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Globularia alypum L. and Related

Species: LC-MS Profiles and

Antidiabetic, Antioxidant,

Anti-Inflammatory, Antibacterial and

Anticancer Potential. Pharmaceuticals

2022, 15, 506. https://doi.org/

10.3390/ph15050506

Academic Editors: Dejan Stojković,
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Abstract: Species from the genus Globularia L. have been used as healing agents for various ailments,
with utilization of Globularia alypum L. being most frequently reported. The aim of this study was to
evaluate the antidiabetic, antioxidant, anti-inflammatory, antibacterial and anticancer potential of
G. alypum and three related species, G. punctata Lapeyr., G. cordifolia L. and G. meridionalis (Podp.)
O.Schwarz, in relation to their phytochemical compositions. Globularin and verbascoside were
identified using LC-PDA-ESI-MSn as the major metabolites of G. alypum with known biological
activities. G. alypum demonstrated the greatest α-glucosidase inhibitory activity and DPPH radical
scavenging activity (IC50 = 17.25 µg/mL), while its anti-inflammatory activity was not significantly
different from those of related species. All investigated species showed considerable antibacte-
rial activity against methicillin-resistant Staphylococcus aureus in the broth microdilution method
(MIC = 1.42–3.79 mg/mL). G. punctata also showed antibacterial activities against Escherichia coli
(MIC = 1.42 mg/mL), Bacillus subtilis (MIC = 1.89 mg/mL), B. cereus (MIC = 2.84 mg/mL) and
Enterococcus faecalis (MBC = 5.68 mg/mL). G. punctata, G. cordifolia and G. meridionalis showed greater
anticancer potential than G. alypum. Obtained results indicate investigated Globularia species could serve
as sources of diverse bioactive molecules, with G. punctata having the greatest antibacterial potential.

Keywords: Globularia alypum; metabolite profiling; hyperglycemia-induced oxidative stress; antiradical
activity; cyclooxygenase-1; well diffusion; broth microdilution; MRSA; MDA-MB-231; A1235

1. Introduction

According to the World Health Organization (WHO) statistics for 2021, the leading
causes of global premature mortality from non-communicable diseases include cancer,
cardiovascular diseases, diabetes, and chronic respiratory diseases. In 2019, 33.2 million
people died solely from these diseases, which is 28% more deaths caused by the same
four diseases than in 2000. Taken individually, there has been a 25% increase in the total
global mortality from cardiovascular diseases (17.9 million deaths), a 37% increase in cancer
mortality (9.3 million deaths), and a 10% increase in chronic respiratory diseases mortality
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(4.1 million deaths), while diabetes mortality has grown by 72% [1]. According to the 2019
estimates obtained from the International Diabetes Federation, about 4.2 million deaths
among people aged 20 to 79 years may be attributed to diabetes [2].

Chronic diseases, including cardiovascular diseases (CVD), diabetes, cancer, and
neurodegenerative diseases, are closely related to oxidative stress and inflammation [3,4].
Development and progression of diabetes as well as the occurrence of diabetes-associated
macro- (CVD) and microvascular complications, such as neuropathy, retinopathy, nephropa-
thy, and diabetic foot, are attributable to hyperglycemia-induced excessive reactive oxygen
species (ROS) production and reduced antioxidant response [5,6]. Insulin resistance and
pancreatic β-cell dysfunction that lie in the background of hyperglycemia are closely corre-
lated with mitochondrial dysfunction, endoplasmic reticulum stress and inflammation [5].
Foot ulcers that occur in up to 25% of diabetic patients may often progress to diabetic foot
infections, which are the single most important cause of diabetes-associated hospitaliza-
tions. These infections are often associated with a 5-year mortality rate of about 40% and
are the major reason for nontraumatic lower extremity amputations [7].

Plants, thanks to the presence of numerous secondary metabolites and their diverse
biological activities, help alleviate various ailments and/or may serve as sources of lead
compounds in the discovery of new drugs [8]. According to biological activity studies,
Globularia alypum L. is one of the plants that may help alleviate symptoms of different
chronic diseases [9–12]. Its medicinal use is especially well-documented in North African
countries, such as Morocco and Algeria, where it is one of the most frequently cited plant
species used for diabetes [13,14]. It was also recorded as one of the plants used with high
fidelity level for wounds and/or burns by both herbalists and housewives [15]. Treatment
of foot ulcers often developed by diabetic patients has also been documented [14]. A study
conducted from 2014 to 2017 in the Eastern Region of Libya found that, out of 179 plant
species mentioned by informants, G. alypum had the maximum recorded treatment value of
10.9%. It was used as a diuretic agent, hemostatic, ovary stimulant and abortive, as well as
for gastritis, hypertension, metritis, stroke, vaginal diseases, diarrhea, ulcer, colic, eczema,
psoriasis, dermatitis, vaginitis, premenstrual syndrome, and delayed menses [16].

While records of antidiabetic and anticancer utilization are more often indicating the
use of G. alypum (and its close relative G. arabica Jaub. and Spach) leaves subjected to infu-
sion or decoction [13,17,18], aerial parts (flowering tops) in the form of powder or decoction
seem to be chosen more frequently for wound healing, acne, eczema, abscesses, and skin in-
fections [19,20]. Antioxidant [11,12], anti-obesity, anti-hyperglycemic, anti-hyperlipidemic,
anti-α-amylase, anti-lipase, anti-liver toxicity, anti-pyretic, analgesic [11], anti-inflammatory,
anti-microbial and wound healing effects have been reported for G. alypum methanolic leaf
extracts [12], while aqueous leaf extract of the same species showed in vitro cytotoxic effect
against Hep-2 human laryngeal carcinoma cells and Vero cells [21]. Observed biological
effects have mainly been attributed to its secondary metabolites, such as iridoids and/or
polyphenols [10,11].

Similarities and differences in phytochemical composition between G. alypum and three
related species, G. punctata Lapeyr., G. cordifolia L. and G. meridionalis (Podp.) O.Schwarz,
were already highlighted in our previous paper based on the liquid chromatography-
photodiode array detection-electrospray ionization-tandem mass spectrometry (LC-PDA-
ESI-MSn) analysis of phenolic and iridoid constituents from methanolic extracts of aerial
parts obtained by boiling under reflux conditions [22]. We have also observed that the same
three species possessed comparable or even greater amounts of polyphenolic compounds,
flavonoids, tannins and/or iridoids in their aerial parts than G. alypum [23,24], while ob-
served antioxidant activity of Globularia extracts [23] goes in favor of their application in
cosmetics and the food industry. Extracts obtained from plant cell cultures of G. cordifolia
have already found their commercial use in cosmetic products [25]. G. cordifolia is also a nat-
ural source of the iridoid glycoside globularifolin, which has shown free radical scavenging,
anti-inflammatory, and immunomodulatory potential [26], as well as anticancer activity
against various cancer cell lines, including U87 human glioblastoma cells and CAMA-1
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human breast cancer cells [27,28]. On the other hand, antioxidant, anti-acetylcholinesterase
and anti-butyrylcholinesterase activities were reported for G. meridionalis [29], which has
comparable phytochemical composition to G. cordifolia [22,23]. The same activities, together
with α-glucosidase and α-amylase, tyrosinase and lipase inhibitory activity, were recently
reported for G. orientalis L. and G. trichosantha Fisch. and C.A.Mey. [30], of which the latter
belongs to the same section as G. punctata [31], the most widely distributed Globularia
species in Europe [32].

In order to improve the understanding of the multiple ethnobotanical uses of species
from the genus Globularia reported in the literature, most frequently for G. alypum, and given
the overall data scarcity considering the biological activities of species from the genus Glob-
ularia other than G. alypum, the aims of the present study were the following: (1) to evaluate
the phytochemical composition of G. alypum, G. punctata, G. cordifolia and G. meridionalis
methanolic leaf extracts obtained by ultrasound-assisted extraction; (2) to evaluate the phy-
tochemical composition of G. alypum, G. punctata, G. cordifolia and G. meridionalis methanolic
aerial parts extracts obtained by Soxhlet extraction; (3) to evaluate the antidiabetic, antioxi-
dant and anticancer potential of phytochemically characterized Globularia leaf extracts; (4) to
evaluate the antioxidant, anti-inflammatory and antimicrobial potential of phytochemically
characterized Globularia aerial parts extracts; and (5) to consider constituents of investigated
Globularia spp. potentially responsible for the observed biological effects.

Compared to G. alypum, species G. punctata, G. cordifolia and G. meridionalis have a
relatively great distribution in Europe [32]. The two different methods (ultrasound-assisted
extraction of leaves and Soxhlet extraction of aerial parts) used for the preparation of Globu-
laria extracts were chosen, taking into consideration different plant parts and methods of
preparation that were common according to recorded traditional applications of G. alypum
and related species reported in ethnobotanical/ethnomedicinal literature from different
countries (e.g., maceration and/or decoction). Prepared extracts were phytochemically
characterized using UV/Vis spectrophotometry, LC-PDA-ESI-MSn and thin-layer chro-
matography (TLC) and subjected to further biological activity testing. Antidiabetic (and
antioxidant) potential has been evaluated based on the assessment of α-glucosidase activity
and oxidative stress biomarkers, of which two were enzymatic (glutathione S-transferase
(GST) and glutathione peroxidase (GPx)), and two were non-enzymatic (free thiol groups
(-SH) and reduced glutathione (GSH)), in Hep G2 cells cultured under hyperglycemic condi-
tions. Further, cell viability was measured by applying two commonly used assays, lactate
dehydrogenase (LDH) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Additionally, antiradical activity against the DPPH free radical was assessed,
both spectrophotometrically and by TLC bioautography. Anti-inflammatory potential
was evaluated by measuring the inhibitory effect on cyclooxygenase-1 (COX-1) activity
using two different methods (N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochloride
(TMPD assay) and the prostaglandin E2 assay (PGE2 assay)). Antibacterial potential against
four Gram-positive and three Gram-negative bacterial species, including the pathogens that
are commonly found in diabetic foot infections, such as Staphylococcus aureus (S. aureus) and
methicillin-resistant S. aureus (MRSA) [7], was evaluated using well-diffusion and/or serial
broth microdilution, followed by agar sub-cultivation, as complementary methods. Finally,
anticancer potential was assessed by measuring cell viability of two different human cancer
cell lines, MDA-MB-231 breast cancer cell line and A1235 glioblastoma cell line (MTT assay).

The obtained results confirm previously reported biological activities of G. alypum
and provide a better understanding of its well-known traditional uses, while also offering
some new considerations that have not been discussed in previous papers. For example,
the observed anti-staphylococcal activity in combination with anti-inflammatory and an-
tioxidant activity goes in favor of the recorded external use of G. alypum for different skin
disorders, including healing of diabetic foot ulcers, wounds, abscesses, and burns. To date,
the antidiabetic potential of G. alypum has mainly been evaluated from the perspective of its
oral administration. The results of our study also give a better insight into the medicinal po-
tential of the related, well-distributed European species, while pointing out the metabolites
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of possible interest for further bioactivity studies. To our knowledge, this is the first study
comparing the antidiabetic, anti-inflammatory, antimicrobial, and anticancer potential of
several Globularia species, including the most well investigated G. alypum and, to date,
the most extensive study of biological activities of the species from the genus Globularia
accompanied with detailed evaluation of their phytochemical compositions.

2. Results and Discussion
2.1. Phytochemical Content
2.1.1. Phytochemical Content of Leaf Extracts

Contents of secondary metabolites in leaf extracts used for evaluation of antidiabetic
and anticancer potential are summarized in Table 1. In leaf extracts used for evaluation
of antidiabetic activity, the highest amounts of polyphenols were observed for G. alypum
(130.46 mg GAE/g DE) and G. meridionalis (123.44 mg GAE/g DE) (p < 0.05). On the other
hand, total phenolic contents of leaf extracts of G. punctata, G. cordifolia and G. meridionalis
used for anticancer potential evaluation were higher than that of G. alypum (p < 0.05).

Table 1. Phytochemical content of methanolic leaf extracts of G. alypum, G. punctata, G. cordifolia and
G. meridionalis obtained by ultrasound-assisted extraction (mean values ± SD, n = 3).

Constituents * G. alypum G. punctata G. cordifolia G. meridionalis

Antidiabetic Potential

Total phenolics a 130.46 ± 5.99 A 98.50 ± 1.23 C 111.35 ± 3.30 B 123.44 ± 0.77 A

Flavonoids b 30.43 ± 0.29 C 48.49 ± 2.37 A 36.54 ± 1.45 B 39.72 ± 0.60 B

Iridoids c 27.49 ± 3.08 D 343.33 ± 4.88 A 311.23 ± 6.20 B 247.37 ± 2.70 C

Condensed tannins d 3.00 ± 0.06 D 4.07 ± 0.11 C 10.02 ± 0.28 A 6.21 ± 0.11 B

Anticancer Potential

Total phenolics a 131.39 ± 2.89 B 152.69 ± 4.87 A 157.31 ± 4.29 A 159.82 ± 2.34 A

Flavonoids b 32.26 ± 1.37 C 63.03 ± 0.72 A 42.23 ± 0.67 B 43.57 ± 0.50 B

Iridoids c 12.07 ± 0.18 D 440.04 ± 8.73 A 290.82 ± 7.49 C 310.25 ± 4.30 B

Condensed tannins d 2.66 ± 0.09 C 7.71 ± 0.25 B 8.76 ± 0.08 A 8.88 ± 0.27 A

* Content expressed as: a mg gallic acid equivalents (GAE)/g dry extract (DE); b mg quercetin equivalents (QE)/g
DE; c mg aucubin equivalents (AE)/g DE; d mg catechin equivalents (CE)/g DE; different capital letters indicate
significant differences between variables (p < 0.05): A > B > C > D.

Consistent with our previous findings [23], levels of all other secondary metabolites
were significantly higher in G. punctata, G. cordifolia and G. meridionalis when compared to
those of the medicinal plant G. alypum (p < 0.05). Thereby, G. punctata contained the highest
amounts of flavonoids (48.49–63.03 mg QE/g DE) and iridoids (343.33–440.04 mg AE/g DE)
(p < 0.05), while G. cordifolia and G. meridionalis were characterized by higher condensed
tannin contents (6.21–10.02 mg CE/g DE).

As previously mentioned [23], the method used for the evaluation of iridoid content
was less informative for G. alypum extracts due to its inability to detect catalpol-type iridoids,
which seem to be dominant in this species [22], while it could detect asperuloside-type
iridoids [23], characteristic for the remaining three species [22]. On the other hand, presence
of condensed tannin monomers (e.g., (epi)gallocatechin, catechin) was rarely reported in
G. alypum [33,34]. With this in mind, iridoid content and condensed tannin content were
not subsequently evaluated in Soxhlet extracts of aerial parts.

2.1.2. Phytochemical Content of Aerial Parts Extracts

In comparison to leaf extracts, lower values of secondary metabolites were observed in
aerial parts extracts used for evaluation of antimicrobial, anti-inflammatory, and antioxidant
activity (Table 2). This agrees with our previous report [23], according to which the stem
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extract of G. alypum and flower extracts of related species may contain less polyphenols
than their leaf extracts. The aerial parts extract from G. punctata was characterized by lowest
total phenolic content (79.92 mg GAE/g DE), while that of G. alypum contained the highest
amount of phenolics (112.34 mg GAE/g DE). However, the G. punctata extract contained
the highest flavonoid content (43.25 mg QE/g DE) (p < 0.05). Significant differences in total
phenolic and flavonoid contents between G. cordifolia and G. meridionalis extracts were not
observed (p > 0.05), which is also consistent with our previous findings [23].

Table 2. Phytochemical content of methanolic aerial parts extracts of G. alypum, G. punctata, G. cordifolia
and G. meridionalis obtained by Soxhlet extraction (mean values ± SD, n = 3).

Constituents * G. alypum G. punctata G. cordifolia G. meridionalis

Total phenolics a 112.34 ± 2.17 A 79.92 ± 2.18 C 95.59 ± 1.62 B 98.90 ± 3.93 B

Flavonoids b 26.85 ± 0.46 B 43.25 ± 0.31 A 26.19 ± 0.40 BC 25.42 ± 0.24 C

* Content expressed as: a mg GAE/g DE; b mg QE/g DE; different capital letters indicate significant differences
between variables (p < 0.05): A > B > C.

2.2. LC-MS Profile
2.2.1. Compound Identification and LC-MS Profile of Leaf Extracts

The liquid chromatography-photodiode array detection-electrospray ionization-tandem
mass spectrometry (LC-PDA-ESI-MSn) method previously applied for the separation and
identification of methanolic extract constituents obtained by extraction under reflux condi-
tions of G. alypum, G. punctata, G. cordifolia and G. meridionalis aerial parts [22] facilitated
identification of newly observed constituents of their leaf extracts (Figure 1, Table 3). New
constituents were identified based on the comparison of their retention time, UV and MS
spectra, and MS/MS fragmentation pattern (Table S1) to published chromatographic and
spectral data of recorded constituents [22] and other literature data considering metabolites
reported for investigated Globularia species.

Compounds 9 (m/z 315), 50 (m/z 491) 56 (m/z 639), 61 (m/z 653) and 63 (m/z 789)
were recognized as phenylethanoids characteristic for G. alypum. Compound 9 was tenta-
tively identified as 1′-O-hydroxytyrosol glucoside (2-(3′,4′-dihydroxyphenyl)ethyl-O-β-D-
glucopyranoside), a structural part of all identified phenylethanoids, based on the MS2 frag-
ment ions present at m/z 135 [M−H−glucose]− and 153 [M−H−anhydroglucose]−. In MS2,
compound 50 was characterized by product ions at m/z 161 (−330 Da) and 175 (−316 Da).
In MS3 of the first product ion, further loss of 28 Da (−CO) was observed. The first loss
in MS2 was attributed to simultaneous loss of hydroxytyrosol glucoside and a methyl
group and the second to hydroxytyrosol glucoside. Loss of a methyl group was previously
observed for the reference standard of ferulic acid [22]. The compound was tentatively
identified as 6′-O-feruloyl-1′-O-hydroxytyrosol glucoside (= desrhamnosyl decaffeoyl-
galypumoside B = desrhamnosyl leucosceptoside A = methylated calceolarioside B) in
comparison to other compounds detected in G. alypum, such as 6′-O-(p-coumaroyl)-1′-
O-hydroxytyrosol glucoside (neosyringalide), leucosceptoside A, galypumoside B, and
globularitol (6′-O-feruloyl-β-D-glucopyranosyl-(1→6)-mannitol) [22,33,35,36]. Presence
of dihydroxyphenylethyl-methylcaffeoyl-hexoside was recently reported for methanolic
leaf extract of G. alypum [37]. Compounds 56 and 61 were characterized by UV spectra
comparable to those of caffeoyl phenylethanoids, while their retention times matched
those of diacylated phenylethanoids 6′-O-caffeoylverbascoside (57) and galypumoside B
(60). In MS2 of compound 56, loss of 162 Da was attributed to anhydrocaffeic acid loss,
while those observed for compound 61 were attributed to anhydroferulic (−176 Da), ferulic
(−194 Da) and anhydrocaffeic acid (−162 Da). The compounds were tentatively identified
as desrhamnosyl 6′-O-caffeoylverbascoside and desrhamnosyl galypumoside B (= 4′-O-
caffeoyl-6′-O-feruloyl-1′-O-hydroxytyrosyl glucoside). Phenylethanoids that contain two
acyl groups and/or do not contain rhamnose (e.g., calceolarioside A and B) were observed
only for this species.
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Figure 1. LC-MS base peak chromatograms of methanolic leaf extracts from G. alypum, G. punctata,
G. cordifolia and G. meridionalis obtained by ultrasound-assisted extraction. Numbers on chro-
matograms refer to compounds listed in Table 3.
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Table 3. LC-MS profile of methanolic leaf extracts from G. alypum (GA), G. punctata (GP), G. cordifolia
(GC) and G. meridionalis (GM) obtained by ultrasound-assisted extraction.

Peak tR
(min)

m/z (Major Ion in Full MS
Indicated in Bold)

Compound Identification
(Compound Class Abbreviation) GA GP GC GM

1 1.2 217 [M + 35Cl]− , 219 [M + 37Cl]− Mannitol (O) a + + + +
2 1.2 377 [M + 35Cl]− , 379 [M + 37Cl]− Sucrose (O) a + + + +
3 1.2 191 [M–H]− Quinic acid (O) a – + + +
4 1.7 407 [M–H + HCOOH]− Catalpol (I) a + + – –
5 2.2 389 [M–H]− , 779 [2M–H]− Scandoside (I) a – + – –
6 2.5 391 [M–H + HCOOH]− Aucubin (I) a + + + +
7 2.5 407 [M–H + HCOOH]− Monomelittoside (5-Hydroxyaucubin) (I) a – – + +
8 2.6 371 [M–H]− , 417 [M–H + HCOOH]− Deacetylasperuloside (I) a – + + +
9 4.1 315 [M–H]− 1′-O-Hydroxytyrosol glucoside (P) b + * – – –

10 6.1 341 [M–H]− Caffeoylglucoside isomer (O) a + + – –
11 6.2 373 [M–H]− , 419 [M–H + HCOOH]− Gardoside (I) a – + – –
12 6.9 505 [M–H]− Hebitol II (6′-O-Caffeoyl-β-D-glucopyranosyl-(1→6)-mannitol) (O) a + + + +
13 7.4 431 [M–H]− , 863 [2M–H]− Asperulosidic acid (I) a – + + +
14 9.4 459 [M–H + HCOOH]− Asperuloside (I) a – + + +
15 11.2 519 [M–H]− , 565 [M–H + HCOOH]− Globularitol (6′-O-Feruloyl-β-D-glucopyranosyl-(1→6)-mannitol) (O) a + – – –
16 11.3 523 [M–H]− Verminoside (6-O-Caffeoylcatalpol) (I) a + – – –
17 11.6 433 [M–H + HCOOH]− Geniposide (I) b + * – – –
18 13.1 593 [M–H]− Vicenin-2 (Apigenin-6,8-di-C-glucoside) (F) a + – – –
19 14.4 507 [M–H]–, 553 [M–H + HCOOH]− Specioside (6-O-(p-Coumaroyl)-catalpol) (I) a + – – –
20 14.8 625 [M–H]− 6-Hydroxyluteolin 7-O-sophoroside (F) a + + – –
21 15.4 701 [M–H + HCOOH]− 6′-O-Benzoyldeacetylasperulosidic acid glucoside (I) b – – + * + *
22 16.1 463 [M–H]− , 927 [2M–H]− 6-Hydroxyluteolin 7-O-glucoside (F) a + + + +
23 16.7 415 [M–H]− , 461 [M–H + HCOOH]− Alpinoside (I) a + + + +
24 17.1 555 [M–H + HCOOH]− Globularinin (I) a + + – –
25 18.6 493 [M–H]− , 987 [2M–H]− 6′-O-Benzoyldeacetylasperulosidic acid (I) b – + * + * + *
26 18.6 555 [M–H + HCOOH]− Globularimin (I) a + + – –
27 18.6 787 [M–H + HCOOH]− Liriodendrin ((+)-Syringaresinol di-O-β-glucopyranoside) (L) a + – – –
28 18.7 463 [M–H]− Isoquercitrin (Quercetin 3-O-glucoside) (F) a + + – –
29 19.1 511 [M–H + HCOOH]− 6′-O-Benzoylmonomelittoside (5-Hydroxydumuloside) (I) a – – + +
30 19.5 477 [M–H]− Calceolarioside A (Desrhamnosyl verbascoside) (P) a + – – –
31 19.8 787 [M–H]− , 1575 [2M–H]− 6-Hydroxyluteolin 7-O-(6′ ′ ′-O-caffeoyl)-sophoroside (F) a – + – –
32 20.2 495 [M–H + HCOOH]− 6-O-Benzoylaucubin (I) a – – + +
33 20.6 477 [M–H]− Calceolarioside B (Desrhamnosyl isoverbascoside) (P) a + – – –
34 21.2 477 [M–H]− Nepetin 7-O-glucoside (6-Methoxyluteolin 7-O-glucoside) (F) b + + * + * + *
35 21.2 785 [M–H]− Rossicaside A (P) a + + + +
36 21.2 623 [M–H]− , 1247 [2M–H]− Verbascoside (Acteoside) (P) a + + + +
37 21.8 653 [M–H]− , 1307 [2M–H]− Methoxyverbascoside isomer (P) b – – + * + *
38 22.1 443 [M–2H]2–, 887 [M–H]− Trichosanthoside B (P) a – + – –
39 22.5 539 [M–H + HCOOH]− Globularidin (I) a + + – –
40 22.8 623 [M–H]− Isoverbascoside (Isoacteoside) (P) a + + + +
41 22.9 755 [M–H]− , 1511 [2M–H]− Trichosanthoside A (P) a – + – –
42 23.1 771 [M–H]− 6-Hydroxyluteolin 7-O-(6′ ′ ′-O-(p-coumaroyl))-sophoroside (F) a – + – –
43 23.5 511 [M–H + HCOOH]− Globularifolin (10-O-Benzoylmonomelittoside) (I)a – – + +
44 23.7 623 [M–H]− Forsythoside A (P) a + + + +
45 24.3 537 [M–H + HCOOH]− Globularin (10-O-trans-Cinnamoylcatalpol) (I) a + + – –
46 25.2 477 [M–H]− , 523 [M–H + HCOOH]− 6′-O-Benzoyldeacetylalpinoside (I) a – – + +
47 25.3 755 [M–H]− Arenarioside (P) a – + – –
48 25.7 637 [M–H]− , 683 [M–H + HCOOH]− Leucosceptoside A (P) a + + + +
49 26.1 517 [M–H]− , 563 [M–H + HCOOH]− 10-O-(p-Coumaroyl)-deacetylasperuloside (I) b – + * + * + *
50 26.1 491 [M–H]− , 983 [2M–H]− 6′-O-Feruloyl-1′-O-hydroxytyrosol glucoside (P) b + * – – –
51 28.2 521 [M–H + HCOOH]− Besperuloside (10-O-Benzoyldeacetylasperuloside) (I) a – + – –
52 29.2 573 [M–H + HCOOH]− Globularioside (I) a + + – –
53 30.4 653 [M–H]− , 835 [M–H + mannitol]− Demethoxycentaureidin 6,4′-dimethyl ether (F) a – – + +
54 32.4 813 [M–H]− Alpinoside-alpinoside dimer (I) a + – – –
55 33.2 961 [M–H]− Globusintenoside isomer (P) a + + + +
56 34.1 639 [M–H]− Desrhamnosyl 6′-O-caffeoylverbascoside (P) b + * – – –
57 34.3 785 [M–H]− 6′-O-Caffeoylverbascoside (P) a + – – –
58 35.5 889 [M–H]− Benzoylrossicaside A isomer (P) b – + * + * + *
59 36.5 935 [M–H + HCOOH]− Globuloside A (Alpinoside-globularin dimer) (I) a + – – –
60 39.1 799 [M–H]− Galypumoside B (6′-O-Feruloylverbascoside) (P) a + – – –
61 39.3 653 [M–H]− , 689 [M + 35Cl]− , 691 [M + 37Cl]− Desrhamnosyl galypumoside B (P) b + * – – –
62 40.7 327 [M–H]− Oxo-dihydroxy-octadecenoic acid (O) a + + + +
63 41.8 789 [M–H]− Galypumoside C (6′-O-Menthiafoloylverbascoside) (P) b + – – –
64 43.4 329 [M–H]− Trihydroxy-octadecenoic acid (O) a + + + +

a For more information see previously published paper [22]; b for more information see Table S1; * com-
pounds reported for the first time for a particular Globularia species; F: flavonoid; I: iridoid; L: lignan; O: other;
P: phenylethanoid.

Compound 63 was characterized by fragment ions present at m/z 461 (−328 Da) and
623 (−166 Da) with a dominant fragment present at m/z 627 (−162 Da) in MS2. From
the latter, a loss of 166 Da was recorded in MS3, while in MS4 the obtained product
ion (m/z 461) gave a fragmentation pattern characteristic for phenylethanoids, with the
major fragment present at m/z 315 [hydroxytyrosol glucoside−H]−. The compound was
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tentatively identified as galypumoside C (6′-O-menthiafoloylverbascoside), whose presence
in leaves of G. alypum was already reported [36,37]. Geniposide (17), whose identity was
confirmed based on comparison of chromatographic and spectral data to those previously
observed for its reference standard [22], was another compound characteristic for G. alypum.

Compound 34 (m/z 477) was recorded in all four species but was more abundant in
G. cordifolia and G. meridionalis leaf extracts. It was characterized by loss of 162 Da in MS2

[M–H−anhydroglucose]−. The formed radical aglycone product ion was further subjected
to loss of one methyl group (−15 Da) in MS3 and major loss of 84 Da in MS4, attributed
to the cleavage of three CO [22]. The compound was identified as nepetin 7-O-glucoside
(6-methoxyluteolin-7-O-glucoside), a flavone previously isolated from G. dumulosa [38],
whose presence was also recently reported in G. alypum leaf extract [37].

Other constituents tentatively identified in G. cordifolia and G. meridionalis were
phenylethanoids 37 (m/z 653) and 58 (m/z 889) (detected also in G. punctata) and iridoids 21
(m/z 701) and 25 (m/z 493) (detected also in G. punctata). MS2 of compound 37 indicated
a loss of 192 Da, while the following MS3 and MS4 spectra matched those of verbasco-
side/isoverbascoside. Considering other phenylethanoids that were observed for these two
species [22,29,39], which were either caffeic (verbascoside, isoverbascoside) or ferulic acid
derivatives (leucosceptoside A, plantainoside C, martynoside), the observed loss of 192 Da
was attributed to the presence of 3-methoxycaffeic acid and the compound was tentatively
identified as methoxyverbascoside isomer. Second-order MS of compound 58 indicated
major loss of 122 Da (m/z 767), while further MS/MS fragmentation pattern matched that of
rossicaside A isomer. Additional fragments present at m/z 605 (−284 Da) and 727 (−162 Da)
indicated loss of anhydrocaffeic acid with or without benzoic acid and the compound was
tentatively identified as benzoylrossicaside A isomer.

The MS2 of compound 21 indicated dominant loss of anhydroglucose with formic
acid (−208 Da) or loss of formic acid (−46 Da). Presence of benzoic acid was indi-
cated by UV λmax (195 and 238 nm) and observed cleavage of the major MS2 prod-
uct ion (m/z 493), attributed to simultaneous loss of benzoylanhydroglucose (−266 Da)
and CO2 (−44 Da). This, together with minor fragments present at m/z 165 [M–H–
anhydroglucose–benzoylglucose−CO2]−, 209 [M–H–anhydroglucose−benzoylglucose]−,
227 [M–H–anhydroglucose−benzoylanhydroglucose]− and 371 [M–H–anhydroglucose−
benzoic acid]−, indicated a similar structure to previously identified C-4 carboxylated
iridoids. Second- and third-order mass spectra of compound 25 were comparable to MS3

and MS4 of compound 21, while major loss of 30 Da (−CH2O) from the MS3 product ion
present at m/z 165 was observed in MS4 together with minor fragment ions present at m/z 121
(−C2H4O), 137 (−CO) and 147 (−H2O). These compounds were tentatively identified as
6′-O-benzoyldeacetylasperulosidic acid glucoside and 6′-O-benzoyldeacetylasperulosidic
acid, keeping in mind other observed asperuloside-type iridoids and benzoylation of
glucose at C-6′ position, which was recorded for dumuloside in G. dumulosa [38] and
aphyllanthoside in G. punctata [40].

Compound 49 (m/z 517), which also showed a minor formic acid adduct in MS1, char-
acteristic for many iridoids, was only found in G. cordifolia, G. meridionalis and G. punctata.
Dominant loss of 326 Da in MS2 was attributed to anhydroglucose and p-coumaric acid. Mi-
nor fragments were also present at m/z 147 [M–H–anhydroglucose–p-coumaric acid–CO2]–,
163 [p-coumaric acid–H]–, 293 [M–H–glucose–CO2]– and 355 [M–H–anhydroglucose]–.
Further MS/MS fragmentation pattern obtained in MS3 and MS4 were in accordance with
those of asperuloside and besperuloside, which have acetic/benzoic acid attached at C-10
position. This compound, with UV λmax present at 191, 232 and 315 nm, comparable to
those previously observed for asperuloside (191 and 239 nm) and p-coumaric acid (210, 227
and 311 nm) [22], was identified as 10-O-(p-coumaroyl)-deacetylasperuloside.

Obtained chromatogram of G. alypum methanolic leaf extract indicated not only the
previously described high globularin (10-O-trans-cinnamoylcatalpol) content [41], but also
high relative amounts of verbascoside, rossicaside A and other phenylethanoids. In addi-
tion to globularin, other catalpol-type iridoids, which, as previously mentioned [23], do
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not provide a reaction with the Trim–Hill reagent used for iridoid quantification, were
also observed together with C-4 carboxylated iridoids (e.g., geniposide, alpinoside). The
major flavonoids observed for G. alypum were glycosides of 6-hydroxyluteolin, the same
as for other investigated species, while vicenin-2 was observed only in G. alypum, as well
as the lignan diglucoside liriodendrin. Leaf extract of G. punctata contained high relative
amounts of iridoids asperuloside, besperuloside, globularin, deacetylasperuloside, asperu-
losidic acid, and scandoside, while verbascoside, its isomers (isoverbascoside, forsythoside
A) and glycosylated derivatives (rossicaside A, trichosanthoside A and B, arenarioside)
were observed as the major phenylethanoids. Solely G. punctata was characterized by acy-
lated derivatives of 6-hydroxyluteolin, as previously reported [22,40,42]. G. cordifolia and
G. meridionalis were characterized by iridoids asperuloside and monomelittoside and their
often benzoylated derivatives, with globularifolin (10-O-benzoylmonomelittoside) as the
major compound, as previously reported [22,26,43]. Major phenylethanoids observed for
these species were verbascoside, rossicaside A and methoxyverbascoside isomer followed
by isoverbascoside, forsythoside A, benzoylrossicaside A isomer and globusintenoside
isomer. Nepetin 7-O-glucoside and demethoxycentaureidin 6,4′-dimethyl ether were rec-
ognized as characteristic flavonoids. Other major constituents observed in investigated
Globularia species included mannitol, sucrose, quinic acid (all species except for G. alypum)
and fatty acid oxidation products that have already been reported [22].

2.2.2. LC-MS Profile of Aerial Parts Extracts

Identification of major constituents of methanolic aerial parts extracts of investigated
Globularia species obtained by Soxhlet extraction was performed using LC-PDA-ESI-MSn

(Figure 2, Table 4) in comparison to established compositions of leaf extracts (Figure 1,
Table 3 and Table S1) or those of aerial parts extracts obtained by boiling under reflux con-
ditions [22]. For G. alypum, these included mannitol, sucrose, catalpol, verminoside, genipo-
side, 6-hydroxyluteolin 7-O-sophoroside, alpinoside, globularinin, calceolarioside A, calceo-
larioside B, rossicaside A, verbascoside, isoverbascoside, forsythoside A, globularin, 6′-O-
feruloyl-1′-O-hydroxytyrosol glucoside, globularioside, 6′-O-caffeoylverbascoside, globulo-
side A and galypumoside B. G. punctata was characterized by mannitol, sucrose, catalpol,
6-hydroxyluteolin 7-O-sophoroside, alpinoside, rossicaside A, verbascoside, isoverbas-
coside, globularin and globularioside, together with its distinctive compounds scando-
side, 6-hydroxyluteolin 7-O-(6′ ′ ′-O-caffeoyl)-sophoroside, trichosanthoside B, trichosan-
thoside A, arenarioside, and besperuloside, with the iridoid asperuloside as the major
compound. Other more prominent peaks included deacetylasperuloside and 10-O-(p-
coumaroyl)-deacetylasperuloside, present also in G. cordifolia and G. meridionalis, as well as
gardoside, caffeoylglucoside isomer and globusintenoside isomer present in all four species.
For G. cordifolia and G. meridionalis, the major compounds were mannitol, sucrose, asperulo-
side and several phenylethanoids, including verbascoside, methoxyverbascoside isomer,
isoverbascoside, globusintenoside isomer and benzoylrossicaside A isomer, while their
distinctive peaks could be attributed to monomelittoside, 6′-O-benzoylmonomelittoside
and globularifolin. The major identified flavonoid characteristic for these two species
was demethoxycentaureidin 6,4′-dimethyl ether. Besides 6-hydroxyluteolin 7-O-glucoside,
apigenin was detected in Soxhlet extracts of all investigated species.
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Figure 2. LC-MS base peak chromatograms of methanolic aerial parts extracts from G. alypum,
G. punctata, G. cordifolia and G. meridionalis obtained by Soxhlet extraction. Numbers on chro-
matograms refer to compounds listed in Table 4.



Pharmaceuticals 2022, 15, 506 11 of 34

Table 4. LC-MS profile of methanolic aerial parts extracts from G. alypum (GA), G. punctata (GP),
G. cordifolia (GC) and G. meridionalis (GM) obtained by Soxhlet extraction.

Peak tR
(min)

m/z (Major Ion in Full MS
Indicated in Bold)

Compound Identification
(Compound Class Abbreviation) GA GP GC GM

1′ 1.2 217 [M + 35Cl]–, 219 [M + 37Cl]– Mannitol (O) a + + + +
2′ 1.2 377 [M + 35Cl]–, 379 [M + 37Cl]– Sucrose (O) a + + + +
3′ 1.7 407 [M–H + HCOOH]– Catalpol (I) a + + – –
4′ 2.1 389 [M–H]–, 779 [2M–H]– Scandoside (I) a – + – –
5′ 2.2 407 [M–H + HCOOH]– Monomelittoside (5-Hydroxyaucubin) (I)a – – + +
6′ 2.4 371 [M–H]–, 417 [M–H + HCOOH]– Deacetylasperuloside (I) a – + + +
7′ 5.9 341 [M–H]– Caffeoylglucoside isomer (O) a + + + +
8′ 5.9 373 [M–H]–, 419 [M–H + HCOOH]– Gardoside (I) a + + + +
9′ 6.9 431 [M–H]–, 863 [2M–H]– Asperulosidic acid (I) a – + + +
10′ 8.9 459 [M–H + HCOOH]– Asperuloside (I) a – + + +
11′ 10.7 523 [M–H]–, 1047 [2M–H]– Verminoside (6-O-Caffeoylcatalpol) (I) a + – – –
12′ 10.9 433 [M–H + HCOOH]– Geniposide (I) b + * – – –
13′ 13.7 507 [M–H]–, 553 [M–H + HCOOH]– Specioside (6-O-(p-Coumaroyl)-catalpol) (I) a + – – –
14′ 14.1 625 [M–H]–, 671 [M–H + HCOOH]–, 1251 [2M–H]– 6-Hydroxyluteolin 7-O-sophoroside (F) a + + – –
15′ 14.4 701 [M–H + HCOOH]– 6′-O-Benzoyldeacetylasperulosidic acid glucoside (I) b – – + * + *
16′ 15.2 463 [M–H]–, 927 [2M–H]– 6-Hydroxyluteolin 7-O-glucoside (F) a + + + +
17′ 15.9 415 [M–H]–, 461 [M–H + HCOOH]– Alpinoside (I) a + + + +
18′ 16.4 555 [M–H + HCOOH]– Globularinin (I) a + + – –
19′ 17.6 493 [M–H]–, 987 [2M–H]– 6′-O-Benzoyldeacetylasperulosidic acid (I) b – + * + * + *
20′ 17.8 555 [M–H + HCOOH]– Globularimin (I) a + + – –
21′ 17.9 463 [M–H + HCOOH–324]–, 787 [M–H + HCOOH]– Liriodendrin ((+)-Syringaresinol di-O-β-glucopyranoside) (L) a + – – –
22′ 18.1 511 [M–H + HCOOH]– 6′-O-Benzoylmonomelittoside (5-Hydroxydumuloside) (I)a – – + +
23′ 18.8 477 [M–H]– Calceolarioside A (Desrhamnosyl verbascoside) (P) a + – – –
24′ 19.1 787 [M–H]–, 1575 [2M–H]– 6-Hydroxyluteolin 7-O-(6′ ′ ′-O-caffeoyl)-sophoroside (F) a – + – –
25′ 19.8 477 [M–H]– Calceolarioside B (Desrhamnosyl isoverbascoside) (P) a + – – –
26′ 20.2 785 [M–H]– Rossicaside A (P) a + + + +
27′ 20.4 623 [M–H]–, 1247 [2M–H]– Verbascoside (Acteoside) (P) a + + + +
28′ 20.7 653 [M–H]–, 1307 [2M–H]– Methoxyverbascoside isomer (P) b – – + * + *
29′ 21.3 443 [M–2H]2–, 887 [M–H]– Trichosanthoside B (P) a – + – –
30′ 22.0 623 [M–H]– Isoverbascoside (Isoacteoside) (P) a + + + +
31′ 22.1 755 [M–H]–, 1511 [2M–H]– Trichosanthoside A (P) a – + – –
32′ 22.4 771 [M–H]– 6-Hydroxyluteolin 7-O-(6′ ′ ′-O-(p-coumaroyl)-sophoroside (F)a – + – –
33′ 22.5 511 [M–H + HCOOH]– Globularifolin (10-O-Benzoylmonomelittoside) (I) a – – + +
34′ 23.0 623 [M–H]– Forsythoside A (P) a + + + +
35′ 23.6 537 [M–H + HCOOH]– Globularin (10-O-trans-Cinnamoylcatalpol) (I) a + + – –
36′ 24.2 477 [M–H]–, 523 [M–H + HCOOH]– 6′-O-Benzoyldeacetylalpinoside (I) a – – + +
37′ 24.6 755 [M–H]– Arenarioside (P) a – + – –
38′ 24.9 637 [M–H]–, 683 [M–H + HCOOH]– Leucosceptoside A (P) a + + + +
39′ 25.1 517 [M–H]–, 563 [M–H + HCOOH]– 10-O-(p-Coumaroyl)-deacetylasperuloside (I) b – + * + * + *
40′ 25.2 491 [M–H]–, 983 [2M–H]– 6′-O-Feruloyl-1′-O-hydroxytyrosol glucoside (P) b + * – – –
41′ 27.4 521 [M–H + HCOOH]– Besperuloside (10-O-Benzoyldeacetylasperuloside) (I) a – + – –
42′ 28.3 573 [M–H + HCOOH]– Globularioside (I) a + + – –
43′ 29.4 653 [M–H]–, 835 [M–H + mannitol]–, 1307 [2M–H]– Demethoxycentaureidin 6,4′-dimethyl ether (F) a – – + +
44′ 32.4 961 [M–H]– Globusintenoside isomer (P) a + + + +
45′ 33.5 785 [M–H]– 6′-O-Caffeoylverbascoside (P) a + – – –
46′ 34.2 269 [M–H]– Apigenin (F) a + + + +
47′ 34.6 889 [M–H]– Benzoylrossicaside A isomer (P) b – + * + * + *
48′ 35.6 935 [M–H + HCOOH]– Globuloside A (Alpinoside-globularin dimer) (I) a + – – –
49′ 38.2 799 [M–H]– Galypumoside B (6′-O-Feruloylverbascoside) (P) a + – – –

a For more information see previously published paper [22]; b for more information see Table S1; * com-
pounds reported for the first time for a particular Globularia species; F: flavonoid; I: iridoid; L: lignan; O: other;
P: phenylethanoid.

The greatest differences in major constituents between LC-MS profiles of leaf and
aerial parts extracts were observed for G. alypum (Figures 1 and 2). Keeping in mind
the shrubby nature of the plant, this could partially be explained by a relatively higher
share of stems in G. alypum aerial parts subjected to extraction than in related species.
Stems of G. alypum were recorded to be less rich in secondary metabolites than its leaves
and flowers [23,44,45]. Most of the major constituents of Soxhlet extracts were present
with higher relative abundances than in the extracts prepared by boiling under reflux
conditions [22].

2.2.3. TLC Profile of Aerial Parts Extracts

In addition to the performed LC-MS profiling, characteristic iridoid and phenylethanoid
constituents of obtained Soxhlet extracts of aerial parts from G. alypum, G. punctata,
G. cordifolia and G. meridionalis were also recorded by thin-layer chromatography (TLC)
using two different mobile phases (Figure 3), as described previously [36]. This enabled



Pharmaceuticals 2022, 15, 506 12 of 34

faster and simpler observation of unique chemical fingerprints of G. alypum, G. punctata and
G. cordifolia/G. meridionalis. Based on the comparison to standard compounds and/or to
respective LC-MS chromatograms of investigated species (Figure 2, Table 4), two prominent
brown zones observed under white light after treatment with vanillin-sulfuric acid reagent
in G. alypum and G. punctata extract were attributed to globularin and catalpol, and those
observed for G. cordifolia and G. meridionalis extract to globularifolin and monomelittoside
and/or its 6′-O-benzoylated derivative as one of their major metabolites. Asperuloside,
present in G. punctata, G. cordifolia and G. meridionalis, gave a blue zone, while two addi-
tional blue zones, which were more prominent in G. punctata, may be attributed to other
identified asperuloside-type iridoids (e.g., asperulosidic acid and deacetylasperuloside).
Blue zone of besperuloside, present only in G. punctata, was not clearly visible due to its
overlapping with the brown zone of globularin. Shared yellow zones may be attributed
to phenylethanoids present in all investigated species with verbascoside as the major
shared component, while additional yellow zones observed for G. alypum and G. punctata
correspond to the presence of their major unique phenylethanoids (e.g., for the latter,
trichosanthoside A and B) that were detected using LC-MS (Table 4).

Figure 3. TLC chromatograms of Soxhlet extracts of aerial parts from G. alypum (GA), G. cordifolia
(GC), G. meridionalis (GM) and G. punctata (GP) and asperuloside, aucubin and catalpol reference
standard obtained after treatment with 1% (w/v) ethanolic vanillin-5% (v/v) ethanolic sulfuric acid
reagent (5–10 min at 100–105 ◦C), observed under white light, UV 365 nm and UV 254 nm. Stationary
phase: silica gel 60 F254; mobile phase: (a) chloroform-methanol-water = 61:32:7 (v/v/v); (b) ethyl
acetate-methanol-water = 20:2:1 (v/v/v).

2.3. Antidiabetic and Antioxidant Potential

Antidiabetic potential of leaf extracts of studied species was evaluated based on their α-
glucosidase inhibitory activity and effect on two enzymatic (glutathione S-transferase (GST)
and glutathione peroxidase (GPx)) and two non-enzymatic biomarkers of oxidative stress
(free thiol groups (-SH) and reduced glutathione (GSH)) in human hepatocellular carcinoma
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Hep G2 cells exposed to hyperglycemic conditions. Cell viability was evaluated using
lactate dehydrogenase (LDH) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Antioxidant potential of aerial parts extracts was evaluated based
on spectrophotometric measurement of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity and by performing thin layer chromatography (TLC) bioautography
using the same free radical as spray reagent.

2.3.1. α-Glucosidase Inhibition

Control of the blood glucose level is the main strategy for treating diabetes mellitus
(DM) and reducing diabetic complications. This can partially be achieved by inhibiting the
activity of α-glucosidase, the key enzyme responsible for hydrolytic cleavage of complex
carbohydrates. Inhibition of α-glucosidase may retard the absorption of glucose and
decrease postprandial blood glucose levels and, therefore, it is one of the key targets for
treating type 2 diabetes mellitus (T2DM) [46]. All four species caused significant inhibition
of α-glucosidase activity at the concentrations tested (0.5 and 1.0 mg/mL) (p < 0.05), with
G. alypum extracts being most effective (30.0–45.7% inhibition) (Figure 4). This supports the
frequently reported traditional use of G. alypum as an antidiabetic agent.

Figure 4. Effect of G. alypum (GA), G. punctata (GP), G. cordifolia (GC) and G. meridionalis (GM)
methanolic leaf extracts on α-glucosidase activity (%); A—acarbose (positive control); * statistically
significant difference in comparison to control (p < 0.05); values are means + SD (n = 4).

Inhibition of α-glucosidase (IC50 = 0.52 mg/mL) and α-amylase (IC50 = 0.57 mg/mL)
was reported for diethyl ether fraction of G. alypum aerial parts extract [47]. The major
chromatographic peaks observed at 280 nm that were left unidentified could most likely
be attributed to verbascoside and globularin (based on their UV spectra) [22], which
were observed as one of the main components of G. alypum in the present and in related
studies [35–37,48].

Moderate, but statistically non-significant negative correlation, was observed between
α-glucosidase activity and total phenolic content (r = −0.51, p > 0.05) (Table S2). Inhi-
bition of α-glucosidase, with very good negative correlation to total phenolic content
(r = −0.791), was previously reported for G. trichosantha and G. orientalis [30]. In a study
conducted on isolated compounds of Clerodendrum bungei Stud., the phenylethanoids
verbascoside (IC50 = 0.5 mM), leucosceptoside A (IC50 = 0.7 mM) and isoverbascoside
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(IC50 = 0.1 mM), which were found in all investigated Globularia species, exhibited stronger
anti-α-glucosidase activities than the positive control (acarbose) [49]. The observed ef-
fect might be due to the presence of the hydroxytyrosyl moiety (IC50 = 0.15 mM) [50]
and/or trans-cinnamic acid derivatives (e.g., caffeic and ferulic acid) [51] in their structure.
The named acids were found in the structure of most phenylethanoids of investigated
Globularia species. Hereby, many acylated phenylethanoids were only found in G. alypum,
including galypumoside B, calceolarioside A, and calceolarioside B, of which the latter
was recently identified also as a pan inhibitor of SARS-CoV-2 proteins [52]. Phenolic acids
were also present in iridoids characteristic for G. alypum, such as verminoside (caffeic
acid) and specioside (p-coumaric acid). However, greater inhibition was observed for leaf
extracts of G. alypum and G. meridionalis (Figure 4), which contained more phenolics and
less iridoids (Table 1).

The observed inhibitory effect of all four species may in part be connected to the pres-
ence of 6-hydroxyflavones (e.g., 6-hydroxyluteolin 7-O-glucoside). In Origanum majorana L.
leaves, 6-hydroxyapigenin (scutellarein) (IC50 = 12 µM) and 6-hydroxyluteolin (IC50 = 10 µM)
were recognized as the most potent inhibitors of α-glucosidase, while weaker inhibitions
were observed for 6-hydroxyluteolin 7-O-glucoside (IC50 = 300 µM) and flavones lacking
the 6-hydroxyl substituent, apigenin and luteolin (IC50 > 500 µM) [53]. The recorded greater
inhibitory activity of G. alypum extract compared to those of extracts of related species may
also be explained by presence of additional α-glucosidase inhibitors, such as vicenin-2
(IC50 = 270.53 µM) [54].

2.3.2. Oxidative Stress Biomarkers

The liver plays a vital role in blood glucose level regulation both in physiological and
pathological states. In DM, liver is among the primary organs susceptible to hyperglycemia-
induced oxidative stress, which may result in irreversible oxidative modifications of its
macromolecules that may lead to abnormal glycogen deposition, non-alcoholic fatty liver
disease, fibrosis, cirrhosis, hepatocellular carcinoma, and other liver abnormalities [55]. Be-
sides the observed anti-hyperglycemic effect of G. alypum [10,11,56], which can be partially
attributed to its major metabolite globularin [41], additional benefits of traditional utiliza-
tion of G. alypum as an antidiabetic could include prevention of diabetic complications
through direct or indirect antioxidant activity, including radical scavenging activity [35,57],
enhancement of antioxidant enzyme activity and/or elevation of levels of non-enzymatic
antioxidants [56,58,59]. For example, in streptozotocin-induced diabetic rats, administra-
tion of G. alypum methanolic leaf extract reduced glycemia and glycosylated hemoglobin
levels, and improved the redox status, especially in the liver [56].

In the present study, effects of two different concentrations (0.5 and 1.0 mg/mL) of
Globularia leaf extracts on biomarkers of oxidative stress have been evaluated in Hep G2
cells cultured under hyperglycemic conditions (Figure 5). Treatments with leaf extracts of
all tested species significantly increased GST (13.4–54.5%) and GPx (13.1–44.0%) activities
at the higher concentration used (p < 0.05). Increased GSH content was observed for
G. alypum (+18.6%), G. punctata (+47.4%), and G. cordifolia extracts (+68.1%) at 1.0 mg/mL
concentration and G. cordifolia extract at 0.5 mg/mL (+11.7%) (p < 0.05). All tested samples
significantly increased free thiol groups content (+14.0–73.7%) and cell viability in the LDH
assay (+22.2–76.7%) (p < 0.05), while in the MTT assay, a 21.6–25.4% increase was observed
only for G. punctata (both concentrations) and G. cordifolia (c = 1.0 mg/mL) (p < 0.05).
Overall, G. cordifolia reduced the pro-oxidant effects of hyperglycemic conditions observed
in Hep G2 cells in all performed assays. Its favorable effect on oxidative status (elevated
SOD, CAT and GSH) has already been recorded in human keratinocytes [60].
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Figure 5. Effect of G. alypum (GA), G. punctata (GP), G. cordifolia (GC) and G. meridionalis (GM)
methanolic leaf extracts on oxidative stress biomarkers in Hep G2 cells cultured under hyperglycemic
conditions: (a) glutathione S-transferase (GST) activity (U/mg protein); (b) glutathione peroxidase
(GPx) activity (mU/mg protein); (c) free thiol groups (-SH) content (µmol/mg protein); (d) re-
duced glutathione (GSH) content (µmol/mg protein); (e) cell viability (%) assessed by the lactate
dehydrogenase (LDH) assay; (f) cell viability (%) assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay; Normal control: cells cultured in medium supplemented
with 5.56 mM glucose; Hyperglycemia: cells cultured in medium supplemented with 20 mM glucose;
# statistically significant difference in comparison to normal control (p < 0.05); * statistically signif-
icant difference in comparison to cells cultured in hyperglycemic conditions (p < 0.05); values are
means + SD (n = 3; exceptionally, in the MTT assay, n = 8).

Extract of G. cordifolia was characterized by the highest condensed tannin content
(Table 1). Correlation analysis revealed excellent positive correlation between GST activity
and condensed tannin content (r = 0.94, p < 0.001), and very good positive correlation be-
tween GPx activity and condensed tannin content (r = 0.79, p < 0.05) (Table S2). Condensed
tannin supplementation of ruminants’ diets was seen to improve their antioxidant status
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both directly and indirectly [61]. Very good positive correlation was also observed between
GST activity and iridoid content (r = 0.73, p < 0.05) (Table S2). The major common iridoid
for G. cordifolia, G. meridionalis and G. punctata (Figure 1, Table 3), which were observed
to induce the GST activity more strongly in comparison to G. alypum (Figure 5), was as-
peruloside. This compound was reported for its anti-inflammatory activity by reducing
lipopolysaccharide (LPS)- and interferon-γ-(IFN-γ) stimulated nitric oxide (NO) produc-
tion in RAW264.7 macrophage cells [62]. Increased levels of colon sulfhydryl groups and
induced SOD and GPx activities were reported in rats with acetic acid-induced ulcerative
colitis [48] as well as with loperamide-induced constipation [63] that were pre-fed with
aqueous leaf extract of G. alypum, while a protective effect of G. alypum methanolic leaf
extract via improvement of enzymatic and non-enzymatic antioxidants was observed in
rats with deltamethrin-induced nephrotoxicity. The latter extract prepared by maceration
was rich in phenylethanoids and flavones [37], many of which were found in G. alypum leaf
extract obtained by ultrasound-assisted extraction (Table 3).

Very good positive correlation was found between cell viability assessed by the LDH
assay and flavonoid content (r = 0.88, p < 0.01) as well as total phenolic content (r = 0.75,
p < 0.05) (Table S2). According to previous studies, flavonoids and phenylethanoids are the
main constituents of the Globularia species that possess direct antioxidant activity [29,35,64,65].
The same compounds may be responsible for the direct protection of the cell membrane
from oxidative damage, which could have led to the observed improved cell viability,
which was subsequently verified by the use of the DPPH assay. Phenylethanoids present
in the investigated Globularia species, e.g., verbascoside [64,65], rossicaside A, trichosan-
thoside A, trichosanthoside B [64], leucosceptoside A, and calceolarioside A [65] were
recognized as effective scavengers of the DPPH free radical. Some of these compounds
were found exclusively either in G. alypum or in G. punctata (Table 3). The latter species,
which showed the greatest protective effect in the LDH assay (Figure 5), contained the most
6-hydroxyluteolin glycosides, which were observed in G. alypum as the more potent DPPH
radical scavengers (IC50 = 6.6–12.2 µM) than its phenylethanoids (IC50 =11.8–15.5 µM)
and iridoids (IC50 = 28.2–76.0 µM), as well as than quercetin (IC50 = 7.8 µM) and buty-
lated hydroxytoluene (IC50 = 30.0 µM) [35]. Verbascoside was recently reported to protect
Smulow–Glickman (S–G) gingival epithelial cells against glucose-induced oxidative stress,
which may indicate its potential to improve impaired oral wound healing in diabetic pa-
tients [66]. In the same study, it was also observed to enhance mitochondrial function and
improve cell survival (50 and 100 µM) in both the LDH assay and the MTT assay.

2.3.3. DPPH Radical Scavenging Activity

Direct antioxidant activity of studied species was confirmed by the DPPH as-
say, which is the most frequently used assay for evaluation of antioxidant activity
of G. alypum [11,35,37,47,57,67–69] and related species of the genus Globularia [29,30], to
enable comparison of results with published data. All four species showed good antiradical
activity against the DPPH free radical (Table 5). The IC50 values ranged from 17.25 µg/mL
(G. alypum) to 24.19 µg/mL (G. punctata). The obtained results are in accordance with
our previous study, in which relatively higher antioxidant activities of both G. alypum
leaf and flower extracts and relatively lower antioxidant activity of G. punctata flower
extract were observed [23]. Obtained IC50 value for G. alypum is comparable to previous
reports for the diethyl ether fraction of its aerial parts (IC50 = 20.54 µg/mL) [47], methano-
lic extracts of its leaves (IC50 = 15.58–27.54 µg/mL [57], IC50 = 25.65 µg/mL) and stems
(IC50 = 22.11 µg/mL) [68], and ethanolic extract of its aerial parts (IC50 = 23.50 µg/mL) [69].
Similarly, the IC50 value established for G. meridionalis is in accordance with that previously re-
ported for methanolic extract of its aerial parts obtained by maceration (IC50 = 21.00 µg/mL),
from whose methanolic fraction verbascoside (acteoside), isoverbascoside (isoacteoside)
and apigenin 7-O-glucoside were isolated [29]. Excellent negative correlation was observed
between the obtained IC50 values for DPPH radical scavenging activity and the estimated
total phenolic content of aerial parts extracts (r = −0.96, p < 0.05) (Table S2), which is
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in accordance with previous reports [23,68]. Potent anti-DPPH activity comparable to
that of ascorbic acid was reported for different phenylethanoids, including calceolario-
side A (desrhamnosyl acteoside) (IC50 = 22.9 µM) and calceolarioside B (desrhamnosyl
isoacteoside) (IC50 = 26.2 µM) [70], found only in the phenolic compound-rich extract of
G. alypum.

Table 5. DPPH radical scavenging activity of G. alypum, G. punctata, G. cordifolia and G. meridionalis
methanolic aerial parts extracts expressed as IC50 value (µg/mL).

G. alypum G. punctata G. cordifolia G. meridionalis Gallic Acid Trolox

17.25 24.19 22.68 20.41 0.64 2.71
IC50—concentration required to reduce the DPPH radical absorbance by 50%.

To identify the constituents responsible for observed activity, TLC bioautography with
DPPH used as spray reagent was performed as in earlier studies of antioxidant activity
of different Globularia species’ constituents [64,65,67]. Based on our previous findings
that indicated possible contribution of flavonoids and other phenolic compounds to the
observed antioxidant effects of Globularia [23], as well as literature data on antioxidant
activity of isolated constituents of G. alypum [35,67], a mobile phase suitable for separation
of flavonoid glycosides and phenolic acid derivatives was used [71]. Two dominant yellow
zones with Rf = 0.29 and Rf = 0.66, showing prominent antiradical activity, were observed
in all four species (Figure S1). The latter was identified as the caffeoyl phenylethanoid
glycoside verbascoside in comparison to its reference standard. The same compound was
recently reported to possess greater DPPH radical scavenging capacity (IC50 = 58.1 µM)
than ascorbic acid [72]. The former compound was tentatively identified as its glycosy-
lated derivative rossicaside A based on its blue fluorescence at 365 nm observed after
NP/PEG treatment and recorded presence in all studied species (Figure S2), as well as
earlier reports of its presence in these and related Globularia species [22,30,33,37,39,40,64].
Conversely to the previous method in which G. punctata showed the lowest radical scav-
enging activity, the second method revealed at least three zones characteristic for this
species showing prominent antiradical activity (Rf = 0.23, Rf = 0.37 and Rf = 0.42). Their Rf
values matched those of three orange, fluorescent zones observed at 365 nm after NP/PEG
treatment, presumably of flavone origin [71]. Based on comparison to the LC-MS profile of
G. punctata (Table 4) and literature reports on the flavones isolated from Globularia elongata
Hegetschw. (syn. G. punctata) [42], they were tentatively identified as 6-hydroxyluteolin 7-
O-sophoroside, 6-hydroxyluteolin 7-O-(6′ ′ ′-O-caffeoyl)-sophoroside, and 6-hydroxyluteolin
7-O-(6′ ′ ′-O-(p-coumaroyl))-sophoroside.

2.4. Anti-Inflammatory Potential

Cyclooxygenase isoenzymes COX-1 and COX-2 are first in the cascade of enzymes
responsible for metabolism of arachidonic acid to prostaglandins (PGE2, PGD2, PGF2α,
and PGI2) and thromboxane A2 [73]. Due to having two functionally coupled active sites,
they catalyze conversion of arachidonic acid first to PGG2 (cyclooxygenase site), which is
afterwards reduced to PGH2 (peroxidase site) [74]. Although COX-1 is usually considered
the constitutively expressed isoform in most tissues, its increased expression was observed
in several human cancers, including ovarian and breast cancer [73]. Anti-inflammatory
potential of G. alypum, G. punctata, G. cordifolia and G. meridionalis methanolic extract of
aerial parts obtained by Soxhlet extraction was evaluated spectrophotometrically using
two methods, one based on inhibition of peroxidase activity of COX-1 using N,N,N′,N′-
tetramethyl-p-phenylenediamine dihydrochloride (TMPD assay) and the other based on
inhibition of its cyclooxygenase activity assessed by the prostaglandin E2 assay (PGE2 as-
say). All tested species inhibited COX-1 activity (Table 6). Extract (c = 50 µg/mL) inhibitory
activities ranged from 17.6% (G. meridionalis) to 51.3% (G. alypum) in the TMPD assay
(IC50 = 2.90 µM for indomethacin), and from 25.7% (G. meridionalis) to 40.6% (G. alypum) in
the PGE2 assay (IC50 = 1.03 µM for indomethacin). The results obtained for G. alypum are
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comparable to those reported for methanolic leaf (5.33%) and flower extract (61.05%) of the
same species tested at 33 µg/mL concentration using the TMPD assay [75].

Table 6. COX-1 inhibitory activity (%) of G. alypum, G. punctata, G. cordifolia and G. meridionalis (GM)
aerial parts extracts (mean values ± SD; n = 3 for TMPD assay; n = 4 for PGE2 assay; c = 50 µg/mL).

Assay G. alypum G. punctata G. cordifolia G. meridionalis Indomethacin

TMPD 51.3 ± 17.4 A 39.9 ± 9.6 AB 37.8 ± 6.6 AB 17.6 ± 7.9 B 2.90 *
PGE2 40.6 ± 4.8 A 32.9 ± 2.6 A 26.5 ± 4.7 A 25.7 ± 3.3 AB 1.03 *

TMPD—N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochloride; PGE2—prostaglandin E2; different capital
letters indicate significant differences between variables (p < 0.05): A > B; * IC50 of indomethacin, expressed in µM.

No correlation between the obtained results and assessed total phenolic or flavonoid con-
tent was found (Table S2). Inhibitory activity against COX-1 of verbascoside (IC50 > 1 mM),
one of the major metabolites found in all investigated species, was lower than that against
COX-2 (IC50 = 0.69 mM) [76]. Among the isolated compounds of Anisomeles indica (L.)
Kuntze, of which verbascoside, isoverbascoside, calceolarioside A and apigenin were also
recorded in investigated Globularia extracts, the latter compound gave the lowest docking
score with COX-1 (−6.558) and COX-2 receptors (−8.441) in molecular docking analysis,
which indicated its strong binding to the enzymes’ active sites [77]. Based on our previ-
ous study [22], apigenin and its glycosides seem to be more common for G. alypum, for
which the tendency of greater COX-1 inhibition was observed. Anti-inflammatory potential
of investigated species could also be connected to their possible diminishing effects on
other pro-inflammatory mediators (e.g., NO), and cytokines such as interleukin-1β (IL-1β),
interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) [78–81].

Catalpol, the iridoid present together with its many esters and/or derivatives (in-
cluding globularin) in G. alypum and G. punctata, was recently reported to protect against
glucose-induced podocyte injury by ameliorating apoptosis and inflammation through
reduction of TNF-α, IL-6 and IL-1β at 1–10 µM concentrations, which would suggest its
preventive potential against diabetic nephropathy [78]. The same compound showed
potentially useful effects in other experimental diabetic complications, glucose-lowering
effect in experimental T1DM and T2DM possibly due to improved glucose utilization
in insulin-sensitive tissues and improved mitochondrial biogenesis/function, as well as
neuroprotective and cardioprotective effect, which are all potentially linked to its antioxi-
dant and anti-inflammatory activities [79]. Similarly, verbascoside was reported to reduce
the glucose-induced production of inflammatory cytokines, IL-6 and IL-1β in Smulow-
Glickman gingival epithelial cells exposed to high glucose concentrations [66], as well as to
reduce cellular inflammation and improve mitochondrial activity and survival of pancre-
atic β-cells under endoplasmic reticulum-stress [82]. Asperuloside and asperulosidic acid,
which were observed in G. punctata, G. cordifolia and G. meridionalis, significantly decreased
the production of NO, PGE2, TNF-α, and IL-6, and inhibited the expression of inducible
NO synthase (iNOS), COX-2, TNF-α, and IL-6 mRNA in LPS-induced RAW 264.7 cells [80].
On the other hand, globularifolin (10-O-benzoyl-monomelittoside), the major metabolite
of G. cordifolia and G. meridionalis, was reported to significantly suppress expression of
nuclear factor-κB (NF-κB) in LPS-stimulated cells at 200 µM concentration [26]. Reduction
of IL-6 and TNF-α was also reported for liriodendrin [81], a lignan diglucoside detected
in G. alypum. The same compound, together with other above-mentioned compounds
(e.g., asperuloside, globularin, catalpol, verbascoside), as well as other major compounds
identified in this study (e.g., rossicaside A, trichosanthoside A, trichosanthoside B, glob-
uloside A), were also reported for G. trichosantha [30,64,83], whose roots/above ground
parts (decoction) or leaves (externally) are traditionally used for hemorrhoid treatment in
Turkey [84], which may be explained by its inflammation-soothing properties for which
these compounds could be accountable.
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2.5. Antibacterial Potential

Staphylococcus aureus, a Gram-positive bacterium, is the main causative pathogen
in diabetic foot infections, with methicillin-resistant S. aureus (MRSA) being the major
multidrug resistant bacterium. Other pathogens may include Gram-positive bacte-
ria, such as Streptococcus spp. and Enterococcus faecalis, and Gram-negative bacteria,
such as Pseudomonas aeruginosa, Escherichia coli, Proteus spp., Enterobacter spp., and
Klebsiella spp. [85,86]. Antibacterial potential of G. alypum, G. punctata, G. cordifolia and
G. meridionalis was evaluated by testing the effect of methanolic extracts of aerial parts
obtained by Soxhlet extraction against four Gram-positive (S. aureus ATCC 6538, E. faecalis
ATCC 29212, Bacillus cereus ATCC 11778, B. subtilis ATCC 6633) and three Gram-negative
bacterial strains (P. aeruginosa ATCC 27853, E. coli ATCC 10536, K. pneumoniae MFBF 10402)
using two complementary methods; well diffusion and serial broth microdilution method.
In the first method, all four species showed notable inhibitory activity against S. aureus, with
the greatest zone of inhibition recorded for G. alypum (25.0 mm), as well as low inhibitory
activity against B. cereus (Table 7).

Table 7. Growth inhibition zones (mm) of G. alypum, G. punctata, G. cordifolia and G. meridionalis
methanolic aerial parts extracts against tested bacterial strains (mean values ± S.D., n = 3).

Bacterial Strains G. alypum G. punctata G. cordifolia G. meridionalis Gentamicin a Norfloxacin b

Gram-Positive

Bacillus cereus
ATCC 11778 8.3 ± 0.6 9.3 ± 1.2 9.7 ± 0.6 8.0 ± 0.0 22.3 ± 0.6 26.6 ± 0.9

Bacillus subtilis
ATCC 6633 7.7 ± 0.6 n.d. 8.3 ± 1.5 n.d. 24.7 ± 0.6 41.0 ± 0.0

Enterococcus faecalis
ATCC 29212 n.d. 13.0 ± 0.0 n.d. n.d. 15.0 ± 0.0 23.8 ± 0.8

Staphylococcus aureus
ATCC 6538 25.0 ± 0.0 21.3 ± 0.6 23.0 ± 0.0 23.7 ± 1.5 24.0 ± 0.0 33.8 ± 0.8

Gram-Negative

Escherichia coli
ATCC 10536 n.d. 24.0 ± 1.7 n.d. n.d. 23.3 ± 0.6 44.7 ± 1.0

Klebsiella pneumoniae
MFBF 10402 n.d. n.d. n.d. n.d. 21.0 ± 0.0 7.3 ± 0.5

Pseudomonas
aeruginosa

ATCC 27853
9.7 ± 0.6 n.d. n.d. n.d. 24.3 ± 0.6 30.7 ± 2.8

a Positive control, broad-spectrum aminoglycoside antibiotic (c = 0.2 mg/mL, n = 3); b positive control, broad-
spectrum fluoroquinolone antibiotic (c = 0.2 mg/mL, n = 6); n.d.—growth inhibition not detected with the applied
concentration of extract (c = 50 mg/mL).

Furthermore, moderate to good inhibition against E. faecalis and E. coli was ob-
served for G. punctata, while G. alypum and G. cordifolia showed low inhibitory activi-
ties against B. subtilis. Finally, low inhibition against P. aeruginosa was also observed for
G. alypum. Antibacterial effects of G. alypum methanolic extracts against S. aureus [68,87–89],
P. aeruginosa [88,89], B. cereus [88], and B. subtilis [68] have already been reported. As in our
study, the species demonstrated the strongest antibacterial effect against S. aureus [87–90].

The results of the serial broth microdilution method followed by sub-cultivation on
agar plates mainly coincided with those of the first method (Table 8). Assessed MIC values
against S. aureus ATCC 6538 ranged between 1.42 mg/mL (G. alypum, G. punctata) and
2.84 mg/mL (G. cordifolia, G. meridionalis). Low inhibitory activity of G. alypum against
P. aeruginosa (MIC = 22.73 mg/mL) and moderate to good bactericidal/inhibitory activity
of G. punctata against E. faecalis (MBC = 5.68 mg/mL) and E. coli (MIC = 1.42 mg/mL) were
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also confirmed. Comparable antibacterial activity of G. alypum methanolic extract against
S. aureus (MIC = 2–4 mg/mL) was reported by previous studies [68,91], while greater
inhibitory activity was recorded against P. aeruginosa (MIC = 8 mg/mL) [91].

Table 8. Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations
(MBCs) (mg/mL) of G. alypum, G. punctata, G. cordifolia and G. meridionalis methanolic aerial parts
extracts against tested bacterial strains (mean values, n = 3).

Bacterial Strains G. alypum G. punctata G. cordifolia G. meridionalis Gentamicin a Verbascoside b

Gram-Positive

Bacillus cereus
ATCC 11778

11.36 c

11.36 d
2.84 c

2.84 d
11.36 c

11.36 d
11.36 c

n.d. d
0.0015 c

0.0015 d
n.d. c

n.d. d

Bacillus subtilis
ATCC 6633

n.d. c

n.d. d
1.89 c

2.84 d
n.d. c

n.d. d
n.d. c

n.d. d
< 0.0001 c

0.0002 d
n.d. c

n.d. d

Enterococcus faecalis
ATCC 29212

n.d. c *
n.d. d

n.d. c *
5.68 d

n.d. c *
n.d. d

n.d. c *
n.d. d

n.d. c *
0.0046 d

n.d. c *
n.d. d

Methicillin-Susceptible Staphylococcus aureus (MSSA)

Staphylococcus aureus
ATCC 6538

1.42 c

1.89 d
1.42 c

1.42 d
2.84 c

3.79 d
2.84 c

2.84 d
0.0006 c

0.0008 d
0.2272 c

n.d. d

Staphylococcus aureus
ATCC 29213

4.73 c

4.73 d
11.36 c

11.36 d
7.58 c

11.36 d
11.36 c

11.36 d
0.0003 c

0.0007 d
0.2272 c

0.2272 c

Staphylococcus aureus
MFBF 505

2.37 c

2.37 d
1.42 c

1.42 d
2.84 c

2.84 d
2.84 c

2.84 d
n.m.
n.m.

n.m.
n.m.

Staphylococcus aureus
MFBF 10661

1.42 c

1.42 d
1.42 c

1.42 d
1.89 c

2.37 d
1.42 c

1.89 d
n.m.
n.m.

n.m.
n.m.

Staphylococcus aureus
MFBF 10666

1.42 c

1.42 d
1.89 c

1.89 d
1.89 c

1.89 d
1.42 c

1.42 d
n.m.
n.m.

n.m.
n.m.

Methicillin-Resistant Staphylococcus aureus (MRSA)

MRSA
MFBF 101

1.89 c

2.84 d
1.42 c

1.42 d
2.84 c

2.84 d
2.84 c

2.84 d
n.m.
n.m.

n.m.
n.m.

MRSA
MFBF 124

2.84 c

2.84 d
2.84 c

2.84 d
3.31 c

3.79 d
2.84 c

2.84 d
n.m.
n.m.

n.m.
n.m.

MRSA
MFBF 154

2.84 c

2.84 d
1.89 c

2.37 d
2.84 c

2.84 d
2.84 c

2.84 d
n.m.
n.m.

n.m.
n.m.

MRSA
MFBF 164

2.84 c

2.84 d
1.42 c

1.89 d
2.84 c

2.84 d
3.79 c

3.79 d
n.m.
n.m.

n.m.
n.m.

MRSA
MFBF 177

2.84 c

2.84 d
2.37 c

2.84 d
3.79 c

3.79 d
2.84 c

2.84 d
n.m.
n.m.

n.m.
n.m.

Gram-Negative

Escherichia coli
ATCC 10536

n.d. c

n.d. d
1.42 c

2.84 d
n.d. c

n.d. d
n.d. c

n.d. d
0.0001 c

0.0015 d
0.2272 c

n.d. d

Klebsiella pneumoniae
MFBF 10402

n.d. c

n.d. d
n.d. c

n.d. d
n.d. c

n.d. d
n.d. c

n.d. d
0.0003 c

0.0008 d
n.d. c

n.d. d

Pseudomonas aeruginosa
ATCC 27853

22.73 c

22.73 d
n.d. c

n.d. d
n.d. c

n.d. d
n.d. c

n.d. d
0.0011 c

0.0030 d
0.2272 c

n.d. d

a Positive control, broad-spectrum aminoglycoside antibiotic; b major phenylethanoid of all investigated species;
c minimum inhibitory concentrations (MICs) evaluated based on the serial broth microdilution method af-
ter detection with 1% (w/v) TTC; d minimum bactericidal concentrations (MBCs) evaluated after agar sub-
cultivation; n.d.—growth inhibition not detected with tested concentrations of extract (c = 0.36–22.73 mg/mL
for P. aeruginosa, c = 0.18–11.36 mg/mL for other bacterial species); * color change with TTC was not observed;
n.m.—not measured.
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Opposite to the results of the diffusion method, in the second method, G. punctata
showed good antibacterial activity against B. cereus (MIC = 2.84 mg/mL) and B. subtilis
(MIC = 1.89 mg/mL), while much lower inhibition against B. cereus was observed for related
species (MIC = 11.36 mg/mL). The latter method possibly accounted for the antibacterial
activity of less hydrophilic compounds of G. punctata, which might not have been observed
earlier due to their lower solubility and consequential lower diffusion into the hydrophilic
(agar) medium [92]. Excellent negative correlation (r = −0.998, p < 0.01) was found be-
tween MIC values against B. cereus and flavonoid content (Table S2), indicating that the
higher anti-Bacillus activity observed for G. punctata could be connected to its characteristic
flavonoid compounds, such as the detected acylated derivatives of 6-hydroxyluteolin 7-
O-sophoroside. Inhibitory activity against Gram-positive bacteria B. subtilis, B. cereus and
S. aureus was reported for flavonoids observed in all four Globularia species, luteolin 7-O-
glucoside [22] (MIC = 50–90 µg/mL) and apigenin (Table 4) (MIC = 30–80 µg/mL), with
the latter also showing inhibitory activity against E. coli and P. aeruginosa [93]. The reported
MIC values for apigenin against B. subtilis, E. faecalis and P. aeruginosa (the same ATCC
strains as used in the present study), were equal to 8, 8 and 64–400 µg/mL, respectively,
while against S. aureus no inhibitory activity was observed [94].

Nine additional S. aureus strains, including three clinical isolates of methicillin-susceptible
S. aureus (MSSA) and five clinical isolates of MRSA, were also tested (Table 8). Ob-
served MIC values ranged between 1.42 and 11.36 mg/mL, with no significant differ-
ences established between MSSA and MRSA strains (p > 0.05). Keeping in mind that
these are the most common causative pathogens found in diabetic foot infections [7],
the observed inhibitory activities can partially explain the reported traditional use of
G. alypum in the treatment of diabetes-associated foot ulcers. The anti-staphylococcal
activity could partly be attributed to verbascoside, for which the assessed inhibitory activ-
ity (MIC = 227.2 µg/mL) corresponded to values previously reported against five MRSA
strains (MIC = 64–256 µg/mL) [95]. Comparable inhibitory activity against S. aureus of all
investigated species may also indicate contribution of other common constituents, such as
isoverbascoside, rossicaside A, forsythoside A and 6-hydroxyluteolin 7-O-glucoside. Ver-
bascoside (MIC = 60 µg/mL) was observed to have greater anti-staphylococcal activity than
isoverbascoside (MIC = 130 µg/mL), while both compounds possessed lower inhibitory
activities against E. faecalis (MIC = 100–150 µg/mL), E. coli (MIC = 100–250 µg/mL) and
P. aeruginosa (MIC = 250 µg/mL) [96]. Other phenylethanoids, such as calceolarioside A
and calceolarioside B, characteristic for G. alypum, also possess antibacterial potential
against Gram-positive and Gram-negative bacteria [97], which might explain the observed
inhibitory effect of G. alypum against P. aeruginosa. The antibacterial potential of G. punctata
against E. coli and E. faecalis, as well as S. aureus, may be connected to its characteris-
tic phenylethanoids (trichosanthoside A, trichosanthoside B, and arenarioside) and/or
flavonoids. Excellent negative correlations were found between flavonoid content and
MICs against MSSA MFBF 505 (r = −0.960, p < 0.05) and MRSA MFBF 154 (r = −0.998,
p < 0.01).

2.6. Anticancer Potential

The most common cancer type in the female population both in Europe and in the
US, which, depending on the age group and/or country of origin, accounts for the greatest
or second greatest number of cancer deaths in women, is breast cancer [98,99]. MDA-MB-
231 cells represent the claudin-low, triple-negative subtype of breast cancer that shows
intermediate response to chemotherapy and is often associated with poor prognosis [100].
Glioblastoma is another highly aggressive and invasive tumor, classified as the WHO grade
IV astrocytoma, which represents 15–20% of all primary intracranial neoplasms in adults.
Deaths from glioblastoma usually occur within the first 15–16 months after diagnosis, while
the 5-year survival rate is only 5% [101]. Anticancer potential of methanolic leaf extracts of
investigated Globularia species was evaluated using the MTT assay based on their effects
against MDA-MB-231 breast cancer cell line and A1235 glioblastoma cell line. Cytotoxic
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effect against MDA-MB-231 cell line was observed for extracts of G. punctata (34.48%),
G. cordifolia (63.41%) and G. meridionalis (82.96%) (at the highest concentration used), while
cytotoxic effect against A1235 cell line was observed for all investigated species (p < 0.05)
(Figure 6). Greatest cytotoxic effect against A1235 cells was observed for G. meridionalis
(IC50 = 129.40 µg/mL) and the lowest for G. alypum (IC50 = 231.43 µg/mL) (Table 9).

Figure 6. Effect of G. alypum (GA), G. punctata (GP), G. cordifolia (GC) and G. meridionalis (GM)
methanolic leaf extracts on cell viability of: (a) MDA-MB-231 breast cancer cell line; (b) A1235
glioblastoma cell line; * statistically significant difference in comparison to control (p < 0.05); values
are means + SD (n = 4).

Table 9. Effect of G. alypum, G. punctata, G. cordifolia and G. meridionalis methanolic leaf extracts on
viability of A1235 cancer cell line expressed as IC50 values (µg/mL).

G. alypum G. punctata G. cordifolia G. meridionalis

231.43 140.54 180.42 129.40
IC50—concentration required to reduce A1235 cell viability by 50%.

The observed cytotoxic effects against MDA-MB-231 cells that were shown by G. merid-
ionalis, G. cordifolia and G. punctata may be connected to asperuloside and its derivatives
(Table 3) [102–104]. Ethanolic extract of Oldenlandia diffusa (Willd.) Roxb. that contained
asperuloside and deacetylasperulosidic acid also reduced MDA-MB-231 and MDA-MB-453
cell viability and suppressed their colony formation capacities [102]. Cytotoxic effect against
YMB-1 breast cancer cells (IC50 = 0.7 µg/mL), HL60 cells (IC50 = 11.0 µg/mL) and KB cells
(IC50 = 104.2 µg/mL) was recorded for asperuloside [103], while asperulosidic acid reduced
the viability of HT-29 human colon adenocarcinoma cells (IC50 = 6.1 µg/mL) [104]. Globu-
larifolin, whose cytotoxic activity against CAMA-1 breast cancer cells (IC50 = 10 µM) was
reported [28], could be responsible for the more pronounced inhibition of MDA-MB-231 cell
viability recorded for G. cordifolia and G. meridionalis. Very good negative correlations were
established between observed cell viability and concentrations of flavonoids (r = −0.72,
p < 0.01), iridoids (r = −0.75, p < 0.001), and total phenolics (r = −0.81, p < 0.001), while
excellent correlation was found between MDA-MB-231 cell viability and concentration
of condensed tannins (r = −0.90, p < 0.001) (Table S2). Cytotoxic effect of condensed
tannins was reported against MCF-7 and Hs 578T breast cancer cells, Caco-2 colon car-
cinoma cells, and DU 145 prostate cancer cells [105]. Cytotoxic effect against MDA-MB-
231 (IC50 = 0.159–0.258 µM) [106] and a range of other cancer cell lines, including U87
glioblastoma cell line, was reported for verbascoside [107], the major phenylethanoid of
investigated species.

Moreover, investigation of cytotoxic activity of Callicarpa nudiflora Hook. and Arn.
against HeLa cells, A549 lung adenocarcinoma cells and MCF-7 cells resulted in isolation
of flavonoids, phenylethanoids and iridoids, which included those found in investigated
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species, 6-hydroxyluteolin 7-O-glucoside, verbascoside and catalpol [108]. Weak cytotoxic
effect against HeLa cells (IC50 = 1530 µg/mL) was also reported for G. alypum [109].

Excellent negative correlations were established between A1235 cell viability and
concentrations of total phenolics (r = −0.95, p < 0.001), flavonoids (r = −0.90, p < 0.001) and
condensed tannins (r =−0.87, p < 0.001), while very good negative correlation was observed
between A1235 cell viability and iridoid concentrations (r = −0.78, p < 0.001) (Table S2).
Common phenolic compounds included verbascoside, isoverbascoside, rossicaside A,
forsythoside A, leucosceptoside A, globusintenoside isomer, and 6-hydroxyluteolin 7-
O-glucoside, while in G. punctata, G. cordifolia and G. meridionalis benzoyl-rossicaside A
isomer was also found. Investigations conducted on different cancer cell lines indicated
that rhamnose may be important for cytotoxic activity of phenylethanoids [110,111]. This
could explain the observed relatively lower cytotoxic effect of G. alypum, whose leaf extract
contained a relatively great share of phenylethanoids that do not contain rhamnose in their
structure, such as calceolarioside A, calceolarioside B, 6′-O-feruloyl-1′-O-hydroxytyrosyl
glucoside, desrhamnosyl 6′-O-caffeoylverbascoside, and desrhamnosyl galypumoside B.
On the other hand, the observed cytotoxic effect of G. cordifolia and G. meridionalis extracts
against A1235 cells may again be partially attributed to globularifolin, their common iridoid,
which was reported to exert anticancer effects against U87 cells [27].

3. Materials and Methods
3.1. Chemicals and Reagents

Adrenalin bitartrate and indomethacin were purchased from Acros Organics, Geel,
Belgium; glacial acetic acid from Alkaloid, Skopje, North Macedonia; asperuloside and
catalpol from Carl Roth, Karlsruhe, Germany; hydrochloric acid from Carlo Erba, Em-
mendingen, Germany; arachidonic acid from Cayman Chemical Company, Ann Arbor, MI,
USA; (+)-catehin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), diphenylboric acid-β-ethylamino
ester (natural products reagent, NP) and LC-MS grade formic acid from Fluka, Buchs,
Schwitzerland; fetal bovine serum (FBS), minimum essential medium (MEM), penicillin-
streptomycin, and trypan blue from Gibco, Gaithersburg, MD, USA; absolute ethanol
from Gram-Mol, Zagreb, Croatia; verbascoside from HWI Analytik, Rülzheim, Germany;
ethyl acetate, Folin-Ciocalteu’s reagent, D-(+)-glucose, polyethylene glycol 4000 (PEG
4000), potassium chloride, potassium phosphate monobasic, sodium carbonate decahy-
drate, sodium hydroxide, sodium phosphate dibasic heptahydrate, sulfuric acid and
Tween from Kemika, Zagreb, Croatia; gentamicin sulfate and norfloxacin from Krka,
Novo mesto, Slovenia; chloroform, copper(II) sulfate pentahydrate, gallic acid, LC-MS
grade acetonitrile, methanol, Müller–Hinton agar, Müller–Hinton broth, sodium chlo-
ride and Tryptic soy agar (TSA) from Merck, Darmstadt, Germany; Tris-HCl buffer
from Santa Cruz Biotechnology, Dallas, TX, USA; formic acid from Scharlau, Schar-
lab, Barcelona, Spain; acarbose, aluminum chloride hexahydrate, aucubin, 1-chloro-
2,4-dinitrobenzene (CDNB), cyclooxygenase-1 (COX-1) from sheep, dimethyl sulfox-
ide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dis-
odium ethylenediamine-tetraacetic acid (Na2EDTA), 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB, Ellman’s reagent), Dulbecco’s modified Eagle’s medium (DMEM), Type I α-
glucosidase (isolated from Saccharomyces cerevisiae), glutathione (GSH), hematin, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), p-nitrophenyl-α-D-glucopyranoside
(PNG), quercetin, N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochloride (TMPD),
trichloroacetic acid, 2,3,5-triphenyltetrazolium chloride (TTC), trypsin-EDTA and vanillin
from Sigma-Aldrich, St. Louis, MO, USA; and sodium diethyldithiocarbamate trihydrate
(DDC) from VWR International, Radnor, PA, USA.

3.2. Plant Material

Aerial parts of investigated Globularia species were collected during their flowering
stage from wild populations in four sampling locations: Konavle cliffs (G. alypum, March
2013), Grobnik field (G. punctata, May 2012 and 2013, G. meridionalis, May 2013), Baške
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Oštarije, Velebit (G. cordifolia and G. meridionalis, June 2012) and Alan, Velebit (G. cordifolia,
May 2013). Plant material was identified by Prof. Kroata Hazler Pilepić. Voucher specimens
are deposited in the Herbarium of the Department of Pharmaceutical Botany of the Faculty
of Pharmacy and Biochemistry, University of Zagreb. Collection data are provided in
Table S3. The plant material was air-dried at room temperature.

3.3. Sample Preparation

Ultrasound-assisted extraction of powdered leaves (0.5–1.25 g) was performed using
methanol (1:10) for 2 × 30 min. Obtained liquid extracts were filtered and evaporated to
dryness using a rotavapor at 50 ◦C. Soxhlet extraction of powdered aerial parts (145–280 g)
was performed using methanol (1:5) for 8 h. Obtained extracts were evaporated to dryness
using a rotavapor at 30 ◦C, re-suspended in 50% (v/v) methanol and extracted three times
with chloroform. After chloroform removal, the remaining solvents were again evaporated
at 30 ◦C and freeze-dried. All samples were stored at −20 ◦C until further use.

3.4. Phytochemical Content

Phytochemical content was evaluated spectrophotometrically as described previ-
ously [23]; total phenolic content using the Folin–Ciocalteu assay, flavonoid content using
the aluminum chloride assay, iridoid content using the Trim–Hill assay, and condensed
tannin content using the vanillin assay. Results are expressed as gallic acid equivalents
(GAE)/g dry extract (DE), quercetin equivalents (QE)/g DE, aucubin equivalents (AE)/g
DE, and catechin equivalents (CE)/g DE, respectively.

3.5. HPLC-PDA-ESI-MSn Analysis

High-performance liquid chromatography-photodiode array detection-electrospray
ionization-tandem mass spectrometry, HPLC-PDA-ESI-MSn, using the LTQ XL linear ion
trap mass spectrometer coupled to the Dionex UltiMate 3000 liquid chromatograph and
photodiode array detector (Thermo Fisher Scientific, Waltham, MA, USA), was used for the
analysis of methanolic leaf and aerial parts extracts composition. Zorbax SB-C18 column
(i.d. 150 mm × 2.1 mm, 3.5 µm) (Agilent Technologies, Santa Clara, CA, USA) was used as
a stationary phase. Separation of constituents and data collection were carried out under
the previously described conditions [22]. UV/Vis spectral data were collected within the
range 190–600 nm and mass spectral data within the range m/z 50–2000. Electrospray
ionization (ESI) was performed in negative ionization mode. MSn spectra (MS2–MS4) were
obtained by collision induced dissociation (CID) of the ion of the greatest intensity in the
mass spectrum of lower order with helium as the collision gas and normalized collision
energy set at 35%. Data acquisition and processing were performed using Thermo Xcalibur
2.2 (Thermo Fisher Scientific, Waltham, MA, USA). Compound identification was based
on the comparison of chromatographic and spectral data to those of previously identified
constituents found in methanolic extracts of aerial parts of the same Globularia species
obtained by heating under reflux conditions [22].

3.6. TLC Analysis

Constituents of methanolic aerial parts extracts obtained by Soxhlet extraction
(c = 50 mg/mL) were separated on thin-layer chromatography (TLC) silica gel 60 F254
aluminum plates (Merck, Darmstadt, Germany), 10 × 20 cm, thickness 0.20 mm, using
chloroform-methanol-water = 61:32:7 (v/v/v), or ethyl acetate-methanol-water = 20:2:1
(v/v/v) as the mobile phase [36]. Sample and standard solutions (10 µL) were applied 1.5 cm
from the lower edge of the plate. The distance travelled by the mobile phase was 7 cm.
Compound identification was based on the comparison of zone color and position observed
under white light, UV 365 nm and UV 254 nm (Camag Reprostar 3, Muttenz, Switzerland)
after treatment with 1% (w/v) ethanolic vanillin-5% (v/v) ethanolic sulfuric acid reagent
(5–10 min at 100–105 ◦C), to those of asperuloside, aucubin and catalpol reference standards
(c = 0.5 mg/mL).
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3.7. Assessment of Antidiabetic and Antioxidant Potential
3.7.1. α-Glucosidase Activity

Inhibition ofα-glucosidase activity was assessed using PNG as previously described [112].
Methanolic leaf extract solutions (100 µL) in 2% (v/v) DMSO were mixed with 50 µL Type I
α-glucosidase from Saccharomyces cerevisiae (1.0 U/mL in 0.1 M phosphate buffer, pH 6.8)
and preincubated at 37 ◦C. After 10 min, 50 µL PNG (5 mM in 0.1 M phosphate buffer,
pH 6.8) was added. Absorbance was measured for 5 min at 405 nm against a blank in
which PNG was replaced with phosphate buffer. Results are expressed as enzyme activity
% in comparison to control (2% (v/v) DMSO), which was considered to give 100% enzyme
activity. Acarbose was used as positive control.

3.7.2. Cell Culture and Treatment

Hep G2 cells obtained from European Collection of Authenticated Cell Cultures
(ECACC, Salisbury, UK) were cultured in MEM supplemented with 10% (v/v) FBS, 20 IU/mL
penicillin and 20 µg/mL streptomycin at 37 ◦C and 5% CO2. After removal of culture
medium, cells were washed with phosphate buffered saline (PBS), trypsinized using 0.25%
trypsin-EDTA solution for 5 min at 37 ◦C, counted under a light microscope (Leitz Diavert)
after 0.04% trypan blue staining using the Bürker–Türk counting chamber and seeded into
six-well plates (1.67 × 106) with FBS-free medium or 96-well plates (2 × 105) (MTT assay).
After 24 h incubation at 37 ◦C, cells were washed with PBS and incubated with methanolic
leaf extract solutions (c = 0.5 and 1.0 mg/mL) in MEM with 20 mM glucose (hyperglycemic
conditions) for 24 h at 37 ◦C. Normal control cells were kept in MEM with 5.56 mM glucose.
Prior to cell treatment, samples were filtered using sterile Nalgene filter units of pore size
0.2 µm (Sigma-Aldrich, St. Louis, MO, USA). After incubation and washing with PBS, the
cells were lysed with 1% (v/v) Tween in PBS with the help of ultrasound (4 W) (Cole-Parmer
4710) for 15 s and centrifuged for 20 min at 14,000 rpm at 4 ◦C. The supernatant was stored
at −80 ◦C until further use.

3.7.3. Oxidative Stress Biomarkers and Cell Viability Assessment

Glutathione peroxidase (GPx) activity was measured spectrophotometrically using
the Glutathione Peroxidase Activity Colorimetric Assay Kit (Biovision, Milpitas, CA, USA).
Glutathione S-transferase (GST) activity was evaluated spectrophotometrically using CDNB
as the substrate [113]. The cell lysate supernatant was mixed with 1 mM GSH and 1 mM
CDNB in 50 mM HEPES, pH 7.4. Absorbance was measured for 75 s at 340 nm and 37 ◦C
against reagent blank on the semi-automatic analyzer (Trace 30). GST activity was calculated
using the GS-DNB molar extinction coefficient at 340 nm (9600 cm−1M−1). Content of
free thiol groups (-SH) was evaluated spectrophotometrically using Ellman’s reagent [114].
Reaction mixture (1000 µL) consisted of cell lysate supernatant (100 µL), 0.25 M Tris-HCl
buffer, pH 8.2, with 20 mM EDTA (150 µL), and 10 mM Ellman’s reagent (10 µL) in absolute
methanol. After incubation (20 min) and centrifugation (3000 rpm, 10 min), absorbance
was measured at 412 nm against distilled water blank (Cecil Aquarius CE 7200). Results
were calculated using the molar extinction coefficient of the product (14,150 cm−1M−1).
For evaluation of GSH content, as previously described [112], to deproteinize the cell
lysate supernatant (300 µL), 5% (v/v) trichloroacetic acid was added (100 µL), and the
mixture was centrifuged (3000 rpm, 10 min). To obtained supernatant (100 µL), PBS
(550 µL, 0.3 M, pH 7.4) and DTNB (50 µL) dissolved in the same buffer were added. The
production of yellow colored 5-thio-2-nitrobenzoic acid (TNB) was measured at 405 nm
against reagent blank. Results were calculated using the molar extinction coefficient of the
product (14,150 cm−1M−1). All results are expressed per mg protein. Protein concentrations
were established fluorometrically using the Qubit Protein Assay Kit (Invitrogen).

Viability of Hep G2 cells was evaluated spectrophotometrically using the cell lysate
supernatant by measuring lactate dehydrogenase (LDH) activity as an indicator of cell
membrane damage [115] with commercial reagent. In 15 µL supernatant, 900 µL reagent
(100 mM Tris, 7 mM nicotinamide adenine dinucleotide (NAD+), 50 mM lithium lactate
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and 120 mM KCl, pH 9.0) was added. Absorbance was read after 30 and 60 s at 340 nm
and 37 ◦C (Trace 30) against distilled water blank. Results were calculated using the molar
extinction coefficient of NADH at 340 nm (6300 cm−1M−1). Cell viability was also evaluated
based on the assessment of their metabolic/mitochondrial function using the MTT assay as
previously described [116]. After 24 h treatment, culture medium was removed and cells
were washed two times with PBS and afterwards incubated in MEM (1 mL) with 5 mg/mL
MTT solution in PBS (50 µL). After incubation for 4 h at 37 ◦C, MTT solution was removed
and the cells were washed two times with PBS, and the obtained formazan crystals were
dissolved in DMSO. Absorbance was measured at 595 nm (Victor3 1420 Multilabel Counter,
Perkin Elmer, Waltham, MA, USA). Results are expressed as cell viability %, in comparison
to control, which was considered to give 100% cell viability.

3.7.4. DPPH Radical Scavenging Activity Assay

Antiradical activity was assessed using the free radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH) according to the previously described procedure [23]. Methanolic stock solution of
DPPH (0.1 mM) was dissolved to obtain absorbance of 0.70 ± 0.02. In 2 mL of prepared
solution, 10 µL sample was added. After 30 min incubation, absorbance was measured at
517 nm with methanol used as blank. Results are expressed as concentrations observed to
reduce the DPPH radical absorbance by 50% (IC50).

3.7.5. TLC Bioautography Assay

Constituents of methanolic aerial parts extracts obtained by Soxhlet extraction
(c = 20 mg/mL) were separated on TLC silica gel 60 F254 glass plates (Merck), 20 × 20 cm,
thickness 0.25 mm, using ethyl acetate-formic acid-glacial acetic acid-water (100:11:11:26,
v/v/v/v) as the mobile phase [71]. Sample and standard solutions (20 µL) were applied
2.5 cm from the lower edge of the plate. The distance travelled by the mobile phase
was 15 cm. Plates were sprayed with 0.05% (w/v) methanolic solution of DPPH [117].
Constituents possessing antioxidant activity were detected as white to yellow zones against
a light purple background. Compound identification was based on the comparison of zone
color and position observed under UV 365 nm after treatment with 1% (w/v) methanolic
diphenylboric acid-β-ethylamino ester, and 5% (w/v) ethanolic polyethylene glycol 4000
(NP/PEG reagent) [71], to that of verbascoside reference standard (c = 0.5 mg/mL).

3.8. Assessment of Anti-Inflammatory Potential
3.8.1. PGE2 Assay

Cyclooxygenase activity of COX-1 was evaluated spectrophotometrically according
to previously described protocols [118,119]. COX-1 solution was first diluted in 80 mM
Tris-HCl buffer, pH 8.0, with 0.1% (v/v) Tween and 300 µM DDC (c = 200 U/mL) and then
in 0.1 M Tris-HCl buffer, pH 8.0 (1:100) just before the performed assay, while hematin
(c = 1 mM) was dissolved in 0.01 M NaOH and afterwards diluted in 0.1 M Tris-HCl buffer,
pH 8.0 (1:10). Sample (methanolic aerial parts extract solution, 10 µL) was preincubated
with 0.1 M Tris-HCl buffer, pH 8.0 (20 µL), 72 mM adrenalin bitartrate (50 µL), 2 U/mL COX-
1 (100 µL) and 100 µM hematin (10 µL) for 5 min at room temperature. The reaction was
started by the addition of 100 µM arachidonic acid (10 µL). After 20 min incubation at 37 ◦C,
the reaction was terminated by the addition of 10% (v/v) formic acid (10 µL). Concentration
of produced PGE2 was evaluated using the Prostaglandin E2 EIA Kit-Monoclonal (Cayman
Chemical Company, Ann Arbor, MI, USA). After 18 h sample incubation with PGE2 tracer
(PGE2-acethylcholinesterase conjugate) and PGE2 monoclonal antibody at 4 ◦C, wells were
emptied and rinsed five times with wash buffer. After 90 min incubation with Ellman’s
reagent, absorbance was read at 405 nm using the iEMS Reader MF type 1401 (Labsystems,
Vantaa, Finland) and corrected for the absorbance at 620 nm. Blank absorbance (Ellman’s
reagent) and non-specific binding absorbance (absence of antibody) were subtracted from
the readings. From absorbances obtained for samples and control (ethanol), PGE2 tracer
binding % were calculated, which were inversely proportional to the PGE2 concentrations
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in the wells. Results are expressed as COX-1 inhibition %, calculated from established PGE2
concentrations. Indomethacin was used as positive control.

3.8.2. TMPD Assay

Peroxidase activity of COX-1 was evaluated spectrophotometrically using the TMPD
assay [120], with some modifications. Sample (methanolic aerial parts extract solution,
10 µL) was pre-incubated for 10 min at room temperature with 0.1 M Tris-HCl buffer, pH
8.0 (60 µL), 200 U/mL COX-1 enzyme in 0.1 M Tris-HCl buffer, pH 8.0 (100 µL), 100 µM
hematin (10 µL) and 2 mM TMPD in DMSO (10 µL). The reaction was started by the
addition of 2 mM arachidonic acid (10 µL). After 20 s, absorbance was measured at 620 nm
using the iEMS Reader MF type 1401 (Labsystems, Vantaa, Finland). Blank absorbance
(without arachidonic acid) and non-specific absorbance (without COX-1) were subtracted
from absorbance readings. Results are expressed as COX-1 inhibition %, obtained from the
difference between control (ethanol) and sample absorbance, divided by control absorbance.
Indomethacin was used as positive control.

3.9. Assessment of Antibacterial Potential
3.9.1. Bacterial Strains and Inoculum and Sample Preparation

Antibacterial activity was evaluated using the following strains: Bacillus cereus Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA) 11778, B. subtilis ATCC 6633,
Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 6538 and S. aureus ATCC
29213 among Gram-positive and Escherichia coli ATCC 10536, Klebsiella pneumoniae MFBF
10402 and Pseudomonas aeruginosa ATCC 27853 among Gram-negative bacterial species.
Additionally, eight clinical isolates of S. aureus, including methicillin-resistant S. aureus
(MRSA MFB F101, MRSA MFBF 124, MRSA MFBF 154, MRSA MFBF 164, and MRSA
MFBF 177) and methicillin susceptible S. aureus (S. aureus MFBF 505, S. aureus MFBF 10661
and S. aureus MFBF 10666) were used. Bacterial strains were sourced from the Collection
of Microorganisms, Department of Microbiology, Faculty of Pharmacy and Biochemistry,
University of Zagreb. Inoculums were prepared from overnight cultures that were cultured
on tryptic soy agar (TSA) at 37 ◦C, suspended in sterile physiological saline, with the optic
density adjusted to 0.5 McFarland (1.5 × 108 colony-forming units (CFUs)/mL) using a
densitometer (Densimat, BioMérieux, Marcy-l’Étoile, France). Right before cultivation in
nutrient medium, 1 mL of each prepared suspension was dissolved with 9 mL physiological
saline. Prior to cell treatment, sample stock solutions in distilled water (c = 50 mg/mL) were
filtered through Chromafil cellulose acetate filters of pore size 0.22 µm (Macherey-Nagel,
Düren, Germany).

3.9.2. Well Diffusion Method

Well diffusion method was carried out according to the European Pharmacopoeia [121].
Inoculums (100 µL) were transferred to individual petri dishes with 4 mm thick Müller–
Hinton agar and equally distributed across agar surface with a glass L-stick. Wells were
prepared using sterile stainless-steel cylinders (d = 6 mm) and filled with 50 µL of methano-
lic aerial parts extract solution (c = 50 mg/mL) in distilled water. Plates were incubated at
37 ◦C for 18 h in the dark. Diameters of the zones of inhibition of bacterial growth (mm)
were read from the diameters of transparent zones around the wells. Gentamicin and
norfloxacin (c = 0.2 mg/mL) were used as positive controls.

3.9.3. Serial Broth Microdilution Method with Agar Sub-Cultivation

Broth microdilution method was conducted in sterile plastic microtiter plates with
96 wells (Nuova Aptaca, Canelli, Italy), in accordance with the Clinical and Laboratory
Standards Institute (CLSI) recommendations [122]. Two-fold serial dilutions of sample
(methanolic aerial parts extract solution) or verbascoside reference standard were prepared
in Müller–Hinton broth (100 µL), to which 10 µL diluted inoculum (1:10) was added.
Growth control well consisted of 100 µL Müller–Hinton broth and 10 µL diluted inoculum.
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Minimum inhibitory concentrations (MICs), defined as the lowest concentrations of samples
that inhibit the visible growth of microorganisms, were read after 18 h incubation at 37 ◦C.
Due to extract turbidity, to avoid subjectivity of visual turbidity readings, indicative of
bacterial growth, MICs were assessed after 3 h incubation at 37 ◦C with 1% (w/v) TTC
(20 µL), which in the presence of metabolically active bacteria (except E. faecalis) gave
red coloration/precipitate [123]. This was performed after agar sub-cultivation, in which
content from each well (10 µL) was transferred to the surface of Müller–Hinton agar,
divided into eight sectors, with a calibrated inoculation loop, and incubated for 18 h at 37 ◦C.
Minimum bactericidal concentrations (MBCs) were determined as the lowest concentrations
of samples that lead to absence of bacterial growth on agar plates. Gentamicin was used as
positive control against ATCC bacterial strains.

3.10. Assessment of Anticancer Potential
3.10.1. Cell Culture and Treatment

Human MDA MB-231 breast cancer cells obtained from Dr. Sonja Levanat and human
A1235 glioblastoma cells obtained from S.A. Aaronson [124] were cultured in DMEM,
supplemented with 10% fetal bovine serum, in a humidified atmosphere at 37 ◦C and
5% CO2, as previously described [125]. After removal of culture medium, cells were
trypsinized using 0.25% trypsin-EDTA solution for 5 min at 37 ◦C, counted on Z2 Coulter
Counter (Beckman Coulter, Brea, CA, USA) and seeded in 96-well culture plates (5 × 103).
Cells were incubated with methanolic leaf extract solutions in DMEM (c = 50, 100, 250 and
500 µg/mL) for 24 h at 37 ◦C. Prior to cell treatment, samples were filtered through sterile
filters of pore size 0.22 µm.

3.10.2. Cell Viability Assay

Cell viability was assessed using the MTT assay as previously described [125]. Prior
to addition of MTT dye (0.5 mg/mL) to each well, the medium was removed, and the cells
were washed with PBS. After 4 h of incubation at 37 ◦C, obtained formazan crystals were
dissolved in DMSO (170 µL) and plates were agitated for 10 min at 600 rpm. Absorbances
were measured at 570 nm using a microplate reader (Victor3 1420 Multilabel Counter,
Perkin Elmer, Waltham, MA, USA). Results are presented as cell viability % in comparison
to control, which was considered to give 100% cell viability.

3.11. Statistical Analysis

Phytochemical content, assessment of oxidative stress biomarkers and viability of
Hep G2 cells in hyperglycemic conditions (LDH assay), antibacterial activity and COX-1
inhibitory activity (TMPD assay) were evaluated in triplicate and the results are expressed
as mean values and standard deviations or, exceptionally, mean values (serial broth mi-
crodilution method, agar sub-cultivation). Assessment of α-glucosidase activity, COX-1
inhibitory activity (PGE2 assay) and MDA-MB-231 and A1235 cell viability were performed
in quadruplicate, and viability of Hep G2 cells in hyperglycemic conditions (MTT assay) in
octuplicate, and the results are expressed as mean values and standard deviations. Con-
centrations that were observed to reduce the DPPH radical absorbance by 50% (IC50) were
estimated using linear regression and those that reduced COX-1 activity and cell viability
by 50% (IC50) using logarithmic regression.

Statistically significant differences were evaluated by using one-way analysis of vari-
ance (ANOVA), followed by Tukey’s post hoc test (comparison between different species)
or Dunnett’s post hoc test (comparison between samples and control/hyperglycemia).
Pearson’s correlation coefficient (r) was used to establish the relationship between observed
biological activities and phytochemical content. In all tests, significance level α was set at
0.05. Analyses were performed using GraphPad Prism 6.01 (GraphPad Software, San Diego,
CA, USA).
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4. Conclusions

The present study provides a greater insight into the phytochemical composition of
G. alypum and three related species, G. punctata, G. cordifolia, and G. meridionalis, consider-
ing different methods of extract preparation and different plant parts used. The bioactive
compounds contained in investigated extracts of G. alypum and their observed biological
activities are in accordance with the results of previous biological activity studies, as well as
the reported traditional uses of this well-investigated medicinal plant, including its antidia-
betic use, while those of related species suggest they too may have therapeutic potential.
Observed antioxidant, anti-inflammatory, and antimicrobial activities of aerial parts extracts
of investigated Globularia species support their use in cosmetics, while cytotoxicity assay re-
sults indicate further studies should preferably be carried out on G. cordifolia, G. meridionalis
and G. punctata. The latter species also showed greater antimicrobial potential in compar-
ison to G. alypum, which may be associated with its characteristic phenylethanoids and
flavonoids. The paper displays how a combination of phytochemical and biological activity
data obtained for extracts of several different species of the same genus may improve the
understanding of their potential health benefits and facilitate the identification of com-
pounds that are of possible interest for future biological activity studies. Future studies
could focus more on the biological activities of major metabolites found in these species
and elucidation of their underlying molecular mechanisms.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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(v/v/v/v).
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