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Abstract: Controlling post-prandial hyperglycemia and hyperlipidemia, particularly by regulating
the activity of digestive enzymes, allows managing type 2 diabetes and obesity. The aim of this
study was to assess the effects of TOTUM-63, a formulation of five plant extracts (Olea europaea L.,
Cynara scolymus L., Chrysanthellum indicum subsp. afroamericanum B.L.Turner, Vaccinium myrtillus L.,
and Piper nigrum L.), on enzymes involved in carbohydrate and lipid absorption. First, in vitro
inhibition assays were performed by targeting three enzymes: α-glucosidase, α-amylase, and lipase.
Then, kinetic studies and binding affinity determinations by fluorescence spectrum changes and
microscale thermophoresis were performed. The in vitro assays showed that TOTUM-63 inhibited all
three digestive enzymes, particularly α-glucosidase (IC50 of 13.1 µg/mL). Mechanistic studies on
α-glucosidase inhibition by TOTUM-63 and molecular interaction experiments indicated a mixed
(full) inhibition mechanism, and higher affinity for α-glucosidase than acarbose, the reference α-
glucosidase inhibitor. Lastly, in vivo data using leptin receptor-deficient (db/db) mice, a model of
obesity and type 2 diabetes, indicated that TOTUM-63 might prevent the increase in fasting glycemia
and glycated hemoglobin (HbA1c) levels over time, compared with the untreated group. These
results show that TOTUM-63 is a promising new approach for type 2 diabetes management via
α-glucosidase inhibition.

Keywords: plant extracts; type 2 diabetes; cardiometabolic diseases; enzyme assay; α-glucosidase

1. Introduction

Over the years, the worldwide prevalence of overweight and obesity has steadily
increased, becoming a genuine pandemic. The growing incidence of patients with over-
weight/obesity (671 million people with obesity in 2016) represents an equal amount of
potential patients with multiple metabolic pathologies in the future [1]. Currently, obesity
is one of the leading causes of morbidity, including type 2 diabetes (T2D), prediabetes,
cardiovascular diseases, and non-alcoholic fatty liver disease (NAFLD) [2–5]. Among
them, T2D is a major concern due to its high prevalence (11.3% of the U.S. population in
2021) [6]. Hyperglycemia in T2D is caused by reduced insulin secretion and sensitivity, im-
paired glucose uptake, or increased glucose production associated with pathophysiological
changes in multiple organs [7]. To manage these pathological states, various treatments
are used with mixed results. Lifestyle changes lead to glycemia control improvement
without side effects, but long-term adherence is generally low. On the other hand, drug-
based treatments are not fully satisfactory, mainly due to their side effects and cost [8–10].

Int. J. Mol. Sci. 2023, 24, 3652. https://doi.org/10.3390/ijms24043652 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24043652
https://doi.org/10.3390/ijms24043652
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-3126-516X
https://orcid.org/0000-0002-3374-8862
https://orcid.org/0000-0002-1571-9400
https://orcid.org/0000-0002-7732-3882
https://orcid.org/0000-0003-2835-1163
https://orcid.org/0000-0002-9196-7780
https://doi.org/10.3390/ijms24043652
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24043652?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 3652 2 of 19

As the mechanisms underlying disorders such as components of metabolic syndrome
(NAFLD, hypertension or T2D) are complex and interconnected, one often being a risk
factor for developing another [11], multiple strategies are available to target these patho-
physiological states, and it has now become common for people with T2D to be treated
with multiple drug classes [12,13]. Among such strategies, we focused on reducing the
intestinal absorption of carbohydrates and lipids to manage diabetes and obesity [14–16].
Carbohydrate absorption is regulated mainly by the digestive enzymatic activity, stomach
emptying rate, alimentary bolus composition, and nutrient transporters [17]. It is largely
accepted that inhibiting digestive enzymes helps to reduce post-prandial glycemia and
to achieve long-term glycemia control. Therefore, their inhibition represents an attractive
approach for T2D management [16]. Two classes of enzymes are involved in digestion:
α-amylases (salivary and pancreatic) and α-glucosidases (intestinal maltase-glucoamylase
and sucrase-isomaltase). They successively hydrolyze food polysaccharides into absorbable
sugar units [18,19]. Similarly, although numerous parameters regulate lipid absorption,
the reduction of gastric and pancreatic lipase activity is a therapeutic strategy that has
already shown its efficacy in body weight management [15,20]. Three steps can be distin-
guished in the digestion of dietary lipids: emulsification, hydrolysis, and micellization.
They are followed by lipid uptake by enterocytes [21]. A significant reduction in body
weight in patients with obesity and diabetes strongly improves the control of glycemia [22].
Therefore, products capable of reducing both carbohydrate and lipid absorption could be
used to effectively manage T2D. Plant extracts seem to be good candidates. Among the
many plant biomolecules, phenolic compounds display very potent inhibitory effects on
digestive enzymes [23]. In this context, TOTUM-63, a new patented tool, was developed to
be used as a dietary supplement for management of obesity and T2D [24]. TOTUM-63 is a
naturally biomolecule-rich formulation of five plant extracts: Olea europaea L. (olive tree),
Cynara scolymus L. (artichoke), Chrysanthellum indicum subsp. afroamericanum B.L. Turner
(chrysanthellum), Vaccinium myrtillus L. (bilberry), and Piper nigrum L. (black pepper).
Several of the extracts included in this formulation are commonly used in nutraceutical
formulations or dietary supplements [25–28], but the interest of this project is to test the
specific combination of these five plant extracts. A first pilot clinical study in volunteers
with overweight showed that TOTUM-63 has good safety and tolerability profiles and im-
proves the glucose and insulin responses to a carbohydrate tolerance test [29]. The present
study describes complementary experiments to bring insights into its mechanism of action.
Specifically, we assessed TOTUM-63 effects in vitro on three enzymes involved in carbo-
hydrate and lipid absorption (an α-glucosidase, an α-amylase, and a lipase) and in vivo
on glucose homeostasis (db/db mice). In vitro experiments revealed that TOTUM-63 can
significantly reduce the activity of the three digestive enzymes, particularly α-glucosidase,
mainly through a mixed-type inhibition mechanism. The affinity of α-glucosidase for
this formulation was higher than for acarbose, a commercial inhibitor. Furthermore, we
demonstrated that many molecules and families of molecules present in TOTUM-63 might
participate in its activity. Lastly, in vivo data in db/db mice showed that TOTUM-63 might
prevent the rise in fasting glycemia and glycated hemoglobin levels.

2. Results
2.1. In Vitro Enzymatic Inhibitions

The in vitro inhibitory effects of TOTUM-63 and of reference drugs (acarbose and
orlistat, an α-glucosidase/α-amylase inhibitor and a lipase inhibitor, respectively) on α-
glucosidase, α-amylase, and lipase activities are presented in Figure 1 and the IC50 values
derived from these curves are in Table 1.
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Figure 1. Inhibition of an α-glucosidase by TOTUM-63 (a) and acarbose (b) of an α-amylase by
TOTUM-63 (c) and acarbose (d), and of a lipase by TOTUM-63 (e) and orlistat (f). Values are the
mean ± SEM (the error bars represent the SEM with n = 2–9 and the SEM values were <10% of the
mean values for acarbose or orlistat and <16% of the mean values for TOTUM-63).

Table 1. IC50 of TOTUM-63 and reference drugs for α-glucosidase, α-amylase, and lipase inhibition.

IC50 Values in µg/mL

Tested Products α-Glucosidase α-Amylase Lipase

TOTUM-63 13.1 380.0 276.5
Acarbose 28.8 0.110 -
Orlistat - - 0.00345

TOTUM-63 inhibited all three targets but displayed the highest effect on α-glucosidase
(TOTUM-63 IC50 = 13.1 µg/mL and acarbose IC50 = 28.8 µg/mL). The inhibitory effect of
TOTUM-63 on α-amylase was also good (IC50 = 380 µg/mL), although the acarbose effect
was much stronger (IC50 = 0.110 µg/mL). TOTUM-63 inhibition of the lipase was in the
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same order of magnitude (IC50 = 276.5 µg/mL), but orlistat, the reference inhibitor, was
much more effective (IC50 = 0.00345 µg/mL).

Due to the significant α-glucosidase inhibition by TOTUM-63, we then tested in vitro α-
glucosidase inhibition by various compounds representative of the families of molecules identified
in TOTUM-63 (see TOTUM-63 characterization Table 2) using the same methodology.

Table 2. Phytochemical characterization of TOTUM-63.

Compound Types (Sorted by Families) Extract Content (g/100 g)

Total phenolic compounds 9.1
Total anthocyanins 0.964
Monocaffeoylquinic acids 1.073

Chlorogenic acid 0.645
Other monocaffeoylquinic acids 0.428

Dicaffeoylquinic acids 0.917
Cynarine 0.112
Other dicaffeoylquinic acids 0.805

Caffeic acid 0.019
Oleuropein 3.645
Oleuropein isomers 0.519
Hydroxytyrosol 0.454
Luteolin 0.030
Luteolin-7-O-glucoside 0.656
Luteolin-7-O-glucuronide 0.440
Apigenin 0.016
Apigenin-7-O-glucoside 0.093
Apigenin-7-O-glucuronide 0.324
Apigenin-6-C-glucoside-8-C-arabinoside (Shaftoside) 0.029
Apigenin-6,8-C-diglucoside (Vicenin 2) 0.060
Eriodictyol 0.008
Eriodictyol-7-O-glucoside 0.590
Marein and Flavanomarein 0.318
Maritimein 0.129
Rutin 0.014
Verbascoside 0.046

Terpenes and terpenoids
Oleanolic acid 2.004
Saponins

Chrysanthellin A 0.553
Chrysanthellin B 0.507

Iridoids
Oleoside 0.290

Alkaloids
Piperine 0.007

Table 3 lists the IC50 values obtained for five compounds: chlorogenic acid, lute-
olin, oleuropein, chrysanthellin B, and piperine (Figure 2). These five compounds are
representative of the major families of compounds identified in TOTUM-63.

Table 3. IC50 of five phytochemical compounds for α-glucosidase inhibition.

Tested Compounds IC50 Values in µg/mL

Chlorogenic acid 0.3
Luteolin 0.4

Oleuropein 3.1
Chrysanthellin B 153.5

Piperine 0.9
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Figure 2. Chemical structures of the compounds tested for α-glucosidase inhibition.

The 5 tested compounds significantly inhibited α-glucosidase activity, as indicated
by their IC50 values that ranged from 0.3 µg/mL for chlorogenic acid to 153.5 µg/mL for
chrysanthellin B. Moreover, the inhibitory activity of 4 of these compounds (chlorogenic
acid, luteolin, oleuropein, and piperine) was higher than that of acarbose (IC50 = 0.3 µg/mL,
0.4 µg/mL, 3.1 µg/mL, and 0.9 µg/mL, respectively, versus IC50 = 28.8 µg/mL for acarbose).

2.2. Kinetics and Mechanisms of α-Glucosidase Inhibition

Figure 3 shows the Lineweaver–Burk plots of α-glucosidase inhibition kinetics in
the presence of various concentrations of substrate (p-nitrophenyl-α-D-glucopyranoside,
PNPg) and of increasing concentrations of TOTUM-63 or acarbose.

Figure 3. Lineweaver–Burk plots of α-glucosidase inhibition in the presence of TOTUM-63 (a) and
acarbose (b). Values are the mean ± SEM (the error bars represent the SEM with n = 9–25 for all
points in both groups and SEM values were ≤20% of the mean values for acarbose and <10% of the
mean values for TOTUM-63). PNP, p-nitrophenol; PNPg, p-nitrophenyl-α-D-glucopyranoside.
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Analysis of these data with the SigmaPlot software 12 (Systat Software Inc., San Jose,
CA, USA) indicated a mixed inhibitory mechanism for TOTUM-63 and a competitive
inhibitory mechanism for acarbose (as the main mechanisms, they obtained the best R2

and Akaike Information Criterion corrected for small sample size, AICc values). As
described for these mechanisms, the lines intersected to the left of the Y-axis and on the
negative side of the X-axis for TOTUM-63, whereas they intersected on the Y-axis (X = 0)
for acarbose. Moreover, with increasing TOTUM-63 concentrations, both the Y-intercept
(1/Vmax) and slope (Km/Vmax) of the lines increased (decrease in velocity and substrate
affinity), whereas with increasing acarbose concentrations, only the slope (Km/Vmax)
of the lines increased (decrease in substrate affinity). Table 4 shows the main kinetic
parameters obtained.

Table 4. Kinetic parameters of α-glucosidase inhibition in the presence of TOTUM-63 or acarbose.

Parameters TOTUM-63 Acarbose

Inhibition type Mixed (full) Competitive (full)
Vmax (mM/min) 0.00259 0.00182

Km (mM) 0.14 0.06
Ki (µg/mL) 2.7 4.5

Factor α 2.9 none
Vmax, maximum reaction velocity; Km, amount of substrate required to obtain half of the Vmax (also called
Michaelis constant); Ki, inhibitor dissociation constant; Factor α, equilibrium between Ki’ (the second dissociation
constant in the mixed model) and Ki.

Lastly, the Ki value was lower for TOTUM-63 than for acarbose, and the factor α

value for TOTUM-63 was 2.9, indicating better affinity for the free enzyme than for the
enzyme–substrate complex.

2.3. Interactions with α-Glucosidase Using Fluorescence Spectrum Changes

To assess the products’ interactions with the enzyme, we recorded α-glucosidase
fluorescence emission in the ultraviolet range (320–440 nm), in the absence and presence of
TOTUM-63 or acarbose, upon excitation at 285 nm.

The fluorescence intensity gradually decreased with increasing concentrations of
TOTUM-63 (Figure 4a). We observed a similar trend with acarbose, but with a less obvious
effect, and the fluorescence intensity remained high even at the highest concentrations
(Figure 4b). We did not observe any significant shift of the maximum emission wavelength
of α-glucosidase in the presence of TOTUM-63 or acarbose.

2.4. Binding Affinity for α-Glucosidase Using Microscale Thermophoresis (MST)

As detailed by Jerabek-Willemsen et al., 2014 [30], MST is a technique to quantify
biomolecular interactions based on thermophoresis. Thermophoresis is the directed move-
ment of molecules through a temperature gradient. This phenomenon can be impacted
by several molecular properties such as size, charge, hydration shell, or conformation of
the molecule studied. Thus, this technique is very sensitive to any change in molecular
properties and allows precise quantification of molecular events independent of the size or
nature of the investigated sample. Therefore, MST can detect events such as the binding
of molecules to enzymes. The experiment consisted in assessing changes in fluorescence
signals caused by a laser that locally increased the temperature. The dissociation constant
between a protein and a hypothetical ligand can be determined if an interaction occurs, as
the temperature-induced behavior of the protein–ligand couple would differ from that of
each free entity.

The binding affinity of TOTUM-63 and acarbose for α-glucosidase was assessed using
MST. We analyzed the results of the experiments with TOTUM-63 (i.e., the ligand) using
the Initial Fluorescence Analysis mode in the MO Affinity Analysis software (NanoTemper
Technologies, Munich, Germany) because ligand binding directly led to a change in the
initial fluorescence (ligand-induced fluorescence changes). We verified that the fluorescence
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changes recorded for α-glucosidase tagged with the fluorescent RED-NHS dye were ligand
specific (TOTUM-63) and not due to any material loss. With acarbose we did not observe
any change in the initial fluorescence and, therefore, we analyzed the data using the
traditional MST mode based on the variation of the MST trace responses. Figure 5 shows
the dose–response curves for TOTUM-63 and acarbose. The software analysis gave Kd
values of 0.0173 µg/mL for TOTUM-63 and of 47.71 µg/mL for acarbose (i.e., 2758 times
lower affinity for acarbose).

Figure 4. Fluorescence spectra of α-glucosidase in the presence of TOTUM-63 (a) and acarbose (b) at
various concentrations, upon excitation at 285 nm and emission spectrum between 320 and 440 nm.

2.5. Glucose Homeostasis, Body Weight, and Body Composition in Diabetic db/db Mice

Body weight gain rate was significantly lower in db/db mice treated with TOTUM-63
(n = 10; 2.7% of TOTUM-63 added in the food for 6 weeks) than in the untreated control
group (n = 10). Body weight started to be significantly lower in treated animals from
week 4. The difference became more important at week 5 and week 6 (final measurement:
44.66 ± 1.99 g in the control group vs. 36.29 ± 1.66 g in the TOTUM-63 group, p < 0.0001).
The differences in body weight were only due to fat mass reduction by 26.8% at week 6
(26.08 ± 1.52 g in the control group vs. 19.09 ± 1.13 g in the TOTUM-63 group, p < 0.01).
Indeed, food intake remained similar between groups, and the lean mass was not signi-
ficatively different at the end of the study (week 6) (17.02 ± 0.52 g in the control group vs.
16.47 ± 0.65 g in the TOTUM-63 group).

As observed for body weight, fasting glycemia was significantly lower in the TOTUM-
63 group from week 4 compared with controls (132.1 ± 14.4 vs. 266.0 ± 40.0 mg/dL,
p < 0.0001). At the study end (week 6), fasting blood glucose level was 2.74 times lower in
the TOTUM-63 group (159.8± 20.4 mg/dL versus 437.4± 26.4 mg/dL in the control group,
p < 0.0001) (Figure 6a). Glycohemoglobin (HbA1c) levels at week 6 were also significantly
lower in the TOTUM-63 group than in controls (4.25 ± 0.20% vs. 8.33 ± 0.53%; −1.96%,
p < 0.0001) (Figure 6b).



Int. J. Mol. Sci. 2023, 24, 3652 8 of 19

Figure 5. Fraction of TOTUM-63 and acarbose bound to α-glucosidase, measured by MST. Values are
the mean ± SEM. n = 2 or 3 for all points in both groups. Raw fluorescence (in counts) for TOTUM-63
and variation of the normalized fluorescence (∆FNorm, in ‰) for acarbose were normalized by
expressing them as the fraction bound to the target.

Figure 6. Evolution of fasting blood glucose levels (a) and HbA1c levels at week 6 (b) in db/db mice.
**** p < 0.0001 (two-way ANOVA followed by the Sidak multiple comparisons test). $$$$ p < 0.0001
(Welch corrected unpaired t-test). Values are the mean ± SEM. n = 9 or 10 for all measurements.
db/db, leptin receptor-deficient mice; HbA1c, glycated hemoglobin.

3. Discussion

In the present study, we showed that TOTUM-63 can inhibit some digestive enzymes
related to the carbohydrate and lipid metabolisms. We observed the strongest effects of
TOTUM-63 on α-glucosidase activity. We thoroughly explored this inhibitory activity
through in vitro interaction and affinity studies. Then, in vivo experiments confirmed the
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potential of TOTUM-63 to prevent body weight gain and glycemia increase in a mouse
model of obesity and T2D.

Acarbose is one of the most widely known and used T2D management drugs, particu-
larly through the inhibition of digestive enzymes [31]. In vitro, acarbose strongly inhibited
α-glucosidase (IC50 = 28.8 µg/mL), but the inhibitory effect of TOTUM-63 was stronger
(IC50 = 13.1 µg/mL). The results obtained with acarbose are consistent with a previous
study that reported comparable IC50 values [32]. As described in Table 2, the mixture of
plant extracts in TOTUM-63 formulation is rich in phenolic compounds, terpenoids, and
alkaloids. Any of these components may participate in the observed activities, as well as
other non-listed constituents. Moreover, a synergy between components may exist [33,34].
Indeed, synergistic interactions are documented for biomolecules within a single plant
extract, as well as between different plant extracts in a formulation. In these cases, the syner-
gistic effects have been demonstrated by a better efficacy of the formulation than additional
effects of the isolated constituents (biomolecules or plant extracts) [35]. Thus, we tested the
inhibitory effect on α-glucosidase of five compounds that are representative of the families
of molecules identified in TOTUM-63. The three phenolic compounds (chlorogenic acid,
luteolin, and oleuropein), a terpenoid (chrysanthellin B: a saponin based on oleanolic acid)
and an alkaloid (piperine) showed significant inhibitory activity (Table 3) that was stronger
than that of acarbose for four of them (chlorogenic acid, luteolin, oleuropein, and piperine).
Several studies have already evaluated the effects of chlorogenic acid and luteolin on
α-glucosidase showing that these compounds have higher inhibitory activity than acarbose,
the reference inhibitor [36–38]. The inhibitory activities of oleuropein and piperine on
α-glucosidase have been less studied and the results are conflicting. Hadrich et al. [39]
reported that oleuropein IC50 was two times higher than that of acarbose, while Dekdouk
et al. [40] found the opposite. In our in vitro inhibition experiments, the IC50 of oleuropein
was 10 times lower than that of acarbose. Similarly, Kumar et al. [41] showed that the IC50
of piperine was 28 times higher than that of acarbose. Conversely, Tolmie et al. [42] found
similar inhibitory activities (Ki) for piperine and acarbose, and our in vitro data gave an
IC50 for piperine 30 times lower than that for acarbose. Despite these differences, all studies
showed a significant α-glucosidase inhibition by oleuropein and piperine. The inhibitory
effect of chrysanthellin B on α-glucosidase was five times lower than that of acarbose but
was still significant. We did not find any previous studies on α-glucosidase inhibition
by chrysanthellin B. However, the effects of other molecules from the same sub-families
(saponins based on oleanolic acid or oleanane) on this enzyme have been studied and
the reported IC50 values were close to those of acarbose [43,44]. In addition, chlorogenic
acid, luteolin, oleuropein, chrysanthellin B, and piperine are precursors or derivatives of
several other compounds identified in TOTUM-63 (see Table 2) that could also potentially
contribute to α-glucosidase inhibition. For instance, cyanidin (one of TOTUM-63 antho-
cyanins), apigenin, luteolin-7-O-glucoside, and oleanolic acid exert strong inhibitory effects
on α-glucosidase [45–48]. Oleanolic acid showed the strongest effect with 162 times higher
inhibitory activities on α-glucosidase compared with acarbose (IC50 = 4.09 µM for oleanolic
acid and IC50 = 665.56 µM for acarbose) [49]. Moreover, other studies have demonstrated
major or minor inhibitory effects on α-glucosidase for several other compounds identified
in TOTUM-63: apigenin-7-O-glucuronide, dicaffeoylquinic acids (including cynarin), eriod-
ictyol, marein, flavanomarein, and apigenin-6,8-C-diglucoside (vicenin 2) [50–54]. All these
results confirm that α-glucosidase inhibition by TOTUM-63 is not due to a single specific
molecule, but that many molecules and families of molecules present in the TOTUM-63
formulation contribute to this effect.

TOTUM-63 inhibitory effects on α-amylase and lipase are comparable with those
reported by other authors who tested other plant extracts, but they were much lower than
those observed with the reference drugs acarbose and orlistat [55–57]. However, it should
be noted that excessive inhibition of α-amylase and lipase is associated with side effects.
Therefore, the mild effect of TOTUM-63 on these enzymes could represent an advantage and
might limit the risk of gastrointestinal disturbances and vitamin malabsorption, in particu-
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lar [22,58,59]. Furthermore, as previously described for α-glucosidase, several studies have
demonstrated significant inhibitory effects on α-amylase or lipase for many compounds
identified in TOTUM-63. Significant α-amylase inhibitory activities have been shown for
apigenin, apigenin-7-O-glucuronide, oleanolic acid, anthocyanins, monocaffeoylquinic
acids (including chlorogenic acid), dicaffeoylquinic acids (including cynarin), luteolin, erio-
dictyol, and marein [49–52,55,60–62]. The family of compounds showing the strongest effect
were the di-caffeoylquinic acids with 4.8, 6.2, 7.2, 9.4, and 11.4 times higher inhibitory activ-
ities on α-amylase than acarbose for cynarin, 1,5-dicaffeoylquinic acid, 3,4-dicaffeoylquinic
acid, 3,5-dicaffeoylquinic acid, and 4,5-dicaffeoylquinic acid, respectively (based on IC50
values) [51]. Similarly, significant lipase inhibitory activities have been shown for api-
genin, oleanolic acid, anthocyanins, monocaffeoylquinic acids (including chlorogenic acid),
dicaffeoylquinic acids (including cynarin), luteolin-7-O-glucoside, luteolin, and Eriodic-
tyol [63–68]. The highest lipase inhibitions were obtained using luteolin-7-O-glucoside
and eriodictyol, two flavonoids, with more than two times higher inhibitory activities
than orlistat for both (based on IC50 values) [68]. All these results confirm that α-amylase
and lipase inhibitions by TOTUM-63 are not due to a single specific molecule, but that
many molecules and families of molecules present in TOTUM-63 formulation contribute to
these effects.

Then, we studied TOTUM-63 mechanism of action by monitoring its interaction with
α-glucosidase because it was the most sensitive target enzyme. Analysis of α-glucosidase
inhibition kinetics showed the expected results for acarbose, confirming its widely de-
scribed competitive inhibitory mechanism [45]. The results obtained for TOTUM-63 fitted
with a mixed inhibitory mechanism. However, given the various biomolecules contained
in this formulation, many other inhibitory mechanisms may also be involved to a lesser
extent [46–48,55–57,69]. Indeed, the mixed model could be partially explained by the
activities of cyanidin, luteolin-7-O-glucoside, oleanolic acid, or apigenin, known to inhibit
α-glucosidase according to this model [45–48]. For the other molecules with demonstrated
inhibitory effect on α-glucosidase, various inhibition mechanisms have been described
in the literature. Chlorogenic acid, luteolin, and piperine are considered mixed, non-
competitive, and mixed inhibitors, respectively [36,38,42]. Furthermore, molecular docking
simulation studies showed that apigenin, luteolin, and cyanidin bind to sites close to
the active site of α-glucosidase, which may induce conformational changes and/or a
channel closure to prevent the substrate access, eventually leading to α-glucosidase in-
hibition [38,45,47]. In the same way, Deng et al. [49] performed docking simulation for
α-glucosidase using oleanolic acid oxime ester derivatives as potential inhibitors and they
demonstrated the oleanolic acid part of the derivative located inside of the enzyme active
site. Regarding caffeoylquinic acids (mono- or di-), molecular docking results showed
different binding energies and modes with α-glucosidase depending on their structures
and especially the caffeoyl groups’ distribution [70]. Thus, the various molecules identified
in TOTUM-63 would act on several sites of the enzymes. This seems to confirm that the
mechanism of α-glucosidase inhibition by TOTUM-63 is influenced by all the compounds
present in TOTUM-63, which predominantly exhibit mixed inhibition mechanisms.

The study of kinetic parameters revealed that the affinity of TOTUM-63 inhibitory
biomolecules (Ki) for α-glucosidase was 1.67 times higher than that of acarbose, in agree-
ment with the IC50 values (~2.2 times lower). The MST technique revealed that both
TOTUM-63 and acarbose could bind to α-glucosidase, modifying the enzyme response
to a local temperature gradient. However, TOTUM-63’s affinity for α-glucosidase was
much higher than that of acarbose (by 2758 times). Two hypotheses could be made. The
main active TOTUM-63 component (for this target) has a very high capacity to bind to
α-glucosidase, but a relatively low effect on its activity compared with acarbose, thus
leading to ~two times higher inhibitory effect (IC50 and Ki). Alternatively, many molecules
in the plant extract mixture could bind to α-glucosidase, possibly at multiple sites; how-
ever, most of them do not exert any effect on the enzyme activity. Indeed, changes in an
enzyme’s endogenous fluorescence intensity and spectra can be caused by quenching due
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to binding followed by conformational changes, or by a change in the enzyme microenvi-
ronment, such as a small distance (<10 nm) between the ligand and the enzyme fluorescent
amino acids [71,72]. Similarly, for the MST results, the more important fluorescence spectra
changes upon excitation at 280 nm in the presence of TOTUM-63, compared with acarbose,
could be explained by multiple molecules interacting with α-glucosidase elsewhere than at
the active site. This would be in line with the allosteric regulation expected for the mixed
inhibition shown by TOTUM-63. Conversely, acarbose can only bind to the active site on
α-glucosidase, thus causing fewer fluorescence changes [46,73,74].

Based on these results, we hypothesized that potent activities could also be observed
in vivo. Therefore, we assessed TOTUM-63’s effects on glucose homeostasis and on body
weight in db/db mice, a model of T2D [75]. At the end of the study, fasting blood glucose
and HbA1c levels were significantly lower in mice supplemented with TOTUM-63 for
6 weeks compared with the control group, suggesting an improvement of glucose home-
ostasis. Moreover, we observed reduced fat mass gain, resulting in lower body weight gain
in supplemented animals. Interestingly, these beneficial effects are often reported when
studying the effects of drugs capable of inhibiting digestive enzymes such as glucosidases
or lipases in vivo. Specifically, α-glucosidase inhibitors have shown beneficial effects in
blunting post-prandial hyperglycemia, resulting in modest improvements in HbA1c in
db/db mice [76]. This class of drugs works by reducing the activity of sucrase and maltase
in the small intestine [77], resulting in less monosaccharides being produced out of complex
carbohydrates. Polysaccharides are unable to be up-taken by the intestinal transporters,
hence α-glucosidase inhibitors ingestion results in less sugar being absorbed overall. Inter-
estingly in humans, long-term HbA1c reduction is also reported [78], sometimes associated
to a modest decrease in body weight as well [79]. Similarly, pharmacologic inhibition
of pancreatic lipase is a common and approved strategy to reverse obesity, resulting in
body weight loss in humans [80]. Here again, the mechanism involved in the anti-obesity
effects is rather simple, as lipase inhibitors prevent part of the ingested triglycerides to
be hydrolyzed into simple monoacylglycerol and fatty acids, the only forms able to be
transported by the enterocyte [21]. This results in more fat being excreted into the feces,
and hence, less energy being absorbed. Interestingly, just like in the present study, this
reduction in body weight is associated with improved fasting glycemia and reduced HbA1c
levels in humans, suggesting an improvement of glucose control [80].

Furthermore, in addition to all the hypotheses related to the digestive enzymes pre-
viously described, there are several other hypotheses that may explain the effect on the
HbA1c level of TOTUM-63, a polyphenol-rich formulation. One of these hypotheses
could be a direct effect of the phenolic compounds in TOTUM-63 on the glycation of
hemoglobin. Indeed, several studies have already demonstrated the deglycation effects of
several flavonoids such as luteolin on different proteins including hemoglobin [81,82].

The pathophysiology of metabolic diseases such as T2D being complex, interconnected,
and rooted in several key organs, this work does not allow discrimination of the individual
in vitro effect on each enzyme on glucose control or fat mass. Incidentally, a reduction in
adiposity alone is a strong stimulus for improvement of glucose control [83], which has
subsequently made body weight management an integral part of the recommendations
of major health organizations worldwide for people with prediabetes or T2D, to improve
glucose metabolism [84]. Hence, even though we could not demonstrate a direct and causal
link between in vitro and in vivo effects, the fact that the inhibitory effect on digestive
enzymes translates into improvements of body composition and glucose homeostasis in a
well-known and extensively used mouse model of T2D certainly adds to the understanding
of the complex mechanisms involved in the effects of Totum-63 in vivo.
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4. Materials and Methods
4.1. Materials and Reagents

α-Glucosidase (maltase from Saccharomyces cerevisiae), α-amylase (type VI-B, from porcine
pancreas), lipase (type II, from porcine pancreas), p-nitrophenyl-α-D-glucopyranoside (PNPg),
p-nitrophenol (PNP), 2-chloro-4-nitrophenyl-4-O-b-D-galactopyranosyl-a-D-maltoside
(GalG2CNP), 2-chloro-4-nitrophenol (CNP), 4-methylumbelliferyl oleate (4-MUO),
4-methylumbelliferone (4-MU), orlistat, acarbose, pluronic F-127, Folin–Ciocalteu reagent,
Na2CO3, Ca(OAc)2, NaCl, gallic acid, potassium phosphate buffer, phosphate-citrate buffer,
chlorogenic acid, luteolin, oleuropein, piperine, absolute ethanol, and dimethyl sulfoxide
(DMSO) were obtained from Merck/Sigma-Aldrich (Darmstadt, Germany). Chrysanthellin
B was purchased from Extrasynthese (Genay, France). 2-(N-morpholino)-ethanesulfonic
acid (MES) buffer was purchased from ThermoFisher Scientific (Waltham, Massachusetts,
USA). NaN3 was obtained from Carlo Erba Reagents (Val-de-Reuil, France). Pure water
was obtained using an Evoqua ultra-pure water production system (Water Technologies,
Günzburg, Germany). The RED-NHS protein labeling kit was from NanoTemper Technolo-
gies (Munich, Germany).

TOTUM-63 (Batch No. V190033) was supplied as a powder by VALBIOTIS (Perigny,
France). This product is formulated with five standardized plant extracts (Olea europaea L.,
Cynara scolymus L., Chrysanthellum indicum subsp. afroamericanum B.L.Turner, Vaccinium
myrtillus L., and Piper nigrum L.). Voucher specimens of batches from TOTUM-63 and all
plant extracts were deposited and stored in the VALBIOTIS sample library. Table 2 shows
the phytochemical characterization of TOTUM-63. Total phenolic compound levels (in
gallic acid equivalent) were assessed using the Folin–Ciocalteu colorimetric method [85]
and a more precise characterization of phytochemical compounds was performed by
HPLC-UV/Visible-MS using a 1200 LC system with a 6110 Single Quad MS-ESI detector
(Agilent Technologies, Santa Clara, CA, USA) with a C18 Prodigy reversed-phase column
(250 mm × 4.6 mm, 5 µm; Phenomenex, USA).

4.2. In Vitro Enzymatic Inhibition Assays
4.2.1. α-Glucosidase Inhibition Assay

α-Glucosidase hydrolytic activity was assessed by monitoring the conversion of p-
nitrophenyl-α-D-glucopyranoside (PNPg) into p-nitrophenol (PNP). PNP levels were quan-
tified at 405 nm. A commercial reference inhibitor, acarbose, was used as positive control,
and potassium phosphate buffer (0.1 M, pH 6.8) was used as a reaction buffer. A series of
PNP dilutions in buffer was used to generate the standard curve to convert PNP absorbance
values into concentrations. The final α-glucosidase concentration corresponded to an activ-
ity of 30 µM of PNP/min for negative control without inhibitor. In each microplate well,
20 µL of test products diluted in a 50:50 (v:v) water:ethanol mixture (or 20 µL of this solvent
mixture for the negative controls), 20 µL of α-glucosidase in buffer (or 20 µL of buffer for
the blanks), and 100 µL of buffer were incubated in a microplate reader at 37 ◦C for 10 min.
Then, 20 µL of PNPg substrate (2.5 mM in buffer) was added to each well to initiate the
reaction. A FLUO Star Omega (BMG LabTech, Champigny sur Marne, France) 96-well
microplate reader, thermostatically controlled at 37 ◦C, was used to measure the absorbance
at 405 nm, every minute for 30 min. The relative enzymatic activity was calculated using
Equation (1), where the negative control activity was the initial reaction rate in the absence
of any compound, and the residual activity was the initial reaction rate in the presence of
test products. The IC50 of each compound corresponded to the lowest concentration at
which the glucosidase activity was halved.

% Relative activity =
Residual activity

Negative control activity
× 100 (1)
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4.2.2. α-Amylase Inhibition Assay

α-amylase hydrolytic activity was assessed by monitoring the conversion of 2-chloro-4-
nitrophenyl-4-O-b-D-galactopyranosyl-a-D-maltoside (GalG2CNP) into 2-chloro-4-nitrophenol
(CNP). CNP levels were quantified at 400 nm. A commercial reference inhibitor, acarbose,
was used as the positive control, and MES buffer (50 mM, pH 6), with 5 mM Ca(OAc)2,
51.5 mM NaCl, and 152 mM NaN3, was used as the reaction buffer. A series of CNP
dilutions in buffer was used to generate the standard curve to convert absorbance values
into CNP concentrations. The final α-amylase concentration corresponded to an activity
of 200 µM CNP/min for the negative control without inhibitor. In each microplate well,
20 µL of test products diluted in a 50:50 (v:v) water:ethanol mixture (or 20 µL of this solvent
mixture for the negative controls), 20 µL of α-amylase in buffer (or 20 µL of buffer for the
blanks), and 100 µL of buffer were incubated in a microplate reader at 37 ◦C for 10 min.
Then, 20 µL of GalG2CNP substrate (0.3125 mM in buffer) was added to each well to initiate
the reaction. A FLUO Star Omega (BMG LabTech, Champigny sur Marne, France) 96-well
microplate reader, thermostatically controlled at 37 ◦C, was used to measure the absorbance
at 400 nm, every minute for 30 min. The relative enzymatic activity was calculated using
Equation (1). The IC50 of each compound corresponded to the lowest concentration at
which the amylase activity was halved.

4.2.3. Lipase Inhibition Assay

Lipase hydrolytic activity was assessed by monitoring the conversion of
4-methylumbelliferyl oleate (4-MUO) into 4-methylumbelliferone (4-MU). The enzymatic
activity was determined by measuring the 4-MU fluorescence signal at 460 nm (after ex-
citation at 355 nm) over time. A commercial reference inhibitor, orlistat, was used as the
positive control, and citrate-phosphate buffer (0.1 M, pH 7.4) was used as the reaction
buffer. A series of 4-MU dilutions in buffer was used to generate the standard curve to
convert absorbance values into 4-MU concentrations. A 4 g/L solution of lipase in buffer
was centrifuged at 5000× g and 10 ◦C for 10 min, then the supernatant was aliquoted.
The final on-well concentration used in the assay was 250 mg/L. In each microplate well,
20 µL of test products diluted in a 10:90 (v:v) DMSO:water mixture (or 20 µL of this solvent
mixture for the controls), 20 µL of lipase in buffer (or 20 µL of buffer for the blanks), and
110 µL of buffer were incubated at 37 ◦C in a microplate reader for 10 min. Then, 10 µL of
4-MUO substrate (48 µM in DMSO) was added to each well to initiate the reaction. Fluores-
cence was measured at 355 nm/460 nm (excitation/emission) using a FLUO Star Omega
(BMG LabTech, Champigny sur Marne, France) 96-well microplate reader, thermostatically
controlled at 37 ◦C, every 30 s for 15 min. The relative enzymatic activity was calculated
using Equation (1). The IC50 of each compound corresponded to the lowest concentration
at which the lipase activity was halved.

4.3. α-Glucosidase Inhibition Kinetics

α-glucosidase inhibition kinetics was investigated in vitro using the method described
in Section 4.2.1. Inhibition models were determined by analysis of the Lineweaver–Burk
plots using four concentrations of substrate and four concentrations of test products (in-
cluding a “0”, without inhibitor). All initial rates were fitted to all enzymatic kinetic models
with one substrate and one inhibitor provided by the Enzyme Kinetics Module of Sigma
Plot 12 (Systat Software Inc., San Jose, CA, USA), using non-linear least-square regression
models to determine the inhibition model and calculate the inhibitory constant (Ki). The
mechanism of α-glucosidase inhibition by TOTUM-63 was confirmed using Lineweaver–
Burk plots (1/[S] against 1/v). The acarbose inhibition model was verified and compared
with the literature to validate the obtained results [86].

Equations (2) and (3) (below) were used for data analysis and corresponded to the
inhibition models that best fitted our data according to the SigmaPlot software 12 (Systat
Software Inc., San Jose, CA, USA) [73]. Equation (2), for acarbose, corresponded to the
competitive (full) inhibition mechanism where v corresponds to the reaction velocity



Int. J. Mol. Sci. 2023, 24, 3652 14 of 19

(also called reaction rate), Vmax to the maximum reaction velocity, Km to the amount of
substrate required to obtain half of the Vmax (also called Michaelis constant), Ki to the
inhibitor dissociation constant, [S] to the substrate concentration, and [I] to the inhibitor
concentration. Equation (3), for TOTUM-63, corresponded to the mixed (full) inhibition
mechanism with a new factor, Ki’, introduced compared with Equation (2). Ki’ corresponds
to the second inhibitor dissociation constant because, in a mixed model, the constants for
E + I↔ EI and ES + I↔ ESI are different. Factor α, given by SigmaPlot (Systat Software
Inc., San Jose, CA, USA), represents the equilibrium between Ki’ and Ki.

v =
Vmax

1 +
(

Km
[S]

)
×

(
1 + [I]

Ki

) (2)

v =
Vmax(

1 + [I]
Ki
′

)
+ Km

[S] ×
(

1 + [I]
Ki

) (3)

4.4. Determination of Interactions with α-Glucosidase Based on Fluorescence Spectrum Changes

The fluorescence spectra of α-glucosidase in the absence and presence of TOTUM-63
or acarbose were recorded with a microplate fluorescence spectrophotometer (Spark 10M,
Tecan, Männedorf, Switzerland). Potassium phosphate buffer (0.1 M, pH 6.8) was used as
the reaction buffer. The final α-glucosidase concentration in the wells was 1.275 mg/mL.
For each microplate well, 20 µL of test product in a 50:50 (v:v) water:ethanol mixture (or
20 µL of this solvent mixture for the controls without products), 100 µL of α-glucosidase in
buffer (or 100 µL of buffer for the blanks), and 40 µL of buffer were incubated at 25 ◦C in a
microplate reader for 5 min. Then, fluorescence was measured at an excitation of 285 nm
and an emission scan ranging from 320 nm to 440 nm.

4.5. Determination of the Binding Affinity for α-Glucosidase Using Microscale
Thermophoresis (MST)

The binding affinity of TOTUM-63 and acarbose for α-glucosidase was assessed
using MST. α-glucosidase was labeled with the fluorescent RED-NHS dye using the RED-
NHS protein labeling kit (NanoTemper Technologies, Munich, Germany) according to
the manufacturer’s instructions. Briefly, the dye and enzyme were incubated and the
tagged α-glucosidase was purified. The resultant tagged solution was then diluted in
PBS supplemented with Pluronic F-127 to achieve a final α-glucosidase concentration of
100 nM with 0.01125% Pluronic F-127 in the capillaries. The 2 test products, TOTUM-63
and acarbose, were prepared at their respective optimized concentrations of 0.3125 g/L and
10 g/L before 2-fold serial dilutions for 15 times to obtain ligand concentrations ranging
from 0.3125 g/L to 9.5367 µg/L and from 10 g/L to 305.1758 µg/L, respectively. Standard
capillaries for red fluorescence emission recording were filled with a 1:1 (v/v) mixture of
tagged enzyme and diluted ligand. Fluorescence was measured using the NanoTemper
Monolith NT.115 instrument (NanoTemper Technologies, Munich, Germany) at 37 ◦C, with
a fluorescence excitation power of 80% and MST power set to Medium. Data were analyzed
with the NanoTemper analysis software (NanoTemper Technologies, Munich, Germany).

4.6. Animals and Diet

Five-week-old male db/db mice (BKS(D)-Leprdb/JOrlRj) were purchased from JAN-
VIER LABS (Le Genest-Saint-Isle, France) and housed in individual cages with a normal
12 h/12 h light/dark cycle). After 1 week of acclimatization, 20 5-week-old male db/db
mice (BKS(D)-Leprdb/JOrlRj) were randomly assigned to Control (n = 10) or TOTUM-63
(n = 10) groups to obtain 2 groups with comparable fasting glycemia and body weight.
Animals belonging to the control group were fed a standard A03 diet enriched with 3% corn
oil (Safe, France). Animals in the TOTUM-63 group were fed the same diet supplemented
with 2.7% w/w TOTUM-63, incorporated directly into the chow by the manufacturer. The
optimum dose (2.7%) was chosen during our preliminary experiments when plant extracts
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were tested individually and in combination at different ratios (unpublished data), to result
in the final composition. All procedures were approved by the local ethics committee
(C2EA-02, Auvergne, France) under number 00898.01.

4.7. Glucose Homeostasis, Body Weight, and Body Composition in Diabetic db/db Mice

Body weight and food intake were recorded weekly. After an overnight fast, glycemia
was measured weekly using a drop of whole blood taken from the tail and an Accu-Chek
Performa blood glucose meter (Roche, Mannheim, Germany). After 6 weeks of treatment,
fat and lean mass were recorded by MRI (EchoMRI 3-in-1 instrument; Echo Medical
Systems, Houston, TX, USA). Finally, animals were fasted overnight (16 h) and euthanized
by cervical dislocation. Whole blood was harvested right after the death of the mice
and a small portion was collected in an EDTA-treated tube and put on ice until analysis.
Glycated hemoglobin (HbA1c) levels were measured in EDTA-treated whole blood with a
mouse Hemoglobin A1c (HbA1c) Assay Kit (Crystal Chem, Elk Grove Village, IL, USA) by
comparing absorbance at 700 nm in a spectrometer with Hba1c controls according to the
instructions of the manufacturer.

4.8. Statistical Analysis of In Vivo Data

Prism V.7.0 and 8.0 (GraphPad Software, San Diego, CA, USA) and the SAS/STAT
software V.9.4 (SAS Institute, Cary, NC, USA) were used for statistical analyses and figure
drawing. For pair comparisons, the Shapiro–Wilk normality test was used to determine
whether data followed a Gaussian distribution, and then the F-test (Fisher) was used to
compare variances. If normal distribution was assumed and variances were homogenous,
the unpaired t-test was used to compare groups. If variances were heterogenous, the
unpaired t-test with Welch correction was used. If data were not consistent with a Gaussian
distribution, the Mann–Whitney test was used. For measurements repeated over time,
differences were tested using a repeated-measure two-way ANOVA followed by the Sidak
post hoc test for multiple comparisons if the interaction was statistically significant. Values
are presented as the mean ± SEM, unless specified otherwise. Differences were considered
statistically significant at p < 0.05.

5. Conclusions

Controlling post-prandial hyperglycemia and hyperlipidemia allows managing T2D.
Therefore, it is important to identify non-drug strategies to control these parameters.
Our in vivo study in db/db mice (a model of obesity and T2D) showed that TOTUM-
63, a naturally biomolecule-rich formulation of five plant extracts, improves glycemic
control with fasting blood glucose and HbA1c levels were significantly lower compared
with the control group. An inhibition of digestive enzyme activity may partly explain
the improved glucose homeostasis. Indeed, in vitro study revealed that TOTUM-63 can
reduce digestive enzyme activity, particularly α-glucosidase activity with a mixed-type
inhibition mechanism. TOTUM-63 acted on targets regulated by commonly used drugs
(e.g., acarbose), with higher activity than these drugs which bodes well for its potential
use in humans [31]. Thus, TOTUM-63 is an attractive candidate for the management of
hyperglycemia and T2D.

Author Contributions: Conceptualization, S.L.P., P.S. and T.M.; methodology, Q.H., F.L.J., V.C., H.G.
and N.S.; validation, Q.H., F.L.J. and P.S.; formal analysis, Q.H., F.L.J., V.C. and N.S.; investigation,
Q.H., F.L.J., V.C., N.S., C.L. and A.M.; data curation, Q.H., F.L.J. and V.C.; writing—original draft
preparation, Q.H. and F.L.J.; writing—review and editing, F.L.J., V.C., H.G., N.S., C.L., A.M., Y.F.O.,
N.B., P.S. and T.M.; visualization, Q.H.; supervision, P.S. and T.M.; funding acquisition, S.L.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by Valbiotis (France). This study was also supported
by a FEDER grant and the Auvergne Rhône Alpes region (France).



Int. J. Mol. Sci. 2023, 24, 3652 16 of 19

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the local Ethics Committee C2E2A, Auvergne, France
(project n.r 01326.02 authorized on 13 January 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request to the corre-
sponding author.

Acknowledgments: The authors wish to thank Mehdi Djelloul-Mazouz (UMR 1019 UNH, INRAE,
Theix), Valérie Rousseau (UMR 0454, UCA, Clermont-Ferrand), and Christophe De L’Homme (UMR
1019 UNH, INRAE, Theix) for the care and the attention to the animals. We are also grateful to
Geoffrey Delcros (Valbiotis, Riom), Monique Etienne (AME2P, UCA, Clermont-Ferrand), Clara
Laurent (Valbiotis, Riom), and Mahëva Maura (Valbiotis, La Rochelle) for their technical skills in
laboratory experiments. We thank Odd-Erik Johansen (Nestlé Health Science, Vevey) and Elisabetta
Andermarcher for critical reading of the manuscript.

Conflicts of Interest: This work was financially supported by Valbiotis (France). Florian Le Joubioux,
Vivien Chavanelle, Cédric Langhi, Arnaud Michaux, Yolanda Otero, and Pascal Sirvent are Valbiotis
employees, whose CEO is Sébastien Peltier.

References
1. Abarca-Gómez, L.; Abdeen, Z.A.; Hamid, Z.A.; Abu-Rmeileh, N.M.; Acosta-Cazares, B.; Acuin, C.; Adams, R.J.; Aekplakorn, W.;

Afsana, K.; Aguilar-Salinas, C.A.; et al. Worldwide Trends in Body-Mass Index, Underweight, Overweight, and Obesity from
1975 to 2016: A Pooled Analysis of 2416 Population-Based Measurement Studies in 128·9 Million Children, Adolescents, and
Adults. Lancet 2017, 390, 2627–2642. [CrossRef] [PubMed]

2. Wilson, P.W.F.; D’Agostino, R.B.; Parise, H.; Sullivan, L.; Meigs, J.B. Metabolic Syndrome as a Precursor of Cardiovascular Disease
and Type 2 Diabetes Mellitus. Circulation 2005, 112, 3066–3072. [CrossRef] [PubMed]

3. Lonardo, A.; Nascimbeni, F.; Targher, G.; Bernardi, M.; Bonino, F.; Bugianesi, E.; Casini, A.; Gastaldelli, A.; Marchesini, G.; Marra,
F.; et al. AISF Position Paper on Nonalcoholic Fatty Liver Disease (NAFLD): Updates and Future Directions. Dig. Liver Dis. 2017,
49, 471–483. [CrossRef] [PubMed]

4. Lustig, R.H.; Collier, D.; Kassotis, C.; Roepke, T.A.; Kim, M.J.; Blanc, E.; Barouki, R.; Bansal, A.; Cave, M.C.; Chatterjee, S.; et al.
Obesity I: Overview and Molecular and Biochemical Mechanisms. Biochem. Pharmacol. 2022, 199, 115012. [CrossRef]

5. Abdelaal, M.; le Roux, C.W.; Docherty, N.G. Morbidity and Mortality Associated with Obesity. Ann. Transl. Med. 2017, 5, 161.
[CrossRef]

6. Centers for Disease Control and Prevention., National Diabetes Statistics Report, 2022: Atlanta. Available online: https:
//www.cdc.gov/diabetes/library/features/diabetes-stat-report.html (accessed on 15 May 2022).

7. Roden, M.; Shulman, G.I. The Integrative Biology of Type 2 Diabetes. Nature 2019, 576, 51–60. [CrossRef]
8. Faulkner, M.S.; Michaliszyn, S.F. Exercise Adherence in Hispanic Adolescents with Obesity or Type 2 Diabetes. J. Pediatr. Nurs.

2021, 56, 7–12. [CrossRef]
9. Brown, M.T.; Bussell, J.K. Medication Adherence: WHO Cares? Mayo Clin. Proc. 2011, 86, 304–314. [CrossRef]
10. Kelly, M.P.; Barker, M. Why Is Changing Health-Related Behaviour so Difficult? Public Health 2016, 136, 109–116. [CrossRef]
11. Lonardo, A.; Nascimbeni, F.; Mantovani, A.; Targher, G. Hypertension, Diabetes, Atherosclerosis and NASH: Cause or Conse-

quence? J. Hepatol. 2018, 68, 335–352. [CrossRef]
12. An, Y.; Li, Y.; Bian, N.; Ding, X.; Chang, X.; Liu, J.; Wang, G. Different Interactive Effects of Metformin and Acarbose With Dietary

Macronutrient Intakes on Patients With Type 2 Diabetes Mellitus: Novel Findings From the MARCH Randomized Trial in China.
Front. Nutr. 2022, 9, 861750. [CrossRef]

13. Ku, E.J.; Lee, D.-H.; Jeon, H.J.; Oh, T.K. Effectiveness and Safety of Empagliflozin-Based Quadruple Therapy Compared with
Insulin Glargine-Based Therapy in Patients with Inadequately Controlled Type 2 Diabetes: An Observational Study in Clinical
Practice. Diabetes Obes. Metab. 2019, 21, 173–177. [CrossRef]

14. Kaur, N.; Kumar, V.; Nayak, S.K.; Wadhwa, P.; Kaur, P.; Sahu, S.K. Alpha-amylase as Molecular Target for Treatment of Diabetes
Mellitus: A Comprehensive Review. Chem. Biol. Drug Des. 2021, 98, 539–560. [CrossRef]

15. Liu, T.-T.; Liu, X.-T.; Chen, Q.-X.; Shi, Y. Lipase Inhibitors for Obesity: A Review. Biomed. Pharmacother. 2020, 128, 110314.
[CrossRef]

16. Hossain, U.; Das, A.K.; Ghosh, S.; Sil, P.C. An Overview on the Role of Bioactive α-Glucosidase Inhibitors in Ameliorating
Diabetic Complications. Food Chem. Toxicol. 2020, 145, 111738. [CrossRef]

17. Holst, J.J.; Gribble, F.; Horowitz, M.; Rayner, C.K. Roles of the Gut in Glucose Homeostasis. Diabetes Care 2016, 39, 884–892.
[CrossRef]

18. Nichols, B.L.; Avery, S.; Sen, P.; Swallow, D.M.; Hahn, D.; Sterchi, E. The Maltase-Glucoamylase Gene: Common Ancestry to
Sucrase-Isomaltase with Complementary Starch Digestion Activities. Proc. Natl. Acad. Sci. USA 2003, 100, 1432–1437. [CrossRef]

http://doi.org/10.1016/S0140-6736(17)32129-3
http://www.ncbi.nlm.nih.gov/pubmed/29029897
http://doi.org/10.1161/CIRCULATIONAHA.105.539528
http://www.ncbi.nlm.nih.gov/pubmed/16275870
http://doi.org/10.1016/j.dld.2017.01.147
http://www.ncbi.nlm.nih.gov/pubmed/28215516
http://doi.org/10.1016/j.bcp.2022.115012
http://doi.org/10.21037/atm.2017.03.107
https://www.cdc.gov/diabetes/library/features/diabetes-stat-report.html
https://www.cdc.gov/diabetes/library/features/diabetes-stat-report.html
http://doi.org/10.1038/s41586-019-1797-8
http://doi.org/10.1016/j.pedn.2020.09.012
http://doi.org/10.4065/mcp.2010.0575
http://doi.org/10.1016/j.puhe.2016.03.030
http://doi.org/10.1016/j.jhep.2017.09.021
http://doi.org/10.3389/fnut.2022.861750
http://doi.org/10.1111/dom.13476
http://doi.org/10.1111/cbdd.13909
http://doi.org/10.1016/j.biopha.2020.110314
http://doi.org/10.1016/j.fct.2020.111738
http://doi.org/10.2337/dc16-0351
http://doi.org/10.1073/pnas.0237170100


Int. J. Mol. Sci. 2023, 24, 3652 17 of 19

19. Elferink, H.; Bruekers, J.P.J.; Veeneman, G.H.; Boltje, T.J. A Comprehensive Overview of Substrate Specificity of Glycoside
Hydrolases and Transporters in the Small Intestine: “A Gut Feeling”. Cell. Mol. Life Sci. 2020, 77, 4799–4826. [CrossRef]

20. Thilavech, T.; Adisakwattana, S. Cyanidin-3-Rutinoside Acts as a Natural Inhibitor of Intestinal Lipid Digestion and Absorption.
BMC Complement. Altern Med. 2019, 19, 242. [CrossRef]

21. Iqbal, J.; Hussain, M.M. Intestinal Lipid Absorption. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E1183–E1194. [CrossRef]
22. Chaudhury, A.; Duvoor, C.; Reddy Dendi, V.S.; Kraleti, S.; Chada, A.; Ravilla, R.; Marco, A.; Shekhawat, N.S.; Montales, M.T.;

Kuriakose, K.; et al. Clinical Review of Antidiabetic Drugs: Implications for Type 2 Diabetes Mellitus Management. Front.
Endocrinol. 2017, 8. [CrossRef]

23. You, Q.; Chen, F.; Wang, X.; Luo, P.G.; Jiang, Y. Inhibitory Effects of Muscadine Anthocyanins on α-Glucosidase and Pancreatic
Lipase Activities. J. Agric. Food Chem. 2011, 59, 9506–9511. [CrossRef] [PubMed]

24. Peltier, S.; Sirvent, P.; Maugard, T. Composition Containing a Mixture of Plant Extracts or a Mixture of Molecules Contained in
Said Plants, and Use for Controlling Glucide and/or Lipid Metabolism. WO 2016062958 A1, 28 April 2016. Available online:
https://patents.google.com/patent/WO2016062958A1/en (accessed on 19 December 2022).

25. Frutos, M.J.; Ruiz-Cano, D.; Valero-Cases, E.; Zamora, S.; Pérez-Llamas, F. Artichoke (Cynara scolymus L.). In Nonvitamin and
Nonmineral Nutritional Supplements; Elsevier: Amsterdam, The Netherlands, 2019; pp. 135–138. ISBN 978-0-12-812491-8.

26. Lattanzio, V.; Kroon, P.A.; Linsalata, V.; Cardinali, A. Globe Artichoke: A Functional Food and Source of Nutraceutical Ingredients.
J. Funct. Foods 2009, 1, 131–144. [CrossRef]

27. Rufino-Palomares, E.E.; Pérez-Jiménez, A.; García-Salguero, L.; Mokhtari, K.; Reyes-Zurita, F.J.; Peragón-Sánchez, J.; Lupiáñez, J.A.
Nutraceutical Role of Polyphenols and Triterpenes Present in the Extracts of Fruits and Leaves of Olea Europaea as Antioxidants,
Anti-Infectives and Anticancer Agents on Healthy Growth. Molecules 2022, 27, 2341. [CrossRef]

28. Brasanac-Vukanovic, S.; Mutic, J.; Stankovic, D.; Arsic, I.; Blagojevic, N.; Vukasinovic-Pesic, V.; Tadic, V. Wild Bilberry (Vaccinium
Myrtillus L., Ericaceae) from Montenegro as a Source of Antioxidants for Use in the Production of Nutraceuticals. Molecules 2018,
23, 1864. [CrossRef] [PubMed]

29. Chavanelle, V.; Otero, Y.F.; Le Joubioux, F.; Ripoche, D.; Bargetto, M.; Vluggens, A.; Montaurier, C.; Pickering, G.; Ducheix, G.;
Dubray, C.; et al. Effects of Totum-63 on Glucose Homeostasis and Postprandial Glycemia: A Translational Study. Am. J. Physiol.
Endocrinol. Metab. 2021, 320, E1119–E1137. [CrossRef] [PubMed]

30. Jerabek-Willemsen, M.; André, T.; Wanner, R.; Roth, H.M.; Duhr, S.; Baaske, P.; Breitsprecher, D. MicroScale Thermophoresis:
Interaction Analysis and Beyond. J. Mol. Struct. 2014, 1077, 101–113. [CrossRef]

31. Chiasson, J.-L.; Josse, R.G.; Gomis, R.; Hanefeld, M.; Karasik, A.; Laakso, M. Acarbose for Prevention of Type 2 Diabetes Mellitus:
The STOP-NIDDM Randomised Trial. Lancet 2002, 359, 2072–2077. [CrossRef]

32. Chelladurai, G.R.M.; Chinnachamy, C. Alpha Amylase and Alpha Glucosidase Inhibitory Effects of Aqueous Stem Extract of
Salacia Oblonga and Its GC-MS Analysis. Braz. J. Pharm. Sci. 2018, 54. [CrossRef]

33. Sung, Y.-Y.; Kim, S.-H.; Yoo, B.W.; Kim, H.K. The Nutritional Composition and Anti-Obesity Effects of an Herbal Mixed Extract
Containing Allium Fistulosum and Viola Mandshurica in High-Fat-Diet-Induced Obese Mice. BMC Complement. Altern Med.
2015, 15, 370. [CrossRef]

34. Adamska-Patruno, E.; Billing-Marczak, K.; Orlowski, M.; Gorska, M.; Krotkiewski, M.; Kretowski, A. A Synergistic Formulation
of Plant Extracts Decreases Postprandial Glucose and Insulin Peaks: Results from Two Randomized, Controlled, Cross-Over
Studies Using Real-World Meals. Nutrients 2018, 10, 956. [CrossRef]

35. Williamson, E. Synergy and Other Interactions in Phytomedicines. Phytomedicine 2001, 8, 401–409. [CrossRef]
36. Wang, S.; Li, Y.; Huang, D.; Chen, S.; Xia, Y.; Zhu, S. The Inhibitory Mechanism of Chlorogenic Acid and Its Acylated Derivatives

on α-Amylase and α-Glucosidase. Food Chem. 2022, 372, 131334. [CrossRef]
37. Proença, C.; Freitas, M.; Ribeiro, D.; Oliveira, E.F.T.; Sousa, J.L.C.; Tomé, S.M.; Ramos, M.J.; Silva, A.M.S.; Fernandes, P.A.;

Fernandes, E. α-Glucosidase Inhibition by Flavonoids: An in Vitro and in Silico Structure–Activity Relationship Study. J. Enzym.
Inhib. Med. Chem. 2017, 32, 1216–1228. [CrossRef]

38. Yan, J.; Zhang, G.; Pan, J.; Wang, Y. α-Glucosidase Inhibition by Luteolin: Kinetics, Interaction and Molecular Docking. Int. J. Biol.
Macromol. 2014, 64, 213–223. [CrossRef]

39. Hadrich, F.; Bouallagui, Z.; Junkyu, H.; Isoda, H.; Sayadi, S. The α-Glucosidase and α-Amylase Enzyme Inhibitory of Hydroxyty-
rosol and Oleuropein. J. Oleo Sci. 2015, 64, 835–843. [CrossRef]

40. Dekdouk, N.; Malafronte, N.; Russo, D.; Faraone, I.; De Tommasi, N.; Ameddah, S.; Severino, L.; Milella, L. Phenolic Compounds
from Olea Europaea L. Possess Antioxidant Activity and Inhibit Carbohydrate Metabolizing Enzymes In Vitro. Evid. Based
Complement. Altern. Med. 2015, 2015, 1–9. [CrossRef]

41. Kumar, S.; Sharma, S.; Vasudeva, N. Screening of Antidiabetic and Antihyperlipidemic Potential of Oil from Piper Longum and
Piperine with Their Possible Mechanism. Expert Opin. Pharmacother. 2013, 14, 1723–1736. [CrossRef]

42. Tolmie, M.; Bester, M.J.; Apostolides, Z. Inhibition of A-glucosidase and A-amylase by Herbal Compounds for the Treatment of
Type 2 Diabetes: A Validation of in Silico Reverse Docking with in Vitro Enzyme Assays. J. Diabetes 2021, 13, 779–791. [CrossRef]

43. Guo, T.; Wu, S.; Guo, S.; Bai, L.; Liu, Q.; Bai, N. Synthesis and Evaluation of a Series of Oleanolic Acid Saponins as α-Glucosidase
and α-Amylase Inhibitors: Oleanolic Acid Saponins as α-Glucosidase Inhibitors. Arch. Pharm. Chem. Life Sci. 2015, 348, 615–628.
[CrossRef]

http://doi.org/10.1007/s00018-020-03564-1
http://doi.org/10.1186/s12906-019-2664-8
http://doi.org/10.1152/ajpendo.90899.2008
http://doi.org/10.3389/fendo.2017.00006
http://doi.org/10.1021/jf201452v
http://www.ncbi.nlm.nih.gov/pubmed/21797278
https://patents.google.com/patent/WO2016062958A1/en
http://doi.org/10.1016/j.jff.2009.01.002
http://doi.org/10.3390/molecules27072341
http://doi.org/10.3390/molecules23081864
http://www.ncbi.nlm.nih.gov/pubmed/30050005
http://doi.org/10.1152/ajpendo.00629.2020
http://www.ncbi.nlm.nih.gov/pubmed/33938234
http://doi.org/10.1016/j.molstruc.2014.03.009
http://doi.org/10.1016/S0140-6736(02)08905-5
http://doi.org/10.1590/s2175-97902018000117151
http://doi.org/10.1186/s12906-015-0875-1
http://doi.org/10.3390/nu10080956
http://doi.org/10.1078/0944-7113-00060
http://doi.org/10.1016/j.foodchem.2021.131334
http://doi.org/10.1080/14756366.2017.1368503
http://doi.org/10.1016/j.ijbiomac.2013.12.007
http://doi.org/10.5650/jos.ess15026
http://doi.org/10.1155/2015/684925
http://doi.org/10.1517/14656566.2013.815725
http://doi.org/10.1111/1753-0407.13163
http://doi.org/10.1002/ardp.201500179


Int. J. Mol. Sci. 2023, 24, 3652 18 of 19

44. Wu, H.-B.; Liu, T.-T.; Wang, W.-S.; Feng, J.-C.; Tian, H.-M. Oleanane-Type Saponins from the Roots of Ligulariopsis Shichuana and
Their α-Glucosidase Inhibitory Activities. Molecules 2017, 22, 1981. [CrossRef]

45. Chen, J.; Wu, S.; Zhang, Q.; Yin, Z.; Zhang, L. α-Glucosidase Inhibitory Effect of Anthocyanins from Cinnamomum Camphora
Fruit: Inhibition Kinetics and Mechanistic Insights through in Vitro and in Silico Studies. Int. J. Biol. Macromol. 2020, 143, 696–703.
[CrossRef]

46. Zhang, H.; Wang, G.; Beta, T.; Dong, J. Inhibitory Properties of Aqueous Ethanol Extracts of Propolis on Alpha-Glucosidase. Evid.
Based Complement. Altern. Med. 2015, 2015, 1–7. [CrossRef]

47. Zeng, L.; Zhang, G.; Lin, S.; Gong, D. Inhibitory Mechanism of Apigenin on α-Glucosidase and Synergy Analysis of Flavonoids.
J. Agric. Food Chem. 2016, 64, 6939–6949. [CrossRef] [PubMed]

48. Mwakalukwa, R.; Amen, Y.; Nagata, M.; Shimizu, K. Postprandial Hyperglycemia Lowering Effect of the Isolated Compounds
from Olive Mill Wastes—An Inhibitory Activity and Kinetics Studies on α-Glucosidase and α-Amylase Enzymes. ACS Omega
2020, 5, 20070–20079. [CrossRef]

49. Deng, X.-Y.; Ke, J.-J.; Zheng, Y.-Y.; Li, D.-L.; Zhang, K.; Zheng, X.; Wu, J.-Y.; Xiong, Z.; Wu, P.-P.; Xu, X.-T. Synthesis and Bioactivities
Evaluation of Oleanolic Acid Oxime Ester Derivatives as α -Glucosidase and α -Amylase Inhibitors. J. Enzym. Inhib. Med. Chem.
2022, 37, 451–461. [CrossRef] [PubMed]

50. Feunaing, R.T.; Tamfu, A.N.; Gbaweng, A.J.Y.; Mekontso Magnibou, L.; Ntchapda, F.; Henoumont, C.; Laurent, S.; Talla, E.; Dinica,
R.M. In Vitro Evaluation of α-Amylase and α-Glucosidase Inhibition of 2,3-Epoxyprocyanidin C1 and Other Constituents from
Pterocarpus Erinaceus Poir. Molecules 2022, 28, 126. [CrossRef] [PubMed]

51. Olennikov, D.N.; Chirikova, N.K.; Kashchenko, N.I.; Nikolaev, V.M.; Kim, S.-W.; Vennos, C. Bioactive Phenolics of the Genus
Artemisia (Asteraceae): HPLC-DAD-ESI-TQ-MS/MS Profile of the Siberian Species and Their Inhibitory Potential Against
α-Amylase and α-Glucosidase. Front. Pharmacol. 2018, 9, 756. [CrossRef]

52. Lim, J.; Ferruzzi, M.G.; Hamaker, B.R. Structural Requirements of Flavonoids for the Selective Inhibition of α-Amylase versus
α-Glucosidase. Food Chem. 2022, 370, 130981. [CrossRef] [PubMed]

53. Miao, J.; Liu, J.; Gao, X.; Lu, F.; Yang, X. Effects of Different Drying Methods on Chemical Compositions, Antioxidant Activity and
Anti-α-Glucosidase Activity of Coreopsis Tinctoria Flower Tea. Heliyon 2022, 8, e11784. [CrossRef]

54. Islam, M.N.; Ishita, I.J.; Jung, H.A.; Choi, J.S. Vicenin 2 Isolated from Artemisia Capillaris Exhibited Potent Anti-Glycation
Properties. Food Chem. Toxicol. 2014, 69, 55–62. [CrossRef]

55. Zheng, Y.; Yang, W.; Sun, W.; Chen, S.; Liu, D.; Kong, X.; Tian, J.; Ye, X. Inhibition of Porcine Pancreatic α-Amylase Activity by
Chlorogenic Acid. J. Funct. Foods 2020, 64, 103587. [CrossRef]

56. Tadera, K.; Minami, Y.; Takamatsu, K.; Matsuoka, T. Inhibition of α-Glucosidase and α-Amylase by Flavonoids. J. Nutr. Sci. Vitam.
2006, 52, 149–153. [CrossRef]

57. Seyedan, A.; Alshawsh, M.A.; Alshagga, M.A.; Koosha, S.; Mohamed, Z. Medicinal Plants and Their Inhibitory Activities against
Pancreatic Lipase: A Review. Evid. Based Complement. Altern. Med. 2015, 2015, 1–13. [CrossRef]

58. Ediger, T.R.; Erdman, S.H. Maldigestion and Malabsorption. In Pediatric Gastrointestinal and Liver Disease; Elsevier: Amsterdam,
The Netherlands, 2021; pp. 321–338.e5, ISBN 978-0-323-67293-1.

59. Kim, K.S.; Kim, S.K.; Sung, K.M.; Cho, Y.W.; Park, S.W. Management of Type 2 Diabetes Mellitus in Older Adults. Diabetes Metab.
J. 2012, 36, 336. [CrossRef]

60. Proença, C.; Freitas, M.; Ribeiro, D.; Tomé, S.M.; Oliveira, E.F.T.; Viegas, M.F.; Araújo, A.N.; Ramos, M.J.; Silva, A.M.S.; Fernandes,
P.A.; et al. Evaluation of a Flavonoids Library for Inhibition of Pancreatic α-Amylase towards a Structure–Activity Relationship.
J. Enzym. Inhib. Med. Chem. 2019, 34, 577–588. [CrossRef]

61. Sui, X.; Zhang, Y.; Zhou, W. In Vitro and in Silico Studies of the Inhibition Activity of Anthocyanins against Porcine Pancreatic
α-Amylase. J. Funct. Foods 2016, 21, 50–57. [CrossRef]

62. Yang, X.-W.; Huang, M.-Z.; Jin, Y.-S.; Sun, L.-N.; Song, Y.; Chen, H.-S. Phenolics from Bidens Bipinnata and Their Amylase
Inhibitory Properties. Fitoterapia 2012, 83, 1169–1175. [CrossRef]

63. Li, M.-M.; Chen, Y.-T.; Ruan, J.-C.; Wang, W.-J.; Chen, J.-G.; Zhang, Q.-F. Structure-Activity Relationship of Dietary Flavonoids on
Pancreatic Lipase. Curr. Res. Food Sci. 2023, 6, 100424. [CrossRef]

64. Yu, H.; Dong, S.; Wang, L.; Liu, Y. The Effect of Triterpenoid Saponins on Pancreatic Lipase in Vitro: Activity, Conformation,
Kinetics, Thermodynamics and Morphology. Biochem. Eng. J. 2017, 125, 1–9. [CrossRef]

65. Wang, Y.; Chen, L.; Liu, H.; Xie, J.; Yin, W.; Xu, Z.; Ma, H.; Wu, W.; Zheng, M.; Liu, M.; et al. Characterization of the Synergistic
Inhibitory Effect of Cyanidin-3-O-Glucoside and Catechin on Pancreatic Lipase. Food Chem. 2023, 404, 134672. [CrossRef]
[PubMed]

66. Ahmad, I.; Syakfanaya, A.M.; Azminah, A.; Saputri, F.C.; Mun’im, A. Optimization of Betaine-Sorbitol Natural Deep Eutectic
Solvent-Based Ultrasound-Assisted Extraction and Pancreatic Lipase Inhibitory Activity of Chlorogenic Acid and Caffeine
Content from Robusta Green Coffee Beans. Heliyon 2021, 7, e07702. [CrossRef] [PubMed]

67. Hu, B.; Cui, F.; Yin, F.; Zeng, X.; Sun, Y.; Li, Y. Caffeoylquinic Acids Competitively Inhibit Pancreatic Lipase through Binding to
the Catalytic Triad. Int. J. Biol. Macromol. 2015, 80, 529–535. [CrossRef] [PubMed]

68. Ma, L.-J.; Hou, X.-D.; Qin, X.-Y.; He, R.-J.; Yu, H.-N.; Hu, Q.; Guan, X.-Q.; Jia, S.-N.; Hou, J.; Lei, T.; et al. Discovery of Human
Pancreatic Lipase Inhibitors from Root of Rhodiola Crenulata via Integrating Bioactivity-Guided Fractionation, Chemical Profiling
and Biochemical Assay. J. Pharm. Anal. 2022, 12, 683–691. [CrossRef]

http://doi.org/10.3390/molecules22111981
http://doi.org/10.1016/j.ijbiomac.2019.09.091
http://doi.org/10.1155/2015/587383
http://doi.org/10.1021/acs.jafc.6b02314
http://www.ncbi.nlm.nih.gov/pubmed/27581205
http://doi.org/10.1021/acsomega.0c01622
http://doi.org/10.1080/14756366.2021.2018682
http://www.ncbi.nlm.nih.gov/pubmed/35012401
http://doi.org/10.3390/molecules28010126
http://www.ncbi.nlm.nih.gov/pubmed/36615320
http://doi.org/10.3389/fphar.2018.00756
http://doi.org/10.1016/j.foodchem.2021.130981
http://www.ncbi.nlm.nih.gov/pubmed/34500290
http://doi.org/10.1016/j.heliyon.2022.e11784
http://doi.org/10.1016/j.fct.2014.03.042
http://doi.org/10.1016/j.jff.2019.103587
http://doi.org/10.3177/jnsv.52.149
http://doi.org/10.1155/2015/973143
http://doi.org/10.4093/dmj.2012.36.5.336
http://doi.org/10.1080/14756366.2018.1558221
http://doi.org/10.1016/j.jff.2015.11.042
http://doi.org/10.1016/j.fitote.2012.07.005
http://doi.org/10.1016/j.crfs.2022.100424
http://doi.org/10.1016/j.bej.2017.05.010
http://doi.org/10.1016/j.foodchem.2022.134672
http://www.ncbi.nlm.nih.gov/pubmed/36323025
http://doi.org/10.1016/j.heliyon.2021.e07702
http://www.ncbi.nlm.nih.gov/pubmed/34401583
http://doi.org/10.1016/j.ijbiomac.2015.07.031
http://www.ncbi.nlm.nih.gov/pubmed/26193679
http://doi.org/10.1016/j.jpha.2022.04.002


Int. J. Mol. Sci. 2023, 24, 3652 19 of 19
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