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Abstract: Despite the existence of various therapeutic approaches, diabetes mellitus and its complica-
tions have been an increasing burden of mortality and disability globally. Hence, it is necessary to
evaluate the efficacy and safety of medicinal plants to support existing drugs in treating diabetes.
Xanthones, the main secondary metabolites found in Gentiana dinarica and Gentiana utriculosa, display
various biological activities. In in vitro cultured and particularly in genetically transformed G. dinarica
and G. utriculosa roots, there is a higher content of xanthones. The aim of this study was to investigate
and compare antidiabetic properties of secondary metabolites (extracts) prepared from these two
Gentiana species, cultured in vitro and genetically transformed with those collected from nature. We
compare HPLC secondary metabolite profiles and the content of the main extract compounds of G. di-
narica and G. utriculosa methanol extracts with their ability to scavenge DPPH free radicals and inhibit
intestinal a-glucosidase in vitro. Anti-hyperglycemic activity of selected extracts was tested further
in vivo on glucose-loaded Wistar rats. Our findings reveal that the most prominent radical scaveng-
ing potential and potential to control the rise in glucose level, detected in xanthone-rich extracts,
were in direct correlation with an accumulation of xanthones norswertianin and norswertianin-1-O-

primeveroside in G. dinarica and decussatin and decussatin-1-O-primeveroside in G. utriculosa.

Keywords: Gentiana dinarica; Gentiana utriculosa; xanthones; diabetes; antidiabetic properties;

norswertianin; norswertianin-1-O-primeveroside; decussatin; decussatin-1-O-primeveroside

1. Introduction

Plants, as an inexhaustible source of natural products with various medical properties,
are continuously explored for the development of novel drugs [1,2]. However, it is esti-
mated that only a small percentage of all plant species (around 15%) have been explored for
the presence of biologically active compounds with pharmacological potential [3]. These
compounds are products of plant secondary metabolism and are identified as secondary
metabolites or phytochemicals. Plants produce a high diversity of secondary metabolites
that provide protection against herbivores, different pathogens, and abiotic stress and
enable the adaptation of plants to changing environmental conditions [4,5]. Unlike primary
metabolites synthesized in all plant species, secondary metabolites are specific to plant
species and to plant organs, including leaves, stems, roots, and flowers [6]. Secondary
plant metabolites are often classified according to their chemical structures into three major
classes: phenolics, terpenes, and alkaloids [7].
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The most common challenge faced when using wild plants as a source for the isolation
and characterization of biologically active compounds is the low availability of the plant
material from nature. Secondary metabolites are accumulated by plants in small quantities.
Although sufficient for initial pharmacological evaluation, those quantities are insufficient
for testing on a broad range of biological activities and for mass production. Additionally,
many plant species have become endangered as a result of uncontrolled harvesting and/or
extreme environmental changes. In order to obtain a sufficient amount of secondary
metabolites, the most commonly used approach includes biotechnology-based in vitro
techniques for plant cultivation in controlled environmental conditions, such as callus
culture, hairy root culture, cell suspension culture, and micropropagation [7].

The species comprising the Gentianaceae are of great importance to the pharmaceutical
industry because their phytochemical constituents display vast and versatile pharmaco-
logical effects [8]. The main secondary metabolites of Gentianaceae species are phenols
(xanthones and C-glucoflavones) and terpenoids. Aside from Gentianaceae species, the
majority of xanthones are found in only one plant family—Guttiferae [9]. Xanthones
are heterotricyclic compounds substituted with simple isoprene, methoxy, and hydroxyl
groups at various locations on aromatic A and B rings. In the Gentianaceae, xanthones
occur as simple oxygenated xanthones (mono-, tri-, tetra-, and hexaoxygenated) and xan-
thone glycosides (C- and O-glycosides). Xanthone-O-glycosides are very frequent among
the Gentianaceae species while xanthone-C-glycosides are quite rare [10]. Bioproduction
of xanthones is of great importance since these natural compounds exhibit a variety of
pharmacological and health benefits [11]. Previous research was initiated with the aim
to establish protocols for shoot micropropagation, excised root cultures, and hairy root
cultures of Gentiana dinarica Beck. and Gentiana utriculosa L. in order to enhance the pro-
duction of secondary metabolites, especially xanthone compounds [12-17]. Compared to
plants grown in nature, in vitro-cultured G. dinarica and G. utriculosa had a higher content
of xanthones, particularly in genetically transformed roots (hairy roots) [12,17,18]. This is
highly important for G. dinarica because this perennial plant species is rare and endangered,
limited to the Dinaric mountains of the Balkan peninsula and the Apennines mountains
in Italy [19]. On the other hand, Gentiana utriculosa L. is an annual plant species with a
wide distribution in the mountains of central Serbia [20] and in Central Europe [21]. These
two Gentians are rich in tetraoxygenated xanthones with a 1, 3, 7, 8-oxygenation pattern.
Norswertianin and its O-glycoside (norswertianin-1-O-primeveroside) are typical xan-
thones for G. dinarica [6,12], while decussatin (1-hydroxy-3,7,8-trimethoxyxanthone) and its
O-glycoside (decussatin-1-O-primeveroside) are characteristic for G. utriculosa [22]. These
xanthones display at least one of the various biological activities, e.g., antimicrobial [23],
radioprotective [24], antitumor [25], antidepressant [26], vasodilator [27], antiulcer [28],
antibacterial, antifungal, antioxidative, and hypoglycemic effects [29], as well as potential
to act as a chemopreventive [30] and anticancerogenic agent [31].

The curative value of plant extracts depends on the composition and different combi-
nations of biologically active compounds [32]. The aim of this study was to compare the
antidiabetic properties of extracts derived from aerial parts and roots of G. dinarica and
G. utriculosa that were collected from nature, in vitro propagated, or genetically transformed
in order to find the optimal combination of active compounds for the treatment of diabetes.
The importance of finding new antidiabetogenic extracts is reflected in the fact that diabetes
is one of the top 10 causes of death globally and, together with cardiovascular disease,
cancer, and respiratory disease, account for over 80% of all premature noncommunicable
disease deaths [33]. Diabetic patients are, due to the of lack of insulin secretion and/or
action, constantly exposed to high blood sugar levels, which causes oxidative stress, fur-
ther leading to the development and progression of diabetes and its complications [34,35].
Because of the fact that most of the currently available antidiabetic drugs have their lim-
itations, adverse effects, and secondary failures, the focus has been shifted towards the
medical plants and their role in the therapy of diabetes.
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2. Results
2.1. Qualitative and Quantitative Analysis of Secondary Metabolites in G. dinarica (Gd) and
G. utriculosa (Gu) Extracts

The secondary metabolite profiles of Gd and Gu methanol extracts analyzed using the
HPLC-DAD method are presented in Figure 1, and the chemical structures of compounds
identified in these extracts are presented in Figure 2. It is evident that chromatograms of
G. dinarica extracts derived from vegetative roots (Gd4) and from genetically transformed
roots (Gd5 and Gdé) (Figure 1b) contain different sets of secondary metabolites from the
other three examined extracts (Gdl—aerial parts of wild growing plants; Gd2—roots of
wild growing plants; Gd3—shoot culture). An analysis revealed the presence of xanthones
norswertianin-1-O-primeveroside (6), norswertianin-8-O-primeveroside (7), gentioside (8),
and norswertianin (10) in all examined Gd methanol extracts (Figure 1a,b). Apart from
these xanthones, Gd1, Gd2, and Gd3 also contained groups of bitter glycosides, including
swertiamarin (1), gentiopicrin (3), sweroside (4), and amarogentin (9) (Figure 1a). Addition-
ally, the presence of flavones isoorientin (5) and isoorientin-4-O-glucoside (2) was detected
only in these extracts (Figure 1a).

On the other hand, -1-O primeverosides of decussatin (13) and gentiakochianin (12)
along with their corresponding aglycones decussatin (16) and gentiakochianin (15) are
the main xanthones identified in Gu methanol extracts (Gul—aerial parts of wild grow-
ing plants; Gu2—shoot culture; Gu3—genetically transformed shoots; Gud—genetically
transformed roots; Figure 1c). Xanthone C-glucoside mangiferin (11) was detected in all
examined extracts of Gu except in Gu4 (Figure 1c).

The contents of the main secondary metabolites of Gd and Gu methanol extracts are
shown in Tables 1 and 2. The most abundant compounds in the aerial parts and shoots
of G. dinarica (Gd1 and Gd3) were secoiridoids—swertiamarin, gentiopicrin, and swero-
side. The amount of gentiopicrin was the most dominant. Xanthones (norswertianin,
norswertianin-1-O-primeveroside, and gentioside) were the second group of secondary
metabolites present in these extracts with much lower content (Table 1). The preponderant
compound in extracts obtained from vegetative roots (Gd4) and transformed roots (Gd5
and Gd6) was norswertianin-1-O-primeveroside, followed by its aglycone norswertianin.
However, the predominant compound in the extract of roots from wild plants was gen-
tiopicrin, which had double the amount of norswertianin-1-O-primeveroside. The rest of
the secondary metabolites (swertiamarin, sweroside, gentioside, and norswertianin) were
quantified in much lower content (Table 1).

Table 1. Gd1—aerial parts of wild growing plants; Gd2—roots of wild growing plants; Gd3—shoot
culture; Gd4—vegetative roots; Gd5—genetically transformed roots, clone B; Gd6—genetically
transformed roots, clone 3. Values are means of three technical replicates &= S.E.M. (n = 3). For
all variables with the same superscript letter, the difference between the means is not statistically
significant. If two variables have different letters, they are significantly different at p < 0.05.

Quantitative Analysis of Secondary Metabolites in Methanol Extracts of Gentiana dinarica

Norswertianin
Extract Swertiamarin Gentiopicrin Sweroside Gentioside Norswertianin -1-O-
(mg/g dw) (mg/g dw) (mg/g dw) (mg/g dw) (mg/g dw) primeveroside
(mg/g dw)

Gd1 39.82 +1.71° 55.88 £2.13°¢ 1052 +£0.44°¢ 0.49 £0.02°¢ 0.26 £0.01 ¢ 431£0.15°¢
Gd2 991+034¢ 70.15+2.76 ® 14.46 +0.53 P 11.37 £ 0512 1.95 4+ 0.081 € 36.65 + 1.66 ¢

Gd3 5747 £2442  109.95+4.173  21.89 £0.982 6.79 £ 029" 0.63 +£0.02¢ 9.51+£0.354
Gd4 0.311 £0.09 € 19.92 +0.84° 126.12 5312
Gd5 39.36 £1.532 131.08 4352
Gdé6 33.78 £1.32° 114.86 +4.91°
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Figure 1. Comparative chromatograms of G. dinarica (Gd) (a,b) and G. utriculosa (Gu)
(c) methanol extracts. (a) Gdl—aerial parts of wild growing plants; Gd2—roots of
wild growing plants; Gd3—shoot culture. Peaks: 1—swertiamarin; 2—isoorinetin-4’-O-
glucoside; 3—gentiopicrin; 4—sweroside; 5—isoorientin; 6—norswertianin-1-O-primeveroside;
7—norswertianin-8-O-primeveroside; =~ 8—gentioside; ~9—amarogentin; = 10—norswertianin;
(b) Gd4—vegetative roots; Gdb5—genetically transformed roots, clone B; Gdé—genetically
transformed roots, clone 3. Peaks: 6—norswertianin-1-O-primeveroside; 7—norswertianin-8-O-
primeveroside; 8—gentioside; 10—norswertianin; (¢) Gul—aerial parts of wild growing plants;
Gu2—shoot culture; Gu3—genetically transformed shoots; Gud—genetically transformed roots.
Peaks: 11—mangiferin; 12—gentiakochianin-1-O-primeveroside; 13—decussatin-1-O-primeveroside;
14—1,8-dihydroxy-3-methoxy-7-O-primeveroside; 15—gentiakochianin; 16—decussatin.
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Figure 2. Chemical structures of compounds identified in methanol extracts of G. dinarica (Gd) and
G. utriculosa (Gu). The order of compounds is in accordance with their increasing retention times in the
chromatograms. (a) Bitter glycosides identified in G. dinarica methanol extracts: 1—swertiamarin; 3—
gentiopicrin; 4—sweroside; 9—amarogentin; (b) C-glucoflavones and xanthone-C-glucoside identi-
fied in methanol extracts of G. dinarica and G. utriculosa: 2—isoorinetin-4’ -O-glucoside; 5—isoorientin;
11—mangiferin; (c) xanthones identified in methanol extracts of G. dinarica and G. utricu-
losa: 6—norswertianin-1-O-primeveroside; 7—norswertianin-8-O-primeveroside; 8—gentioside;
10—norswertianin; 12—gentiakochianin-1-O-primeveroside; 13—decussatin-1-O-primeveroside;
14—1,8-dihydroxy-3-methoxy-7-O-primeveroside; 15—gentiakochianin; 16—decussatin.
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Table 2. Gul—aerial parts of wild growing plants; Gu2—shoot culture; Gu3—genetically transformed
shoots; Gud—genetically transformed roots. Values are means of three technical replicates + S.E.M.
(n = 3). For all variables with the same superscript letter, the difference between the means is not
statistically significant. If two variables have different letters, they are significantly different at
p <0.05.

Quantitative Analysis of Secondary Metabolites in Methanol Extracts of Gentiana utriculosa

er . . Decussatin
Extract Mangiferin (mg/g dw) Decussatin (mg/g dw) -1-O-primeveroside (mg/g dw)
Gul 13.12 + 0.56 © 744 +0314 26.64 4 1.06
Gu2 18.73 £ 0.842 4691 +2.15P 38.33 + 1.64°
Gu3 743 +£029°¢ 2792 +1.22°¢ 23.17 £ 1.06 4
Gu4 5891 +£2.152 107.77 £ 3.152

Quantitative analysis of secondary metabolites in G. utriculosa extracts showed high
amounts of xanthones decussatin-1-O-primeveroside and its corresponding aglycone de-
cussatin in shoot culture (Gu2) and genetically transformed shoots (Gu3) and roots (Gu4)
(Table 2). The highest amount of decussatin-1-O-primeveroside was recorded in the ex-
tract of genetically transformed roots (Gu4). Xanthone mangiferin was detected in higher
content in Gu2 extract (Table 2).

2.2. DPPH Radical Scavenging

The in vitro antioxidant activity of the extracts was determined using a DPPH assay.
As can be seen from Figure 3, extracts from G. dinarica vegetative and transgenic roots
(Gd4, Gd5, and Gd6) displayed significantly higher scavenging activity than the other three
extracts of G. dinarica (Gd1, Gd2, and Gd3) and all four extracts of G. utriculosa. Although
DPPH radical scavenging activity increased with increasing concentrations of all examined
extracts (Figure 3), only vegetative and transformed root extracts of G. dinarica displayed the
DPPH radical scavenging activity at the same concentration as ascorbic acid, which served
as the reference substance. These three Gd extracts reached maximal scavenging (90%)
at the concentration of 1 mg/mlL, while ascorbic acid reached its maximum (92%) at four
times lower concentration. The remaining three extracts of G. dinarica and all four extracts
of G. utriculosa showed scavenging of DPPH radicals at ten times higher concentrations
than the reference substance. Among these extracts, the best activity (91%) was detected
in the aerial parts of wild grown plants (Gd1) and the lowest activity (62%) in the shoot
culture of G. dinarica (Gd3). In contrast, all examined extracts of G. utriculosa showed similar
scavenging activity (Figure 3).

% DPPH scavenging

Extract concentration (mg/ml)

Figure 3. Comparative analysis of DPPH radical scavenging activity at different concentrations
of methanol extracts isolated from G. dinarica and G. utriculosa. Gdl—aerial parts of wild
growing plants; Gd2—roots of wild growing plants; Gd3—shoot culture; Gd4—vegetative
roots; Gd5—genetically transformed roots, clone B; Gd6—genetically transformed roots, clone 3.
Gul—aerial parts of wild growing plants; Gu2—shoot culture; Gu3—genetically transformed shoots;
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Gu4—genetically transformed roots. The results of the assays are presented as the means + S.E.M.
from three separate measurements (n = 3). For all variables with the same superscript letter, the
difference between the means (at the same concentration) is not statistically significant. If two
variables have different letters, they are significantly different at p < 0.05.

The compounds responsible for free radical scavenging activity were determined
using the HPLC method with pre-chromatographic reaction of tested extracts and DPPH
radicals. Figs. 4 and 5 show the comparative chromatograms of G. dinarica and G. utriculosa
extracts before and after the reaction with DPPH radicals. The decrease in peak areas in the
chromatogram profile of the extract revealed radical scavenging compounds. These com-
pounds are oxidized in reaction with DPPH, which causes a decrease in their concentration.
A further consequence of that reaction is a decrease in peak areas. In the G. dinarica extract,
the largest decrease was recorded for the peak area of norswertianin-1-O-primeveroside
(1) and its aglycon norswertianin (4), indicating that these xanthones had the highest an-
tioxidant activity. The strong antioxidant activity of Gd extract is obviously correlated with
the high content of these xanthones (Figure 4). However, in G. utriculosa extract, the peak
area of xanthones was not significantly reduced, pointing out that these compounds had
moderate antioxidant activity (Figure 5).
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Figure 4. Chromatograms of G. dinarica extracts derived from transgenic roots clone B (Gd5)
before ((top) chromatogram) and after reaction with DPPH radicals ((bottom) chromatogram).
Peaks: 6—norswertianin-1-O-primeveroside; 7—norswertianin-8-O-primeveroside; 8—gentioside;
10—norswertianin. * The peaks of compounds that were involved in free radical scavenging activity.
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Figure 5. Chromatograms of G. utriculosa extracts derived from transgenic shoots (Gu3) be-
fore ((top) chromatogram) and after reaction with DPPH radicals ((bottom) chromatogram).
Peaks: 11—mangiferin; 12—gentiakochianin-1-O-primeveroside; 13—decussatin-1-O-primeveroside;
14—1,8-dihydroxy-3-methoxy-7-O-primeveroside; 15—gentiakochianin; 16—decussatin. * The peaks
of compounds that were involved in free radical scavenging activity.

2.3. The Inhibitory Effect of Gd and Gu Extracts on a-Glucosidase

The results in Figure 6 demonstrate the percentage inhibition of six G. dinarica ex-
tracts and four G. utriculosa extracts against the intestinal x-glucosidase (maltase). At a
concentration of 1 mg/mlL, examined extracts had moderate inhibitory potential towards
a-glucosidase, ranging from 4.5 to 11.33% for Gd extracts and 4.56 to 28.29% for Gu ex-
tracts. On the other hand, at a concentration of 5 mg/mL, the examined extracts markedly
inhibited intestinal maltase, ranging from 32.43 to 89.59% for Gd extracts and 9.36 to 64.4%
for Gu extracts. The intestinal maltase inhibitory activity of Gd extracts was in the fol-
lowing order, from highest to lowest: Gd4, Gd5, Gd6 > Gd2 > Gd1, Gd3; for Gu extracts:
Gu4 > Gu2, Gu3 > Gul.
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Figure 6. x-Glucosidase inhibitory activity at two different concentrations of methanol extracts
obtained from G. dinarica and G. utriculosa. Acarbose was used as standard. Gdl—aerial parts of



Int. J. Mol. Sci. 2024, 25, 9066

10 of 19

wild growing plants; Gd2—roots of wild growing plants; Gd3—shoot culture; Gd4—vegetative
roots; Gd5—genetically transformed roots, clone B; Gd6—genetically transformed roots, clone 3.
Gul—aerial parts of wild growing plants; Gu2—shoot culture; Gu3—genetically transformed shoots;
Gu4—genetically transformed roots. The results of the assays are presented as the means & S.E.M.
from three separate measurements (n = 3). For all variables with the same superscript letter, the
difference between the means (at the same concentration) is not statistically significant. If two
variables have different letters, they are significantly different at p < 0.05.

2.4. Antihyperglycemic Activity of the Gd and Gu Extracts on Oral Glucose-Loaded Rats

Further analysis of the antihyperglycemic activity of the Gd and Gu extracts was
conducted on selected extracts (Gu2, Gu3, Gd4, Gd5) based on their success in DPPH
radical scavenging and in inhibition of alpha-glucosidase enzyme. In addition, the chosen
extracts from both plants had to meet the criteria of coming from the same part of the
plant but being grown in two different ways (Gu2, Gd4—in vitro propagation and Gu3,
Gd—genetic transformation). The results of the oral glucose tolerance test in normal Wistar
rats are shown in Figures 7 and 8. As seen in Figure 7, the initial blood glucose levels of all
groups prior to drug/extract administration were equal. Following oral glucose loading
(2 g/kg) to control and test groups, the blood glucose level was elevated to the maximum
level after 30 min in vehicle-treated rats and decreased subsequently over time. At 15 min
post-oral glucose loading, only the standard drug (glibenclamide (GLC), 5 mg/kg) treated
group, and groups treated with Gu2 (400 mg/kg) and Gu3 (400 mg/kg) extracts showed a
significant decline in blood glucose levels compared to the vehicle group. Likewise, the
GLC 5 mg/kg-treated group and all groups treated with extracts in a dose of 400 mg/kg
(Gu2, Gu3, Gd4, Gd5) showed a significant antihyperglycemic effect 30 min after glucose
loading compared to the vehicle-treated group (Figure 7). In extract-treated groups, the
blood glucose reached a maximum level at 60 min post-oral glucose loading. In addition,
the area under the curve (AUC) in the first 60 min was significantly reduced in GLC and all
extract-treated groups when compared to the vehicle group (Figure 8).
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Figure 7. In vivo antihyperglycemic effect of selected methanol extracts of G. dinarica and G. utriculosa
in oral glucose-loaded rats. Glibenclamide (Glc) was used as a control drug. Gd4—vegetative roots;
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Gd5—genetically transformed roots, clone B; Gu2—shoot culture; Gu3—genetically transformed
shoots. Data are expressed as mean + S.E.M.; no. of animals (N) = 5. For all variables with the
same superscript letter, the difference between the means (same post-glucose overload time) is not
statistically significant. If two variables have different letters, they are significantly different at

p <0.05.
b b b
Gu3 Gd4 Gds

Figure 8. Area under the curve (AUC) for the first 60 min of oral glucose overload responses of
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Wistar rats treated with vehicle or selected methanol extracts of G. dinarica and G. utriculosa compared
with standard drug. Glibenclamide (Glc)—standard drug. Gd4—vegetative roots; Gd5—genetically
transformed roots, clone B; Gu2—shoot culture; Gu3—genetically transformed shoots. Data are
expressed as mean & S.E.M.; no. of animals (N) = 5. For all variables with the same superscript letter,
the difference between the means (same post-glucose overload time) is not statistically significant. If
two variables have different letters, they are significantly different at p < 0.05.

3. Discussion

Diabetes mellitus is one of the major multifactorial health problems globally and is
associated with high morbidity and mortality rates. Insufficient blood sugar regulation over
time leads to serious damage to the heart, blood vessels, eyes, kidneys, and nerves, causing
chronic complications in diabetic patients. Conventional antidiabetic drugs improve blood
glucose levels and the survival of people with diabetes but do not prevent secondary chronic
complications associated with diabetes leading to an increase in the number of people
living with more than one chronic condition, known as multiple long-term conditions
(MLTC) [36]. Also, the side effects of conservative therapy impose restrictions on the choice
of an antidiabetic drug. Therefore, despite the effectiveness of different antihyperglycemic
drugs, new antidiabetogenic agents are increasingly sought among medicinal plants. In this
study, the analysis of the antidiabetic potential of two Gentiana plant species, G. dinarica and
G. utriculosa, and the association with secondary metabolite composition of their methanolic
extracts revealed that xanthone-rich extracts have the most prominent antioxidant and
antihyperglycemic effects.

Based on the quantitative and qualitative analysis of the extracts obtained from these
two Gentiana species, it can be noticed that the accumulation of secondary metabolites is
species-specific. Also, the quantitative and qualitative composition changes depending
on the part of the plant the secondary metabolites were isolated from (aerial part or root)
and the way a certain part of the plant was obtained (from nature, in vitro propagation, or
genetic transformation). Differences in secondary metabolite composition between different
Gentiana species and between underground and aerial parts of the same plant are already
documented in the literature [37,38]. In accordance with previous studies [12], the domi-
nant compounds of the extracts are derived from G. dinarica are secoiridoids (sweroside,
swertiamarin, and gentiopicroside) and/or xanthones (norswertianin, norswertianin-1-
O-primeveroside, and gentioside). Correspondingly to earlier research, in vitro culture
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conditions significantly increased the accumulation of all quantified secondary metabolites,
especially gentiopicrin in shoot cultures compared to samples of plants collected in na-
ture [37,39-42]. On the other hand, as was reported earlier, in vitro propagation and genetic
modification by Agrobacterium rhizogenes stimulated the production of norswertianin
and norswertianin-1-O-primeveroside in transgenic roots of G. dinarica [43] and inhibited
the production of secoiridoids and gentioside. Although genciopicrin is the main bitter
constituent of Gentian roots [44], it was not detected either in vegetative or transgenic
roots. In comparison to G. dinarica, G. utriculosa accumulates completely different sets
of secondary metabolites, among which the most abundant were decussatin, decussatin-
1-O-primeveroside, and mangiferin. This is in accordance with previous reports [17,22].
Although, according to Jensen and Schripsema [9], at least one bitter compound from the
class of iridoids should be found in practically all Gentiana species, we did not detect any
in G. utriculosa.

Hyperglycemia and glucose autooxidation in diabetes are responsible for the overpro-
duction of various reactive oxygen species, causing oxidative damage to macromolecules
such as lipids, proteins, and DNA. The inability of the body to effectively remove free
radicals by antioxidant processes leads to oxidative stress, which affects the majority of
tissues and organs in diabetic patients and promotes diabetic complications [35]. Given
this, the use of natural products with antioxidant properties could have multiple beneficial
effects on diabetic patients. The results of the antioxidant activity of the extracts from
G. dinarica and G. utriculosa, measured through a DPPH scavenging assay, showed that
extracts of both plants can scavenge the radical to a certain extent. The greatest scavenging
activity, recorded in roots of G. dinarica obtained in vitro and by genetic transformation,
was attributed to xanthones norswertianin and norswertianin-1-O-primeveroside. Uvarani
et al. [45] also showed that norswertianin isolated from Swertia corymbosa (Gentianaceae)
has the ability to scavenge ROS (DPPH, OH-, and NO-) and they ascribed this strong
antioxidant capacity of norswertianin to the presence of the catechol moiety, which en-
hanced its H-donating ability. The other three G. dinarica extracts showed approximately
ten times weaker ability to scavenge free radicals, which was in accordance with their
very low level of norswertianin and norswertianin-1-O-primeveroside. Four extracts ob-
tained from G. utriculosa also showed ten times weaker ability to scavenge DPPH radicals
in comparison to extracts obtained from roots of G. dinarica (vegetative root culture and
transgenic roots). Shoot culture and transgenic shoots showed the strongest scavenging
activity among G. utriculosa extracts and this scavenging activity was attributed mainly to
xanthones mangiferin, decussatin, and decussatin-1-O-primeveroside. Mangiferin is one
of the most studied xanthone-C-glycosides with several beneficial properties, including
antioxidant activity [46]. Unlike mangiferin, whose DPPH scavenging activity has been
shown previously [47], there are no data published about radical scavenging activity and
antioxidant properties of decussatin and decussatin-1-O-primeveroside.

Another effective strategy for diabetes management is the inhibition of intestinal
a-glucosidase enzyme, which slows down the digestion and absorption of complex car-
bohydrates and in turn alleviates the increase in postprandial glycemia. Commercial
drugs currently used as reversible inhibitors for «-glucosidase inhibition, such as acar-
bose, miglitol, and voglibose, exhibit side effects such as abdominal distension, bloating,
flatulence, and possibly diarrhea [48]. Therefore, there has been a growing interest in
research seeking novel new plant-derived inhibitors with improved efficacy [49]. In this
study, both investigated Gentiana species possessed antidiabetic properties regarding the
inhibition of the «-glucosidase enzyme, with different extracts having different inhibitory
abilities. All extracts showed dose/concentration-dependent effects of inhibition on the
activity of the a-glucosidase enzyme, suggesting a competitive type of inhibition [50]. The
highest inhibitory activity recorded in vegetative and transgenic roots of G. dinarica was
attributed to xanthones norswertianin and, particularly, norswertianin-1-O-primeveroside.
In a previous investigation by Uvarani et al. [45], it was shown that norswertianin exhibited
the most prominent inhibition of the x-glucosidase enzyme among six other xanthones



Int. J. Mol. Sci. 2024, 25, 9066

13 of 19

isolated from Swertia corymbosa. The same group of authors ascribed this inhibition to the
presence of four free OH groups involved in H-bonding interactions with the a-glucosidase
enzyme [45], which can be a valid explanation also for norswertianin-1-O-primeveroside
having three free OH groups. Also, the root extract obtained from the wild growing plant
showed a significant inhibitory activity that can be associated with a substantial amount of
norswertianin-1-O-primeveroside. Among four extracts derived from G. utriculosa, which
were less effective than the G. dinarica root extract, the highest inhibition of x-glucosidase
enzyme was recorded in the extracts from genetically transformed roots that were rich in
decussatin and decussatin-1-O-primeveroside. Although decussatin was found to have
hypolipidemic and hypoglycemic effects in male Wistar rats fed with a high-fructose diet,
the reported mechanism of action has not been through the inhibition of the x-glucosidase
enzyme [51]. The other three G. utriculosa extracts were less effective in the inhibition of the
a-glucosidase enzyme due to lower levels of decussatin and, particularly, decussatin-1-O-
primeveroside. On the other hand, these extracts had mangiferin, a compound known for
its ability to inhibit the a-glucosidase enzyme [52].

Sustained reduction in hyperglycemia is the key factor for preventing or reversing
micro- and macrovascular complications, thus improving the quality of life in diabetic
patients [53]. Therefore, we selected the glucose-induced hyperglycemic model to screen
the antihyperglycemic activity of the Gd and Gu extracts. To determine the ability of
the selected extract of these two Gentiana species to reduce the increased blood glucose
levels, oral glucose tolerance tests were performed [54]. The criterion for the selection of
the extracts to be used in further analysis was the success in DPPH radical scavenging
and in the inhibition of the alpha-glucosidase enzyme. This study revealed that treatment
with all four extracts at a dose level of 400 mg/kg had significantly lowered blood glucose
levels in the first 60 min after glucose loading compared to the vehicle control. Treatment
with extracts delayed and lowered the postprandial glucose spike, which indicates that
extract-treated rats had increased glucose utilization, lower glucose absorption, or de-
creased glucose production from the liver compared to the control animals [55,56]. The
mechanism behind this antihyperglycemic activity of G. dinarica and G. utriculosa extracts
involves an insulin-like effect [51] or prevention of glucose transport at the level of some
transport protein on the absorptive intestinal surface. It is known that the absence of the
SGLT1 transporter prevents the absorption of glucose at the level of the small intestine
in humans [57]. The main secondary metabolites in the examined extracts of these two
Gentians are norswertianin and norswertianin-1-O-primeveroside for Gd extracts and
mangiferin, decussatin, and decussatin-1-O-primeveroside for Gu extracts. Some of these
compounds are known from the literature for their hypoglycemic effects in vivo. First of
all, it has been shown that mangiferin facilitates (3-cell proliferation and islet regeneration
in mice with 70% partial pancreatectomy [58]. Decussatin from Lomatogonium rotatum (Gen-
tianaceae) was found to produce hypolipidemic and hypoglycemic effects in male Wistar
rats fed with a high fructose diet (51) and this effect has been attributed to its potential to
modulate AMP-activated protein kinase (AMPK) activity in the liver. To date, no in vivo
studies have been performed regarding the antihyperglicemic effects of norwertianin and
norswertianin-1-O-primeveroside.

4. Materials and Methods
4.1. Plant Material

Plant extracts used in this study were obtained from the plant material of two Gentiana
species collected in nature and cultivated in vitro. Extracts Gd1 (aerial parts of wild growing
plants) and Gd2 (roots of wild growing plants) were derived from plants of Gentiana dinarica
(Gd) collected in June 2015 on Mount Tara (~1300 m), western Serbia. A voucher specimen
(accession number Gd072001) was deposited in the herbarium at the Faculty of Biology,
University of Belgrade, Code BEOU. Extract Gd3 was obtained from G. dinarica shoot
culture [13]. Extract Gd4 was derived from G. dinarica vegetative root cultures, while
extracts Gd5 and Gdé6 were prepared from genetically transformed roots—clone B and
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clone 3, respectively. Genetic transformation of G. dinarica and establishment of vegetative
and transgenic root cultures were previously published by Vinterhalter et al. 2015 [14].

Extract Gul (aerial parts of wild growing plants) was derived from Gentiana utriculosa
collected on Divéibare Mountain (at ca. 800 m) in Serbia in June 2016. A voucher specimen
(accession number Gu072002) was deposited in the herbarium at the Faculty of Biology,
University of Belgrade, Code BEOU. Extract Gu2 was prepared from G. utriculosa shoot
cultures [16], while extracts Gu3 and Gu4 were derived from genetically transformed shoots
and transgenic roots, respectively. The protocol for the establishment of transgenic roots
by Agrobacterium rhizogene-mediated transformation was reported by Vinterhalter et al.
2019 [17].

4.2. Extraction and HPLC Analysis of Secondary Metabolites

Secondary metabolite identification and content determination were performed in
extracts from in vitro-derived plant material and wild growing plants. Plant material was
air-dried at room temperature, ground using an electric mill, and extracted with methanol
in an ultrasonic bath for 20 min. After sonication, extraction was continued by maceration
in the dark at room temperature for 24 h. Then, extracts were filtered and evaporated
to dryness in vacuum rotary evaporator (Buchi R-210, Flawil, Switzerland) at 50 °C. The
extracts were stored at 4 °C until further analysis.

Identification and quantification of secondary metabolites of G. dinarica and G. utricu-
losa extracts were accomplished with chromatographic analysis (Agilent series 1100 HPLC
instrument with a diode array detector, Waldbronn, Germany) on a reverse phase Zorbax
SB-C18 (Agilent) analytical column (150 mm x 4.6 mm i.d., 5 um particle size) thermostated
at 25 °C. The mobile phase consisted of solvent A (0.1%, v/v solution of orthophosphoric
acid in water) and solvent B (acetonitrile, J.T. Baker, Deventer, The Netherlands).

The separation of the components was performed using an elution gradient according
to the earlier published method by Krstic-Milosevic et al. [59]: 98-90% A 0-5 min, 90%
A 5-10 min, 90-85% A 10-13 min, 85% A 13-15 min, 85-70% A 15-20 min, 70-40% A
20-24 min, 40-0% A 24-28 min. The injection volume was 5 pL. Detection wavelengths were
set at 260 and 320 nm, and the flow rate was 1 mL min—!. The isolation and characterization
of xanthones norswertianin-1-O-primeveroside and gentioside from G. dinarica roots were
previously reported [60]. Acid hydrolysis of norswertianin-1-O-primeveroside with 2N
HCl yielded xanthon aglycone norswertianin. Standards of xanthones decussatin-1-O-
primeveroside and decussatin were previously isolated from the aerial parts of G. utriculosa
(22). Xanthone mangiferin was purchased from Sigma-Aldrich, Steinheim, Germany.
Commercial standards of secoiridoids swertiamarin, gentiopicrin, and sweroside were
bought from Cfm Oscar Tropitzsch (Bayern, Germany). Identification of secoiridoids
and xanthones was confirmed using a co-injection method using standard compounds.
Quantification of secondary metabolites was performed using calibration curves in an
external standard method. Standard solutions for HPLC were prepared by dissolving
standard compounds in methanol. All experiments were repeated at least two times. The
results are presented as mg per g of dry weight of extracts.

4.3. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical-Scavenging Assay

The free radical scavenging activity of the G. dinarica and G. utriculosa methanol
extracts was determined according to a standard method of Blois [61] by measuring the
decrease in the absorbance of stable free radical DPPH (2,2-Diphenyl-1-picrylhydrazyl) at
517 nm as previously performed [62]. Stock solution of extracts Gd1, Gd2, Gd3, Gul, Gu2,
Gu3, and Gu4 were diluted to a concentration of 0.625, 1.25, 2.5, and 5 mg/mL in methanol.
Stock solution of extracts Gd4, Gd5, and Gd6 were diluted to a concentration of 0.05, 0.1,
0.25, and 0.5, 1 mg/mL in methanol. DPPH methanolic solution (0.5 mL, 0.25 mM) was
added to a mixture of 0.1 mL of sample solutions of different concentrations and 0.4 mL
Tris HCI (100 mM, pH 7.4) and allowed to react at room temperature. After 30 min, the
absorbance values were measured at 517 nm. Ascorbic acid was used as a standard. All
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tests were performed in triplicate. The inhibitory percentage of DPPH was calculated
according to the following formula: percentage of inhibition = ((A blanc — A test)/A blanc)
x 100, where A blanc is the absorbance of the methanolic DPPH solution and A test is the
absorbance of DPPH in the solution with the extract or a standard (ascorbic acid).

4.4. The DPPH-HPLC Procedure

The compounds of extracts that were included in free radical scavenging activity were
evaluated using the HPLC method with a pre-chromatographic reaction of tested extracts
with DPPH radicals, according to the method described by Olennikov et al. [63]. The
reaction mixture contained 300 pL of plant extract dissolved in methanol (10 mg/mL) and
300 uL of DPPH methanol solution (2.5 mg/mL). The control mixture consisted of 300 pL
of plant extract dissolved in methanol (10 mg/mL) and 300 uL of methanol instead of
DPPH solution. After incubation for 20 min at room temperature in the dark, mixtures
were filtered through a 0.45 um membrane filter and analyzed by the above-described
HPLC method.

4.5. The Assessment of Inhibitory Effect of Gd and Gu Extracts on a-Glucosidase

The assessment of intestinal x-glucosidase inhibitory activity was based on the modi-
fied method previously described [64]. Briefly, 50 mg of rat intestinal acetone powder was
homogenized in 1.5 mL of 0.9% NaCl solution. The solution was centrifuged at 12,000 g
for 30 min and then used as the small intestinal glucosidases for maltose hydrolysis. The
crude enzyme solution (20 pL) was incubated with 30 uL maltose (86 mM) and 10 pL of the
extract at various concentrations, followed by the addition of 0.1 M phosphate buffer with
pH 6.9 to a final volume of 200 uL. The reaction was incubated at 37 °C for 30 min. There-
after, the mixtures were suspended in boiling water for 10 min to stop the reaction. The
concentrations of glucose released from the reaction mixtures were determined with the glu-
cose oxidase method with absorbance at a wavelength of 450 nm. Intestinal x-glucosidase
inhibitory activity was expressed as the percentage inhibition using the following formula:
percentage of inhibition = (A control — A sample)/A control) x 100, where A control was
the absorbance without a sample and the A sample was the absorbance of the sample
extract or standard (acarbose).

4.6. Anti-Hyperglycemic Activity of Selected Gu and Gd Extracts In Vivo

Experiments were performed on 2.5-month-old male Wistar albino rats weighing
220-250 g. All animals were kept under standard laboratory conditions in a climate-
controlled room with a temperature of 24-26 °C, 20-60% relative humidity, and on a
12 h-12 h light-dark cycle. They were allowed free access to a standard chow diet and fresh
water. All experimental procedures were approved by the Ministry of Agriculture, Forestry
and Water Management—Veterinary Administration (protocol code 323-07-00055/2023-05);
date of approval 9 January 2023) based on positive opinions of the Ethical Committee for
the Use of Laboratory Animals of the Institute for Biological Research “Sinisa Stankovi¢”,
National Institute of the Republic of Serbia, University of Belgrade, which acts in accordance
with the Directive 2010/63/EU on the protection of animals used for experimental and other
scientific purposes. For the realization of this in vivo experiment, 30 male Wistar rats, aged
2.5 months, were needed. Rats were randomly assigned to the appropriate experimental
groups (five animals in each group). The first group served as the glucose control group
to which glucose solution (2 g/kg) was administered by oral gavage. The second group
served as the standard control group to which glibenclamide (GLC, 5 mg/kg, oral gavage)
was administered. The third group received Gu2 extract isolated from in vitro-propagated
shoots. The fourth group received Gu3 extract isolated from genetically transformed shoots.
The fifth group received Gd4 extract isolated from in vitro-propagated roots. The sixth
group received Gd5 extract isolated from genetically transformed roots. All extracts were
applied in a dose of 400 mg/kg by oral gavage. Animals were fasted overnight prior to the
experiment and in the morning the fasting blood glucose levels were measured with a blood
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glucometer (Accu-Chech Active, Roche Diabetes Care, Mumbai, India). Test extracts and
reference standard drugs were given to the respective groups of animals as per their body
weight. After 30 min of extract/drug administration, glucose solution was administered
to all groups orally by dissolving it in distilled water. Thereafter, blood glucose level
was recorded at 30, 60, 90, 120, and 180 min of post-glucose overload for accessing the
antihyperglycemic activity of tested extracts and standard drugs [50]. Blood samples were
obtained from the tail. Less than 2 mm of tissue was cut from the tail tip, distal to the bone,
with sharp scissors. Blood was obtained by direct flow or by gently massaging the tail
and collecting the blood directly on a glucose test strip of blood glucometer (Accu-Chech
Active, India).

4.7. Statistical Analysis

Experimental data subjected to statistical analysis were expressed as the means £ S.E.M.
(standard error of mean). One-way analysis of variance (ANOVA) followed by Tukey’s
tests were used for multiple comparison. Statistical analysis was conducted in Graph-
Pad Prism 8 software. Different letters indicate significant differences between extracts
(p <0.05).

5. Conclusions

The findings of this present study showed that all examined extracts obtained from
G. dinarica and G. utriculosa showed moderate to strong antioxidant and antihyperglycemic
effects correlated to the secondary metabolites composition, which differed among different
parts of the plant (aerial vs. root) and was influenced by the way in which a certain part
of the plant was obtained (from nature, in vitro propagation or genetic transformation).
The most prominent antidiabetic properties were detected in extracts derived from vegeta-
tive and transgenic root cultures of G. dinarica and shoot and transgenic shoot cultures of
G. utriculosa. The examined antidiabetic properties are in direct correlation with accumula-
tion of xanthones norwertianin and norswertianin-1-O-primeveroside in G. dinarica and
decussatin and decussatin-1-O-primeveroside in G. utriculosa extracts. In conclusion, the
ability of xanthone-rich extracts to scavenge free radicals and control the rise in glucose lev-
els might be potentially useful in the development of novel therapeutics for the treatment
of diabetes.

Author Contributions: Conceptualization, J.A.J., M.M. and D.K.-M.; methodology, D.K.-M., M.M.,
B.V. and M.D.; validation, M.V,, S.D., J.R. and M.D.; formal analysis A.U., J.R.,, N.G. and A.S;;
investigation, J.A.J.,, D.K.-M., M.D. and S.D.; writing—original draft preparation, J.A.]., D.K.-M.
and M.M.; writing—review and editing, M.V,, B.V,, S.D. and A.U.; visualization, S.D., A.U. and
A.S; supervision, B.V,, ].A.J. and M.M.; project administration, M.V,, ].R., N.G. and A.S,; funding
acquisition, M.V., A.U. and N.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science Technological Development and
Innovation of the Republic of Serbia (registration No. 451-03-66/2024-03/200007).

Institutional Review Board Statement: This study was conducted in accordance with the Directive
2010/63/EU on the protection of animals used for experimental and other scientific purposes.
The animal study protocol was approved by the Ministry of Agriculture, Forestry, and Water
Management—Veterinary Administration (protocol code 323-07-00055/2023-05); date of approval
09/01/2023) based on positive opinions of the Ethical Committee for the Use of Laboratory Animals
of the Institute for Biological Research “Sinisa Stankovi¢”, National Institute of the Republic of Serbia,
University of Belgrade.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

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



Int. J. Mol. Sci. 2024, 25, 9066 17 of 19

References

1. Nasim, N.; Sandeep, L.S.; Mohanty, S. Plant-derived natural products for drug discovery: Current approaches and prospects.
Nucleus 2022, 65, 399-411. [CrossRef]

2. Singh, R].; Lebeda, A.; Tucker, O. Medicinal plants—Nature’s pharmacy. In Genetic Resources, Chromosome Engineering, and Crop
Improvement. Medicinal Plants; Singh, R.J., Ed.; CRC Press: Boca Raton, FL, USA, 2012; Volume 6, Chapter 2; pp. 13-51.

3. Espinosa-Leal, C.A.; Puente-Garza, C.A.; Garcia-Lara, S. In vitro plant tissue culture: Means for production of biological active
compounds. Planta 2018, 248, 1-18. [CrossRef] [PubMed]

4. Li, R.; Li, Z; Leng, P; Hu, Z.; Wu, ].; Dou, D. Transcriptome sequencing reveals terpene biosynthesis pathway genes accounting
for volatile terpene of tree peony. Planta 2021, 254, 67. [CrossRef] [PubMed]

5. Seker, M.E,; Erdogan, A. Phenolic and carotenoid composition of rhododendron luteum sweet and Ferula communis L. subsp.
communis flowers. Front. Life Sci. 2023, 4, 37-42. [CrossRef]

6. Sharma, A.; Sharma, S.; Kumar, A.; Kumar, V.; Sharma, A K. Plant secondary metabolites: An introduction of their chemistry and
biological significance with physicochemical aspect. In Plant Secondary Metabolites; Springer: Singapore, 2022; pp. 1-45.

7. Ogzyigit, L1; Dogan, 1.; Hocaoglu-Ozyigit, A.; Yalcin, B.; Erdogan, A.; Yalcin, L.E.; Cabi, E.; Kaya, Y. Production of secondary
metabolites using tissue culture-based biotechnological applications. Front. Plant Sci. 2023, 14, 1132555. [CrossRef]

8.  Mirzaee, F,; Hosseini, A.; Jouybari, H.B.; Davoodi, A. Medicinal, biological and phytochemical properties of Gentiana species. J.
Tradit. Complement. Med. 2017, 7, 400-408. [CrossRef]

9.  Jensen, S.R; Schripsema, ]. Chemotaxonomy and pharmacology of Gentianaceae. In Gentianaceae—Systematics and Natural History;
Struwe, L., Albert, V., Eds.; Cambridge University Press: Cambridge, UK, 2002; pp. 573-631.

10. Negi, J.S.; Bisht, VK; Singh, P.; Rawat, M.S.M.; Joshi, G.P. Naturally occurring xanthones: Chemistry and biology. J. Appl. Chem.
2013, 19, 621459. [CrossRef]

11. El-Seedi, H.; El-Barbary, M.; El-Ghorab, D.; El-Ghorab, D.M.H.; Bohlin, L.; Borg-Karlson, A.-K.; Goransson, U.; Verpoorte, R.
Recent insights into the biosynthesis and biological activities of natural xanthones. Curr. Med. Chem. 2010, 17, 854-901. [CrossRef]

12.  Vinterhalter, B.; Krsti¢-Milosevié, D.; Jankovié, T.; Zdravkovi¢-Koraé, S.; Vinterhalter, D. Quantitative determination of secoiridoid
and xanthone glycosides of Gentiana dinarica Beck cultured in vitro. Acta Physiol. Plant. 2013, 35, 567-574. [CrossRef]

13.  Vinterhalter, B.; Krsti¢-Milosevi¢, D.; Jankovi¢, T.; Milojevi¢, J.; Vinterhalter, D. In vitro propagation of Gentiana dinarica Beck.
Cent. Eur. ]. Biol. 2012, 7, 690-697. [CrossRef]

14. Vinterhalter, B.; Krsti¢-Milogevi¢, D.; Jankovié, T.; Pljevljakusi¢, D.; Ninkovi¢, S.; Smigocki, A.; Vinterhalter, D. Gentiana dinarica
Beck. hairy root cultures and evaluation of factors affecting growth and xanthone production. Plant Cell Tissue Organ Cult. 2015,
121, 667—-679. [CrossRef]

15.  Krstic-Milogevic, D.; Jankovic, T.; Vinterhalter, B.; Menkovic, N.; Aljancic, I.; Vinterhalter, D. Influence of carbohydrate source on
xanthone content in root cultures of Gentiana dinarica Beck. Plant Growth Regul. 2013, 71, 147-155. [CrossRef]

16.  Vinterhalter, B.; Miti¢, N.; Vinterhalter, D.; Uzelac, B.; Krsti¢-Milosevi¢, D. Somatic embryogenesis and in vitro shoot propagation
of Gentiana utriculosa. Biologia 2016, 71, 139-148. [CrossRef]

17.  Vinterhalter, B.; Savi¢, J.; Zdravkovi¢-Kora¢, S.; Banjac, N.; Vinterhalter, D.; Krsti¢-Milosevi¢, D. Agrobacterium rhizogenes-
mediated transformation of Gentiana utriculosa L. and xanthones decussatin-1-O-primeveroside and decussatin accumulation in
hairy roots and somatic embryo-derived transgenic plants. Ind. Crops Prod. 2019, 130, 216-229. [CrossRef]

18. Roy, A. Hairy root culture an alternative for bioactive compound production from medicinal plants. Curr. Pharm. Biotechn. 2021,
22,136-149. [CrossRef]

19. Jovanovic-Dunjic, R. Gentianaceae. In Flora of the Republic of Serbia; Josifovic, M., Ed.; Serbian Academy of Science and Art:
Belgrade, Serbia, 1973; p. 30.

20. Jovanovi¢-Dunji¢, R. Flora SR Srbije; SANU: Belgrade, Serbia, 1977; Volume 5.

21. Kohlein, E Gentians; Jermyn, J., Ed.; Tiber of Press: Portland, OR, USA, 1991.

22. Jankovi¢, T.; Krsti¢-Milosevi¢, D.; Aljanci¢, I.; Savikin, K.; Menkovi¢, N.; Radanovi¢, D.; Milosavljevi¢, S. Phytochemical
re-investigation of Gentiana utriculosa. Nat. Prod. Res. 2009, 23, 466—469. [CrossRef]

23.  Savikin, K.; Menkovi¢, N.; Zduni¢, G.; Stevi¢, T.; Radanovi¢, D.; Jankovi¢, T. Antimicrobial activity of Gentiana lutea L. extracts. Z.
Naturforschung C 2009, 64, 339-342. [CrossRef]

24. Menkovi¢, N.; Jurani¢, Z.; Stanojkovi¢, T.; Raonié-Stevanovié, T.; Savikin, K.; Zduni¢, G.; Borojevi¢, N. Radioprotective activity of
Gentiana lutea extracts and mangiferin. Phytother. Res. 2010, 24, 1693-1696. [CrossRef]

25. Isakovi¢, A.; Jankovi¢, T.; Harhaji, L.; Kosti¢-Rajaci¢, S.; Nikoli¢, Z.; Vajs, V.; Trajkovi¢, V. Antiglioma action of xanthones from
Gentiana kochiana: Mechanistic and structure-activity requirements. Bioorg. Med. Chem. 2008, 6, 5683-5694. [CrossRef]

26. Tomi¢, M.; Tovilovi¢, G.; Butorovi¢, B.; Krsti¢, D.; Jankovi¢, T.; Aljanci¢, I.; Menkovié, N. Neuropharmacological evaluation of
diethylether extracts and xanthones of Gentiana kochiana. Pharmacol. Biochem. Behav. 2005, 81, 535-542. [CrossRef]

27.  Chericoni, S.; Testai, L.; Calderone, V.; Flamini, G.; Nieri, P; Morelli, I.; Martinotti, E. The xanthones gentiacaulein and
gentiakochianin are responsible for the vasodilator action of the roots of Gentiana kochiana. Planta Med. 2003, 69, 770-772.
[CrossRef]

28. Ateufac, G.; Nguelefack, T.B.; Wabo, H.K; Tane, P.; Kamanyi, A. Antiulcerogenic activity of 1-Hydroxy-3,7,8-trimethoxyxanthone
isolated from the methanol extract of Anthocleista vogelii PLANCH. In rats. Ulcers 2014, 2, 1-629. [CrossRef]

29. Fotie, ].; Bohle, S. Pharmacological and biological activities of xanthones. Anti-Infect. Agents Med. Chem. 2006, 5, 15-31. [CrossRef]


https://doi.org/10.1007/s13237-022-00405-3
https://doi.org/10.1007/s00425-018-2910-1
https://www.ncbi.nlm.nih.gov/pubmed/29736623
https://doi.org/10.1007/s00425-021-03715-z
https://www.ncbi.nlm.nih.gov/pubmed/34495419
https://doi.org/10.51753/flsrt.1214172
https://doi.org/10.3389/fpls.2023.1132555
https://doi.org/10.1016/j.jtcme.2016.12.013
https://doi.org/10.1155/2013/621459
https://doi.org/10.2174/092986710790712147
https://doi.org/10.1007/s11738-012-1098-4
https://doi.org/10.2478/s11535-012-0059-7
https://doi.org/10.1007/s11240-015-0737-z
https://doi.org/10.1007/s10725-013-9815-6
https://doi.org/10.1515/biolog-2016-0020
https://doi.org/10.1016/j.indcrop.2018.12.066
https://doi.org/10.2174/1389201021666201229110625
https://doi.org/10.1080/14786410802079477
https://doi.org/10.1515/znc-2009-5-606
https://doi.org/10.1002/ptr.3225
https://doi.org/10.1016/j.bmc.2008.03.069
https://doi.org/10.1016/j.pbb.2005.03.019
https://doi.org/10.1055/s-2003-42784
https://doi.org/10.1155/2014/172096
https://doi.org/10.2174/187152106774755563

Int. J. Mol. Sci. 2024, 25, 9066 18 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hirakawa, K.; Yoshida, M.; Nagatsu, A.; Mizukami, H.; Rana, V.; Rawat, M.5.M.; Oikawa, S.; Kawanishi, S. Chemopreventive
action of xanthone derivatives on photosensitized DNA demage. Photochem. Photobiol. 2005, 81, 314-319. [CrossRef]
Tovilovic-Kovacevic, G.; Krstic-Milosevic, D.; Vinterhalter, B.; Toljic, M.; Perovic, V.; Trajkovic, V.; Harhaji-Trajkovic, L.; Zogovic,
N. Xanthone-rich extract from Gentiana dinarica transformed roots and its active component norswertianin induce autophagy and
ROS-dependent differentiation of human glioblastoma cell line. Phytomedicine 2018, 47, 151-160. [CrossRef] [PubMed]

Pan, S.-Y;; Zhou, S.-F; Gao, S.-H.; Yu, Z.-L.; Zhang, S.-F; Tang, M.-K,; Sun, ]J.-N.; Ma, D.-L.; Han, Y.F; Fong, W.-E,; et al.
New perspectives on how to discover drugs from herbal medicines: CAM’s outstanding contribution to modern therapeutics.
Evid.-Based Complement. Alternat. Med. 2013, 2013, 627375. [CrossRef]

Lin, X;; Xu, Y.; Pan, X.; Xu, J.; Ding, Y.; Sun, D.; Song, X.; Ren, Y.; Shan, P.-F. Global, regional, and national burden and trend of
diabetes in 195 countries and territories: An analysis from 1990 to 2025. Sci. Rep. 2020, 10, 14790. [CrossRef]

Dordevi¢, M.M.; Toli¢, A ; Raji¢, J.; Mihailovi¢, M.; Arambasi¢ Jovanovi¢, J.; Uskokovi¢, A.; Grdovi¢, N.; Dordevi¢, M.B.; Misi¢,
D.; Siler, B.; et al. Centaurium erythraea methanol extract improves the functionality of diabetic liver and kidney by mitigating
hyperglycemia-induced oxidative stress. J. Funct. Foods 2022, 90, 104975. [CrossRef]

Mihailovi¢, M.; Dinié, S.; Arambasgi¢ Jovanovi¢, J.; Uskokovié, A.; Grdovié, N.; Vidakovi¢, M. The Influence of Plant Extracts and
Phytoconstituents on Antioxidant Enzymes Activity and Gene Expression in the Prevention and Treatment of Impaired Glucose
Homeostasis and Diabetes Complications. Antioxidants 2021, 10, 480. [CrossRef] [PubMed]

Krstié-Milosevi¢, D.; Jankovi¢, T.; Uzelac, B.; Vinterhalter, D.; Vinterhalter, B. Effect of elicitors on xanthone accumulation and
biomass production in hairy root cultures of Gentiana dinarica. Plant Cell Tissue Organ Cult. 2017, 130, 631-640. [CrossRef]
Krsti¢, D.; Jankovi¢, T.; Aljanci¢, I.; Savikin-Fodulovi¢, K.; Menkovié, N.; Milosavljevi¢, S. Phytochemical investigation of Gentiana
dinarica. Biochem. Syst. Ecol. 2004, 32, 937-941.

Blois, M.S. Antioxidant determinations by the use of a stable free radical. Nature 1958, 26, 1199-1200.

Grdovi¢, N.; Dini¢, S.; Arambasi¢, J.; Mihailovié¢, M.; Uskokovi¢, A.; Markovié, J.; Poznanovi¢, G.; Vidovi¢, S.; Zekovié, Z.; Muji¢,
A.; et al. The protective effect of a mix of Lactarius deterrimus and Castanea sativa extracts on streptozotocin-induced oxidative
stress and pancreatic 3-cell death. Br. J. Nutr. 2012, 108, 1163-1176. [CrossRef]

Olennikov, D.N.; Kashchenko, N.I; Chirikova, N.K.; Koryakina, L.P.; Vladimirov, L.N. Bitter Gentian teas: Nutritional and
phytochemical profiles, polysaccharide characterisation and bioactivity. Molecules 2015, 20, 20014-20030. [CrossRef]
Adisakwattana, S.; Charoenlertkul, P; Yibchok-Anun, S. a-Glucosidase inhibitory activity of cyanidin-3-galactoside and synergis-
tic effect with acarbose. J. Enzym. Inhib. Med. Chem. 2009, 24, 65-69. [CrossRef]

Sharma, R.; Bolleddu, R.; Maji, J.; Ruknuddin, G.; Prajapati, PK. In-Vitro a-amylase, x-glucosidase Inhibitory Activities and
In-Vivo Anti-Hyperglycemic Potential of Different Dosage Forms of Guduchi (Tinospora Cordifolia [Willd.] Miers) Prepared with
Ayurvedic Bhavana Process. Front. Pharmacol. 2021, 12, 642300. [CrossRef]

Khunti, K.; Chudasama, Y.V.; Gregg, EW.; Kamkuemah, M.; Misra, S.; Suls, J.; Venkateshmurthy, N.S.; Valabhiji, J. Diabetes and
Multiple Long-term Conditions: A Review of Our Current Global Health Challenge. Diabetes Care 2023, 46, 2092-2101. [CrossRef]
[PubMed]

Menkovic, N.; Savikin-Fodulovi¢, K.; Vinterhalter, B.; Vinterhalter, D.; Grubisi¢, D. Secoiridoid content of naturally grown and
in vitro cultured Gentiana punctata. Pharm. Pharmacol. Lett. 1998, 8, 110-111.

Popovi¢, Z.; Milosevi¢, D.K.; Stefanovi¢, M.; Vidakovi¢, V.; Mati¢, R.; Jankovié, J.; Bojovié, S. Variability of six secondary
metabolites in plant parts and developmental stages in natural populations of rare Gentiana pneumonanthe. Plant Biosyst. 2020, 155,
816-822. [CrossRef]

Jankovi¢, T.; Krsti¢, D.; Savikin-Fodulovi¢, K.; Menkovi¢, N.; Grubisi¢, D. Comparative investigation of secoiridoid compounds of
Centaurium erythraea grown in nature and cultured in vitro. Pharm. Pharmacol. Lett. 1997, 7, 30-32.

Chueh, E-S.; Chen, C.-C.; Sagare, A.P.; Tsay, H.-S. Quantitative Determination of Secoiridoid Glucosides in In Vitro Propagated
Plants of Gentiana davidii var. formosana by High Performance Liquid Chromatography. Planta Med. 2001, 67, 70-73. [CrossRef]
[PubMed]

Krsti¢, D.; Jankovi¢, T.; Savikin-Fodulovi¢, K.; Menkovié, N.; Grubisi¢, D. Secoiridoids and xanthones in the shoots and roots of
Centaurium pulchellum cultured in vitro. In Vitr. Cell. Dev. Biol.-Plant 2003, 39, 203-207.

Sabovljevi¢, A.; Rosi¢, N.; Jankovi¢, T.; Grubisi¢, D. Secoiridoid content of Blackstonia perfoliata in vivo and in vitro. In Vitr. Cell.
Dev. Biol.-Plant 2006, 42, 427-431.

Vinterhalter, B.; Banjac, N.; Vinterhalter, D.; Krsti¢-Milosevi¢, D. Xanthones Production in Gentiana dinarica Beck Hairy Root
Cultures Grown in Simple Bioreactors. Plants 2021, 10, 1610. [CrossRef] [PubMed]

Aberham, A ; Pieri, V.; Croom, E.M,, Jr.; Ellmerer, E.; Stuppner, H. Analysis of iridoids, secoiridoids and xanthones in Centaurium
erythrea, Frasera caroliniensis and Gentiana lutea using LC-MS and RP-HPLC. J. Pharm. Biomed. Anal. 2011, 54, 517-525. [CrossRef]
Uvarani, C.; Arumugasamy, K.; Chandraprakash, K.; Sankaran, M.; Ata, A.; Mohan, P.S. A new DNA-intercalative cytotoxic
allylic xanthone from Swertia corymbosa. Chem. Biodivers. 2015, 12, 358-370. [CrossRef]

Du, S.; Liu, H.; Lei, T.; Xie, X.; Wang, H.; He, X,; Tong, R.; Wang, Y. Mangiferin: An effective therapeutic agent against several
disorders (Review). Mol. Med. Rep. 2018, 18, 4775-4786. [CrossRef] [PubMed]

Pal, P.B.; Sinha, K.; Sil, P.C. Mangiferin, a natural xanthone, protects murine liver in Pb(II) induced hepatic damage and cell death
via MAP kinase, NF-«B and mitochondria dependent pathways. PLoS ONE 2013, 8, e56894. [CrossRef]

Derosa, G.; Maffioli, P. x-Glucosidase inhibitors and their use in clinical practice. Arch. Med. Sci. 2012, 8, 899-906. [CrossRef]


https://doi.org/10.1562/2004-07-29-RA-252
https://doi.org/10.1016/J.PHYMED.2018.03.052
https://www.ncbi.nlm.nih.gov/pubmed/30166100
https://doi.org/10.1155/2013/627375
https://doi.org/10.1038/s41598-020-71908-9
https://doi.org/10.1016/j.jff.2022.104975
https://doi.org/10.3390/antiox10030480
https://www.ncbi.nlm.nih.gov/pubmed/33803588
https://doi.org/10.1007/s11240-017-1252-1
https://doi.org/10.1017/S0007114511006702
https://doi.org/10.3390/molecules201119674
https://doi.org/10.1080/14756360801906947
https://doi.org/10.3389/fphar.2021.642300
https://doi.org/10.2337/dci23-0035
https://www.ncbi.nlm.nih.gov/pubmed/38011523
https://doi.org/10.1080/11263504.2020.1785966
https://doi.org/10.1055/s-2001-10622
https://www.ncbi.nlm.nih.gov/pubmed/11270726
https://doi.org/10.3390/plants10081610
https://www.ncbi.nlm.nih.gov/pubmed/34451654
https://doi.org/10.1016/j.jpba.2010.09.030
https://doi.org/10.1002/cbdv.201400055
https://doi.org/10.3892/mmr.2018.9529
https://www.ncbi.nlm.nih.gov/pubmed/30280187
https://doi.org/10.1371/journal.pone.0056894
https://doi.org/10.5114/aoms.2012.31621

Int. J. Mol. Sci. 2024, 25, 9066 19 0f 19

56.

57.

58.

59.

60.

61.

62.

63.

64.

Dirir, AM.; Daou, M.; Yousef, A.F.; Yousef, L.F. A review of alpha-glucosidase inhibitors from plants as potential candidates for
the treatment of type-2 diabetes. Phytochem. Rev. 2022, 21, 1049-1079. [CrossRef]

Bao, L.; Hu, L.; Zhang, Y.; Wang, Y.I. Hypolipidemic effects of flavonoids extracted from Lomatogonium rotatum. Exp. Ther. Med.
2016, 11, 14171424. [CrossRef]

Yoshikawa, M.; Nishida, N.; Shimoda, H.; Takada, M.; Kawahara, Y.; Matsuda, H. Polyphenol Constituents from Salacia Species:
Quantitative Analysis of Mangiferin with x-Glucosidase and Aldose Reductase Inhibitory Activities. Yakugaku Zasshi 2001, 121,
371-378. [CrossRef]

Muniappan, L.; Leelavinothan, P.; Sandhya, S.; Ramesh, B. Insulin-secretagogue activity and cytoprotective role of the traditional
antidiabetic plant Scoparia dulcis (Sweet Broomweed). Life Sci. 2004, 75, 2003-2014. [CrossRef]

Srinivasan, S.; Muruganathan, U. Antidiabetic efficacy of citronellol, a citrus monoterpene by ameliorating the hepatic key
enzymes of carbohydrate metabolism in streptozotocin-induced diabetic rats. Chem. Biol. Interact. 2016, 250, 38—46. [CrossRef]
[PubMed]

Porchezhian, E.; Ansari, S.H.; Shreedharan, N.K.K. Antihyperglycemic activity of Euphrasia officinale leaves. Fitoterapia 2000, 71,
522-526. [CrossRef] [PubMed]

Derebe, D.; Wubetu, M.; Alamirew, A. Hypoglycemic and Antihyperglycemic Activities of 80% Methanol Root Extract of Acanthus
polystachyus Delile (Acanthaceae) in Type 2 Diabetic Rats. Clin. Pharmacol. 2020, 12, 149-157. [CrossRef]

Gromova, L.V;; Fetissov, S.0.; Gruzdkov, A.A. Mechanisms of Glucose Absorption in the Small Intestine in Health and Metabolic
Diseases and Their Role in Appetite Regulation. Nutrients 2021, 13, 2474. [CrossRef] [PubMed]

Wang, H.-L.; Li, C.-Y,; Zhang, B.; Liu, Y.-D.; Lu, B.-M.; Shi, Z.; An, N.; Zhao, L.-K.; Zhang, J.-J.; Bao, J.-K.; et al. Mangiferin
facilitates islet regeneration and (3-cell proliferation through upregulation of cell cycle and (-cell regeneration regulators. Int. J.
Mol. Sci. 2014, 15, 9016-9035. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11101-021-09773-1
https://doi.org/10.3892/etm.2016.3038
https://doi.org/10.1248/yakushi.121.371
https://doi.org/10.1016/j.lfs.2004.05.012
https://doi.org/10.1016/j.cbi.2016.02.020
https://www.ncbi.nlm.nih.gov/pubmed/26944432
https://doi.org/10.1016/S0367-326X(00)00204-5
https://www.ncbi.nlm.nih.gov/pubmed/11449500
https://doi.org/10.2147/CPAA.S273501
https://doi.org/10.3390/nu13072474
https://www.ncbi.nlm.nih.gov/pubmed/34371983
https://doi.org/10.3390/ijms15059016
https://www.ncbi.nlm.nih.gov/pubmed/24853132

	Introduction 
	Results 
	Qualitative and Quantitative Analysis of Secondary Metabolites in G. dinarica (Gd) andG. utriculosa (Gu) Extracts 
	DPPH Radical Scavenging 
	The Inhibitory Effect of Gd and Gu Extracts on -Glucosidase 
	Antihyperglycemic Activity of the Gd and Gu Extracts on Oral Glucose-Loaded Rats 

	Discussion 
	Materials and Methods 
	Plant Material 
	Extraction and HPLC Analysis of Secondary Metabolites 
	2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical-Scavenging Assay 
	The DPPH-HPLC Procedure 
	The Assessment of Inhibitory Effect of Gd and Gu Extracts on -Glucosidase 
	Anti-Hyperglycemic Activity of Selected Gu and Gd Extracts In Vivo 
	Statistical Analysis 

	Conclusions 
	References

