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Abstract: By-products from sacha inchi (Plukenetia volubilis L.) oil extraction as the husk and shell are
used as low value fertilizer or animal feed. The nutritive values, antioxidant activities, phenolics, and
in vitro health-related activities of the sacha inchi husk and shell were investigated and compared to
increase their economic potential as future food sources. Higher protein, carbohydrates, and total
dietary fiber content were detected in the husk, while higher fat content and energy were found in
the shell. Several phenolics were also detected in both the husk and shell, with p-coumaric acid being
the most abundant phenolic in the shell and caffeic acid in the husk. Total phenolic content was
1.6-fold greater in the shell than in the husk, leading to 1.8–2.7-fold higher antioxidant activity and
1.2-fold higher anti-glycation activity. Various types and quantities of phenolics also led to diverse
in vitro enzyme inhibitory activities in the husk and shell. Knowledge received from this research
might be useful to maximize the utilization of by-products from sacha inchi oil extraction as future
food sources with valuable nutritional compositions, phenolics, and potential health benefits. Further
investigations on the health properties of the sacha inchi husk and shell should include toxicity,
bioaccessibility, and in vivo experiments.

Keywords: husk; shell; fatty acid; antioxidant activity; nutritive values; phenolics; enzyme inhibition;
glycation; non-communicable diseases

1. Introduction

Sacha inchi (Plukenetia volubilis L.) is an oleaginous plant in the Euphorbiaceae family,
which is widely consumed by the Indigenous population. Sacha inchi production has
made great progress in more than 20 different countries over the past decade, especially
in Latin America, and the world’s largest producer is Peru, whose annual production
has reached 1200 tons of seeds [1]. Sacha inchi seeds are composed of the seed covering
layers (33–35%), including the husk and shell, and the oleaginous seed kernel (65–67%),
which is the commercially important part, mainly industrialized into oil [2]. Sacha inchi oil
extraction generates by-products, including the husk and shell that are used as animal feed
or fertilizer. Limited information on the husk is available, while the shells have attracted
attention with potential applications as bio-based adsorbents for heavy metals [3] and as
biofuel [4]. Sacha inchi shells contain high crude fiber (77.84%), with lower protein (2.75%)
and fat (0.39%) content than the seed [5,6]. Similar to the seed, the predominant fatty
acid detected in the shell is linoleic acid with minor amounts of tocopherol [7]. The shell
also possesses many bioactive compounds, such as tannins, phenolic acids, flavonoids,
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and lignans [2] as well as potential health benefits, including antioxidant activities, anti-
cholesterol esterase activity, and anti-pigmentation [2,8,9]. Previous research on the husk
also reported hypertension lowering effects [10]. It is possible that sacha inchi husk and
shell might contain different nutrients and phytochemicals with various health-related
activities other than what had been previously reported. However, more information to
confirm this hypothesis is required.

This study investigated and compared the nutritional compositions, fatty acid, and
phenolic profiles, non-enzymatic reactions (antioxidant and anti-glycation activities) and
enzyme inhibitory activities of the husk and shell by-products from sacha inchi oil ex-
traction. For enzyme inhibitory activities, the inhibitory assays were carried out on the
key enzymes relevant to non-communicable diseases (NCDs), including hypertension
(angiotensin-converting enzyme (ACE)), diabetes (α-glucosidase and α-amylase), obesity
(lipase), Alzheimer’s disease (β-secretase (BACE-1), acetylcholinesterase (AChE), and bu-
tyrylcholinesterase (BChE)). Inhibition of these enzymes is one of the pathways to control
NCDs as potential medicinal targets for the enzyme–ligand structural analysis.

2. Materials and Methods
2.1. Sample Collection, Preparation, and Extraction

Husk and shell of sacha inchi were supplied by Thai Rubber Land and Plantation Co.,
Ltd., Muang district, Chiang Rai, Thailand, in March 2014 (all experiments were performed
within a year after receiving the samples); the physical appearances are shown in Figure 1.
The samples were divided into two groups. The first was ground using a Philips 600 W
grinder (Philips Electronic Co., Ltd., Jakarta, Indonesia) and we analyzed their nutritional
compositions (carbohydrate, protein, fat, energy, total dietary fiber, ash, and moisture
content), while the second was dried using a Heto powerdry PL9000 freeze dryer (Heto
Lab Equipment, Allerød, Denmark) under freeze-dried conditions of −50 ◦C, 0.086 mbar,
and 72 h.
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Figure 1. The physical appearances of the husk and shell of sacha inchi.

The extraction was performed using the powdery sample (0.2 g) in 20% (v/v) aque-
ous ethanol (100 mL). The mixture was incubated in a 70 ◦C WNE45 water bath shaker
(Memmert GmBh, Eagle, WI, USA) for 15 min. After centrifugation at 3800× g for 10 min
in a Hettich® ROTINA 38R centrifuge (Andreas Hettich GmbH, Tuttlingen, Germany), the
supernatant was collected, and the clear extract was received by filtering the supernatants
through a 0.45 µM polyether sulfone (PES) membrane syringe filter.
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2.2. Determination of Nutritive Values

Analysis of the nutritional compositions followed the standard protocols of the Asso-
ciation of Official Analytical Chemists (AOAC) [11]. The investigation of protein (Kjeldahl
method following AOAC 992.23), fat (acidic digestion and petroleum extraction following
AOAC 948.15, 945.16), carbohydrates (by calculation of moisture, protein, fat, and ash),
energy (by calculation from protein, fat, and carbohydrate), total dietary fiber (enzymatic
gravimetric method following AOAC 985.29), ash (incineration following AOAC 930.30),
and moisture content (weight consistency in hot-air oven following AOAC 930.04, 934.01)
were carried out at the Institute of Nutrition, Mahidol University (Nakhon Pathom, Thai-
land) following the international standard for laboratory quality systems with ISO/IEC
17025:2005.

2.3. Determination of Fatty Acid Profile

To determine fatty acid profile, the samples were hydrolyzed using acidic methanol
followed by chloroform extraction, while the identification and quantitation were analyzed
using gas chromatography–mass spectrometry (CG–MS) following the in-house method
based on AOAC 963.22, 969.33. The standards used in this experiment were caproic
acid (C6:0, ≥98.0% FFC, FG), caprylic acid (C8:0, ≥98.0% FFC, FG), capric acid (C10:0,
≥99.5% FFC, FG), lauric acid (C12:0, ≥98.0% FFC, FG), myristic acid (C14:0, ≥98.0%
GC), myristoleic acid (C14:1, ≥99.0% GC), palmitic acid (C16:0, ≥99.0% GC), palmitoleic
acid (C16:1, ≥98.5% GC), stearic acid (C18:0, ≥98.5% GC), oleic acid (C18:1, ≥99.0% GC),
linoleic acid (C18:2n-6, ≥98.0% GC), γ-linoleic acid (C18:3n-6, ≥98.5% GC), linolenic acid
(C18:3n-3, ≥98.5% GC), arachidic acid (C20:0, ≥99.0% GC), eicosenoic acid (C20:1, ≥99.0%
GC), eicosadienoic acid (C20:2, ≥98.0% liquid), eicosatrienoic acid (C20:3n-6, ≥98.5%
GC), eicosatrienoic acid (C20:3n-3, ≥98.5% GC), arachidonic acid (C20:4n-6, >95.0% GC),
eicosapentaenoic acid (C20:5n-3, ≥98.5% GC), behenic acid (C22:0, ≥99.0% GC), erucic acid
(C22:1, ≥99.0% GC), docosadienoic acid (C22:2, ≥98% liquid), docosahexaenoic acid (C22:6n-3,
≥98.0% GC), lignoceric acid (C24:0, ≥99.0% GC), and nervonic acid (C24:1, ≥99.0% GC). All
reagents and chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.4. Determination of Phenolic Profiles

To analyze phenolic profiles, the samples were extracted using acidic methanol con-
taining tert-butylhydroquinone (TBHQ), while the identification and quantitation were
determined using high-performance liquid chromatography (HPLC) with conditions and
validations as previously described [12] without any modifications. The standards of
phenolics, including apigenin (>98.0% HPLC), 4-hydroxybenzoic acid (>99.0% GC, T),
caffeic acid (>98.0% HPLC, T), chlorogenic acid (>98.0% HPLC, T), ferulic acid (>98.0%
GC, T), hesperidin (>90.0% HPLC, T), luteolin (>98.0% HPLC), kaempferol (>97.0% HPLC),
naringenin (>93.0% HPLC, T), myricetin (>97.0% HPLC), p-coumaric acid (>98.0% GC, T),
quercetin (>98.0% HPLC, E), syringic acid (>97.0% T), and sinapic acid (>99.0% GC, T)
were received from the Tokyo Chemical Industry (Tokyo, Japan), isorhamnetin (≥99.0%
HPLC) was purchased from Extrasynthese (Genay, France), and gallic acid (97.5–102.5% T)
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Detections at 280 and 325 nm
were selected for phenolic acid identification, while detections at 338 and 368 nm were for
flavonoids. The HPLC chromatograms were displayed in Supplementary Figure S1.

Total phenolic content (TPC) was evaluated using the Folin–Ciocalteu phenol (FCP)
reagent on a SynergyTM HT 96-well UV-visible microplate reader (BioTek Instruments,
Inc., Winooski, VT, USA) with a visualizing software, Gen 5 data analysis, as previously
described [13], without any modifications. Briefly, the plant extract was mixed with 10%
(v/v) FCP reagent and 7.5% (w/v) sodium carbonate for 2 h at 25 ◦C in prior to measuring
absorbance at 765 nm. Gallic acid was used as a standard, while the results were expressed
as mg gallic acid equivalent (GAE)/g dry weight (DW).
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2.5. Determination of Antioxidant Activities

To determine antioxidant activities, ferric ion reducing antioxidant power (FRAP),
oxygen radical absorbance capacity (ORAC), and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assays were performed using the well-established protocols as previ-
ously described [14] without any modifications. Briefly, the FRAP assay was performed by
incubating the plant extract with the FRAP reagent for 8 min at 25 ◦C in prior to measuring
absorbance at 600 nm. The ORAC assay was performed using the plant extract, fluorescein,
and 2,2′-azobis(2-amidinopropane) dihydrochloride, while its activity was determined as
a fluorescein decay curve at an excitation wavelength (λex) of 485 nm and an emission
wavelength (λem) of 528 nm. As for the DPPH radical scavenging assay, the plant extract
was incubated with DPPH reagent for 30 min at 25 ◦C before measuring the absorbance at
520 nm. Trolox was used as a standard in all three assays, and the results were expressed as
µmol Trolox equivalent (TE)/100 g DW.

2.6. Determination of Enzyme Inhibitory Activities

In vitro inhibitory activities of the key enzymes involving in obesity (lipase), Alzheimer’s
disease (AChE, BChE, and BACE-1), diabetes (α-glucosidase and α-amylase), and anti-
glycation reactions of bovine serum albumin (BSA) induced by either methylglyoxal (MG)
or D-glucose were investigated following the well-established protocols as previously
described [15] without any modifications. The inhibitory assay of ACE was performed
according to the reported of Chupeerach et al., 2021 [16]. Briefly, the reactions consisted of
the enzyme, substrate, and indicator, while their detections were visualized at particular
wavelengths, as shown in Table 1. For the anti-glycation reaction, the plant extract was
incubated with BSA and either MG or D-glucose for 3 weeks at 37 ◦C before measuring
the fluorescence intensity at λex 330 nm and λem 410 nm. All reagents and chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, USA). The inhibitory assays were performed
on the SynergyTM HT 96-well UV-visible microplate reader. The inhibitory activities were
calculated as percentages of inhibition at particular extract concentrations.

Table 1. The components of the inhibitory assays.

Assay Enzyme (Effectiveness, Source) Substrate Indicator Detecting Wavelength

Lipase ≥700 unit/mg (type VII), Candida rugosa DNPDB

DTNB 412 nmAChE 1000 units/mg, Electrophorus electricus acetylthiocholine

BChE ≥10 units/mg, equine serum butyrylthiocholine

BACE-1 a BACE-1 FRET assay kit λex = 320 nm, λem = 405 nm

ACE ≥2 unit/mg, rabbit lung hippuryl-histidyl-leucine PDA λex = 360 nm, λem = 485 nm

α-Glucosidase ≥10 U/mg protein (type I),
Saccharomyces cerevisiae p-nitrophenyl-α-D-glucopyranoside

405 nm
α-Amylase ≥10 unit/mg (type VII), porcine

pancreatic p-nitrophenyl-α-D-maltopentaoside

DNPDB: 5–5′-dithiobis(2-nitrobenzoic-N-phenacyl-4,5-dimethyyhiazolium bromide; DTNB: 5,5′-dithiobis(2-
nitrobenzoic acid); AChE: acetylcholinesterase; BChE: butyrylcholinesterase; BACE-1: β-secretase; FRET: fluores-
cence resonance energy transfer; ACE: angiotensin-converting enzyme; PDA: o-phthaldialdehyde; λex: excitation
wavelength; λem: emission wavelength.

2.7. Statistical Analysis

All experiments were carried out in triplicate (n = 3); all data are presented as
mean ± standard deviation (SD). The statistical analysis was performed using the un-
paired t-test to compare significant differences between values of two data sets at p < 0.05
using the statistical package for the social sciences (version 18 for Windows, SPSS Inc.,
Chicago, IL, USA).
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3. Results
3.1. Nutritional Compositions

Nutritional compositions of the husk and shell of sacha inchi, including protein, fat,
carbohydrates, total dietary fiber, and ash were analyzed and used to calculate their energy,
as shown in Table 2. Protein and carbohydrate contents in the husk were 1.4- and 2.0-fold
higher than the shell, while the shell exhibited higher fat content (3.4-fold) than the husk.
Due to the higher carbohydrate content, the husk exhibited 2.5-fold higher total dietary
fiber than the shell, while its ash content was also 1.3-fold higher. Fat provided the highest
energy (9 kcal/g) [17], and the shell with higher fat content had 1.3-fold higher energy than
the husk.

Table 2. Nutritive values in the husk and shell of sacha inchi.

Nutritive Values
(Per 100 g Fresh Weight)

Parts of Sacha Inchi

Husk Shell

Energy (kcal) 421.47 ± 0.42 * 552.89 ± 0.98
Moisture (g) 3.01 ± 0.01 * 4.66 ± 0.04
Protein (g) 59.97 ± 0.06 * 43.12 ± 0.36
Total fat (g) 11.25 ± 0.05 * 37.87 ± 0.16

Total carbohydrates (g) 20.10 ± 0.07 * 9.90 ± 0.47
Dietary fiber (g) 16.14 ± 0.16 * 6.47 ± 0.27

Ash (g) 5.68 ± 0.03 * 4.46 ± 0.01
All experiments were carried out in triplicate (n = 3); all data are presented as mean ± standard deviation (SD);
* shows significant difference of the same nutritional composition in the husk and shell at p < 0.05 using unpaired
t-test.

3.2. Fatty Acid Profiles

Fatty acid profiles of the husk and shell of sacha inchi were analyzed by HPLC, with
results shown in Table 3. Out of 26 fatty acid standards, 10 were identified in the husk and
7 in the shell. Caprylic acid, capric acid, and γ-linoleic acid were only detected in the husk,
while the most abundant fatty acid detected in both the husk and shell was linolenic acid,
accounting for 38.80 and 43.96% of total fatty acid content, respectively. The second most
abundant fatty acid was linoleic acid, accounting for 38.19 and 39.15% in the husk and shell,
respectively. The other detected fatty acids were composed of less than 10% of total fatty
acid content.

Table 3. Fatty acid profile in the husk and shell of sacha inchi.

Fatty Acids
(Per 100 g Fresh Weight)

Parts of Sacha Inchi

Husk Shell

Amt (g) % of TFC Amt (g) % of TFC

Caprylic acid (C8:0) 0.02 0.16 ND ND
Capric acid (C10:0) 0.02 0.18 ND ND
Lauric acid (C12:0) 0.15 1.43 0.07 0.20

Myristic acid (C14:0) 0.10 0.90 0.05 0.14
Palmitic acid (C16:0) 0.71 6.58 1.74 4.79
Stearic acid (C18:0) 0.45 4.14 1.18 3.26
Oleic acid (C18:1) 1.03 9.58 3.08 8.50

Linoleic acid (C18:2n-6) 4.11 38.19 14.17 39.15
γ-Linoleic acid (C18:3n-6) 0.002 0.02 ND ND
Linolenic acid (C18:3n-3) 4.17 38.80 15.91 43.96

ND: not detected; Amt: amount; TFC: total fatty acid content; ND: not detected.

3.3. Phenolic Profiles

Phenolic profiles of the sacha inchi husk and shell were determined using an HPLC
analysis, with results shown in Table 4 and Supplementary Figure S1. The husk contained
three flavonoids—quercetin, kaempferol, and isorhamnetin—with the amount of quercetin
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being 6.4-fold higher than the others. The shell also contained three flavonoids—naringenin,
hesperidin, and kaempferol—with the first two 2.3- and 1.9-fold higher than the last,
respectively. The only flavonoid present in both the husk and shell was kaempferol, which
was 48.6-fold higher in the shell than in the husk.

Table 4. Phenolic profiles and total phenolic content in the husk and shell of sacha inchi.

Phenolics
(mg/100 g DW)

Parts of Sacha Inchi

Husk Shell

Flavonoids
Quercetin 1.72 ± 0.06 ND

Naringenin ND 29.21 ± 0.17
Hesperidin ND 23.92 ± 1.55
Kaempferol 0.27 ± 0.01 * 12.63 ± 0.45

Isorhamnetin 0.27 ± 0.01 ND

Phenolic acids
Gallic acid 2.51 ± 0.09 * 49.13 ± 2.67

4-Hydroxybenzoic acid 2.28 ± 0.13 * 54.61 ± 3.04
Chlorogenic acid 2.16 ± 0.12 ND

Vanillic acid ND 5.20 ± 0.15
Caffeic acid 4.44 ± 0.04 * 16.21 ± 0.10

Syringic acid ND 1.96 ± 0.08
p-Coumaric acid 2.51 ± 0.15 * 148.74 ± 2.46

Ferulic acid 0.56 ± 0.04 * 5.71 ± 0.09
Sinapic acid 0.92 ± 0.03 * 17.41 ± 0.40

Total phenolic content
(mg GAE/100 g DW) 323.74 ± 2.25 * 503.96 ± 5.16

All experiments were carried out in triplicate (n = 3); all data are presented as mean ± standard deviation (SD).
GAE: gallic acid equivalent; DW: dry weight; ND: not detected; * shows significantly different contents of the
same phenolics detected in both the husk and shell at p < 0.05 using unpaired t-test.

Higher contents and varieties of phenolic acids than flavonoids were detected in the
husk, such as gallic acid, 4-hydroxybenzoic acid, chlorogenic acid, caffeic acid, ferulic
acid, p-coumaric acid, and sinapic acid. Among these detected phenolic acids, caffeic acid
was the most abundant at 1.8- to 7.9-fold higher than the others. The shell also contained
similar phenolic acids except for chlorogenic acid, which was only presented in the husk,
while vanillic acid and syringic acid were only presented in the shell. The most abundant
phenolic acid in the shell was p-coumaric acid at 2.7- to 75.9-fold higher than the others.
Comparisons between phenolic acids detected in both the husk and shell determined that
the shell contained 3.7- to 59.3-fold higher content than the husk.

Higher flavonoid and phenolic acid content led to 1.6-fold higher TPCs in the shell
compared to the husk.

3.4. Antioxidant Activities

Three assays, including FRAP, ORAC, and DPPH radical scavenging assays, were
performed to determine the antioxidant activities of the husk and shell of sacha inchi.
Results are shown in Table 5. The FRAP and DPPH radical scavenging assays were used to
determine the antioxidant activities following a single electron transfer (SET) mechanism;
however, the ORAC assay followed a hydrogen atom transfer (HAT) mechanism. Thus,
to cover both mechanisms and precisely explain their functions, the three assays covering
both mechanisms were chosen.
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Table 5. Antioxidant activities in the husk and shell of sacha inchi.

Antioxidant Activities
(µmol TE/100 g DW)

Parts of Sacha Inchi

Husk Shell

FRAP activity 100.28 ± 4.75 * 180.17 ± 6.93
ORAC activity 4238.67 ± 89.15 * 9751.06 ± 116.58

DPPH radical scavenging activity 0.03 ± 0.00 * 0.08 ± 0.00
All experiments were carried out in triplicate (n = 3); all data are presented as mean ± standard deviation
(SD). DW: dry weight; TE: Trolox equivalent; FRAP: ferric reducing antioxidant power; ORAC: oxygen radical
absorbance capacity; DPPH: 2,2-diphenyl-1-picrylhydrazyl; * shows significantly different antioxidant activities of
the same assay detected in the husk and shell at p < 0.05 using unpaired t-test.

Results indicated that the shell exhibited higher antioxidant activities than the husk in
all assays at 1.8-, 2.3-, and 2.7-fold higher in the FRAP, ORAC, and DPPH radical scavenging
assays, respectively.

3.5. Enzyme Inhibitory Activities

The potential in vitro health properties of the husk and shell of sacha inchi were
determined by measuring the inhibition of the key enzymes relevant to obesity (lipase),
hypertension (ACE), diabetes (α-glucosidase and α-amylase), and Alzheimer’s disease
(AChE, BChE and BACE-1). The inhibitory effects of the non-enzymatic glycation reaction
induced by MG and D-glucose were also examined. The results were expressed as percent-
ages of inhibition under the studied assay conditions with particular extract concentrations,
as shown in Table 6.

Table 6. Inhibitory activities of enzymatic and non-enzymatic (chemical) reactions in the husk and
shell of sacha inchi.

Reaction Types Inhibitory Activities
(% Inhibition)

Parts of Sacha Inchi

Husk Shell

Enzymes

1 Lipase 23.80 ± 2.16 ND
2 ACE 90.85 ± 3.42 * 32.22 ± 2.59

3 α-Amylase 8.97 ± 1.36 * 14.72 ± 1.47
3 α-Glucosidase 61.39 ± 3.04 * 46.46 ± 2.54

4 AChE 28.84 ± 0.58 * 51.88 ± 4.67
4 BChE 63.61 ± 2.96 * 40.90 ± 3.13

5 BACE-1 91.17 ± 2.50 94.83 ± 0.89

Chemicals
6 MG-induced glycation 29.43 ± 0.63 31.53 ± 3.40

6 Glucose-induced glycation 47.67 ± 2.85 * 55.81 ± 1.13
All experiments were carried out in triplicate (n = 3); all data are presented as mean ± standard deviation
(SD). ACE: angiotensin-converting enzyme; AChE: acetylcholinesterase; BChE: butyrylcholinesterase; BACE-1:
β-secretase; MG: methylglyoxal; * shows significantly different inhibitions of the same assay detected in the
husk and shell at p < 0.05 using unpaired t-test. 1 Final concentration of the extracts was 0.4 mg/mL; 2 final
concentration of the extracts was 0.013 mg/mL; 3 final concentration of the extracts was 0.025 mg/mL; 4 final
concentration of the extracts was 0.017 mg/mL; 5 final concentration of the extracts was 0.2 mg/mL; 6 final
concentration of the extracts was 0.125 mg/mL.

Inhibition of lipase, a lipid degrading enzyme, leads to low lipid absorption into the
body as a target for obesity prevention and treatment. Results indicated that inhibitory
activity was only detected in the husk (23.80% inhibition), with no activity observed in the
shell using extract concentration of 0.4 mg/mL.

Inhibition of ACE reduces angiotensin II, a peptidic factor that promotes increase in
blood pressure. Inhibition of ACE in the husk was 2.8-fold higher than in the shell using
extract concentration of 0.013 mg/mL.

Inhibition of the carbohydrate-degrading enzymes, α-glucosidase and α-amylase, also
retards glucose absorption, resulting in a slow increase of serum glucose as one pathway
for diabetic prevention. The husk displayed 1.3-fold higher α-glucosidase inhibition than



Horticulturae 2022, 8, 344 8 of 12

the shell, while the latter exhibited 1.6-fold higher α-amylase inhibition than the former at
the same extraction concentration of 0.025 mg/mL.

Decreasing the neurotransmitter, acetylcholine, by enzymatic degradation via AChE
and BChE is a significant marker of Alzheimer’s disease pathology. Other than the cholin-
ergic system, the deposition of amyloid beta (Aβ) plaques in the brain is another clinical
marker. These plaques are formed by the aggregation of Aβ peptides produced by BACE-1
hydrolysis of amyloid precursor protein (APP). Thus, inhibition of these enzymes is consid-
ered as an alternative pathway for Alzheimer’s disease prevention. Results indicated that
the shell exhibited 1.8-fold higher AChE inhibitory activity than the husk, while the latter
exhibited 1.6-fold higher BChE inhibitory activity than the former using extract concentra-
tion of 0.017 mg/mL. However, insignificant differences in BACE-1 inhibitory activities
was observed between these two samples using extract concentration of 0.2 mg/mL.

Glycation reactions of BSA induced by either MG or D-glucose and their inhibitory
activities by sacha inchi extracts were also investigated. In the anti-glycation reaction
induced by D-glucose, the shell exhibited 1.2-fold higher inhibitory activity than the husk
using extract concentration of 0.125 mg/mL, while insignificant difference in inhibitory
activities between the husk and shell was observed in the anti-glycation reaction induced
by MG using the same extract concentration.

4. Discussion

Both the husk and shell are low value by-products of sacha inchi oil extraction that
are used as fertilizer or animal feed. Limited previous research suggested that the shell
was a nutritious source of fiber with some health-related bioactivities, while little infor-
mation on the husk was available. Therefore, this research investigated and compared
the nutritional compositions, fatty acid and phenolic profiles, antioxidant properties, anti-
glycation activities, and inhibitory activities of the key enzymes relevant to some NCDs
of the sacha inchi husk and shell. Results indicated that (i) husk exhibited higher protein,
carbohydrates, and total dietary fiber than the shell, while the latter contained higher fat
and energy; (ii) linolenic acid and linoleic acid were the major fatty acids found in both
the husk and shell; (iii) TPC in the shell was higher than in the husk; (iv) shell exhibited
higher antioxidant, anti-glycation, anti-α-amylase, and anti-AChE activities than the husk;
and (v) husk exhibited higher inhibitory activities on lipase, α-glucosidase, ACE and BChE
than the shell.

Only one report on the nutritive values of the sacha inchi shell was available in
Spanish [5], while Goyal et al. (2022) summarized the available information and noted that
the shell contained 77.84% crude fiber, 2.75% protein, 1.75% ash, 0.39% fat, and 17.27% non-
nitrogenous components [6]. Our results indicated higher amounts of protein and total fat
content than carbohydrates, while the husk contained higher protein and carbohydrates
than fat. Our results also suggested that most of the carbohydrates were fiber (80.3% in
the husk and 65.4% in the shell). De Souza et al. (2013) found 1.24% fat in the shell, with
predominant fatty acids as linoleic acid (C18:2n-6, 325 mg/g total lipid) and linolenic acid
(C18:3n-3, 330 mg/g total lipid), similar to seed (339 mg linoleic acid/g total lipid and
439 mg linolenic acid/g total lipid) [7]. Our results concurred with this report. However,
shell with higher fat content also contained higher amounts of linoleic acid (C18:2n-6) and
linolenic acid (C18:3n-3) than the husk.

Other than nutritive values, it was also previously reported that the shell exhibited
TPCs ranging from 9.5 to 15.3 mg GAE/g depending on the extraction solvent [2]. A
mixture of acetone:water:acetic acid in the ratio 80:19:1 and methanol:acetone:water:acetic
acid in the ratio 40:40:10:1 at 60 ◦C using a two-step extraction of 60 and 30 min, respectively,
were the most suitable solvents for the extraction of phenolics [2]. Presoaking the shell in
50% (v/v) aqueous ethanol for 24 h and then refluxing at 70 ◦C for 2 h gave higher TPC
(129.9 mg GAE/g) than samples presoaked with absolute ethanol or water [9], while shell
subjected to microwave-assisted extraction gave TPC of 41.97 mg GAE/g [18]. Hot water
extraction of the husk (15 min boiling with further incubation for another 4 h) exhibited
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TPC at 74.8 mg GAE/g DW [10]. Interestingly, heating the shell at 50 ◦C in an oven
overnight had little effect on TPC [10]. Compared to previous studies, our TPC from
20% (v/v) aqueous ethanolic extraction at 70 ◦C for 15 min were low at 3.24 and 5.04 mg
GAE/g DW in the husk and shell, respectively, probably due to the short incubation time
and lack of a presoaking step. Depending on plant samples, presoaking may reduce plant
cell wall recalcitrance; thus, extraction using an appropriate solvent, temperature, and time
releases high amounts of phenolics from plant cells [19].

Phenolics detected in the shell extracted using aqueous ethanolic extraction were
reported as hydroxycinnamic acid, protocatechuic acid, cinnamic acid, and p-coumaric
acid [2], while hydroxy-4-chromone, 3,4-dihydroxy-benzaldehyde, and their derivatives
were reported as predominant phenolics in the shell undergone microwave-assisted ex-
traction [18]. By contrast, we determined different results with caffeic acid, gallic acid,
and p-coumaric acid as the predominant phenolics in the husk, and p-coumaric acid, 4-
hydroxybenzoic acid, and gallic acid in the shell. Few phenolics were identified in previous
research because limited phenolic standards were used in the analytical methods.

The biological functions of phenolics include effective antioxidants [20]. Depending on
the extraction solvent, the shell exhibited antioxidant activities via the FRAP assay ranging
from 45.0 to 114.0 µmol TE/g and an ORAC assay ranging from 92.5 to 192.6 µmol TE/g [2].
Shell subjected to microwave-assisted extraction gave FRAP activities of 374.39± 1.81 µmol
Trolox/g [18], while hot water-extracted husk exhibited DPPH radical scavenging activity
of 0.78 mg GAE/g DW [10]. These activities were higher than detected in our samples
because of the different extraction conditions, as discussed above.

A strong correlation among phenolics, antioxidant activities, and anti-glycation prop-
erties was previously reported [15,21], and shell with higher TPC and antioxidant activity
exhibited stronger anti-glycation activities than the husk. It was previously reported that
caffeic acid (as the predominant phenolic detected in the husk in our study) inhibited 29.8%
of advanced glycation end products (AGEs) formed in the BSA–glucose system using a
concentration of 0.1 mM [22]. As the predominant phenolic detected in the shell in our
study, p-coumaric acid at a concentration of 0.06 to 6.1 mM was previously reported to
promote AGE formation in the BSA–glucose system, with no significant ability to scavenge
glyoxal [23]. Thus, the second and third abundantly available phenolics in the shell as
4-hydroxybenzoic acid and gallic acid might be responsible for its higher anti-glycation
activities than in the husk. It was found that 4-hydroxybenzoic acid (1 mM) inhibited gly-
cation reaction in the BSA-glucose system at 24.3% [24], while gallic acid (0.6 µM) strongly
reduced AGEs formed in a BSA–fructose system at 25.3% [25]. Thus, other phenolics than
p-coumaric acid might be responsible for anti-glycation activity in the shell.

Interestingly, anti-obesity properties through cholesterol control were previously
investigated in the husk. A hot water extract of husk was previously reported to exhibit
75% inhibition on 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the
enzyme that hydrolyzes HMG-CoA to mevalonate, at a concentration of 0.125 mg/mL [10].
This extract also exhibited cholesterol esterase, a cholesterol ester hydrolyzing enzyme, with
38.1% inhibition using extract concentration of 0.125 mg/mL [10]. Inhibition of HMG-CoA
reductase limited the synthesis of cholesterol because mevalonate is a starting compound for
cholesterol synthesis. HMG-CoA reductase is also a drug target for the cholesterol lowering
effect of statins, a synthetic drug used for controlling high cholesterol [26]. Likewise,
inhibition of cholesterol esterase retards cholesterol ester absorption and transportation.
Our research also concentrated on obesity, but through the fat lowering effect by targeting
lipase inhibition. Only the husk exhibited lipase inhibition, while none was observed
in the shell at extract concentration of 0.4 mg/mL. Most phenolics could act as lipase
inhibitors [27]; therefore, the shell with higher TPC than the husk should also exhibit
lipase inhibitory activity. Opposite results were observed in our study, suggesting that
other than phenolics, anti-lipase agents in both the husk and shell might include non-
phenolic bioactive compounds that were previously reported to exhibit effective lipase
inhibition [28].
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No anti-diabetic properties of the sacha inchi husk and shell were previously reported.
Here, this property was first reported through α-amylase and α-glucosidase inhibition, with
inhibitory activities detected in both the husk and shell. Many phenolics act as effective
α-amylase and α-glucosidase inhibitors [29]. Caffeic acid, a predominant phenolic in the
husk, exhibited half-maximal inhibitory concentration (IC50) of 20.4 µM against α-amylase
and 27.6 µM against α-glucosidase [30]. Interestingly, p-coumaric acid, a predominant
phenolic in the shell, exhibited stronger α-amylase inhibition with an IC50 value of 0.74 µM
and α-glucosidase inhibition with IC50 value of 0.16 µM [31]. Most phenolics act as stronger
inhibitors toward α-glucosidase than α-amylase [32], causing the higher inhibitory activities
detected in both the husk and shell and making α-glucosidase a more captivating target for
serum sugar control.

Likewise, no anti-Alzheimer’s disease property was previously reported in the sacha
inchi husk and shell. This is the first paper to report husk and shell inhibitory activities
against the key enzymes controlling cholinergic termination (AChE and BChE) and Aβ for-
mation (BACE-1). The major phenolic in the husk as caffeic acid exhibited AChE and BChE
inhibitions with IC50 values of 4.21 and 5.60 µg/mL, respectively [33], while p-coumaric
acid, a predominant phenolic in the shell, improved learning and memory impairments
in scopolamine-treated rats [34]. Two types of BACE-1 inhibitors were identified as pep-
tidomimetic and nonpeptidomimetic compounds [35,36]. Caffeic acid exhibited an IC50
value of 16.67 µM against BACE-1 [37], while an IC50 value of >400 µM was reported in
p-coumaric acid [38]. Higher phenolic content was detected in the shell, while the husk
and shell exhibited insignificantly different BACE-1 inhibitory activities. Thus, other than
phenolics (as nonpeptidomimetic BACE-1 inhibitors), peptidomimetic compounds might
also be responsible for BACE-1 inhibition of the husk and shell.

For anti-hypertensive properties, one research paper reported that sacha inchi shell
extract reduced systolic blood pressure and cardiac hypertrophy in spontaneously hyper-
tensive rats [8]. Our results supported this finding, indicating that both the husk and shell
exhibited inhibitory activities against ACE, a hypertensive promoting peptide enzyme
that digests angiotensin I to angiotensin II. Predominant phenolics in the husk and shell,
such as caffeic acid and p-coumaric acid, possessed ACE inhibition with IC50 values of
0.4 and 2.8 mM, respectively [39,40], suggesting their anti-ACE role in both the husk and
shell. However, our results also suggested that husk exhibited higher ACE inhibitory
activities than the shell, even though husk possessed lower phenolics than the shell. ACE
inhibitors can be divided into two types—peptidic and non-peptidic inhibitors. Peptidic
inhibitors such as food proteins/peptides have been identified as effective ACE inhibitors,
while non-peptidic inhibitors include phenolics, xanthones, and secoiridoids [41,42]. Thus,
anti-ACE activities detected in the husk and shell might be from the functions of bioactive
compounds other than phenolics.

5. Conclusions

Sacha inchi by-products, as the husk and shell, contain nutrients and phenolics, with
potential inhibitory effects against key enzymes relevant to some non-communicable
diseases. The husk was a richer source of protein and carbohydrate, while the shell
contained higher fat and phenolic content. Health properties through in vitro enzyme
inhibitions indicated that phenolics might be responsible for some of these inhibitory
activities; however, other bioactive compounds, such as active peptides/proteins or their
synergistic effects, might also play roles in these enzyme inhibitions. Since only percentages
of inhibition were reported using particular extract concentrations, the comparison of our
results in enzyme inhibitions were limited and cannot be compared with other plant extracts.
Thus, this is a limitation of our work. Nevertheless, information gained from this research
could pique the interests of other researchers to pursue further in-depth studies on the
health benefits of sacha inchi by-products to increase their value and utilization. Moreover,
this information could help to open-up future opportunities for the valorization of the husk
and shell of sacha inchi, for producing health-promoting products, thus facilitating the
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sustainable circular economy following the circular food supply chain concept. Functional
foods or supplements from sacha inchi husk and shell can be developed as potential
nutrient-rich sources, with high phenolics for health benefits after assessing their toxicology
and bioaccessibility.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8040344/s1, Figure S1: High-performance liquid
chromatograms of phenolics in (A) husk and (B) shell of sacha inchi.
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