

contributes to process optimization, and highlights the most

efficient conditions and possible interactions between

experimental variables. It has been used to optimize

pharmaceutical, microbiological processes (production of

enzymes and metabolites) and has become important to

improving system performance (Oludemi et al. 2018;

Pandey and Kaur 2018). In addition, it has been used by

several authors to determine the extraction of bioactive

compounds, including in SFE (Domingues et al. 2013;

Martins et al. 2016; Nyam et al. 2009; Oludemi et al. 2018;

Pandey and Kaur 2018).

The genus Artocarpus belongs to the Moraceae family,

which consists of 37 genera and about 1100 species (Per-

eira and Kaplan 2013). Artocarpus heterophyllus (jack-

fruit) is a plant native to Southeast Asia, and it is now

distributed throughout many tropical countries. Jagtap and

Bapat (2010) conducted a very complete review of the

studies and main uses of plants of the genus Artocarpus,

while Swami et al. (2012) and Baliga et al. (2011) pre-

sented a more specific review of Artocarpus heterophyllus,

highlighting the various parts of this plant and its main

opportunities for use.

However, few studies on the seeds of this plant have

been performed, and those found in the literature generally

explore conventional extraction techniques, such as Soxh-

let (Nagala et al. 2015, 2013; Nagala and Tamanam 2017;

Patel and Patel 2011) and maceration (Zzaman 2012) with

such solvents as ethanol, hexane, methanol and petroleum

ether. Apart from physicochemical characterization, these

studies evaluated extraction yields, antioxidant activity,

antimicrobial activity and chemical profiles of the extracts.

The only report on use of a high-pressure technique is by

Tramontin et al. (2019) who used SFE with CO2 as solvent

and evaluated the yield of extracts and their in vitro

properties, such as antioxidant activity, antimicrobial

activity and photoprotective activity.

Extracts from Artocarpus heterophyllus are rich in

sterols and triterpenos (Sharma et al. 2015; Srinivasan and

Kumaravel 2016). The differentiation between the forma-

tion of sterols and triterpenes occurs through squalene

biosynthesis in relation to conformation of carbon chains

and enzymatic reactions that occur during the process

(Dewick 2009). Phytosterols, which have been reported to

minimize the risk of coronary heart diseases, are also

helpful in preventing several types of cancer, including

ovarian, prostate and breast cancers (Woyengo et al. 2009).

Triterpenic acids are classified as useful for the develop-

ment of new multi-targeting bioactive agents. They are

reported to have anti-inflammatory, antimicrobial, antivi-

ral, anti-HIV, antitumor, antimalarial, anticancer, and

cytotoxic properties, as well as cardiovascular effects

(Domingues et al. 2013; Pandey and Kaur 2018).

Due to the aforementioned, the compounds present in

jackfruit seeds may have important biological activities.

However, there is little research applying alternative

extraction techniques to obtain extracts from this raw

material, therefore, the objective of this research was to

apply SFE to Artocarpus heterophyllus seeds, using RSM

to determine the best pressure and temperature binomial to

maximize total extraction yield (gTotal), total sterol

extraction yield (gTotalSterols) and total triterpene extraction

yield (gTotalTriterpenes) comparing high and low pressure

extraction methods to evaluate variations in the activities of

the extracts obtained under different conditions and

extraction techniques.

Material and methods

Raw material and sample preparation

The Artocarpus heterophyllus fruits used in this study came

from farmers in the region of Curitiba, PR, Brazil. The

variety employed was ‘‘soft type’’, which consists of a

smaller fruit with fibrous, soft and sweet pods (Baliga et al.

2011; Swami et al. 2012).

The seeds were dried in a laboratory dryer (CE 220/216,

Cienlab, Campinas, SP, Brazil) at a temperature of 45 8C
for 96 h. The dried jackfruit seeds were ground in a knife

mill (MA580, Marconi, Piracicaba, SP, Brazil), and the

mean particle size was estimated by particle size distribu-

tion in a Tyler series set of sieves (45–140 mesh) (A

Bronzinox, São Paulo, SP, Brazil). The samples were

stored in the freezer compartment of a domestic refriger-

ator (BRM39, Brastemp, São Bernardo do Campo, SP,

Brazil) until the extractions were performed. The moisture

was determined according to the AOAC Official Method
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(2005) (method 925.10) whereby a sample mass of 2 g was

dried in a forced convection dryer (CE 220/216, Cienlab,

Campinas, SP, Brazil) at 103 �C until a constant mass was

obtained.

Low-pressure extraction (LPE)

Soxhlet extraction (SOX) was performed following the

AOAC Official Method (2005) (method 920.39). A sam-

ple:solvent ratio of 1:30 w/w was used, and extraction was

conducted in a Sohxlet apparatus for 6 h.

Maceration extraction (MAC) was performed according

Mazzutti et al. (2012), using a sample:solvent ratio of

1:5 w/v for 196 h with daily manual stirring at room

temperature (25 �C).
Ultrasound-assisted extraction (UAE) was performed

according to the method adapted from Luque-Garcı́a and

Luque De Castro (2003), using a sample:solvent ratio of

1:30 w/w. The ultrasound equipment with a probe

(DES5000, Unique, São Paulo, SP, Brazil) was used for

4 min at 70% power (maximum power—500 W) and a

frequency of 20 kHz.

The low-pressure extraction (LPE) was performed in

triplicate using the solvents hexane (HEX) and ethanol

(EtOH) with Rohrschneider polarity indexes of 0 and 5.2,

respectively (Kumoro et al. 2009).

Supercritical fluid extraction (SFE)

The SFE experiments were performed at laboratory scale

using a SFE and chromatography unit (LC 2000, Jasco,

Hachioji, Tokyo, Japan) described by Tramontin et al.

(2019). The volumetric flow rate of liquid CO2, pressure

and temperature were kept constant during the extraction

time. It was then pressurized with a positive displacement

HPLC pump (PU-2087/2087 Plus, Jasco, Hachioji, Tokyo,

Japan). About 7 g of the sample were placed in a column to

form the fixed particle bed. The extraction time was

defined from preliminary tests and by evaluation of the

extraction curve, and extraction was maintained until the

diffusive phase (150 min). CO2 was used as a solvent

(99.99%, White Martins, Florianópolis, SC, Brazil). The

sample collection of extracts was performed according to

Taylor (1996), consisting of an offline collection system or

‘‘trapping’’.

Post-processing of samples

The extracts obtained using the LPE techniques were

separated from the solvent with a rotary evaporator (R-100,

BUCHI, Flawil, St. Gallen, Switzerland). According to

Martins et al. (2016) the total extraction yield (gTotal), as
expressed in mg of extract per g of sample (mgextract

g-1
sample). The same concept was used to calculate the total

yield of extracted sterols (gTotalSterols), as expressed in mg

of sterols per g of sample (mgSR g-1
sample), and total yield

of extracted triterpenes (gTotalTriterpenes), as expressed in mg

of triterpenes per g of sample (mgTT g-1
sample), according

to Eqs. 1–3.

gTotal ¼
wextract

wsample
ð1Þ

gTotalSterols ¼
wSterols

wsample
ð2Þ

gTotalTriterpenes ¼
wTriterpenes

wsample
ð3Þ

where wextract represents the mass of extract in mg, wSterols

represents the total mass of sterols extracted in mg,

wTriterpenes represents the mass of total triterpenes extracted

in mg, and wsample represents the mass of the dried sample

used in the experiment expressed in g. The results for total

extraction yield for LPE were previously presented by

Tramontin et al. (2019) and were included in the tables and

text to improve the discussion.

Chemical profile

The method used for the characterization of the chemical

profile of the extracts was described by Tramontin et al.

(2019). The analysis was performed on an Agilent GC

(7890A, Agilent, Santa Clara, CA, USA) instrument cou-

pled with the Agilent MS detector (5975C MS, Agilent,

Santa Clara, CA, USA). The capillary column (HP-5MS,

Agilent, Santa Clara, CA, USA) of fused silica (30 m

length 9 0.250 mm i.d. 9 0.25 lm film thickness) com-

posed of 5% phenyl and 95% polydimethylsiloxane was

connected to a quadrupole detector operating in EI mode at

70 eV. Helium was used as the carrier gas at a flow rate of

1 mL min-1. The injector and interface (G6502B, Agilent,

Santa Clara, CA, USA) temperatures were both 250 8C
with a split ratio of 1:50. The injection volume was 1 lL.
The oven temperature program consisted of ramping up to

80 �C for 1 min, then increasing at a rate of 10 �C min-1

to 190 �C, and then at 5 �C min-1 to 300 �C for 15 min.

Each sample was analyzed in its extraction solvent, and the

SFE extracts were diluted in ethanol (HPLC grade) at a

concentration of 6500 ppm.

The identification of compounds was performed by

comparison with a library of spectral data NIST 11

(Standard Reference Data Series of the National Institute of

Standard and Technology—Mass Spectral Library) (NIST

2018). For quantitative analysis, the internal standard

method described by Sparkman et al. (2011), bornyl acetate

(Sigma-Aldrich Chemical Co., St. Louis, MO, USA) was
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used as a reference to obtain the response factor for

quantification of the peak areas.

Biological activity in vitro

Cell cultures

A L929 cell line (mouse fibroblast) was purchased from

Rio de Janeiro Cell Bank (BCRJ, Rio de Janeiro, RJ,

Brazil) and maintained in Dulbecco’s Minimal Essential

Media (DMEM) supplemented with 10% Fetal Bovine

Serum (FBS), 100 lg L-1 streptomycin and 100 IU mL-1

penicillin at 37 �C in a 5% CO2 atmosphere. Cells were

seeded in 24-well plates at a density of 1 9 105 cells

well-1, and when confluency was achieved, the extracts

were added to the plate wells at concentrations of 50 and

100 lg mL-1 culture medium. The following extracts were

evaluated with these cells by the MTT method: SOX-

EtOH, MAC-EtOH, UAE-EtOH, SOX-HEX, MAC-HEX,

UAE-HEX, SFE1, SFE8 and SFE16. Only 3 SFE experi-

ments were evaluated, considering the lower and upper

limits and the center point.

The murine RAW 264.7 macrophage cell line was

purchased from Rio de Janeiro Cell Bank (BCRJ, Rio de

Janeiro, RJ, Brazil) and maintained in DMEM supple-

mented with 10% FBS, 100 lg L-1 streptomycin and

100 IU mL-1 penicillin at 37 �C in a 5% CO2 atmosphere.

Cells were seeded in 96-well plates at a density of 5 9 104

cells well-1, and when confluency was achieved, the

extracts were added to the plate wells at a concentration of

30 lg mL-1 culture medium. These cells were submitted

to a MTT cell viability assay and an assay to determine

nitric oxide production (NO) in order to get an index of

their potential anti-inflammatory activity. All extracts were

tested with these cells under the specified conditions.

MTT assay for cell viability

This assay was conducted as described by Van de Loos-

drecht et al. (1991). After 24 h of contact between extracts

and cells, MTT was added to a final concentration of

0.5 mg mL-1 culture medium, and the cells were incu-

bated for 4 h at 37 �C and 5% CO2. The medium was then

removed, and the precipitate was solubilized in DMSO

(dimethyl sulfoxide). The absorbance was measured at

540 nm (Infinity M-200, Tecan, Männedorf, Zurich,

Switzerland). The absorbance of the control wells was

referred to as 100% viability, and the optical density from

the other groups was calculated as a percentage of viability.

Since all extracts were solubilized in DMSO, the control

cells medium was supplemented with DMSO 2.5%.

Determination of nitric oxide (NO) levels

RAW 264.7 cells were treated with 30 lg mL-1 of each

extract prepared in FBS-free DMEM. After a 1 h treat-

ment, cells were stimulated with 5 lg mL-1 of

lipopolysaccharide (LPS) for 24 h. After 24 h, the super-

natant was removed to measure nitrite, one of the

stable metabolites of nitric oxide.

Nitrite levels were assessed using the assay described by

Grisham et al. (1996). To summarize, 100 lL of culture

medium were incubated for 15 min with Griess reagent

(equal parts of 1% sulfanilamide in 10% phosphoric acid in

0.1% naphtyl-ethylenediamine in water). Absorbance was

read at 540 nm. The amount of nitrite was calculated using

a sodium nitrite (NaNO2) standard curve. The results of

inhibition of nitric oxide were expressed in lmol NO

mL-1 ± standard deviation.

Response surface methodology (RSM)

A central composite design (CCD) was used to evaluate the

extraction of compounds, and consisted of 14 experiments

and 2 center points. All runs were done in duplicate, and

the value presented in the results was the mean. The sta-

tistical analysis was performed using all experimental

values. The independent variables were defined by

screening, as follows: temperature (36.6–53.4 �C), pressure
(9.3–22.7 MPa) and CO2 flow rate (2.7–4.3 mL min-1). In

this study, the RSM was applied to gTotal, gTotalSterols and
gTotalTriterpenes responses in order to evaluate the signifi-

cance of each factor studied and to quantify and describe

the impact of the combined effects of the independent

variables on the dependent variables. Determination of

coefficients R2 and their adjusted version, R2
adj, were used

to evaluate the suitability of the fit of the regression model.

The factors and levels of correspondence of each inde-

pendent variable are presented in Table 1.

Statistical analysis

Total extraction yield (gTotal), total sterols extraction yield

(gTotalSterols), total triterpenes extraction yield (gTotalTriter-
penes) and the biological activities were statistically evalu-

ated by analysis of variance (ANOVA) to detect significant

differences between the results. Significant differences

(p\ 0.05) were analyzed with the Tukey test. The Tukey

test was applied twice to evaluate the results. The first

consisted in comparing the results separately, that is, the

LPE results were compared only with themselves and the

SFE results were compared only with themselves. The

second consisted in comparing the LPE and SFE results

simultaneously, that is, LPE and SFE results were com-

pared to each other. To evaluate the relationship between
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the triterpene and sterol profiles and the results of biolog-

ical activity, Pearson’s coefficient was used. All statistical

analyses were evaluated using Statistica for Windows 7.0

software (Statsoft Inc., Tulsa, OK, USA).

Results and discussion

Characterization of raw material

The granulometry distribution from sample resulted in

mean particle diameter of 0.340 ± 0.116 mm and the

moisture content of the sample was 10.17 ± 0.14%. This

particle diameter and water content in the sample were

found in all assays.

Model fitting and data analysis using RSM

The compounds of more interest in our extractions were

sterols and triterpenes. However, the following compounds

were also co-extracted: monoterpenes, ketones, phenyl-

propene, sesquiterpenes and fatty acids.

Sterols were considered as the sum of the masses of the

following compounds: campesterol, stigmasterol, b-sitos-
terol, 9,19-cyclolanost-24-en-3-ol,(3b) and 9,19-cycloer-

gost-24(28)-en-3-ol,4,14-dimethyl-,acetate,(3b, 4a,5a)-.
Triterpenes were considered as the sum of the masses of

the following compounds: squalene, tirucalol, lanosterol,

lupeol, 13,27-cycloursan-3-one, and 24-methylenecycloar-

tanone. Figure 1 shows the response surface for gTotal,
gTotalSterols and gTotalTriterpenes. The results obtained for the

experimental planning for each experimental run are pre-

sented in Table 2. The regression coefficients obtained

using coded variables for the developed model, as well as

the adjusted determination coefficients (R2
adj) and the

determination coefficients (R2), are shown in Table 3.

An implicit factor included in the experimental design

was the solvent/sample ratio, which increased the total

yield since it increased the number of CO2 molecules per

unit volume in the bed. This, in turn, increased the

molecular interaction between CO2 and solute (Nyam et al.

2009). For example, for a flow of 2.7 mL min-1 during a

150 min extraction, 0.406 kg CO2 were used, resulting in a

consumption ratio of 57.98 kg CO2 kg
-1 of sample. For a

solvent flow of 4.3 mL min-1, during a 150 min

extraction, 0.646 kg CO2 were used with a consumption

ratio of 92.33 kg CO2 kg-1 of sample. This led to a dif-

ference of 37.2% in the mass of solvent used. Conse-

quently, we can see that the increase of the relationship

between raw material and solvent can represent a positive

effect on global yield.

Total extraction yield (gTotal)

Table 2 presents the values obtained for the total extraction

yield for LPE and SFE. The results obtained for LPE

ranged from 173.13 ± 5.06 to 4.76 ± 1.71 mgextract g
-1

sample and indicate that the total extraction yield was

strongly influenced by the increase of extraction tempera-

ture and solvent polarity. The increase in temperature

reduces the viscosity of the solvent, thereby increasing

mass transfer and diffusion. The polarity of the solvent is

related with dielectric constant that increases the forces of

attraction between solute and solvent (Mazzutti et al. 2012;

Tramontin et al. 2019).

In order to understand the relationship between the

independent variables and the total yield of extractions, it

was necessary to evaluate the response surface shown in

Fig. 1a. The response surface indicated that maximum

gTotal was reached in 2 different situations. The first was at

low temperature (35 �C) and high pressure (23 MPa). The

second was at high temperature (55 �C) and low pressure

(9 MPa). The lowest total yield point was at low temper-

ature (35 �C) and low pressure (9 MPa). The gTotal increase
was present at 2 different times, owing to better extraction

conditions for the triterpenes and sterols, which occurred at

the extremes of pressure and will be described in the fol-

lowing discussion.

Equation 4 represents the mathematical model that

describes how the independent variables act on the

dependent variable gTotal, considering the factors and

interactions identified as statistically relevant (p\ 0.05).

gTotal ¼ 9:110þ 0:287� XT þ 0:370� XP þ 0:576

� XCO2 þ 0:214� X2
T þ ð�0:246Þ � X2

CO2

þ ð�0:554Þ � XTXP ð4Þ

The mathematical model proposed to describe the total

extraction yield showed that the largest positive contribu-

tions were related to the linear coefficients of CO2 flow

rate, followed by pressure, temperature and quadratic

Table 1 Codification and levels

of correspondence of

independent variables in the

SFE design experiments

Factor Variables Level of correspondence

- 1.68 - 1 0 1 1.68

Temperature (�C) XT 36.6 40.0 45.0 50.0 53.4

Pressure (MPa) XP 9.3 12.0 16.0 20.0 22.7

Flow rate of CO2 (mL min-1) XCO2 2.7 3.0 3.5 4.0 4.3
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temperature coefficient. The linear interaction between

temperature and pressure coefficients, as well as the

quadratic flow rate, had a negative effect on the gTotal
variable. The other factors and interactions were not sig-

nificant, considering the confidence level of the analysis

and the ranges used in the independent variables. The

graphical analysis of regression model residues indicated

that their range is close to expected normal values. The

determination coefficient (R2) and the adjusted determi-

nation coefficient (R2
adj) values for the model were 0.891

and 0.809, respectively, indicating that the values calcu-

lated for the model correctly predicted the values obtained

experimentally for gTotal and are presented in Table 3, with

the regression coefficients and their p-values.

Total sterols extraction yield (gTotalSterols)

Table 2 shows results for sterol extraction for LPE and

SFE. For LPE, the SOX-HEX technique presented the

highest value of gTotalSterols at 0.913 ± 0.005 mgSR g-1-

sample. The extractions with HEX had better results than

those with EtOH.

The response surface analysis of gTotalSterols in Fig. 1b

indicated an increase in sterol profile with increasing

pressure (23 MPa) at low temperature (35 �C). The highest
sterols content was 0.832 ± 0.007 mgSR g-1

sample at the

extraction condition of 40 �C/20 MPa/4 mL min-1, fol-

lowed by the value of 0.800 ± 0.009 mgSR g-1
sample at the

condition of 40 �C/20 MPa/3 mL min-1, which were sta-

tistically similar and obtained under the highest CO2

pressure and density conditions. To compare the extraction

efficiency of sterols, the SOX-HEX technique was used as

standard, thereby in SFE it was possible to recover from

Fig. 1 Response surface analyzing temperature and pressure keeping CO2 flow rate constant at 3.5 mL min-1. a Total extraction yield (gTotal).
b Total sterols extraction yield (gTotalSterols). c Total triterpenes extraction yield (gTotalTriterpenes)
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53.23%–91.13%, i.e. almost the entire content of these

compounds, which was a highly satisfactory result, con-

sidering the extraction time, and the absence of organic

solvents.

These results are in agreement with the studies of Nyam

et al. (2009) that evaluated sterol extraction by SFE and

found that the optimal point for extraction of these com-

pounds was at pressures between 22.8 and 40.0 MPa and

temperatures ranging from 30 to 42 �C. On the other hand,

Sajfrtová et al. (2010) describes that the best extraction

condition for b-sitosterol was 15 MPa and 40 �C. This

difference in temperature and pressure may be related to

the fact that the authors considered a single sterol, while

the present study evaluated the extraction conditions for a

variety of sterols.

Equation 5 represents the mathematical model estab-

lished for the dependent variable gTotalSterols as a function

of the independent variables, considering the factors and

interactions identified as statistically relevant (p\ 0.05).

gTotalSterols ¼ 0:596þ ð�0:069Þ � XT þ 0:044� XP

þ ð�0:043Þ � XTXP ð5Þ

The mathematical model describes the extraction of

sterols, it shows that temperature had a negative effect on

sterol extraction for the linear model, while pressure had a

positive effect and the interaction of temperature and

Table 2 Results for gTotal, gTotalTriterpenes and gTotalSterols to extraction LPE and SFE

LPE Solvents Polarity

index1
gTotal (mgextract
g-1

sample)
2,3

gTotalSterols

(mgSR g-1
sample)

2,3
gTotalTriterpenes

(mgTT
g-1

sample)
2,3

SOX EtOH 5.2 173.13 ± 5.06* a, A 0.702 ± 0.004d, E, F 1.316 ± 0.003d, F

HEX 0.0 16.75 ± 0.35* b, c, B, C 0.91 0.913 ± 0.005a, A 1.342 ± 0.004c, E

MAC EtOH 5.2 23.87 ± 0.19* b, B 0.689 ± 0.002d, e, F, G 1.264 ± 0.006f, H

HEX 0.0 6.61 ± 0.13* c, D 0.837 ± 0.004 c, C 1.413 ± 0.004a, C

UAE EtOH 5.2 17.14 ± 2.18* b, c, B, C 0.672 ± 0.005e, E, F 1.288 ± 0.002e, G

HEX 0.0 4.76 ± 1.71* c, D 0.877 ± 0.002b, B 1.387 ± 0.003b, D

Experiment

SFE/Condition

qCO2

(kg m-3)4
gTotal (mgextract
g-1

sample)
2,3

gTotalSterols (mgSR
g-1

sample)
2,3

gTotalTriterpenes

(mgTT
g-1

sample)
2,3

1–40 �C/12 MPa/ 3 mL min-1 717.76 7.42 ± 0.28d, D 0.533 ± 0.006 g, h, L 1.160 ± 0.004d, I

2–50 �C/12 MPa/3 mL min-1 584.71 8.32 ± 0. 19c, d, D 0.486 ± 0.004i, M 1.317 ± 0.003c, F

3–40 �C/20 MPa/3 mL min-1 839.81 9.07 ± 0.26a, b, c, d, D 0.800 ± 0.009a, D 0.840 ± 0.002 i, N

4–50 �C/20 MPa/3 mL min-1 784.29 8.88 ± 0.30b, c, d, D 0.550 ± 0.007 f, g, h, K, L 0.883 ± 0.001 h, M

5–40 �C/12 MPa/4 mL min-1 717.76 8.33 ± 0.28c, d, D 0.658 ± 0.004 b, G 1.448 ± 0.003b, B

6–50 �C/12 MPa/4 mL min-1 584.71 10.53 ± 0.37a, b, C, D 0.534 ± 0.003 g, h,, L 1.501 ± 0.004 a, A

7–40 �C/20 MPa/4 mL min-1 839.81 10.64 ± 0.23a, C, D 0.832 ± 0.007 a, C 0.999 ± 0.003 g, L

8–50 �C/20 MPa/4 mL min-1 784.29 9.50 ± 0.35a, b, c, D 0.564 ± 0.008e, f, g, J, K 1.105 ± 0.003e, J

9–37.9 �C/16 MPa/3.5 mL min-1 808.44 9.31 ± 0.36a, b, c, D 0.679 ± 0.003b, E, F, G 0.988 ± 0.004 g, L

10–52.1 �C/16 MPa/3.5 mL min-1 705.49 10.59 ± 0.37 a, b, C, D 0.528 ± 0.003 h, L 1.122 ± 0.006e, J

11–45 �C/10.4 MPa/3.5 mL min-1 550.19 9.37 ± 0.28a, b, c, D 0.573 ± 0.004 e, f, J, K 1.485 ± 0.004a, A

12–45 �C/21.6 MPa/3.5 mL min-1 828.67 10.30 ± 0.34a, b, C, D 0.610 ± 0.009c, d, H, I 0.834 ± 0.002i, N

13–45 �C/16 MPa/2.8 mL min-1 759.98 7.89 ± 0.30c, d, D 0.570 ± 0.008e, f, J, K 0.993 ± 0.006 g, L

14–45 �C/16 MPa/4.2 mL min-1 759.98 9.41 ± 0.31a, b, c, D 0.621 ± 0.003c, H 1.124 ± 0.003e, J

15–45 �C/16 MPa/3.5 mL min-1 759.98 9.12 ± 0.31a, b, c, D 0.608 ± 0.002 c, d, H, I 1.043 ± 0.002 f, K

16–45 �C/16 MPa/3.5 mL min-1 759.98 9.08 ± 0.23a, b, c, d, D 0.585 ± 0.009d, e, I, J 1.037 ± 0.002f, K

1Polarity index (Kumoro et al. 2009)
2Values from the same column with different lowercase letters represent a significant difference (p\ 0.05) considering the experiments LPE and

SFE techniques in groups separately
3Values of the same column with different uppercase letters represent a significant difference (p\ 0.05), considering all the experiments LPE

and SFE techniques simultaneously
4CO2 density (NIST 2018)
*(Tramontin et al. 2019)
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pressure had a negative effect. The other factors and

interactions were not significant, considering the confi-

dence level of the analysis. The graphical analysis of

regression model residues indicated that they were nor-

mally distributed. The determination coefficient (R2) and

the adjusted determination coefficient (R2
adj) values for the

model were 0.857 and 0.804, respectively, indicating that

the values calculated for the model correctly predicted the

values obtained experimentally for gTotalSterols and are

presented in Table 3, along with the regression coefficients

and their p-values.

Total triterpenes extraction yield (gTotalTriterpenes)

Table 2 shows results for triterpenes extraction for LPE and

SFE. For LPE, the MAC-HEX technique presented the

highest value for triterpenes extraction at 1.413 ± 0.004

mgTT g-1
sample. Extractions with HEX had better results

than those with EtOH, which was probably related to the

solvent/solute affinity that occurs during extraction.

For SFE, the response surface analysis of gTotalTriterpenes
in the Fig. 1c indicated that the best conditions for

extraction of triterpenes obtained in this study were at

higher temperature (55 �C) and lower pressure (9 MPa).

The highest value obtained was 1.501 ± 0.004 mgTT g--

1
sample at the condition of 50 �C/12 MPa/4 mL min-1,

which was statistically similar to the 1.485 ± 0.004 mgTT
g-1

sample obtained at the condition of 45 �C/10.4 MPa/

3.5 mL min-1, both obtained under the lowest pressure

conditions and at low CO2 density. This may be explained

by the increased solubility of triterpenes since increasing

temperature results in increasing vapour pressure of the

solute. Although low CO2 density conditions were used,

the effect of higher temperature extraction had more

influence than pressure; consequently, higher temperatures

yield higher triterpenes content (Domingues et al. 2013).

When using the results of the MAC-HEX technique, to

compare with SFE regarding the efficiency of triterpenes

extraction, the recovery varied from 59.02 to 106.00%.

This was a positive triterpene recovery rate, considering the

low extraction time and that CO2 was the only solvent. The

difference in the recovery may be associated with the

extraction conditions and characteristics of the extracted

compounds.

The results obtained are in agreement with the study of

Oludemi et al. (2018) who evaluated the extraction of

triterpenoids from Ganoderma lucidum by ultrasound-as-

sisted extraction and heat-assisted extraction and deter-

mined that the best extraction temperature was 90 �C.
Pandey and Kaur (2018) studied the extraction of penta-

cyclic triterpenoids by heat reflux and obtained the best

extraction condition at 65 �C. Meanwhile, Domingues

et al. (2013) evaluated the extraction of terpenic acids from

Eucalyptus globulus by SFE and determined that the best

extraction condition was 40 �C and 20 MPa using 5%

EtOH. The difference attributed to lower temperatures and

higher pressures may be related to the fact that the author

defined terpenic acids as those compounds not found in

jackfruit seed extract by GC/MS.

Equation 6 represents the mathematical model proposed

to represent the extraction of triterpenes as a function of the

independent variables, considering the factors and inter-

actions that were identified as statistically relevant

(p\ 0.05).

gTotalTriterpenes ¼ 1:038þ 0:043� XT þ ð�0:197Þ � XP

þ 0:055� X2
P þ 0:078� XCO2

ð6Þ

The mathematical model presented for extraction of

triterpenes showed that the linear coefficient of pressure

had a negative effect, while the linear coefficient of flow

Table 3 Regression coefficient

(RC) and p-values for models of

gTotal, gTotalSterols and
gTotalTriterpenes by supercritical

fluid extraction of jackfruit

seeds

Coefficients gTotal gTotalSterols gTotalTriterpenes

RC p-values RC p-values RC p-values

b0 9.110 0.000 0.596 0.000 1.038 0.000

b1 0.287 0.011 - 0.069 0.000 0.043 0.009

b11 0.214 0.035 0.007 0.495 0.018 0.183

b2 0.370 0.002 0.044 0.002 - 0.197 0.000

b22 0.173 0.078 0.003 0.776 0.055 0.001

b3 0.576 0.000 0.022 0.064 0.078 0.001

b33 - 0.246 0.018 0.004 0.676 0.020 0.158

b12 - 0.554 0.001 - 0.043 0.010 - 0.008 0.680

b13 0.0437 0.733 - 0.012 0.422 - 0.005 0.781

b23 - 0.116 0.371 - 0.016 0.288 - 0.011 0.541

R2 0.891 0.857 0.957

R2
adj 0.809 0.804 0.925
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rate, the quadratic coefficient of pressure and the linear

coefficient of temperature had positive effects on triterpene

extraction. The graphical analysis indicated that residues

were normally distributed. The determination coefficient

(R2) and the adjusted determination coefficient (R2
adj)

values for the model were 0.957 and 0.925, respectively,

indicating that the values calculated for the model correctly

predicted the values obtained experimentally for gTo-
talTriterpenes and are presented in Table 3, together with the

regression coefficients and theirs p-values.

Cell toxicity assays

Artocarpus heterophyllus has been studied for its toxicity

to various cell types (Burci et al. 2018; Haryoto and

Widowati 2018; Matsuo et al. 2005; Patel and Patel 2011),

however the toxicity of extracts from SFE has never been

evaluated.

Figure 2 shows the results for tests of the cytotoxicity of

the extracts to the mouse fibroblast cell line (L929) using

the MTT method. LPE extracts with EtOH, such as SOX-

EtOH, UAE-EtOH and MAC-EtOH, were not toxic to

L929 cells at concentrations of 50 and 100 lg mL-1 of

extract. Similarly, LPE (HEX and EtOH) and SFE at a

concentration of 30 lg mL-1 of extract to RAW 264.7

cells, were not toxic for these cells.

However, SOX-HEX, UAE-HEX, MAC-HEX and SFE

extracts caused a reduction in cell viability with a higher

concentration of extract for L929 cells. For LPE extracts

with HEX, a similar reduction in cell viability occurred

with an increase in the extract concentration for SOX-HEX

(100–88.12%) and UAE-HEX (100–84.73%). The highest

reduction in cell viability was found in MAC-HEX

(84.47–25.69%). For SFE extracts, the reduction in via-

bility occurred at SFE1 (98.52–73.66%), SFE8

(100–83.72%) and SFE16 (100–75.65%). Depending on

the use of the solvent and its polarity, these findings show

that different compounds were extracted. The use of HEX

and SFE techniques resulted in reduced cell viability with

increasing extract concentration, indicating a dose-depen-

dent phenomenon (Haryoto and Widowati 2018).

Evaluating the results obtained by Pearson’s coefficient,

it was possible to observe the correlation between triter-

pene concentration and cytotoxicity, depending on the

extract concentration tested (50–100 lg mL-1 of extract)

for the LPE extracts. For the concentration of 50 lg mL-1,

a correlation of -0.61 was obtained, and for the concen-

tration of 100 lg mL-1, a correlation of -0.75 was

obtained. These results are in agreement with the reports in

literature on cytotoxicity of triterpenes in some cell types

(Domingues et al. 2013; Pandey and Kaur 2018). Patel and

Patel (2011) and Burci et al. (2018) studied the cytotoxicity

of jackfruit seed extract obtained using EtOH and metha-

nol, respectively, in normal mouse fibroblast cells (L929)

and normal human embryonic kidney (HEK293) cells, but

detected no toxicity. These results are in agreement with

those obtained in the present study for EtOH.

The results of our study showed that the EtOH extract of

jackfruit seeds had no toxicity to L929 cells up to con-

centrations of 100 lg mL-1 of extract; nor was toxicity a

factor for RAW 264.7 cell macrophages at 30 lg mL-1 of

extract. However, the literature indicates that EtOH

extracts from jackfruit seeds were effective against some

types cells. Therefore, they may have promising applica-

tions, but more specific studies must be performed to define

the mechanisms of action of the extracts.

Determination of nitric oxide (NO) levels

The main purpose of anti-inflammatory analysis is to

quantify NO inhibition because more NO is produced

during immune reaction to inflammation, as has been

experimentally demonstrated in humans and animals (Gr-

isham et al. 1996).

Figure 3 shows the results of NO levels for different

LPE and SFE extracts obtained from jackfruit seed. To

investigate the anti-inflammatory effects of Artocarpus

heterophyllus, NO production was determined in the
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presence of the extracts, at concentration of 30 lg mL-1,

in LPS-induced RAW 264.7 cells. When LPS was incu-

bated with macrophages, nitrite generation increased from

the basal level after 24 h of incubation. LPS-induced nitrite

generation was, however, significantly attenuated in all

Artocarpus heterophyllus extracts, except for MAC-EtOH,

MAC-HEX and SFE11.

Evaluating the results obtained by Pearson’s coefficient,

was not observed correlation between the concentration of

triterpenes, sterols and the inhibition of NO production for

RAW 264.7 cells at the concentration of 30 lg mL-1 of

extract. Absence of correlation might be due to the fact that

compounds responsible for inhibiting NO production could

be a compound or a class of compounds that were not

considered in this study and were not present in MAC-

EtOH, MAC-HEX and SFE11 extracts.

Fang et al. (2008) evaluated the in vitro anti-inflam-

matory effect of Artocarpus heterophyllus on LPS-induced

RAW 264.7. The authors concluded that the inhibition of

NO occurred satisfactorily, as did the results obtained by

the present study. Fang et al. (2008) also concluded that the

isolated bioactive compound that presented the best result

was artocarpesin, a secondary metabolite, which belongs to

the flavonoid class. All of the studies cited report that the

anti-inflammatory effect was dependent on the dose of the

concentrated extract.

Conclusion

The best extraction conditions for sterols in SFE were low

temperature and high pressure (40 �C/20 MPa), which

obtained values of 0.832 ± 0.007 mgSR g-1
sample and

0.800 ± 0.009 mgSR g-1
sample. For triterpenes, the best

extraction conditions were high temperature and low

pressure (50 �C/12 MPa and 45 �C/10.4 MPa), which

obtained values of 1.501 ± 0.004 mgTT g-1
sample and

1.485 ± 0.004 mgTT g-1
sample.

The model obtained by response surface indicated that

for the extraction of sterols, the CO2 flow was not a sig-

nificant parameter, while for the extraction of triterpenes it

had a positive influence. According to the statistical model,

the variables that most contributed to the increase of gTotal

in the SFE were linear coefficients of CO2 flow rate,

pressure, and temperature (linear and quadratic). The linear

interaction coefficient for temperature and pressure, as well

as the quadratic flow rate, had a negative effect. The sterol

profile was affected negatively by temperature (linear),

while pressure had a positive effect and the interaction

between temperature and pressure had a negative effect.

The triterpene extraction was affected negatively by the

linear coefficient of pressure, while positively by the linear

coefficient of flow rate. The quadratic coefficient of

pressure and the linear coefficient of temperature had

positive effects on triterpene extraction.

LPE extracts obtained with EtOH showed no cytotoxi-

city in L929 cells up to concentration of 100 lg mL-1 of

extract, while those obtained with HEX had reduced cell

viability at higher concentrations. Values varied between

88.12–25.69%. SFE with CO2 extracts reduced cell via-

bility by 83.72–73.66%. The Pearson’s coefficient showed

that the reduction in cell viability was dependent on the

concentration of triterpenes in the extracts. When evalu-

ating the inhibition of NO in RAW 264.7 cells only the

samples MAC-ETOH, MAC-HEX and SFE11 were not

able to reduce levels of NO production when compared to

the standard induced by LPS.

The jackfruit has numerous properties and the results

obtained in this study contribute to refine and add even

more information to the already existing knowledge about

this species, since the extract obtained with supercritical

CO2 had never been evaluated for these characteristics and

open the way for countless possibilities in pharmaceutical,

nutraceutical, cosmetic and food industry.
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