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An elevated postprandial glycaemic response is a risk factor for developing type 2 diabetes mellitus (T2DM).
Inhibition of digestive enzymes, including membrane-bound brush-border a-glucosidases, leads to slowed
carbohydrate digestion and absorption, and reduced postprandial glycaemia. Nuts are eaten widely around
the world, and have the potential to inhibit a-glucosidases through their content of polyphenols and other
bioactive compounds. We set out to conduct a systematic literature review exploring the inhibitory effect of
extracts from edible parts of various nuts on a-glucosidase activity in vitro to ensure, as far as possible, that
no papers were missed. After an initial screening, 38 studies were reviewed in full, of which 15 were suitable
for the present systematic review. Notably, no studies were found which tested the inhibitory potential of
nut extracts against human a-glucosidases. Two studies showed that extracts from almonds and hazelnuts
inhibited rat a-glucosidase activity, but the remaining papers reported data on the yeast a-glucosidase
enzyme. Where yeast and rat enzymes can be compared, it is clear that nut extracts inhibit yeast
a-glucosidase more strongly than mammalian a-glucosidase, which may lead to over-estimation when pre-
dicting effects in vivo when using data from the yeast enzyme. In contrast, acarbose is a stronger inhibitor of
mammalian a-glucosidase compared to the yeast enzyme. Thus, although the present review indicates that
extracts from nuts inhibit yeast a-glucosidase, this cannot be extrapolated to humans in vivo. There is some
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evidence that extracts from almonds and hazelnuts inhibit rat a-glucosidase, but no information on human
enzyme sources. Since most work has been published on the yeast enzyme, future work in vitro must utilise
mammalian, and preferably human, a-glucosidases in order to be relevant to human health and disease.

rsc.li/food-function This systematic review was registered at INPLASY as INPLASY202280061.
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1. Introduction

An elevated postprandial glycaemic response is a risk factor, and
one of the initial signs, of type 2 diabetes mellitus (T2DM) that
leads to increased oxidative stress and inflammation at various
sites of the body." Lowering the postprandial glycaemic response
is an important dietary strategy to reduce the risk of T2DM.>™
Slowing down carbohydrate digestion by inhibition of salivary/
pancreatic o-amylases and membrane-bound brush-border
a-glucosidases has been shown to lower postprandial blood
glucose responses.” Carbohydrates are rapidly digested by
a-amylases and a-glucosidases to produce monosaccharides that
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are absorbed in the small intestine into the blood. In the human
small intestine, there are two brush border enzymes, maltase/glu-
coamylase and sucrase/isomaltase, exhibiting three o-glucosidase
activities: maltase (hydrolysis of o-1,4-linkages between short
chains of glucose), sucrase (hydrolysis of o-1,2-linkages between
glucose and fructose as in sucrose) and isomaltase (hydrolysis of
a-1,6-linkages between two glucose molecules). Dietary starches
are hydrolysed firstly by salivary a-amylases, then by pancreatic
a-amylases, and finally by intestinal brush border a-glucosidases
to ultimately produce glucose.®” Thus, the activities of these
enzymes are a critical step in determining the postprandial gly-
caemic response, which can be attenuated by inhibition of these
enzymes. Some anti-diabetic drugs, such as acarbose, are used to
inhibit a-glucosidase to control postprandial glycaemia,®® and it
has been reported that various plant extracts can also inhibit
a-glucosidase activity.'* ™

Nut consumption is recommended in dietary guidelines
worldwide because of health benefits."*™** Studies have shown
that nut consumption lowers the risk of developing T2DM,"®
partly attributed to a-glucosidase activity inhibition."”*® While

This journal is © The Royal Society of Chemistry 2023
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several studies have indicated that consuming nuts is associ-
ated with a decreased risk of type 2 diabetes and metabolic
syndrome,'*>* there are some other studies which did not
find any correlation between consuming nuts and a risk
reduction.?*>® According to a prospective cohort study,?* indi-
viduals who ate 28 g of nuts 1-4 times per week, or >5 times
per week, had a 16% and 27% statistically significant lower
risk of diabetes, respectively, compared to those who rarely or
never consumed nuts. As reported by Asghari et al.,*® individ-
uals who consumed 2-4 or >4 servings of nuts per week had a
49% and 53% lower risk of diabetes, respectively, in compari-
son to those who consumed <1 serving per week.

Nuts have a high total fat content (ranging from 44.4 g to
75.8 g per 100 g whole raw nut), but they are low in saturated
fatty acids (3.8 g to 16.1 g per 100 g whole raw nut).>”*® They
are also an excellent source of protein (7.9 to 21.2 g per 100 g
raw nut)*® and dietary fibre (ranging from 4 to 11 g per 100 g
whole raw nut),”” which can provide 5-10% of the daily fibre
requirements in standard servings.’® Moreover, nuts have a
favourable concentration of essential minerals, such as
calcium, magnesium and potassium when compared to other
commonly consumed foods.””*' Nuts are also abundant in
vitamins and bioactive compounds such as tocopherols and
polyphenols.>>° One action of some polyphenols, which are
secondary metabolites produced by plants,®” ™' is to lower
postprandial blood glucose®” in the same way as acarbose.”

Certain flavonoids attenuate the activity of digestive
enzymes”'! and are the major polyphenol class in nuts.** Data
on the yeast a-glucosidase indicates that binding of the
hydroxyl groups in ring A, B or C of flavonoids to the active
sites of a-glucosidases results in subtle modifications of the

44717 and inhibition is increased by hydroxy-
11,48,49

enzyme structure
lation of the A ring at the C5 or C6 of flavonoids.

To ensure that we captured all papers on nut extracts and
inhibition of a-glucosidase activity, we performed a systematic
review of the literature. As we suspected prior to the search,
most of the studies used yeast a-glucosidase despite indi-
cations in other literature that indicate that the specificity of
inhibition of yeast and mammalian enzymes are very
different.'®'">° This review should help shape future studies
and ensure that in vitro data are better predictors on activity in
human intervention studies.

2. Methods

This review was registered with the International Platform of
Registered Systematic Review and Meta-analysis Protocols
(INPLASY) register of systematic reviews and is reported follow-
ing the Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) statement.””

2.1. Search strategy

The literature was searched, using a predetermined strategy,
for published original studies that presented the effect of nut
extracts on o-glucosidase activity. Articles were imported into
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Covidence (https:/www.covidence.org) and duplicates were
removed. The study selection was not limited to a period of
time and all studies published up to the end of May 2022 were
included for screening. All articles in this review were found
from four different databases (PubMed, Scopus, Web of
Science, and Cochrane) by searching the following research
terms: (“inhibit*”) AND (“nuts” OR “nut” OR “almond*” OR
“pecan*” OR “pistachio*” OR “hazelnut*” OR “walnut*” OR
“cashew*”) AND (“*glucosidase” OR “sucrase*” OR
“*maltase”).

To be included, studies must have: (1) been written in
English; (2) been original research; (3) tested compounds from
the edible parts of nuts; and (4) measured a-glucosidase
enzyme inhibition (specified as o-glucosidase, sucrase or
maltase). There was no limitation on the source of
a-glucosidase used and all studies that examined enzyme
activity from yeast or mammalian sources were included.

2.2. Data extraction

Data were extracted independently by two authors (MF and
MM) and verified by a third (MJH). Data regarding nut, test
inhibitor, description of nut extraction method, number of
replicates, source of enzyme and enzyme assay description,
positive/negative controls, ICsy/inhibition% and range of inhi-
bition, inhibition calculations, statistical analyses, and rele-
vant outcomes were extracted from each paper.

2.3. Quality assessment

Two authors (MF and MJH) developed a quality assessment for
in vitro enzyme assay studies, based on the ToxRTool,** and
independently completed it. Briefly, the quality of the articles
was evaluated against 17 criteria in five assessment domains:
test substance identification, enzyme assay characterisation,
study design description, study results documentation, and
the plausibility of the study design and results. Each was given
either a “yes” or “no” response (ESI Table 1t), however,
because each criterion did not have the same significance, it
was impossible to give each study an overall quality rating.

3. Results

3.1. Characteristics of the selected papers

The main objective of the present systematic review was to
assess the literature on the inhibition of human a-glucosidase
activity by bioactive compound extracts from nuts; however,
the search included all sources of a-glucosidase and was not
confined only to human enzymes. The search identified 531
papers and, after removing 163 duplicate papers, the titles and
abstracts of 368 papers were screened by three reviewers (MF,
MJH and MM) for inclusion. The same three reviewers inde-
pendently assessed the full text of 38 articles against the
inclusion criteria. Fig. 1 displays the search results and the
study selection process. Full texts of all articles were obtained
to retrieve detailed study characteristics. A total of 15 papers
met all inclusion criteria;'”'®3*%5 10 studies examined the
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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.

inhibitory effect on a-glucosidase activity of polyphenol-rich
extracts, four studies examined the effects of isolated protein/
peptides and one study used nuts extracted in hot water with
no further extraction applied (Tables 1 and 2). Of the included
studies, no studies reported the effect of nut extracts on
human o-glucosidase, two studies examined rat a-glucosidase
activity (Table 1), and 13 articles used a-glucosidase from yeast
(Table 2). All studies presented the result of enzyme activity as
either percentage of inhibition for a given concentration range
or reported ICs,, defined as the concentration of extract
necessary to inhibit enzyme activity by 50%. All studies con-
ducted their analyses in triplicates except for Wang et al.,**
who performed 5 replicates, and also Zhu et al.,*® and Pino
Ramos et al.,*" who did not specify the number of replicates.

3.2. Inhibition of mammalian o-glucosidase by nut extracts

Table 1 presents the inhibitory potential of extracts from
edible parts of almond (Prunus dulcis)'® and hazelnut (Corylus
avellana L.)" on rat a-glucosidase activity. Almond skin extract
showed some inhibitory activity on rat intestinal maltase and
sucrase, but the data was not compared to acarbose as a posi-
tive control.'® Simsek isolated protein from hazelnut meal and
hydrolysed this using two protease treatments, Alcalase or

5964 | Food Funct., 2023, 14, 5962-5976

trypsin/chymotrypsin, and studied the inhibitory effect of two
peptide fractions from each (<5 kDa and >5 kDa). Several of
the peptide fractions inhibited rat a-glucosidase activity by
50% at a concentration of ~4 mg mL~". However, again due to
the lack of a positive control, it is not possible to determine
how hazelnut meal protein compared to acarbose.'”

3.3. Inhibition of yeast a-glucosidase by nut extracts

Table 2 shows the inhibitory potential of extracts from edible
parts of nuts on yeast a-glucosidase activity. Pino Ramos
et al.®" examined the effects of polyphenol-enriched extracts
from raw and roasted hazelnuts from different regions of
Chile. The mean ICs, for the extracts tested in this study, cal-
culated from the 15 of 22 extracts where IC5, was determined,
was 31.7 + 30.4 pg mL ™", with no apparent difference between
raw or roasted, nor geographical region, while the acarbose
positive control had an ICs, of 120.9 + 2.0 pg mL™". The
researchers identified 17 polyphenols in the extracts, mostly
phenolic acid derivatives, though phenolic content was rela-
tively low, and also some phytoprostanes and phytofurans.

Five of the included studies tested the inhibitory effects on
yeast a-glucosidase of extracts from different types of almond.
Of the polyphenol-rich extracts, Loizzo et al>® found the

This journal is © The Royal Society of Chemistry 2023
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Table 1 Characteristics of included studies which examined inhibition of rat a-glucosidase
Nut Extraction Rat enzyme assay

Positive
Name Part Conditions Target  Substrate control Sample ICs, Ref.
Almond Roasted Water, methanol, ethanol, PP-rich Maltose NS 468 pg DW mL™" 18
(Prunus dulcis) seed skin acetone, acetonitrile Sucrose 627 pg DW mL™"
Hazelnut Meal® Hexane, acetone, alkaline Purified p-Nitrophenyl-a-p- NS 3620 + 720 uyg DW mL™'? 17
(Corylus avellana L.) centrifugation, precipitation, peptides glucopyranoside 3890 + 120 pg DW mL™* ¢

alkaline protease hydrolysis,
ultrafiltration

4760 + 120 pg DW mL ™' ¢

ND*

Data are expressed as mean (+ standard deviation where specified) (n = 3). Abbreviations: NS, not specified; ND, no inhibition detected; PP,
polyphenol. “ No further details. ? Alcalase samples (<5 kDa). “ Trypsin + Chymotrypsin sample (<5 kDa). ¢ Alcalase samples (>5 kDa). © Trypsin +

Chymotrypsin sample (>5 kDa).

highest inhibitory potential with an extract from almond skin,
similar to that of acarbose. LC-MS data revealed the almond
skin extract contained at least 30 phenolics, including (+)-cate-
chin, proanthocyanidin B, (—)-epicatechin, several quercetin
and kaempferol glycosides, rosmarinic acid, and prunin. The
data between the studies is difficult to compare, since
different nut varieties, extraction methods, enzyme assay sub-
strates and/or enzyme amounts were used in each. The water
extract in the study by Attaallah et al>® demonstrated the
lowest inhibition of yeast a-glucosidase by almonds, while
water extracts of heckle seeds (Ricinodendron heudelotii),
known commonly as the African nut-tree, also exhibited low
inhibitory potential.®® A fifth study on almonds involved
testing peptides purified from the residue of almond oil from
the Siberian apricot (Armeniaca sibirica), which belongs to a
subgroup of the Prunus genus.®”” Hydrolysates, after digestion
by two proteases, were purified in turn by gel filtration chrom-
atography, reverse phase high performance liquid chromato-
graphy (RP-HPLC), molecular sieve and RP-HPLC again, with
the inhibitory potential reaching 0.58 + 0.02 ug mL™" for a
single isolated peptide.””

The inhibitory effects of polyphenol-rich extracts from eight
pistachio cultivars, grown on the same farm in Spain, were
studied by Noguera-Artiaga et al®® The inhibitory potential
varied widely, with ICs, values >2.5 mg mL™" for four of the
cultivars, while the other four cultivars exhibited an IC5, value
<5 pg mL~'. Without a positive control for reference, it is
difficult to comment on the relative potency of pistachio com-
ponents as inhibitors of yeast a-glucosidase.

Zhu et al.,*® studied the inhibitory effects of extracts from
Chinese nutmeg yew (Torreya grandis), which is an evergreen
and high-value medicinal plant. In this study, polyphenols
were extracted from the kernels with ethanol, ranging from 10
to 90% (v/v), with 70% ethanol giving the richest phenolic
content and showing the highest inhibition against yeast
a-glucosidase activity (ICso: 600 * 30 pg mL ™). This extract was
purified further and the dichloromethane fraction showed the
highest inhibition (ICse: 20 = 00 ug mL™") compared to an ICs
of 760 + 10 pg mL™" for acarbose. In another study, Terebinth
(Pistacia terebinthus), which is a type of deciduous shrub native

This journal is © The Royal Society of Chemistry 2023

to the Mediterranean region, was extracted with hexane,
acetone and ethanol. Again, findings indicate that these
extracts had a higher inhibition potential (IC5, < 1580 pg
mL™") than acarbose (ICsp: 10300 pg mL™') on yeast
a-glucosidase.>® Wang et al.,*>** examined the inhibitory effect
of protein isolated from Manchurian walnut (J. mandshurica
Maxim.), in 2018 and 2020. Both studies found protein isolated
from the walnuts was less effective than acarbose at inhibiting

yeast a-glucosidase.

3.4. Comparison of yeast and mammalian a-glucosidase
inhibition

Table 3 shows the inhibitory effects of almond and hazelnut
extracts on rat and yeast a-glucosidase activity. These papers
were the only types of nuts for which studies had been done
using both yeast and rat enzymes. Polyphenol-rich extracts
from hazelnuts showed 50% inhibition of yeast a-glucosidase
activity at a mean concentration of 21.1 + 14.6 pg mL™" for raw
samples and 33.4 + 32.2 pg mL~' for roasted samples,®
whereas 50% inhibition of rat a-glucosidase with hazelnut
meal peptides was found at much higher concentrations (3755
+191 pg mL™")."” This demonstrates that hazelnut extracts are
stronger inhibitors of yeast a-glucosidase compared to rat.
However, it is worth noting that this is a comparison of poly-
phenol-rich extracts to purified peptides and the study by
Simsek did not measure acarbose as a positive control,'” and
neither provided specific enzyme activities. A more definitive
comparison can be made for almonds, since both studies used
a polyphenol-rich almond skin extract with maltase as sub-
strate. An 8-fold stronger inhibition potential towards yeast
a-glucosidase®® is evident compared to rat a-glucosidase.®

3.5. Quality assessment

ESI Table 1f shows the quality assessment of the papers
included in the current review. Seventeen criteria were inde-
pendently checked by two authors (MF and MJH). There were
several key elements missing from the studies. Among the 15
reviewed studies, two did not specify the part of the nut from
which the test substance/compounds was extracted®®®° and
two more did not provide information on the purity, nor any

Food Funct., 2023, 14, 5962-5976 | 5965
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Table 3 Comparison of inhibition of rat and yeast a-glucosidase activity by nut extracts
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Positive control

Samples ICs,

Sample ICs,

Nut Part of nut  Extract type Substrate (ICs0) (yeast enzyme) (rat enzyme) Ref.
Chilean hazelnut Seed” PP-rich p-Nitrophenyl-a-p- Acarbose (120.9 +  21.1 + 14.6 pg — 61
(Gevuina avellana), raw” glucopyranoside 2.0 ug mL™Y) DW mL™**
Chilean hazelnut 33.4+32.2 g
(Gevuina avellana), DW mL™*?
roasted”
Hazelnut (Corylus Meal® Purified p-Nitrophenyl-o-p- NS — 3755+191 pg 17
avellana L.) peptides glucopyranoside DW mL ™
Almond (Armeniaca Seed skin PP-rich Maltose Acarbose (50.1 + 57.1+2.6 ug — 58
sibirica syn. Prunus 1.3 ug mL™Y) DW mL™*
sibirica)
Almond (Prunus dulcis) Roasted PP-rich Maltose NS . 468 pg DW 18
seed skin mL ™"
Sucrose 627 ug DW
mL ™"

Data are expressed as mean (+ standard deviation where specified) (n = 3). Abbreviations: ND, no inhibition detected; NS, not specified; DW, dry
weight; PP, polyphenol. “ Average of all raw samples from different regions (n = 2). ” Average of all roasted samples from different regions (1 = 13).

°No further details. ¢ Average of peptide fractions <5 kDa (n = 2).

compositional analysis (e.g., phytochemical), of the test inhibi-
tors used.>>®® Two studies also failed to provide the nut
origin/supplier,"”””> while 40% of studies were lacking this
information for other solvents and reagents used throughout
the extraction process and/or enzyme assay, and three studies
lacked details on the nut extraction method (e.g:, solvent, time
and temperature).>*°*%3

Surprisingly more than 66% of the studies did not provide
details on the type or source of enzyme,>*>°7010304%6 with
some requiring a search through secondary or even tertiary
citations to ascertain that the yeast enzyme had been used,
and 5 of 15 studies did not provide the amount/concentration
of enzyme that was used.'®%6%61-6¢ Almost half of the studies
were lacking some or all details on the enzyme assay, includ-
ing pH, buffer, incubation time and temperature, and concen-
tration/amount of enzyme added; each of which affects
enzyme activity and inhibition,'7'%3%380%.61.66 and in three
studies, the method of detection or endpoint, used to calculate
enzyme activity/inhibition, was not specified.'®>%®

More than 80% of studies did not provide information on
the use of positive controls, negative controls and/or the con-
centration of any controls used, and more than half did not
mention the concentration range that was tested to calculate
the IC5, value. All studies should have an inhibitor-free control
in order to measure inhibition percentage or the ICs, value,
but most did not provide information on substrate-free or
enzyme-free controls, and half did not specify the inhibition
percentage or ICs value for the positive
control.'71#33:36:57:59,60 The description of results for all end-
points investigated was not complete in most studies. For
example, authors do not describe any evaluation of endogen-
ous sugars in the test inhibitor substance, nor do they
mention specific enzyme activities or provide data relating to
the controls. The statistical methods for data analysis of all
studies were given and applied transparently. According to the

5968 | Food Funct, 2023, 14, 5962-5976

chosen test system, enzyme assay parameters, number of
doses and their range (for samples or controls), and/or
inclusion of all the relevant results, all of the studies did not
have an adequate and suitable study design to detect the
anticipated effects. Further, the quantitative results of four of
the studies are deemed not reliable due to a lack of presen-
tation of data variability, an unusual way of calculating/pre-
senting data, or a lack of clear dose dependent effects for puta-
tive inhibitors.'®°0:6>.6

Based on these assessments, we have developed a Quality
Control Checklist for future studies on in vitro inhibition of
enzyme activity (Table 4) which recommend future strategies to
conduct and report data on inhibition of a-glucosidase activity.

4. Discussion

This review evaluates research investigating the inhibitory
effects of extracts from edible parts of nuts on a-glucosidase
activity. Although the main objective was to assess the litera-
ture on human a-glucosidase inhibition, no studies were
found using this enzyme source. Results demonstrate that
most extracts/compounds are stronger inhibitors of yeast
a-glucosidase compared to mammalian (rat) a-glucosidases.
Therefore, although extracts from nuts may inhibit yeast
a-glucosidase, it is never clear whether these compounds can
also inhibit human (or rat) a-glucosidase unless assays have
been done.

4.1. Effect of nut extracts on yeast o-glucosidase

Nuts are sources of bioactive compounds including peptides
and polyphenols.**>¢! Although data obtained from yeast
a-glucosidase inhibition are irrelevant to human health and
disease, findings of the current review show an inhibitory
potential of nut extracts on yeast a-glucosidase, which may be

This journal is © The Royal Society of Chemistry 2023
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Table 4 Criteria of the data reliability assessment tool for in vitro carbohydrate digestive enzyme inhibition assays

No. Criteria

Explanations

Criteria group I: test substance identification

1 Is the test substance identified?

2 Is the concentration and purity of the test substance
given?

3 Is information on the source of all substances given?

4 Is all information on the preparation of the test

substance given?

Criteria group II: test system characterisation

5 Is the enzyme assay well described?

6 Is information given on the source/origin of the
enzyme?

7 Is necessary information on test system properties and

conditions given?

Criteria group III: study design description
8 Is the test substance concentration range given?

9 Are observation time-points explained?

10  Were negative controls included?

11 Were positive controls included?

12 Is the number of replicates (and complete repetitions
of the experiment) given?

Criteria group IV: study results documentation
13 Are the study endpoint(s) and their method(s) of
determination clearly described?

This journal is © The Royal Society of Chemistry 2023

Information on components and composition is expected. For plant extracts (e.g.
nuts, fruits), details about the plant part used (e.g. fruit, seed, with/without skin)
and processing applied (e.g. shelling, grinding, roasting, juicing) is expected
Quantitative and qualitative information on the test substance purity and
associated analyses are expected, including:

- Names and amounts of bioactive compounds (e.g. specific polyphenol or
peptide) and/or the total amount of bioactive compounds (e.g. total amount of
polyphenols) present in the test substance

- Type of analytical technique used to assess composition (e.g. LC-MS, Folin—-
Ciocalteu assay)

- Names, grades, concentrations and volumes of solvents, enzymes and reagents
used during purity assay

- Relevant details of the purity assay, including buffer, pH, incubation time and
temperature etc. provided, if applicable

- Standards, including concentration range, where required (e.g. EGCG for Folin
assay)

a. Source/origin and supplier of the main test substance(s) is essential

b. Source/supplier of all other chemicals is expected (e.g. enzyme assay substrate,
enzyme, reagents, solvents, buffer, etc.)

Method(s) used to extract/prepare samples, including details on solvents, times,
temperatures, buffers, pH, etc., and tests used to determine yield/quality of
extract (see criterion 2 for required information) must be given, unless no such
additional information is needed

Essential information about the enzyme assay includes:

- Volume and concentration of substrate

- Volume, concentration and pH of buffer

- Incubation time and temperature

- How the enzyme reaction was stopped

It is absolutely vital that details on the specific enzyme (ideally EC number) used,
and the species from which it was sourced, are included with any published

in vitro enzyme assay data. The enzyme may be commercially available or
extracted from cultured cells, tissues or biospecimens, etc. If commercial,
supplier details must be provided (see criterion 3b); if extracted by the
researchers, details on the extraction process must be provided

Necessary information on the test system includes:

a. Amount/concentration of enzyme (confirmed by measuring specific activity
with no test inhibitors present and providing this value)

b. Concentrations of positive (and negative if applicable) controls (e.g. acarbose)

ICs, values without information on the concentrations investigated in the assays
are not considered sufficient

This will typically apply to the time of the endpoint measurement at the end of
the assay. Time points of further observations (e.g. kinetic assays) may not be
mentioned when the experimental set-up makes clear that observation takes
place immediately after end of assay (considered sufficient). Please also check
figures and tables for respective information

Negative controls are required for all in vitro studies. Not only an inhibitor-free
control, since all studies must have used one to obtain ICs, or inhibition%
values, but substrate-free and enzyme-free controls must have been used as well,
with details provided

Positive controls which are known inhibitors (e.g. acarbose) are required for all
in vitro enzyme assays to confirm the test system is working as expected

It is expected that assays are completed a minimum of three times, ideally on
three separate days and, where enzymes are extracted from cells, tissues, animals
or participants, the assay must be performed using enzymes from at least three
biological replicates, with all relevant information on replicates provided

A description of how enzyme activity/inhibition was measured. This may be
indirectly by using colorimetric methods with reducing sugars and
dinitrosalicylic acid (DNSA) or chromophore-linked substrates (e.g. p-nitrophenyl-
a-p-glucopyranoside) or directly by chromatography

Food Funct., 2023, 14, 5962-5976 | 5969
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No. Criteria

Explanations

14  Is the description of the study results for all endpoints
investigated transparent and complete?

Results on all study endpoints described in the Methods section should be
provided. Study results include specific enzyme activity, inhibition at each

individual concentration investigated, results for positive and all negative
controls, and other relevant details (e.g. when testing an extract, an enzyme-free
control is necessary to check that the extract did not contain any endogenous
sugars and/or enzymatic activity). Check figures and tables for relevant
information

15  Are the statistical analyses given and applied
transparently?

No in-depth examination and/or recalculation is expected here; rather the
criterion asks for proper documentation. Only judge reported information.

Where statistics are lacking, but considered indispensable, please consider this
under “Plausibility of study design”, below

Criteria group V: plausibility of study design and results
16  Isthe chosen study design appropriate for obtaining
the substance-specific data aimed for?
flaws!

Is the study design adequate and suitable to detect the anticipated effects in the
test system used? Please don’t give points if study design contains substantial

Critical issues may be:
- The chosen test system and its applicability domain
- Number of replicates, number of concentrations/dose levels and their range and

spread

- Lack of negative control

- Inclusion of all relevant endpoints

- Lack of statistical evaluation

- Source/type of enzyme

- Concentration and amount of enzyme
- How enzyme activity is measured

17  Are the quantitative study results reliable?

Please give points, such as if there are reasons to trust or mistrust the numerical

values. Arguments here may be:

- Was the observed variability of results, as well as that of negative/positive
controls, acceptable?

- Were control values in a reasonable range?

Considerations will differ depending on the study type. Inherent high variability
of a biological system should not be a reason to refuse making the point

We report a modification of the ToxRTool** to enable assessment of the quality of in vitro enzyme assays and act as a guide for researchers under-

taking these types of experiment and publishing such data.

7,12,44 57,64

attributed to the polyphenol content or peptides.
Compared to acarbose, Chinese nutmeg yew, Chilean hazelnut
and Terebinth showed 38-fold, 33-fold, and 14-fold higher
inhibition values, respectively. Also, almond, Pistachio, Marula
nuts, and Heckel all show inhibition of yeast a-glucosidase.
The findings of the present study are in line with the literature
which has indicated that polyphenols and bioactive peptides
may inhibit a-glucosidase.”*>%%°° It is worth noting, however,
that nut extraction and enzyme assay methods varied vastly
between the studies, so differences in inhibitory potential may
be due to experimental approach, rather than differences
between the nuts and nut composition.

4.2 Differences between yeast and mammalian a-glucosidase

Table 5 presents the inhibition values of some other extracts
and compounds for yeast and mammalian o-glucosidase
activity, which serves to demonstrate the vast differences in the
inhibitory activity against different sources of a-glucosidases.
Four types of medical plant, including Peltophorum africanum,
Manilkara mochisia, Ozoroa cf. albicans, and Cassia abbreviate,
50-fold to 250-fold stronger inhibitors of yeast
a-glucosidase compared to rat a-glucosidase.”® However, acar-
bose is a better inhibitor of human or rat a-glucosidases com-
pared to the yeast enzyme. According to Table 5, all polyphe-

were

5970 | Food Funct., 2023, 14, 5962-5976

nols, except quercetagetin, showed better inhibition of yeast
a-glucosidase. The ICs, for quercetagetin was >8-fold lower for
human sucrase activity than that of yeast, while the inhibition
values for quercetin against human sucrase and yeast
a-glucosidase were similar.""”"7* A stark difference is seen for
cyanidin, with almost complete inhibition of the yeast enzyme
at just 4 uM, whereas the rat enzyme was not inhibited at all.*®
Thus yeast and mammalian a-glucosidases have shown very
different inhibition potentials."®’®”® In agreement with the
results of the present review, Babu et al.,'® observed that the
methanolic extract of Himalayan rhubarb is a better inhibitor
of yeast a-glucosidase than the equivalent amount of mamma-
lian a-glucosidase. A study of various foods extracts (extracts
such as green tea, chicken essence, and yogurt were used to
identify the effect of naturally-occurring food components on
rat and yeast a-glucosidase activity) inhibited yeast
a-glucosidase whereas no inhibition was found on rat
a-glucosidase.”* These differences between rat and yeast
a-glucosidase inhibition are related to molecular structural
differences."®”° It has been noted that yeast and mammalian
a-glucosidase are enzymically totally different and distinct.
Yeast a-glucosidase is a 584 amino acid soluble protein of gly-
cosyl hydrolase family 13, whereas human sucrase/isomaltase,
for example, is a complex membrane-associated protein of

This journal is © The Royal Society of Chemistry 2023
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Table 5 Comparison of inhibition of yeast and mammalian a-glucosidase activity by other compounds and extracts
ICs, or inhibition (%) ICs, or inhibition (%) of human (or rat where stated)
Inhibitor of yeast enzyme enzyme Ref.
Acarbose ICs 2300 pM Isomaltose IC59 39.1 £ 2.1 uM 11,12 and 70
Sucrase 1C50 1.7 £ 0.3 pM
ICs0 12.3 = 0.6 M (rat)
Maltase IC5 13.9 + 2.3 pM
ICs0 0.42 + 0.02 pM (rat)
IC50 619.6 pM (rat)
Peltophorum africanum ICs0 40 pg mL ™ IC50 > 2500 ug mL™" (rat) 70
Manilkara mochisia ICs50 50 pg mL™" ICs50 > 2500 pg mL ™" (rat)
Ozoroa cf. albicans ICs0 50 pg mL ™" ICs0 > 2500 ug mL™" (rat)
Cassia abbreviata ICs0 10 pg mL ™" IC50 > 2500 ug mL ™" (rat)
Apigenin 43% at >200 pM 3% at >500 uM (rat) 48
Cyanidin 99% at 4 uM 6% at >500 uM (rat)
EGCG ICsp 0.99 + 0.07 pM Isomaltose ICso 461.9 * 60.3 UM 11,12 and 75
Sucrase 1Cs50 175.2 £ 60.1 pM
ICs0 950 + 86 uM (rat)
Maltase ICs0 186.4 + 40.4 pyM
ICs5, 14.0 + 2.0 M (rat)
Quercetin ICsp 163.4 + 3.4 pM Sucrase 1C50 161.9 £ 13.6 pM 11, 71 and 72
ICs0 364.0 uM (rat)
Maltase 1Cs0 247.3 £ 7.0 pM
ICs0 231.6 pM (rat)
Quercetagetin 1C50 180.1 + 3.7 uM Sucrase 1C5021.7 £ 5.3 uM
Gallic acid ICs5p 143.4 + 4.1 pM Sucrase ICs0 1757.6 + 19.3 uM (rat) 83
Maltase ICs0 710.6 + 12.3 uM (rat)
(=)-Epicatechin 24% at >200 pM Sucrase IC5o 1080 uM (rat) 48 and 84
Maltase ICso 770 pM (rat)
(-)-Epigallocatechin ICs0 75 pM Sucrase ICs0 921 UM (rat)
Maltase ICs0 1260 pM (rat)
(—)-Epigallocatechin-3-O- 89% at 2 uM Sucrase IC50 169 puM (rat)
gallate Maltase IC50 40 pM (rat)

Data are expressed as mean (+ standard deviation where specified).

1827 amino acids of glycoside hydrolase family 1. In addition,
type I (yeast) and II (mammals) enzymes even have different
amino acids in their catalytic sites.”

4.3. Differences between rat and human o-glucosidase

The inhibition of human sucrase activity by acarbose is greater
than on rat sucrase, whereas rat maltase activity is more sus-
ceptible to inhibition by acarbose compared to human
maltase."” The same pattern can be seen for human and rat
a-glucosidase inhibition by EGCG and quercetin**'*7%7>
(Table 5). Although there are some similarities between rat
and human o-glucosidase, the 74% homology in sucrase-iso-
maltase is sufficient to give rise to different specificities of
inhibition;”® therefore, it can be concluded that even the
inhibitory effect of different compounds/extracts on rat and
human a-glucosidase are not equivalent. One reason for this
mismatch is that N-glycosylation, which can affect inhibition
due to steric hindrance, is different in rat and human sucrase-
isomaltase.”® The human and rat sequences contain 18 and 16
N-glycosylation sites, respectively, while only 9 of them are in
the same positions’® (Fig. 2).

4.4. Limitations

There were a number of limitations in this review. The most
important point to note is that there were no studies on the

This journal is © The Royal Society of Chemistry 2023

inhibitory effect of extracts from edible parts of nuts on
human a-glucosidase and the vast majority of studies in this
area used the yeast enzyme. Another significant point is that
all the studies in this review estimated a-glucosidase activity
indirectly by using colorimetric methods such as reducing
sugars/dinitrosalicylic acid (DNSA) or chromophore-linked
substrates. In most of the colorimetric methods, coloured
compounds such as phenolics can directly interfere with the
method and contribute to the endpoint absorbance
determination.®”””® The DNSA reagent is used to measure the
reducing ability of the sugar product and so estimate carbo-
hydrate hydrolysis. Therefore, endogenous sugars of plant
extracts can affect the reducing sugars method for enzyme
activity.® Additionally, it has been reported that in reaction
mixtures containing peptides the measurement was overesti-
mated when using DNSA.”® No study in this review has used
direct chromatography, which is the most precise method to
measure enzyme activity.”” Lack of consistency in reporting
enzyme amount, plus using enzymes from different sources, of
different types (e.g., sucrase or maltase), and from different
suppliers which will have different activities, highlightsthe
need to present control (ie. inhibitor-free or substrate-free)
data and the specific enzyme activity. Most studies did not
mention information on negative controls, including enzyme-
free control or substrate-free control, while it is crucial to

Food Funct., 2023, 14, 5962-5976 | 5971
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Fig. 2 Primary structure of human and rat sucrase-isomaltase. The black region is the N-terminal non-cleavable signal sequence, which in addition
serves as the transmembrane sequence. The grey region which is the highly O-glycosylated region can be found in each isomaltase sequence. The
light blue and dark blue regions are low- and high-homology regions, respectively, between the corresponding regions of sucrase-isomaltase from

these species. Created with BioRender.com.

measure the amount of endogenous sugars in inhibitor
samples and the effect of enzyme on inhibitors without sub-
strate. Some studies lacked details about pH, temperature, or
the buffer used for the enzyme assay, all of which can affect
enzyme activity and inhibition.”””*® Within the reviewed
studies, there are limitations regarding nut preparation. Some
papers did not specify the details of the extracted part of the
nuts (e.g. removing the skin) and studies in this review lack
consistency in the nut extraction method used. For example,
the nut extraction solvents varied across studies and may have
influenced the effectiveness of enzyme inhibition due to
affecting the availability and activity of bioactive compounds
within the nut extracts.’"®* Further, the studies lack consist-
ency in the concentration units and amount or type of sub-
strate for measuring ICs, values. Hence, the comparison
between studies is not meaningful. Also, the absence of acar-
bose as a positive control in eight studies complicates the com-
parison between various nut extracts.’*°>77:3%:6%:66 pye to the
small number of included studies for rat enzyme inhibition, it
is difficult to determine whether compounds in nut extracts
are effective inhibitors of mammalian a-glucosidase.

These limitations, coupled with the lack of studies on
human a-glucosidase, and growing attention to nuts as an
important component of a healthy diet with potential to
reduce T2DM risk,'® highlight the need for future research to
evaluate the inhibitory effect of extracts from nuts on human
a-glucosidase activities.

5. Conclusion

Among extensive research which has been done on nuts and
health outcomes, none has investigated the inhibitory effects
of extracts from edible nuts on human a-glucosidase activities
and most of the studies have been conducted on the yeast
a-glucosidase. The yeast a-glucosidase is poorly inhibited by

5972 | Food Funct., 2023, 14, 5962-5976

acarbose, a positive control which is used clinically since it is
highly effective at inhibiting human a-glucosidase activities,
but acarbose is always a stronger inhibitor of the mammalian
a-glucosidase compared to the yeast enzyme. In order to be
relevant to human health and disease, future work must
utilise human, or at least mammalian, a-glucosidase enzyme
sources.
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