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Abstract: Background: The Ziziphus mistol fruit (vulgar name mistol) is used in northwestern Ar-
gentina in traditional food and beverage preparations and popular medicines for liver and respiratory
disorders. Aims: The aim of this research was to evaluate the hypoglycemic and anti-inflammatory
activity in pulp powders and sub-products (skin and seeds) of mistol fruit, along with their toxicity.
Methods: Powders from mistol seeds, pulp, and skin were obtained. Antioxidant capacity and
inhibitory activity against key enzymes involved in metabolic syndrome were determined by in vitro
assays. Results: The mistol powders obtained from the different fruit parts reduced glucose bioac-
cessibility. Before and after simulated gastroduodenal digestion, the polyphenol-enriched extracts
(PEE) obtained from mistol powders increased glucose uptake by yeast cells and inhibited the pivotal
enzymes of the inflammatory pathway (cyclooxygenase-2, lipooxygenase-1, and phospholipase Aj).
The analyzed mistol powders did not show acute toxicity or genotoxicity in model organisms and
cell cultures. Conclusions: These results evince the potentiality of both the pulp from Z. mistol fruits
and residual biomass (seeds and skin) to obtain biofunctional powders to use as supplements for
metabolic disorders associated with chronic diseases.

Keywords: Ziziphus mistol; hypoglycemic effect; anti-inflammatory effect; pulp powders; by-products
powders

1. Introduction

Chaco forest in Argentina is undergoing a significant process of degradation of its
biodiversity due to deforestation, desertification, and changes in the land use [1]. The
genus Ziziphus includes approximately 170 pantropical species, 25 of which are native
to the Americas and the Caribbean [2]. The genus is represented by trees and shrubs
that can be found mainly in arid environments, due to their ability to adapt to water
shortage. Various studies on the reproductive biology of the genus have shown a broad
diversity in the reproductive system of Ziziphus [3]. Ziziphus mistol Griseb (Rhamnaceae),
commonly known as mistol, is an edible tree that grows in the Chaco forest; together with
Aspidosperma quebracho-blanco, Cercidium praecox Burkart and Carter, Geoffroea decorticans
Burk, and Prosopis nigra (Griseb) Hieron [4], it constitutes the essential matrix corresponding
to the semi-arid Chaco woodland. It is a thorny deciduous honey plant (10-15 m tall)
widely spread throughout Peru, Bolivia, Paraguay, and Argentina (Figure 1). It has a
smooth bark and its branches are pubescent, zigzagging with long, sharp spines located
in pairs at the nodes. It is a semi-evergreen tree with simple, deciduous leather-looking
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leaves and margins that are barely toothed and parallel to each other. The fruit is a globose
drupe approximately 1.5 cm in diameter with a pasty and sweet pulp [5]. Although the
Z. mistol tree is an endangered species, it is classified as a species with “insufficient data”
(DD) according to the IUCN [6,7] red list. That is a consequence of the anthropogenic
action throughout the last decades that has degraded Chaco forest natural resources at
the expense of promoting the advancement of soybean crops and the extension of the
agricultural border. Although the mistol is not extensively cultivated, it provides a wide
variety of non-wood forest products derived from fruits, bark, and leaves. The fruits can be
used as food in the manufacture of typical foods and drinks in northwest Argentina, and in
traditional medicines for liver and respiratory disorders. The fruits and leaves are used
as expectorants, disinfectants, skin healings, and antidotes for poisonous insect bites. The
bark is astringent, contains saponins, and is used by locals to wash clothes and used to feed
domestic animals [8]. The fruit is a globose drupe, reddish-brown, approximately 1.5 cm in
diameter with a sweet, pasty pulp [8]. Mistol powders were previously studied for their
nutritional and phytochemical composition and functional properties [8]. According to
this study, the different mistol fruit powders have low sodium and lipid contents, as well
as high contents of proteins, potassium, and fibers. Additionally, all of them, particularly
the seed powder, have a high level of flavonoid compounds. Chalcones and derivatives of
quercetin, apigenin, and kaempferol are highlighted in the chromatographic profiles [8].
The polyphenolic-enriched extracts obtained from mistol seed, pulp, and skin powders
have an antioxidant capacity and inhibitory activity on key enzymes, such as o-glucosidase,
x-amylase, and lipase [8], involved in the metabolic syndrome.

Figure 1. Mistol distribution map in South America.

Recent studies have shown that there is a relationship between inflammation and
metabolic abnormalities in diabetes, which leads to endothelial injury and the develop-
ment of vascular complications [9]. When produced chronically in diabetic patients, the
inflammatory mediators produced by the arachidonic acid metabolic pathway trigger
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pathological processes that culminate in major complications. A recent analysis showed
an association between higher levels of inflammatory markers and the incidence of type II
diabetes mellitus [10]. For this reason, the search for natural compounds that inhibit the
enzymes responsible for the production of these mediators is proposed as a key therapeutic
objective to prevent or improve renal and cardiovascular complications in diabetes [11].
Considering this background and the functional traits of Z. mistol fruits, the present work
aimed to evaluate the hypoglycemic activity and inhibitory activity of key enzymes in the
inflammatory pathway by polyphenols from seed, pulp, and skin powders of Z. mistol.

2. Materials and Methods
2.1. Plant Material and Powders

Ripe fruits of Z. mistol Griseb were collected from different wild trees from February
to March 2015 in Fernandez, Santiago del Estero, Argentina (27°55'25.1” S; 63°53'7.0” W).
The plant material was identified by Dr. Soledad Cuello, a botanical taxonomy expert, and
entered into the herbarium. The correct name of the selected species was checked in “The
World Flora Online” [12]. Seeds, pulp, and skin were obtained from the fruits, lyophilized,
and crushed to powders, which were then vacuum packed and kept at —20 °C.

2.2. Polyphenols-Enriched Extracts

The polyphenols-enriched extracts (PEE) were obtained from pulp, seed, and skin
powders of Z. mistol fruits. The extract production (1 g powder in 5 mL 95° ethanol)
was carried out at 25 °C in three successive extractions until exhaustion of all phenolic
compounds. Each extraction was assisted by ultrasound for 30 min. Then, the samples
were put together, filtered, and dried in a vacuum stove.

Total phenolic content in the PEE was determined by Folin-Ciocalteau assay [13], and
the results were expressed as mg of gallic acid equivalents (GAE)/100 g of powder of each
fruit part.

2.3. Simulated Gastroduodenal Digestion of Mistol Powder and PEE

The mistol skin, pulp, and seed powders (0.5 g), as well as the PEE, were subjected to
a simulated gastroduodenal digestion process (GD) following the methodology described
by Orqueda et al. [8]. Powder suspensions were centrifuged at 10,000 g, and both the
digested and non-digested powders were used to determine the adsorption and diffusion
capacity of sugars. After the GD process, the phenolic compounds were recovered with
ethyl acetate. The recovered organic phase was dried and resuspended in DMSO (1 mg
GAE/mL) for subsequent analyses.

2.4. Hypoglycemic Activity
2.4.1. Glucose Adsorption of Mistol Powders

The glucose adsorption capacity of each powder sample obtained from mistol both be-
fore and after GD was analyzed according to the methodology proposed by Orqueda et al. [14].
For the test, 10 mL of glucose solution (20 mM) and 0.5 g of powder from each part of the
fruit were mixed and incubated at 37 °C for 4 h, agitating frequently. Then, the mixtures
were centrifuged (4000 x g for 20 min), and the free glucose content was determined in the
supernatants. Glucose bound to the mistol powders was calculated:

Glucose bound: [(G1 — G2)/(Weight of the sample)] x volume of solution

G1: glucose concentration in the initial solution (20 mM).
G2: free glucose concentration after 4 h.

2.4.2. Mistol Powders’ Effect on Glucose Diffusion

The impact of the mistol powders on in vitro glucose diffusion was determined ac-
cording to a previous method [14]. Briefly, the mistol powders, both before and after GD,
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(0.25,0.5, and 1 g) were put in contact with 5 mL of glucose solution (20 mM) and dialyzed
against 40 mL distilled water at 37 °C. The glucose content in the dialysate was determined
by using the enzymatic glycemia kit (Wiener lab. 1400101, Rosario, Argentina). A negative
control without mistol powder samples was performed.

2.4.3. Improvement in Glucose Uptake in Saccharomyces cerevisiae Cells by Mistol PEE

The analysis was carried out according to a previous protocol [14]. A yeast suspension
(100 uL) in distilled water (10%; w/v) was mixed with each PEE before and after the
simulated GD process (10-100 mg/mL). Then, 1 mL of 20 mM glucose solution was added
to this mixture, incubated for 1 h at 37 °C, and centrifuged at 2500x g for 5 min. The
glucose concentration in the supernatant was determined by using an enzymatic glycemia
kit. The percentage increase in glucose uptake by S. cerevisiae cells was calculated.

2.5. Anti-Inflammatory Activity of Mistol PEE

In all cases, the percentage of inhibition of each inflammatory enzyme was calculated
at a fixed concentration of 100 g GAE/mL. Commercial anti-inflammatory drugs were
used as positive controls for the test.

2.5.1. Inhibition of the Enzyme Phospholipase A, (sPLAj)

The activity of the sPLA; enzyme was analyzed according to the method described by
D’Almeida et al. [15] using 1,2-diheptanoylthio-glycerophosphocholine (1,2 dHGPC) as the
substrate. The reaction mixture contained 50 pL of Tris-HCl buffer (10 mM, pH 8), 10 uL
of 10 mM 5.5’-dithiobis-2-nitrobenzoic acid (DTNB), 10 uL of sPLA; enzyme (1 pg/mL),
and 100 pg GAE/mL of the tested samples dissolved in DMSO. The reaction was started
by adding 150 uL of 1.66 mM 1,2 dHGPC and held for 20 min at 25 °C. Absorbance was
measured on a microplate reader (Biotek ELx808, Gen5™ Data Analysis Software, Agilent,
Santa Clara, CA, USA) at 414 nm every 2 min for 20 min. The commercial anti-inflammatory
drug Naproxen was used as the reference compound (50 pg/mL).

2.5.2. Inhibition of the Lipooxygenase Enzyme (LOX)

The test was carried out following the methodology proposed by D’Almeida et al. [15].
The reaction mixture contained enzyme (0.9 mM soybean LOX-1), substrate (50 uM linoleic
acid dissolved in 0.2 M sodium borate buffer pH 9), and the PEE. The absorbance of the
reaction was measured every 30 sec for 5 min at 234 nm. Indomethacin was used as the
reference compound (50 pg/mL).

2.5.3. Inhibition of the Cyclooxygenase Enzyme (COX)

The inhibitory activity against the COX-2 enzyme of the mistol seeds, pulp, and skin
extracts was measured by using a COX inhibitor detection assay kit (Cayman Chemical,
Ann Arbor, M1, USA) through the production of prostaglandin (PG) by ELISA. PG from
arachidonic acid was obtained through the action of the recombinant human COX-2 enzyme.
Inhibitory tests were carried out with different concentrations of mistol extracts (5-100 ug
GAE/mL) or nimesulide (0.25-2.0 uM). The percentage of inhibition of PGE, production
was calculated for each extract of the different parts of the fruit.

2.6. Toxicity Assays
2.6.1. Acute Toxicity

The toxicity test using A. salina has been used for decades as a rapid detection method
on a laboratory scale. This technique has proven to be highly advantageous due to its
simplicity and low cost, its good correlation with other animal testing methods, and the
possibility of evaluating a large number of samples at the same time and in a short period of
time. Increasing concentrations of each PEE (2.5-1000 ug GAE/mL) were used to determine
its acute toxic effect by utilizing the A. salina microplate assay [16]. Negative controls with
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DMSO and positive controls with potassium dichromate (10-40 pg/mL) were assayed.
After 24 h of exposition, the number of dead shrimps in each well was counted.

2.6.2. Salmonella Mutagenicity Assay

Salmonella Typhimurium strains TA98 and TA100 were used to evaluate the possible
mutagenic effect of PEE (125 to 500 ug GAE/plate) [17]. The 4-nitro-o-phenylenediamine
reagent (4-NPD, 10 pg/plate) was used as a positive control. Three plates per dose and
two separate sets of experiments were performed in each case. The results were expressed
as the number of revertants/plate, and the Mutagenicity Ratio (MR) was also calculated,
which is the ratio between the number of test plate revertants (induced revertant, IR) and
the number of revertants on the control plate (spontaneous revertant, ER): MR = IR/ER.
The samples were considered mutagenic when the revertant average number was twice as
much or higher than the spontaneous revertants or if the MR was above two [17].

2.6.3. Cytotoxicity Tests

GMO07492-A (human fibroblasts) cell lines were kindly provided by Laboratory Mu-
tagenesis, University of Franca, Sao Paulo, Brazil. The cell line was cultured in HAM-
F10/DMEM medium (1:1) supplemented with 10% Fetal Bovine Serum (FBS) and con-
taining 1% penicillin/ampicillin at 36.5 °C in a humidified 5% CO, atmosphere. For
the experiments, 1 x 10* cells were seeded on 96-well plates containing 100 pL. HAM-
F10/DMEM medium supplemented with 10% FBS and were incubated at 36.5 °C for 24 h.
After this period, the treatments were carried out for 24 h using each extract at concen-
trations between 0 and 1000 pg/mL. Cell controls, i.e., no treatment, and solvent (1%
DMSO) controls were included. Cell viability was determined with the MTT tetrazolium
salt assay [17]. The results are expressed as ICsg (concentration in pg/mlL that inhibits 50%
of cell growth).

2.7. Statistical Analysis

The values were determined at least three times with three individual samples. Each
experimental value obtained was expressed as the mean =+ standard error (SEM). A one-
way ANOVA with a Tukey post-hoc test with a confidence level of 95% was used for group
comparisons. The analyses were carried out by using the statistical software InfoStat (2015,
Grupo InfoStat, Universidad Nacional de Cérdoba, Cérdoba, Argentina) and R studio
software (2022.02.3, RStudio.Inc., Boston, MA, USA).

3. Results and Discussion
3.1. Hypoglycemic Effect of Mistol Extracts and Powders

The malfunction of the regulatory mechanisms of the glucose metabolism is a primary
hallmark of metabolic disease. Complementary natural strategies are needed to prevent or
improve this malfunction and prevent the progression of normoglycemia to prediabetes
and type-2 diabetes throughout the life of patients at risk [18]. Mistol fruits are excellent
sources of natural functional food ingredients conferring health benefits. The mistol pulp,
skin, and seed extracts were previously characterized by Orqueda et al. [8], and numerous
chemical compounds were detected, including flavonoids and procyanidins, many of
which featured biological activities. Among these, derivatives of quercetin, rhamnetin, and
kaempferol were detected. Previous studies have demonstrated that these compounds
show antioxidant capacity and inhibitory activity of enzymes related to carbohydrate
metabolism [8]. For this reason, the ability of mistol powders to adsorb glucose or to
promote glucose diffusion, as well as the effect of mistol PEE on glucose uptake by cells,
was evaluated. These assays are often used to study the effects of plant extracts and
natural compounds on glucose bioavailability and glucose absorption and, therefore, their
antihyperglycemic and antidiabetic potentials [19,20].
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3.1.1. Glucose Adsorption Capacity of Mistol Powders

Figure 2 depicts the ability of both digested and undigested mistol powders to bind
glucose at 20 mM concentration. All mistol powders effectively bound the glucose, and no
significant differences (p > 0.05) were observed between undigested and digested samples.
The mistol skin powder was the most active in the adsorption of glucose (about 65%
adsorption), followed by the pulp, and then by the seed powder (Figure 2). This property
is probably due to the higher amount of fibers present in mistol skin, in comparison to
the other parts of the fruit, widely reported as hypoglycemic [21]. Fibers often provide
a diffusion barrier due to their high viscosity and ability to bind glucose [22]. The skin
powder has the highest amount of crude fiber (23.2%) compared to the other fruit parts,
namely, 13.8 and 18.8% for the skin and pulp powder, respectively [8]. However, besides
the quantity of fiber, the chemical composition can influence the viscosity of the gels [23].
Additionally, dietary fibers can significantly reduce the transit time in the gastrointestinal
tract of ingested food, a fact which can be translated as less time available for di- and
polysaccharides in the diet to be digested and absorbed [22].

Undigested powders B Digested powders

Fi

Seeds powder Pulp powder Skin powder

Figure 2. Glucose adsorption capacity (determined by measuring the mM of glucose in dialysate) of
digested and undigested mistol powders. Values are presented as mean + SEM and scrutinized by
1 or 2-way ANOVA, followed by a Tukey or LSD test using R studio software. Different letters on
the bars indicate significant differences between the three parts of the fruit, evaluated according to
Tukey’s test (p < 0.05). No significant differences (p < 0.05) were observed between digested and
undigested powders.

3.1.2. Effect of Mistol Powders on Glucose Diffusion

The ability of mistol powders to delay glucose diffusion through a dialysis membrane
was evaluated, simulating passage through the intestinal mucosa. The most active portion
of the fruit was again the skin, allowing only 15% of the glucose tested to diffuse through
the dialysis membrane (Figure 3). Once more, no significant differences were observed
between the digested and undigested powders. These effects could also be attributed to the
dietary fibers that could form highly viscous gels that entrapped glucose. Similar results
showing the delay of glucose diffusion through membranes by fruit and plant fibers were
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previously reported [21]. These beneficial effects on glucose metabolism suggest specific
strategies and biological contexts that can be exploited to maximize the antidiabetic benefits
of mistol powders; however, additional in vivo research is also warranted.
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Figure 3. Effect of different amounts (0.25 g, A; 0.5 g, e; and 1.0 g, @) of mistol powders on glucose
diffusion: (A) seed, (B) pulp, and (B,C) skin powders. Results are expressed as the mean of three
independent tests with SEM. The symbol * at a given time indicates significant differences (p < 0.05)
between the glucose content in the dialysate between the three amounts of mistol powder, according
to Tukey’s test.

3.1.3. Effect of Mistol Powders on Glucose Uptake by Yeast Cells

All Z. mistol extracts efficiently improved the transport of glucose through the cell
membranes of yeast cells (Figure 4). A positive dose-response effect was observed for
all samples. The seed samples were the most effective at the highest concentration tested
(100 mg/mL). The study of glucose transport across the yeast cell membrane has been
considered a meaningful in vitro technique that is effective for the screening of natural
compounds with hypoglycemic activity [24]. Since glucose transport across the yeast cell
membrane occurs via facilitated diffusion and is promoted by specific membrane carriers,
i.e., those that transport glucose down a concentration gradient, an increase in the glucose
uptake implies an improvement in the use of intracellular glucose [25]. Additionally, the
polyphenols of mistol fruits could affect the glucose transporters of the yeast membrane.
Thereby, polyphenols could promote glucose entry into the cells. In this regard, aforegoing
studies demonstrated the antihyperglycemic activity of kaempferol and procyanidin By,
both present in mistol PEE [8]. An increase in glucose uptake and glycogen synthesis in
the cells of skeletal muscle is associated with an improvement in AMPK« activity and
the expression of the Glut4 transporter, both essential for glucose entry into cells [26-28].
Da Costa Mousinho et al. [29] demonstrated that aqueous and methanolic extracts of
Ziziphus mucronata cortex favored glucose consumption in C2C12 muscle cells, 3T3-L1
adipocytes, and HepG2 hepatocarcinoma cells. However, these extracts did not report a
significant effect on the improvement in insulin secretion by pancreatic 3 cells.



Foods 2022, 11, 2125

8of 13

Improvement in glucose intake (%)

0

-3

20 40 60 80 100
PEE (mg/mL)

Figure 4. Effect of mistol extracts (PEE) on glucose consumption by S. cerevisiae: Skin (W), pulp (e),
and seed (A) PEE. Results are expressed as the mean of three independent tests with SEM. The symbol
* at a given extract concentration indicates significant differences (p < 0.05) between percentage of
improvement in glucose intake by yeast cells between the three parts of mistol fruits, according to
Tukey’s test.

3.2. Antiinflamatory Activity of Mistol PEE

At present, there is a wide variety of commercial anti-inflammatory drugs of different
chemical natures. Non-steroidal anti-inflammatory drugs (NSAIDs), along with corticos-
teroids, are the most widely used for acute and chronic inflammatory pathologies, due to
their high efficacy, despite the adverse effects caused by long-term use [30]. The search for
natural compounds that inhibit the enzymes of the metabolic pathway of arachidonic acid,
responsible for the production of pro-inflammatory mediators, is proposed as a central
therapeutic objective to prevent or improve renal and cardiovascular complications in
diabetes [11].

Current research reports show that low-grade inflammatory processes are associated
with the risk of developing type-2 diabetes, contribute to insulin resistance, and are related
to the cellular and molecular alterations that characterize metabolic syndrome, including
hyperglycemia [31]. Our results showed that all extracts obtained from Z. mistol fruits
inhibit lipoxygenase and cyclooxygenase-2 enzymes (Table 1), reaching percentages close to
or higher than 90% for the seed and pulp powder extracts. The PEE activities on the lipooxy-
genase enzyme were higher than previously reported for Z. mistol whole fruit methanolic
extracts and Prosopis species pods [32,33]. Additionally, Tran et al. [34] demonstrated the
inhibitory power of triterpenoids and lignans isolated from Z. jujuba var. inermis on the
expression of the COX-2 enzyme. These results could suggest that the phenolic compounds
of Z. mistol extracts would also be inhibitors of this enzyme expression and activity.
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Table 1. Inhibitory activity of pro-inflammatory enzymes by extracts (PEE) of Z. mistol.
Sample Inhibition (%) (100 ug GAE/mL)
sPLA2 LOX COX-2
Seeds NI 89.8 £2.32 91.0+£09°¢
Pulp 46.0 £12° 83.0+1.0P 96.0 +2.6°
Skin 250+£06° 65.1+£06° 685+ 154
Naproxen 95.00 £2.802 - -
Indomethacin - 16.00 + 0.80 ¢
Nimesulide - - 100.0+5.0°

sPLA2: phospholipase A2; LOX: lipooxygenase; COX-2: cyclooxygenase-2. Values are expressed as percent
inhibition at a fixed concentration of 100 ug GAE/mL for extract samples and 50 ug GAE/mL for naproxen,
indomethacin, and nimesulide (positive controls). Results are expressed as the mean of three independent tests
with SEM. NI: No inhibition shown in the concentration tested. (-): Not assayed (each standard compound was
tested for a specific enzyme). Different letters in the same column show significant differences between each part
of the fruit, according to Tukey’s test (p < 0.05).

Regarding phospholipase A, (sPLAj), the pulp extract was the most active at inhibiting
this pro-inflammatory enzyme (Table 1). The enzyme sPLA2 is the first enzyme in the
arachidonic acid pathway. Thereby, the inhibition of sSPLA2 activity by Z. mistol polyphenols
may reduce the production of the arachidonic acid that would be converted to eicosanoids
by COX and LOX. There are numerous reports of anti-inflammatory activity resulting
from in vivo assays of other Ziziphus species, such as Z. lotus and Z. spina-christi [35,36].
Kadioglu et al. [36] evaluated the anti-inflammatory capacity of Z. spina-christi extracts,
focusing on main flavonoid compounds. Through molecular docking software, the authors
were able to determine the action of spinosyn, a flavonoid found in Z. mistol extracts [36].
Other authors reported anti-inflammatory activity for flavonoid C-glycosides derived from
apigenin and kaempferol, by inhibition of COX and LOX [37,38], and anti-inflammatory
activity for chalcones such as chalconaringenin and floridzine, present in polyphenol
extracts obtained from the mistol. Other natural and synthetic chalcones [8,39] impacted
not only on COX-2 activity but also on the iNOS enzyme. This frame shows that the
bioactive compounds present in Z. mistol are excellent sources for the design of multi-vector
drugs against inflammation, many of them with complementary activities that help reduce
the different types of ailments that occur in inflammatory diseases [40,41].

3.3. Toxicity of Mistol PEE

The Ames test has a high predictive effect of carcinogenicity (around 80%) through
diverse mechanisms like point mutations, base-pair substitutions, or frameshift mutations.
For this reason, the mutagenic effect of Z. mistol extracts was evaluated to ensure their
safe use. None of the concentrations of the PEE tested showed mutagenic effects against
the TA98 or TA100 strains up to 500 ug GAE/plate, indicating the absence of mutagens
in their composition that could cause base-pair substitution mutations (detected with
TA100) or frameshift (recognized with TA98) (Table 2). Furthermore, all mutagenicity ratio
(MR) values were lower than 2, thus indicating the absence of toxicity towards the genetic
material of the strains. Similar results were previously obtained for whole-fruit extracts of
Z. mistol [32]. Although there are no reports on the genotoxicity of Z. mistol seed, pulp, and
skin extracts, studies indicate the absence of toxicity for Z. jujuba extracts on the DNA of
cells such as lymphocytes, PC12 cells, and HepG2 cells [42—-44].
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Table 2. Mutagenic activity of extracts (PEE) of the three parts of the Z. mistol fruit assayed in
Salmonella strains.

Sample ug N° Revertants/Plate MR
GAE/Plate TA98 TA100 TA98 TA100
175 104 + 17P 30+£7b 0.79 1.00
Seeds 250 110 £5P 35+2P 0.83 1.16
500 110+ 1P 45 +4b 0.83 1.50
175 100 +5° 16+£2P 0.76 0.53
Pulp 250 112 + 12P 13+£1P 0.85 0.43
500 121+ 20P 20+3b 0.92 0.64
175 99 +13b 19 4+2°P 0.75 0.63
Skin 250 112+ 5P 25+5b 0.85 0.83
500 136 £ 11 28+2P 1.03 0.93
Neg?g;fs%’)mml 131+ 37° 30+ 6
POSi(Z_Vl\erg)‘trOI 2861 £ 1142 1998 +38°

ug GAE/plate: ug of gallic acid equivalents/plate. MR: Mutagenicity Ratio. DMSO: dimethyl sulfoxide. 4-NPD:
4-nitro-o-phenylenediamine at a concentration of 10 ug/plate. The results correspond to mean values between
triplicates of two independent tests. Different letters in the same column show significant differences between
each part of the fruit, according to Tukey’s test (p < 0.05).

Additionally, the acute toxicity of mistol PEE, using brine shrimp larvae as an organism
model, was evaluated. Acute toxicity tested through the Artemia salina has been used for
decades as a rapid and simple detection method on a laboratory scale due to its good
correlation with animal models [45]. No extracts were found to be significantly cytotoxic
up to concentrations of 1000 pg GAE/mL (data not shown). Similar results were found for
other Ziziphus species, such as Z. oxyphylla stem extracts [46]. However, there are reports of
high lethality for elevated concentrations of fruit extracts from other Ziziphus species using
this bioassay (with lethal concentrations 50 between 8 and 45 nug/mL) [47].

As for the cytotoxicity test, none of the extracts showed cytotoxicity on human lung
fibroblasts (normal cells) (GM 07492A) up to concentrations of 1000 pg GAE/mL (data
not shown). Toxicity studies in cell lines allow assay sample concentrations and exposure
times that can be transferred to the human condition. Although there are no reports about
the cytotoxicity of mistol extracts on normal cells, there are reports of cytotoxic activity of
lipids found in Z. mistol seeds on adenocarcinoma cells; these results were based on the
study of the decrease in the incidence of murine mammary carcinoma with the application
of a diet with 5% Z. mistol seeds oil [48].

The results obtained in toxicity evaluations on different levels, i.e., prokaryotic cells,
eukaryotic cells, and complex organisms, indicate the absence of toxicity of the phenolic
compounds obtained from mistol powders in the same concentration range where they
have anti-inflammatory and hypoglycemic activity.

4. Conclusions

Although Z. mistol offers an interesting variety of non-wood forest products, mainly
from its fruits, it is an endangered tree due to the current degraded state of the Chaco forest.
Knowledge of the beneficial functional properties of mistol fruit powders can allow recovery
of mistol, encouraging its sustainable consumption in Argentina as healthy food or as a
complement for the prevention of metabolic disorders. The mistol powders represent a safe
source of bioactive compounds for a healthy diet, diminishing the glucose bioaccessibility
and modulating the inflammatory response, which makes them especially attractive for the
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prevention or amelioration of health conditions such as metabolic syndrome and related
pathologies. However, clinical trials are essential to support these anti-inflammatory and
hypoglycemic activities in humans.

Author Contributions: Experiments conceived and designed: M.E.O., S.T., .C.Z. and M.LI Experi-
ments performed: M.E.O., I.C.Z. and M.LI. Data analyzed: M.E.O., S.T., 1.C.Z. and M.LI. Paper written
and editing: M.E.O., I.C.Z. and M.LI. Project conceived and initiated: M.LL. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by Universidad Nacional de Tucuman (PIUNT 2018-G637
Project), Agencia Nacional de Promocién Cientifica y Técnica (ANPCyT PICT 2017-4416 Project:
PICT 2020-3619 Project), Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET-PUE
2018-0011 Project) and Biolates network “P320RT0186—Sustainable use of Ibero-American vegetable
biomass resources in cosmetics” (CYTED).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: The authors are very grateful for the collaboration of Saade in the design of the
map with Q-GIS program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Benedictto, M.N.; Valencia, B.G.; Torrella, S.A. Structural and functional characterization of the dry forest in central Argentine
Chaco. Madera Bosques 2019, 25, 18. [CrossRef]

2. Islam, M.B.; Simmons, M.P. A thorny dilemma: Testing alternative intrageneric classifications within Ziziphus (Rhamnaceae). Syst.
Bot. 2006, 31, 826-842. [CrossRef]

3.  Cerino, M.C,; Richard, G.A.; Torretta, ].P.; Gutiérrez, H.E; Pensiero, ].F. Reproductive biology of Ziziphus mistol Griseb. (Rham-
naceae), a wild fruit tree of saline environments. Flora-Morphol. Distrib. Funct. Ecol. Plants 2015, 211, 18-25. [CrossRef]

4. Alvarez, M.A. Chaco and Espinal. In Pharmacological Properties of Native Plants from Argentina; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 193-226.

5. Digilio, A.P.; Legname, P.R. Los arboles indigenas de la Provincia de Tucuman. Opera Lilloana 1966, 15, 73.

6. Matteucci, S.D.; Totino, M.; Aristide, P. Ecological and social consequences of the Forest Transition Theory as applied to the
Argentinean Great Chaco. Land Use Policy 2016, 51, 8-17. [CrossRef]

7. IUCN. The IUCN Red List of Threatened Species Version 2020-1; TIUCN: Gland, Switzerland, 2020.

8. Orqueda, M.E.; Zampini, I.C.; Torres, S.; Alberto, M.R.; Ramos, L.L.P; Schmeda-Hirschmann, G.; Isla, M.I. Chemical and
functional characterization of skin, pulp and seed powder from the Argentine native fruit mistol (Ziziphus mistol). Effects of
phenolic fractions on key enzymes involved in metabolic syndrome and oxidative stress. J. Funct. Foods 2017, 37, 531-540.
[CrossRef]

9.  Goldfine, A.B.; Shoelson, S.E. Therapeutic approaches targeting inflammation for diabetes and associated cardiovascular risk. J.
Clin. Investig. 2017, 127, 83-93. [CrossRef]

10. Wang, X.; Bao, W,; Liu, J.; OuYang, Y.Y.; Wang, D.; Rong, S.; Liu, L.G. Inflammatory markers and risk of type 2 diabetes: A
systematic review and meta-analysis. Diabetes Care 2013, 36, 166-175. [CrossRef]

11. Domingueti, C.P; Dusse, L.M.S.A.; das Gragas Carvalho, M.; de Sousa, L.P.; Gomes, K.B.; Fernandes, A.P. Diabetes mellitus: The
linkage between oxidative stress, inflammation, hypercoagulability and vascular complications. J. Diabetes Complicat. 2016, 30,
738-745. [CrossRef]

12. WEFO. Ziziphus mistol Griseb. 2022. Available online: http://www.worldfloraonline.org/taxon/wfo-0001130914 (accessed on 18
June 2022).

13.  Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin- Ciocalteu reagent. Methods Enzym. 1999, 299, 152-178. [CrossRef]

14. Orqueda, M.E.; Torres, S.; Zampini, I.C.; Cattaneo, F; Fernandez Di Pardo, A.; Valle, EM.; Jiménez-Aspee, F.; Schmeda-
Hirschmann, G.; Isla, M.L. Integral use of Argentinean Solanum betaceum red fruits as functional food ingredient to prevent
metabolic syndrome: Effect of in vitro simulated gastroduodenal digestion. Heliyon 2020, 6, e03387. [CrossRef] [PubMed]

15. D’Almeida, R.E.; Isla, M.L;; De L Vildoza, E.; Quispe, C.; Schmeda-Hirschmann, G.; Alberto, M.R. Inhibition of arachidonic acid

metabolism by the Andean crude drug Parastrephia lucida (Meyen) Cabrera. J. Ethnopharmacol. 2013, 150, 1080-1086. [CrossRef]
[PubMed]


http://doi.org/10.21829/myb.2019.2521611
http://doi.org/10.1600/036364406779695997
http://doi.org/10.1016/j.flora.2014.12.002
http://doi.org/10.1016/j.landusepol.2015.10.032
http://doi.org/10.1016/j.jff.2017.08.020
http://doi.org/10.1172/JCI88884
http://doi.org/10.2337/dc12-0702
http://doi.org/10.1016/j.jdiacomp.2015.12.018
http://www.worldfloraonline.org/taxon/wfo-0001130914
http://doi.org/10.1016/S0076-6879(99)99017-1
http://doi.org/10.1016/j.heliyon.2020.e03387
http://www.ncbi.nlm.nih.gov/pubmed/32072065
http://doi.org/10.1016/j.jep.2013.10.014
http://www.ncbi.nlm.nih.gov/pubmed/24432370

Foods 2022, 11, 2125 12 0f13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Svensson, B.M.; Mathiasson, L.; Martensson, L.; Bergatrom, S. Artemia salina as test organism for assessment of acute toxicity of
leachate water from landfills. Environ. Monit. Assess. 2005, 102, 309-321. [CrossRef] [PubMed]

Carabajal, A.; Piloto-Ferrer, J.; Nicollela, H.; Squarisi, I.; Prado Guissone, A.; Esperandim, T.; Zampini, I.C. Antigenotoxic,
antiproliferative and antimetastatic properties of a combination of native medicinal plants from Argentina. J. Ethnopharmacol.
2020, 267, 113479. [CrossRef] [PubMed]

Moradi-Marjaneh, R.; Paseban, M.; Sahebkar, A. Natural products with SGLT2 inhibitory activity: Possibilities of application for
the treatment of diabetes. Phytother. Res. 2019, 33, 2518-2530. [CrossRef] [PubMed]

Orqueda, M.E,; Rivas, M.; Zampini, I.C.; Alberto, M.R,; Torres, S.; Cuello, S.; Sayago, J.; Thomas-Valdes, S.; Jiménez-Aspee, F;
Schmeda-Hirschmann, G.; et al. Chemical and functional characterization of seed, pulp and skin powder from chilto (Solanum
betaceum), an Argentine native fruit. Phenolic fractions affect key enzymes involved in metabolic syndrome and oxidative stress.
Food Chem. 2017, 216, 70-79. [CrossRef]

Benitez, B.; Molla, E.; Martin-Cabrejas, M.; Aguilera, Y.; Esteban, R. Physicochemical properties and in vitro antidiabetic potential
of fibre concentrates from onion by-products. J. Funct. Foods 2017, 36, 34—42. [CrossRef]

Qi, J.; Li, Y.; Masamba, K.G.; Shoemaker, C.F.,; Zhong, F.; Majeed, H.; Ma, ]J. The effect of chemical treatment on the in vitro
hypoglycemic properties of rice bran insoluble dietary fiber. Food Hydrocoll. 2016, 52, 699-706. [CrossRef]

Kabir, A.U,; Samad, M.B.; D’Costa, N.M.; Akhter, F; Ahmed, A.; Hannan, ].M.A. Anti-hyperglycemic activity of Centella asiatica is
partly mediated by carbohydrase inhibition and glucose-fiber binding. BMC Compl. Altern. Med. 2014, 14, 31. [CrossRef]
Ahmed, E; Sairam, S.; Urooj, A. In vitro hypoglycemic effects of selected dietary fiber sources. J. Food Sci. Technol. 2015, 48,
285-289. [CrossRef]

Zhao, Y,; Yang, X; Ren, D.; Wang, D.; Xuan, Y. Preventive effects of jujube polysaccharides on fructose-induced insulin resistance
and dyslipidemia in mice. Food Funct. 2014, 5, 1771-1778. [CrossRef] [PubMed]

Vinodhini, S.; Rajeswari, V.D. Exploring the antidiabetic and anti-obesity properties of Samanea saman through in vitro and in vivo
approaches. J. Cell Biochem. 2019, 120, 1539-1549. [CrossRef] [PubMed]

Yamashita, Y.; Wang, L.; Nanba, F.; Ito, C.; Toda, T.; Ashida, H. Procyanidin promotes translocation of glucose transporter 4 in
muscle of mice through activation of insulin and AMPK signaling pathways. PLoS ONE 2016, 11, e0161704. [CrossRef] [PubMed]
Moore, W.T. Small Molecule Kaempferol, a Novel Regulator of Glucose Homeostasis. Doctor of Phylosophy in Human Nutrition,
Foods, and Exercise, Faculty of Virginia Polytechnic Institute and State University. 2017. Available online: https://vtechworks.lib.
vt.edu/bitstream /handle/10919/80946 /Moore_WT_D_2017.pdf?sequence=1&isAllowed=y (accessed on 3 March 2021).
Alkhalidy, H.; Moore, W.; Wang, A.; Luo, J.; McMillan, R.P; Wang, Y.; Liu, D. Kaempferol ameliorates hyperglycemia through
suppressing hepatic gluconeogenesis and enhancing hepatic insulin sensitivity in diet-induced obese mice. J. Nutr. Biochem. 2018,
58, 90-101. [CrossRef] [PubMed]

Da Costa Mousinho, N.M.; van Tonder, J.J.; Steenkamp, V. In vitro anti-diabetic activity of Sclerocarya birrea and Ziziphus
Mucronata. Nat. Prod. Commun. 2013, 8, 1279-1284. [CrossRef]

Wong, R.S. Role of nonsteroidal anti-inflammatory drugs (NSAIDs) in cancer prevention and cancer promotion. Adv. Pharmacol.
Sci. 2019, 2019, 3418975. [CrossRef]

Torres, S.; Fabersani, E.; Marquez, A.; Gauffin-Cano, P. Adipose tissue inflammation and metabolic syndrome. The proactive role
of probiotics. Eur. |. Nutr. 2019, 58, 27-43. [CrossRef]

Cardozo, M.L.; Ordofiez, R M.; Alberto, M.R.; Zampini, 1.C.; Isla, M.I. Antioxidant and anti-inflammatory activity characterization
and genotoxicity evaluation of Ziziphus mistol ripe berries, exotic Argentinean fruit. Food Res. Int. 2011, 44, 2063-2071. [CrossRef]
Pérez, M.]J.; Cuello, A.S.; Zampini, I1.C.; Ordofiez, R.M.; Alberto, M.R.; Quispe, C.; Isla, M.I. Polyphenolic compounds and
anthocyanin content of Prosopis nigra and Prosopis alba pods flour and their antioxidant and anti-inflammatory capacities. Food
Res. Int. 2014, 64, 762-771. [CrossRef]

Tran, HN.K,; Cao, T.Q.; Kim, J.A.; Woo, M.H.; Min, B.S. Anti-Inflammatory and cytotoxic activities of constituents isolated from
the fruits of Ziziphus jujuba var. inermis Rehder. Fitoterapia 2019, 137, 104261. [CrossRef]

Borgi, W.; Recio, M.C.; Rios, J.L.; Chouchane, N. Anti-Inflammatory and analgesic activities of flavonoid and saponin fractions
from Zizyphus lotus (L.) Lam. S. Afr. |. Bot. 2008, 74, 320-324. [CrossRef]

Kadioglu, O.; Jacob, S.; Bohnert, S.; Na£, J.; Saeed, M.E.; Khalid, H.; Efferth, T. Evaluating ancient Egyptian prescriptions today:
Anti-Inflammatory activity of Ziziphus spina-christi. Phytomedicine 2016, 23, 293-306. [CrossRef] [PubMed]

Courts, FL.; Williamson, G. The occurrence, fate and biological activities of C-glycosyl flavonoids in the human diet. Crit. Rev.
Food Sci. Nutr. 2015, 55, 1352-1367. [CrossRef]

Xiao, J.; Capanoglu, E.; Jassbi, A.R.; Miron, A. Advance on the flavonoid C-glycosides and health benefits. Crit. Rev. Food Sci.
Nutr. 2015, 56, S29-545. [CrossRef]

Rashid, H.; Yiming, X.; Ahmad, N.; Muhammad, Y.; Wang, L. Promising anti-inflammatory effects of chalcones via inhibition
of cyclooxygenase, prostaglandin E2, inducible NO synthase and nuclear factor kB activities. Bioorg. Chem. 2019, 87, 335-365.
[CrossRef] [PubMed]

Koeberle, A.; Werz, O. Natural products as inhibitors of prostaglandin E2 and pro-inflammatory 5-lipoxygenase-derived lipid
mediator biosynthesis. Biotechnol. Adv. 2018, 36, 1709-1723. [CrossRef] [PubMed]

Devi, N.S.; Ramanan, M.; Paragi-Vedanthi, P.; Doble, M. Phytochemicals as multi-target inhibitors of the inflammatory pathway-A
modeling and experimental study. Biochem. Biophys. Res. Commun. 2017, 484, 467-473. [CrossRef]


http://doi.org/10.1007/s10661-005-6029-z
http://www.ncbi.nlm.nih.gov/pubmed/15869192
http://doi.org/10.1016/j.jep.2020.113479
http://www.ncbi.nlm.nih.gov/pubmed/33091491
http://doi.org/10.1002/ptr.6421
http://www.ncbi.nlm.nih.gov/pubmed/31359514
http://doi.org/10.1016/j.foodchem.2016.08.015
http://doi.org/10.1016/j.jff.2017.06.045
http://doi.org/10.1016/j.foodhyd.2015.08.008
http://doi.org/10.1186/1472-6882-14-31
http://doi.org/10.1007/s13197-010-0153-7
http://doi.org/10.1039/C3FO60707K
http://www.ncbi.nlm.nih.gov/pubmed/24906476
http://doi.org/10.1002/jcb.27385
http://www.ncbi.nlm.nih.gov/pubmed/30378154
http://doi.org/10.1371/journal.pone.0161704
http://www.ncbi.nlm.nih.gov/pubmed/27598258
https://vtechworks.lib.vt.edu/bitstream/handle/10919/80946/Moore_WT_D_2017.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/80946/Moore_WT_D_2017.pdf?sequence=1&isAllowed=y
http://doi.org/10.1016/j.jnutbio.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29886193
http://doi.org/10.1177/1934578X1300800924
http://doi.org/10.1155/2019/3418975
http://doi.org/10.1007/s00394-018-1790-2
http://doi.org/10.1016/j.foodres.2011.02.040
http://doi.org/10.1016/j.foodres.2014.08.013
http://doi.org/10.1016/j.fitote.2019.104261
http://doi.org/10.1016/j.sajb.2008.01.009
http://doi.org/10.1016/j.phymed.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26969383
http://doi.org/10.1080/10408398.2012.694497
http://doi.org/10.1080/10408398.2015.1067595
http://doi.org/10.1016/j.bioorg.2019.03.033
http://www.ncbi.nlm.nih.gov/pubmed/30921740
http://doi.org/10.1016/j.biotechadv.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29454981
http://doi.org/10.1016/j.bbrc.2017.01.046

Foods 2022, 11, 2125 13 0f 13

42.

43.

44.

45.

46.

47.

48.

Etebari, M.; Zolfaghari, B.; Jafarian-Dehkordi, A.; Mirzaei, A. Hydroalcoholic and polyphenolic extracts of Ziziphus jujuba Mill
fruits prevent methyl methanesulfonate-induced DNA damage in HepG2 cells. PRB 2015, 1, 20-30. [CrossRef]

Kaeidi, A.; Taati, M.; Hajializadeh, Z.; Jahandari, F.; Rashidipour, M. Aqueous extract of Zizyphus jujuba fruit attenuates glucose
induced neurotoxicity in an in vitro model of diabetic neuropathy. Iran. J. Basic Med. Sci. 2015, 18, 301.

Goswami, P.; Banerjee, R.; Mukherjee, A. Potential antigenotoxicity assessment of Ziziphus jujuba fruit. Heliyon 2019, 5, e01768.
[CrossRef]

Rajeh, M.A.B.; Kwan, Y.P,; Zakaria, Z.; Latha, L.Y.; Jothy, S.L.; Sasidharan, S. Acute toxicity impacts of Euphorbia hirta L extract on
behavior, organs body weight index and histopathology of organs of the mice and Artemia salina. Pharmacogn. Res. 2012, 4, 170.
[CrossRef]

Nisar, M.; Kaleem, W.A.; Qayum, M.; Marwat, .K.; Zia-Ul-Haq, M.; Ali, I.; Choudhary, M.I. Biological screening of Zizyphus
oxyphylla Edgew stem. Pak. ]. Bot. 2011, 43, 311-317.

Al-Saeedi, A.H.; Al-Ghafri, M.T.H.; Hossain, M.A. Brine shrimp toxicity of various polarities leaves and fruits crude fractions of
Ziziphus jujuba native to Oman and their antimicrobial potency. Sustain. Chem. Pharm. 2017, 5, 122-126. [CrossRef]

Mufioz, S.; Piegari, M.; Guzman, C.; Reynard, A. Differential effects of dietary Oenothera, Zizyphus mistol, and corn oils, and
essential fatty acid deficiency on the progression of a murine mammary gland adenocarcinoma. Nutrition 1999, 15, 208-212.
[CrossRef]


http://doi.org/10.18869/acadpub.pbr.1.3.20
http://doi.org/10.1016/j.heliyon.2019.e01768
http://doi.org/10.4103/0974-8490.99085
http://doi.org/10.1016/j.scp.2017.03.003
http://doi.org/10.1016/S0899-9007(98)00181-6

	Introduction 
	Materials and Methods 
	Plant Material and Powders 
	Polyphenols-Enriched Extracts 
	Simulated Gastroduodenal Digestion of Mistol Powder and PEE 
	Hypoglycemic Activity 
	Glucose Adsorption of Mistol Powders 
	Mistol Powders’ Effect on Glucose Diffusion 
	Improvement in Glucose Uptake in Saccharomyces cerevisiae Cells by Mistol PEE 

	Anti-Inflammatory Activity of Mistol PEE 
	Inhibition of the Enzyme Phospholipase A2 (sPLA2) 
	Inhibition of the Lipooxygenase Enzyme (LOX) 
	Inhibition of the Cyclooxygenase Enzyme (COX) 

	Toxicity Assays 
	Acute Toxicity 
	Salmonella Mutagenicity Assay 
	Cytotoxicity Tests 

	Statistical Analysis 

	Results and Discussion 
	Hypoglycemic Effect of Mistol Extracts and Powders 
	Glucose Adsorption Capacity of Mistol Powders 
	Effect of Mistol Powders on Glucose Diffusion 
	Effect of Mistol Powders on Glucose Uptake by Yeast Cells 

	Antiinflamatory Activity of Mistol PEE 
	Toxicity of Mistol PEE 

	Conclusions 
	References

