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Elevated blood glucose concentration is a risk factor for developing metabolic dysfunction and insulin re-
sistance, leading to type 2 diabetes and cardiovascular diseases. Nuts have the potential to inhibit
a-amylase activity, and so lower postprandial glucose, due to their content of polyphenols and other bio-
active compounds. We conducted a systematic literature review to assess the ability of extracts from com-
monly consumed edible parts of nuts to inhibit a-amylase. Among the 31 included papers, only four uti-
lised human a-amylases. These papers indicated that polyphenol-rich chestnut skin extracts exhibited
strong inhibition of both human salivary and pancreatic a-amylases, and that a polyphenol-rich almond
skin extract was a potent inhibitor of human salivary a-amylase. The majority of the reviewed studies uti-
lised porcine pancreatic a-amylase, which has ~86% sequence homology with the corresponding human
enzyme but with some key amino acid variations located within the active site. Polyphenol-rich extracts
from chestnut, almond, kola nut, pecan and walnut, and peptides isolated from cashew, inhibited porcine
pancreatic a-amylase. Some studies used a-amylases sourced from fungi or bacteria, outcomes from
which are entirely irrelevant to human health, as they have no sequence homology with the human
enzyme. Given the limited research involving human a-amylases, and the differences in inhibition com-
pared to porcine enzymes and especially enzymes from microorganisms, it is recommended that future
in vitro experiments place greater emphasis on utilising enzymes sourced from humans to facilitate a
reliable prediction of effects in intervention studies.

glucose levels.® One therapeutic strategy for managing type 2
diabetes mellitus (T2DM) involves moderating postprandial

Starch is the primary consituent of carbohydrates, which are
recommended to make up 40 to 75% of dietary energy intake.
Ingested starch undergoes an initial enzymatic breakdown
into oligosaccharides through the action of a-amylases found
in saliva and pancreatic juice. a-Glucosidases, membrane-
bound enzymes located on the epithelium of the small intes-
tine, further hydrolyse glucose from the resultant oligosacchar-
ides and disaccharides, leading to the absorption of glucose
and an increase in blood glucose concentration.*?

Diabetes is one of the most prevalent chronic diseases in
the world and is characterised by persistently elevated blood
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glucose elevations.® This can be achieved by delaying the
uptake of glucose into the blood through the inhibition of
enzymes responsible for carbohydrate hydrolysis, namely
a-amylase and a-glucosidase. Inhibitors of these enzymes,
such as acarbose, delay carbohydrate digestion, extending the
overall duration of carbohydrate breakdown.” This leads to a
reduction in the rate of glucose absorption and, subsequently,
attenuates the postprandial increase in blood glucose levels.®°
Nevertheless, prolonged utilisation of these treatments may
lead to the onset of side effects, including conditions such as
irritable bowel syndrome, severe kidney or liver impairment,
and the emergence of drug resistance.” Hence, there is interest
regarding the utilisation of food-based compounds with a
comparable, but weaker, effect to acarbose to reduce the
observed adverse effects.

Numerous foods and compounds derived from plants have
been thoroughly documented for their capacity to inhibit
a-amylase® and so the association between the consumption of
regular compounds from plants, including nuts, and a
reduced incidence of T2DM'®'" may be attributed to this
activity. Nuts are rich in nutrients and known for their
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complex nutritional composition, characterised by a high con-
centration of unsaturated fatty acids, proteins, vitamins, min-
erals, and a variety of bioactive chemicals, such as polyphenols
and peptides."”>™* Literature indicates that peptides possess
the capability to inhibit a-amylase activity by binding to the
enzyme at multiple distinct active sites.">'® Also, numerous
polyphenolic compounds are able to inhibit a-amylases.>"”
The interaction between polyphenols and a-amylase involves
hydrogen bonding, primarily hydroxyl groups interacting with
the catalytic active site of the enzyme, as well as hydrophobic
forces, mainly occurring between the aromatic rings of poly-
phenols and tryptophan residues within a-amylase.'® Findings
have shown a substantial correlation between the inhibitory
effectiveness and the number of hydroxyl groups located on
the B ring of flavonoids, the most abundant type of polyphe-
nols found in nuts."**°

We recently conducted a systematic literature review explor-
ing the inhibitory effect of extracts from edible parts of nuts
on o-glucosidase activity in vitro but found no studies that
tested the  inhibitory  potential  against  human
a-glucosidases.?® Our objective in the current study was to sys-
tematically review the evidence concerning the impact of
extracts of the most commonly consumed parts of nuts on
a-amylase activity in vitro, which is the other enzyme central to
carbohydrate digestion, and therefore regulation of postpran-
dial glycaemia, in vivo.

2. Methods

2.1. Search strategy

This review was registered with the International Platform of
Registered Systematic Review and meta-analysis Protocols
(INPLASY, registration number: INPLASY202380030) and is
reported following the Preferred Reporting Items for
Systematic Reviews and meta-Analyses (PRISMA) statement."
The literature search employed a pre-defined strategy to ident-
ify original peer-reviewed studies investigating the inhibitory
effects of nut extracts on a-amylase activity. The study selection
had no specific time frame restrictions, encompassing all per-
tinent studies published up to 22°¢ November 2023. The
initial search was conducted on 2™ June 2023 and we repeated
the search on 22" November 2023. Articles were retrieved
from four databases: PubMed, Scopus, Web of Science, and
Cochrane. The search incorporated the following terms:
(“Inhibit*”) AND (“Nuts” OR “*nut” OR “Almond*” OR
“Pecan*” OR “Pistachio*” OR “Pistacia*” OR “Macadamia*”
OR “Pine*” OR “Hazelnut*” OR “Walnut*” OR “Cashew*” OR
“Prunus” OR “dulcis” OR “Bertholletia” OR “Brazil*” OR
“Anacardium” OR “Corylus” OR “Carya” OR “Arachis” OR
“Juglans”) AND (“*amylase”).

2.2. Eligibility criteria

To be eligible for inclusion, selected articles had to meet
specific criteria: (1) be written in English; (2) report original
in vitro research studies; (3) be focused on compounds
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extracted from commonly consumed parts of nuts (i.e. exclud-
ing components such as cashew testa, pistachio hull, chestnut
shell and walnut diaphragm); (4) report on the inhibitory
effects on a-amylase enzymes.

2.3 Screening

All the references from the search were imported into the
Covidence Systematic Review Software (https:/www.covidence.
org; Veritas Health Innovation, Melbourne, Australia), which
was used to screen studies. Duplicate records were removed
automatically using Covidence. Article titles and abstracts were
screened independently by two of the authors (MF and either
MJH, BRC or MM) according to the eligibility criteria. Selected
studies then underwent full-text screening, which was also
conducted independently by two of the authors (MF and either
MJH, BRC or MM). Differences in opinions in the two screen-
ing steps were discussed among all authors until a consensus
was reached.

2.4. Data extraction

A single author (MF) conducted the data extraction, which was
verified by a second author (MJH). Data regarding the name
and part of the nut(s) and inhibitor compound(s) (e.g., poly-
phenols, proteins, fats, etc.,), the description of nut extraction
methods, the source and type of enzyme (e.g., porcine pancrea-
tic, human salivary, human pancreatic, bacteria/fungus),
enzyme assay methods, the half-maximal inhibitory concen-
tration (ICso) and/or inhibition percentage and range of inhi-
bition, number of replicates, and statistical analyses were
extracted from each paper. Where not clearly stated, the final
concentrations of enzyme and substrate used in the assays
were calculated from the descriptions of volumes and working
concentrations described in the methods (where available).
Further, where crucial information such as the source and type
of enzyme utilised was not explicitly stated in the included
text, but the method in another paper cited, the information
(where available) was extracted from the secondary citation.

2.5. Quality assessment

A quality assessment of the studies was conducted indepen-
dently by two authors, MF and MJH, using our previously pub-
lished modified version of the ToxRTool,*® with minor modifi-
cations (ESI Table 11). Briefly, the articles were assessed for
quality based on a set of 17 criteria categorised into five assess-
ment domains: test substance identification, test system
characterisation, study design description, study results pres-
entation, and the plausibility of the study design and results.
Each criterion was given either a “yes” or “no” response (ESI
Table 11). Due to variations in the relative importance of indi-
vidual criteria, assigning an overarching quality rating to each
study was unfeasible.

2.6. BLAST analysis

A BLAST (Basic Local Alignment Search Tool) comparison ana-
lysis (conducted via https:/www.uniprot.org/blast) was exe-
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cuted to assess the sequence homology among distinct
a-amylase variants.

3. Results

3.1. Study selection

The primary aim of this systematic review was to evaluate the
literature reporting the inhibition of human a-amylase activity
through the utilisation of extracts rich in bioactive compounds
from commonly consumed edible parts of nuts. It is note-
worthy, however, that the search included all sources of
a-amylase and was not limited exclusively to human enzymes.
The initial search resulted in a total of 1156 papers, out of
which 386 duplicate publications were excluded. Amongst the
remaining 770 papers, 64 articles went through full-text
screening in accordance with the pre-established inclusion cri-
teria. A total of 31 papers met all the predetermined inclusion
criteria and were included in the systematic review.'®?>™! In
the second search, we identified 141 relevant publications pub-
lished in 2023. After removing duplicates and carrying out a
thorough screening, we identified and included two new
studies,*>>* bringing the total included studies to 33. Fig. 1
illustrates the process of study selection. Out of the 33 papers,
two studied the effect of areca nut (Areca catechu L.) extract,
despite the fact that the use of areca nut in any form is con-
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sidered unsafe for health.’**® Therefore, these two studies
were excluded, leaving a total of 31 papers.

3.2. Study characteristics

Among the 31 included papers, only two studies utilised
human pancreatic a-amylase.*>** These same two studies,
along with Tsujita et al.**> and Goksu et al.,”® also used human
salivary a-amylases in their enzyme inhibition assays (Table 1).
All three studies by Tsujita et al., used porcine pancreatic
a-amylases in addition to human o-amylases.*>***?
Additionally, 17 papers explicitly mentioned or referenced the
utilisation of porcine pancreatic
a-amylases! ®?%23:25727,34739,41,43,48,50,52 (aple 2), Four studies
indicated or referenced the use of a-amylases derived from a
bacterial®**"*” or fungal source.’” However, the remaining six
papers did not include information about the origin of the
a-amylases used in their experiments, nor was information on
the source included in any cited method?®3%%0:16:49,33
(Table 3). Of the included studies, 24 reported the inhibitory
effect of polyphenolic-rich extracts from edible parts of nuts
on a-amylases,>*?32°72731746:48°50 Three gtudies focused on
proteins extracted from edible parts of nuts,'®?®*” and two
studies evaluated the o-amylase inhibitory effect of oil
extracts.”>>® Two studies did not extract specific compounds
from nuts but used infusions of the whole kernel.>*** All

studies presented the results of enzyme activity as either a per-

After removing duplicates
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Search update studies
n=141

A
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Full-text articles excluded as they
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Fig. 1 PRISMA flow diagram for the systematic review, detailing the database searches, the number of abstracts screened, and full texts retrieved.
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centage of inhibition for a given concentration or reported the
ICso, which represents the concentration of the extract
required to inhibit enzyme activity by 50%. The assays were
mostly conducted at least in triplicate, except for nine studies

that did not specify the number of replicates
performed 24,26,33,39,40,43,49,52,53

3.3. Inhibition of human a-amylases by nut extracts

Table 1 presents the characteristics of the studies included in
this systematic review that used human a-amylase. The inhi-
bition by chestnuts was examined in detail in two studies.***>
When a dialysis-based purification process with Diaion HP-20
and Sephadex LH-20 columns was used to isolate polyphenolic
compounds from chestnut skin, there was a significant
improvement (~3.4-fold) in a-amylase inhibition.*” The size
exclusion fraction contained approximately 65% total polyphe-
nols, primarily composed of flavanol-type tannins and procya-
nidins, and ICs, values were 5.71, 3.17, and 1.89 pg mL™" for
porcine pancreatic, human salivary and human pancreatic
a-amylase, respectively (acarbose ICs, for porcine pancreatic:
7.22 pug mL™Y). Interestingly, these results indicate inhibition
in the order: human pancreatic > human salivary > porcine
pancreatic a-amylase inhibition. Comparable results were
reported in another study by the same group,** where polyphe-
nolic extracts from chestnut skin exerted stronger inhibitory
effects on human pancreatic and salivary a-amylase activity
(ICs0: 7.5 + 1.2 pg mL™" and 9.4 + 1.3 pg mL™", respectively)
when compared to porcine pancreatic a-amylase activity (ICso:
18.2 + 3.2 pg mL™"). However, a direct comparison with acar-
bose as a positive control was lacking.**

A comprehensive investigation was conducted by the same
group again to analyse the inhibitory effect of almond skin
polyphenolic extracts on human salivary, porcine pancreatic,
and Bacillus a-amylases.® The data revealed subtle differences
in the inhibitory effects on human salivary a-amylase (ICsq:
2.74 pg mL™") and porcine pancreatic a-amylase (ICso: 2.20 pg
mL™"). Notably, this extract exhibited considerably weaker
inhibition, ~25-fold less effective, when assayed against
Bacillus a-amylase activity (ICso: 49.5 pg mL™"). These findings
underscore the effectiveness of almond skin extract as an
inhibitor of human salivary and porcine pancreatic a-amylase.
Moreover, the isolation and purification of polyphenolic com-
pounds from almond skin was meticulously conducted
through a sequential process involving ultrafiltration,
Sephadex LH-20 chromatography, and ODS (octadecylsilyl)
column chromatography. The total polyphenol content of the
purified fraction was ~62% of the dry weight, as estimated by
the Folin—-Ciocalteu assay with catechin as the standard, and
the fraction was characterised by the presence of ~34% flava-
nol-type tannins and ~30% procyanidins of the dry weight. On
the other hand, protein extracted from hazelnuts has minimal
inhibitory effects on human salivary a-amylase.?® In this study,
proteins were isolated by alkali extraction-isoelectric precipi-
tation and then enzymatically hydrolysed by papain, bromelain
or pepsin. The hydrolysates exhibited no significant a-amylase
inhibitory activity, with the authors suggesting that the lack of

This journal is © The Royal Society of Chemistry 2024
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lysine, phenylalanine, tyrosine and tryptophan residues in the
isolated peptides was responsible for the lack of binding to
a-amylase.

3.4. Inhibition of porcine pancreatic and non-mammalian
o-amylases by nut extracts

The effects of chestnut and almond skin extracts on human
a-amylases are complemented by effects on porcine pancreatic
a-amylase. Chestnuts have been found to possess a significant
amount of dietary fibre and a variety of essential vitamins and
minerals,”” ® and an abundance of polyphenols."**> Chestnut
inner skin extracts inhibited porcine pancreatic a-amylase with
an ICs, value of 27.2 + 0.2 ug mL™", which was comparable to,
but less potent than, acarbose (ICso: 19 pg mL™").>° Another
study reported a lower ICs, value of 7.5 ug mL™" for chestnut
skin extract, but the absence of a reference inhibitor in this
assay leaves the effectiveness of this extract uncertain.*?
Almonds are nutrient-dense foods that contain vitamins, min-
erals, fibre, and bioactive compounds.®®> Consuming
almonds has been associated with several health benefits,
including a reduction in postprandial glycemia.®>®* Studies
included in the current systematic review show that polypheno-
lic extracts from almond drupe (ICs0: 10.1 + 7.1 ug mL™") or
skin (ICso: 73.8 = 3.9 pg mL™"), but less so kernel (ICs:
262100 + 3400 pug mL ™), effectively inhibit porcine pancreatic
a-amylase activity.>*3%48

Kola nuts are the seed pods from evergreen trees indigen-
ous to Africa. Kola nut extracts are increasingly recognised as a
natural or complementary remedy for diabetes management.®*
The active constituents within kola nuts primarily consist of
phenolic compounds and purine alkaloids.”®> Polyphenolic
extracts from two varieties of kola nut, Cola acuminate and
Garcinia kola, demonstrated inhibition of porcine pancreatic
a-amylase with ICs, values of 56.7 + 0.7 pg mL™! and 35.1
0.6 pg mL ™", respectively (acarbose ICsq: 32.6 + 0.8 pg mL™).>
In a separate investigation, the observed ICs, value for kola
nut was nearly ten-fold higher, though it is important to note
that a positive control was not utilised so the reliability of the
enzyme assay system cannot be ascertained.*®

In this systematic review, among the 17 studies that utilised
porcine pancreatic a-amylase as the only
enzyme,'®?%23:25727,34-39,41,43,48,50.52 four of them specifically
investigated the inhibitory potential of polyphenolic extracts
from the edible parts of nuts belonging to the Anacardiaceae
family, including pistachio (Pistacia vera),’®*”*® and Atlantic
terebinth (Pistacia terebinthus).”®> The Pistacia genus predomi-
nantly inhabits the northern hemisphere, encompasses both
evergreen and deciduous varieties, and has long been recog-
nised for medicinal properties.®® The ethanol extract of
Pistacia terebinthus, at a concentration of 1 mg mL™", exhibited
complete inhibition of porcine pancreatic a-amylase,* while
the Sirora cultivar of pistachio exhibited a 50% inhibition of
porcine pancreatic o-amylase activity at the same concen-
tration.?” In contrast, the mean ICs, value for different pista-
chio crops in the study by Noguera-Artiaga et al. was 23.8 *
2.3 mg mL~".%® Unfortunately, none of these studies utilised or
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presented the inhibition data for a positive control. In the
study by Wojdylo et al., pistachio (Pistacia vera) exhibited much
lower inhibition against porcine pancreatic a-amylase, with an
ICsp of 391 + 1.3 mg mL™, whereas acarbose showed 74% inhi-
bition at a concentration of 0.1 mg mL™*.*® This suggests that
pistachio extracts possess relatively lower inhibitory activity
against porcine pancreatic a-amylase compared to acarbose.

Acorn belongs to the oak genus within the Fagaceae
family.®” Raw acorns are inedible but they are used in the food
industry to produce many different products such as noodles,
bread, muffins, and drinks.®®”7° The primary constituents of
acorns encompass starches, lipids, proteins, and bioactive
compounds, including polyphenols.*>”" Polyphenolic extracts
from acorn kernels of the Quercus variabilis Blume species, also
known as Chinese cork oak, demonstrated inhibitory effects
on porcine pancreatic a-amylase, with ICs, values of 5.25 mg
mL™" for the free-polyphenol extract and 1.37 mg mL™" for the
bound-polyphenol extract.>®> However, detail on the o-amylase
assay was lacking since this was conducted to support an
investigation into the hydrolysis rates of various starches
in vitro, rather than being the main focus of the study.

The Chilean hazelnut, Gevuina avellana Mol., stands as the
southernmost representative within the Proteaceae family.
This botanical family also encompasses the macadamia nut
species.”” The nomenclature “Chilean hazelnut” was assigned
to G. avellana owing to its morphological resemblance to the
European hazelnut, Corylus avellana L., which belongs to the
Betulaceae family.>® Compared to acarbose (ICso: 28.5 g
mL™"), Chilean hazelnut extracts are not potent inhibitors of
porcine pancreatic a-amylase (<12.5% inhibition at 100 pg
mL").*° This observation may be attributed to the relatively
low polyphenol content present in these extracts.’® A similar
result was demonstrated for hazelnuts (Corylus avellana) (ICsq:
276500 + 2600 pg mL~"),*® indicating that neither Chilean
hazelnut nor hazelnut extracts are effective inhibitors of
porcine pancreatic a-amylase activity compared to acarbose.

Both walnuts (Juglans regia L.) and pecans (Carya illinoinen-
sis) have attracted global recognition as nutritionally-rich
foods and feature prominently within the Mediterranean
diet.°*”® Notably, two polyphenolic-rich walnut extracts
(Juglans regia L.), prepared in a very similar way using a metha-
nol-based extraction, exhibited markedly variable inhibition of
porcine pancreatic a-amylase activity, with ICs, values ranging
from 37.4 + 1.2 ug mL™" in the study by Bourais et al., to 281 +
2.4 mg mL™" in the study by Wojdyto et al., denoting a ~7500-
fold difference between the two.*®*® The latter study did not
state the amount of enzyme used in the assay and lacked a lot
of detail on the assay in general, highlighting the difficulty in
drawing conclusions from these studies. While not described
in the paper, the inhibition data presented by Wojdylo et al.,
seems to have been calculated to give equivalent values for the
raw kernels, rather than for the polyphenolic extract, which
may explain this discrepancy. A similar situation is apparent
for polyphenol extracts of pecan, with reported ICs, values
showing significant variation across different studies (ICs
values 78-148900 pg mL™'), thus the effect of pecan on

This journal is © The Royal Society of Chemistry 2024
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porcine remains
inconclusive.

Nuts such as cashews, macadamias and pine nuts are
highly favoured as snacks, owing to their distinctive flavours,
nutritional composition, and health-related benefits.'**
However, cashew nuts contain <100 mg of polyphenols per
100 g, and macadamia and pine nuts have polyphenol con-
tents below detectable levels.*® Polyphenol extracts of pine
nuts (Pinus pinea),*®>® macadamia (Macadamia integrifolia)*®
and cashew*® showed no significant inhibition of porcine pan-
creatic a-amylase. Conversely, peptides isolated from cashew
(Anacardium occidentale L.) inhibited porcine pancreatic
a-amylase with a mean ICs, of 310 + 96 pg mL™"."°

Polyphenol extracts from Atlantic terebinth (Pistacia atlan-
tica) demonstrated greater inhibition of Aspergillus oryzae
a-amylase activity compared to acarbose.** Furthermore, inhi-
bition of a-amylase from a bacterial source was observed with
various extracts from Camus nuts (Q. floribunda, another
species of acorn),®* walnut (Juglans mandshurica Maxim.),*”
and sweet almond (Prunus amygdalus Stokes).>* However, the
ICs, values for the inhibition of a-amylases from Bacillus sp. by
the same inhibitors (chestnut and almond skin extracts) was a

mean of 13-fold higher than those reported for the mamma-
42,45

pancreatic
27,48

a-amylase activity

lian a-amylases.

3.5. Quality assessment

The results of the quality assessment conducted on the
included studies are presented in ESI Table 1.f During this
assessment, it came to light that several crucial elements were
absent in the reviewed studies. Among the 31 included papers,
two of them failed to provide explicit details concerning the
part of the nut from which the test compounds were
extracted.’”"” Additionally, nine investigations did not provide
sufficient details regarding the purity or compositional ana-
lyses of the test inhibitors employed.>*?7:32:35:40,43,44,52,53
Notably, two studies did not mention the origin/supplier of
the nuts used,”*** and 16 studies did not specify the supplier
(s) for all chemicals used.>>?3:33:37:38:40745,47749,52,53 pioht of
them lacked important information on the specific character-
istics of the extraction procedure, such as duration, tempera-
ture, and pH levels;>>29:33:37:40:49:52,53 o example, two studies
failed to specify the temperature conditions for the rotatory
evaporator® or water bath.*® Furthermore, two studies sub-
jected nuts to prolonged immersion in a solvent for over a
week; however, there is no explicit mention of whether the
nuts were stored in a dark environment during this experi-
mental process.>**® It is noteworthy that the polyphenol
content can be influenced by both temperature and light.”*
Over half of the studies failed to specify the type or source
Of the enzyme used.16,24,26,28,29,31,33,34,37,40,41,46—49,52,53 For
Goksu et al., the use of human salivary enzyme was inferred
based on the catalogue number, however this information was
not explicitly stated.*® Most studies lacked significant infor-
mation on the enzyme assay, with crucial factors such as pH,
buffer composition, incubation period, and temperature
absent,'2%2933737,397454849 1t {5 important to acknowledge

Food Funct, 2024, 15, 5209-5223 | 5217


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo00414k

Open Access Article. Published on 08 May 2024. Downloaded on 12/4/2025 10:35:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

that these factors have a significant influence on the kinetics
of the enzyme reaction and therefore both enzyme activity and
inhibition.”> Furthermore, 22 studies failed to include data
regarding the concentration of enzymes
utﬂised.16'22'23’25'29'32_37'39_45’48’49’52'53 In nearly half Of the
studies, the substrate concentration was not
Speciﬁed,16,22,25,26,28,29,32737,39,41,43,48,49,53 and the lnhlbltor
concentration range was not provided in 15 of the
studies,'®?>%2%:28,29,32,34737,41,4448,52,53 ‘1 determine the final
concentration of the substrate and/or enzyme (Tables 1-3), we
had to refer to secondary papers cited in the studies.
Moreover, 12 studies did not specify the time at which the end-
point measurement was recorded at the end of the enzyme
assay.'®2%29,33737:39:41,43,48 There were 24 studies that did not
mention using negative controls (such as substrate- and
enzyme-free controls),'®?>?47272%33748 and 12 lacked a positive
control (such as acarbose).???%?7:35738:42744,46,52 ywhile most
studies stated the method used to measure the enzyme activity
or inhibition endpoint (e.g. via iodine or dinitrosalicylic acid),
a significant limitation observed in several studies was the
absence of key information relating to this measurement, such
as incubation time and temperature,'®?%:29:33737,39,41,43,46,48
There was a lack of comprehensive reporting of all exam-
ined endpoints in some studies,?%3%37,39711:44:48,52,53 - p]]
papers, except for three,’®>>>® provided details on the statisti-
cal methodologies employed for data analysis. The quantitative
findings in 15 investigations were deemed questionable due to
the variation in the data not being presented and/or as a result
of  atypical calculations and data  presentation
techniques.>??42935737,39743,45,48,52,53 Noably, two studies did
not specify whether they reported variation in a-amylase inhi-
bition by standard deviation (SD) or standard error of the
mean (SEM),>*? and the study by Guici El Kouacheur et al.,
reported standard deviations that were 3-fold larger than the
mean when reporting ICs, values.>® The study by Sut et al.,
investigating the inhibition of porcine pancreatic a-amylase by
heckel, presented their inhibition data as acarbose equiva-
lents,"* which were challenging to interpret. While certain
studies may have had an appropriate study design, all were
missing at least some information to adequately determine
this. For instance, in two studies,*>*® the a-amylase assay was
part of a human in vitro digestive system and not conducted
independently. In the study by Wojdylo et al., a different
extraction method was used for polyphenol analysis compared
to that for the test inhibitor used in the a-amylase assay.*® It is
noteworthy that Zhang et al.>® presented a very well-described
enzyme assay but only two inhibitor concentrations were
tested, which is insufficient to determine a reliable IC5, value.

4. Discussion

Our review primarily focused on evaluating the existing litera-
ture regarding the inhibition of human a-amylases by extracts
from commonly consumed nuts. It is noteworthy that only
four studies specifically utilised this enzyme source. These
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studies revealed that chestnut skin extract inhibits both
human salivary and pancreatic a-amylases and that almond
skin extract can inhibit the salivary enzyme, while peptides
isolated from hazelnut were not effective. Phenolic com-
pounds are mostly concentrated in the skins of nuts’® and
this may explain why, from the studies conducted on human
enzymes to date, nut skins in particular appear to be promis-
ing a-amylase inhibitors. The remaining studies mainly
employed porcine pancreatic a-amylases, with four studies
utilising a-amylases sourced from bacteria or fungi, and six
studies failing to specify the source of the enzyme. The find-
ings suggest that polyphenol-rich extracts from nuts, particu-
larly chestnut, almond, kola nut, pecan and walnut, as well
as peptides isolated from cashew, inhibit porcine pancreatic
a-amylase, while polyphenols in pistachio, Atlantic terebinth,
acorn, hazelnut, Chilean hazelnut, pine, cashew and macada-
mia exhibit milder inhibition. Polyphenols inhibit a-amylase
through hydrogen bonding between their hydroxyl groups
and the enzyme active site and through hydrophobic forces
between the aromatic rings of polyphenols and tryptophan
residues within o-amylase.'® Consequently, the inhibitory
impact of polyphenols is augmented by an increased number
of hydroxyl groups on the B ring of flavonoids, the primary
class of polyphenols found in nuts.'**°

4.1. Differences between human salivary and human
pancreatic a-amylases

a-Amylases are endo-acting enzymes found in both salivary
and pancreatic secretions, and they play a pivotal role in cat-
alysing the initial hydrolysis of starch into shorter
oligosaccharides.””””® Our findings suggest that extracts
obtained from chestnut skin exhibit a greater inhibitory
effect on the activity of human pancreatic a-amylase when
compared to human salivary a-amylase.*”*® Both human
a-amylase isozymes consist of 511 amino acids within a
single polypeptide chain. Human salivary and pancreatic
a-amylases share a significant degree of amino acid sequence
homology, with 97% identical residues in their overall
sequences and 92% identified within their respective cata-
lytic domains.”®®® However, despite this, there are 15 differ-
ences in amino acid composition between the sequences of
these two enzymes,”® and this could explain the enhanced
inhibition of human pancreatic a-amylase by chestnut skin
extracts compared to the salivary enzyme.**** It is important
to note, however, that our conclusion should be considered
in the context of the limited number of studies available on
chestnut skin extract and that other research suggests, for
example, that (-)-epigallocatechin-3-gallate (EGCG) may be a
more effective inhibitor of human salivary a-amylase com-
pared to the pancreatic enzyme.”””®"®> Therefore, it cannot
be definitively concluded that nut extracts consistently
exhibit superior inhibition of human pancreatic a-amylase,
since inhibition is dependent on the interaction between the
specific polyphenols present in each extract and the amino
acids in each enzyme.

This journal is © The Royal Society of Chemistry 2024
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4.2. Differences between human and porcine ox-amylases

The findings from the current review highlight the potential of
nut extracts to inhibit porcine pancreatic a-amylase activity.
Among the 31 studies included in this systematic review, only
two investigations utilised both human o-amylases and
porcine pancreatic a-amylase, allowing for a direct comparison
of the inhibitory effects of nut extracts on these two enzyme
sources.*>*> Results of these two studies show that chestnut
skin extract was a stronger inhibitor of human a-amylases
compared to porcine pancreatic a-amylase.**> A separate
study investigated the a-amylase inhibitory effect of various
Indian medicinal plant extracts, renowned for their hypogly-
caemic properties.®* In this study, among ten extracts showing
a-amylase inhibition, half of them showed superior inhibition
of human pancreatic a-amylase, while three of them exhibited
greater inhibition of porcine pancreatic a-amylase, and the
remaining extracts were similar on both enzymes.** Compared
to acarbose, four of these plant extracts showed significantly
enhanced inhibition of human pancreatic a-amylase, whereas
none of the extracts exhibited significant inhibition of porcine
pancreatic a-amylase when compared with acarbose.®*

Compared to the human pancreatic a-amylase, the polypep-
tide chain of porcine pancreatic a-amylase contains four dis-
tinct regions (residues 237-250, 304-310, 346-354, and
458-461) comprising 70 amino acids, which exhibit different
conformations.”®®* Among these regions, the first (residues
237-250) entails multiple mutations within a segment of the
polypeptide chain situated adjacent to a highly conserved
region of the primary sequence, which includes the catalytic
residue Glu 233.”° The second region (residues 304-310) is
located within the active site and is known to interact directly
with the bound substrate.”® These distinctions in amino acid
sequences are responsible for the functional differences
between porcine and human pancreatic o-amylases. For
example, the K, values of the porcine enzyme for long oligo-
saccharides are similar to those of the human enzyme.
However, the k., values (maximum rate of substrate conver-
sion into product per enzyme molecule) appear to be signifi-
cantly higher for long oligosaccharides in the case of porcine
a-amylase, although a comprehensive assessment of the
specific cleavage mechanisms was lacking.®® Due to differ-
ences in enzyme structure and variations in research findings
when comparing human and porcine enzymes, it is not appro-
priate to extrapolate the effect on the porcine enzyme to the
effect of an inhibitor on human amylase.

4.3. Differences between human, bacterial, and fungal
a-amylases

Even though BLAST analysis (https:/www.uniprot.org) con-
firmed the absence of sequence homology between bacterial
or fungal a-amylases, such as Bacillus subtilis (659 amino
acids) and Aspergillus oryzae a-amylase (498 amino acids), in
comparison to human o-amylase (511 amino acids), some
studies have utilised these sources of a-amylase. It is signifi-
cant to highlight that while these studies have shown the
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potential of nut extracts to inhibit a-amylases sourced from
fungi and bacteria, their outcomes are entirely irrelevant to
human health.

4.4. Limitations

The primary limitation is the restricted availability of studies
that specifically assess the inhibitory effects of extracts from
edible parts of nuts on human a-amylases. Our investigation
identified only four relevant studies, with most of the research
in this field relying on porcine a-amylase. Another significant
consideration is the methodological approach employed in the
studies included in this review. The evaluation of a-amylase
activity was predominantly conducted indirectly, utilising col-
orimetric techniques such as the measurement of reducing
sugars through dinitrosalicylic acid (DNSA) or chromophore-
linked substrates (e.g., starch-iodine). It is crucial to note that
in many of these colorimetric methods, redox and UV-visible
light-absorbing compounds, such as phenolics, have the
potential to directly interfere with the analytical process.”>””:%¢
Moreover, it has been reported that peptides in the extracts
can lead to an overestimation in measurements when using
DNSA.*” Since DNSA is used to estimate the reducing ability of
sugar products and estimate carbohydrate hydrolysis, the pres-
ence of endogenous sugars in plant extracts can influence the
accuracy of the reducing sugars method for enzyme activity.*®
Additionally, the exclusive use of starch as the substrate across
all studies included in this review is another limitation to be
acknowledged. Certain bioactive compounds, particularly poly-
phenols, have been found to directly interact with starch,
especially potato-derived starch, through hydrophobic inter-
actions and hydrogen bonding and then affect the
kinetics.®*~°° The reaggregation of amylose molecules through
hydrogen bond-mediated complexation with phenolic com-
pounds limits substrate accessibility to a-amylase, conse-
quently reducing starch digestion.”” This is due to the fact that
polyphenols have a greater affinity for forming complexes with
amylose as opposed to amylopectin.””*® Considering these
factors, it appears that the mechanism underlying the inhi-
bition of starch digestion by polyphenols, including those
found in nuts, extends beyond solely interaction with the
active site or binding site of a-amylase. Direct interaction
between polyphenols and starch also contributes significantly
to this inhibitory effect.”” Additionally, the absence of a posi-
tive control such as acarbose in many of the studies compli-
cates any comparison between studies. While polyphenol-rich
extracts from chestnut and almond skins demonstrated signifi-
cant inhibition of human a-amylases, translating these find-
ings to the in vivo context and quantifying the consumption of
actual nuts required to see an effect presents considerable
challenges. Notably, the precise quantity of nuts utilised for
extraction was unspecified in the studies on human a-amylase
inhibition.*****> Further, while we can estimate the volume of
digestive fluids within the intestine, this would be an approxi-
mation only and is highly variable between individuals and
contexts. Additionally, there is a lack of literature addressing
the bioaccessibility of polyphenols from chestnut and almond
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skins, further complicating the extrapolation of these results
to a-amylase inhibition in vivo.

5. Conclusion

Within the extensive research dedicated to the study of nuts
and their impact on health outcomes, only four studies on a
limited range of nuts have specifically examined the inhibitory
effects of compounds extracted from commonly consumed
edible parts on the activity of human a-amylases. These
investigations have demonstrated that polyphenol-rich chest-
nut skin extracts are potent inhibitors of both human salivary
and pancreatic a-amylases, and that polyphenol-rich almond
skin extract is also a potent inhibitor of salivary a-amylase.
Notably, over half of the studies included in the present sys-
tematic review utilised porcine pancreatic a-amylase. It is
crucial to highlight that while extracts from nuts have shown
inhibitory effects on porcine pancreatic a-amylase activity,
these cannot be confidently extrapolated to human subjects.
This limitation arises due to recognised functional distinctions
between human and porcine a-amylases, owing to variations
in the amino acid sequences of their catalytic residues and
active sites. It is worth mentioning again that non-mammalian
sources of a-amylases have no relevance to human health and
disease. For future in vitro studies to be relevant to human
health and disease, it is important to use human a-amylase
enzyme sources. It is evident that the primary mechanism
through which certain bioactive compounds, notably polyphe-
nols, inhibit a-amylase activity appears to involve complex for-
mation with starch, particularly amylose, as well as direct inhi-
bition of the enzyme. Therefore, future research should take
this factor into consideration when selecting the substrate and
should also incorporate direct assessments of oa-amylase
activity, potentially utilising chromatographic quantification of
product formation in the assays for this purpose.” Also, these
precise in vitro studies will help to explain the mechanism
behind any effects seen in humans related to the potential role
of nut consumption in the prevention and management of
chronic diseases.""%%>%4
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