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Abstract: Leaves from Combretum collinum Fresen (Combretaceae) are commonly used for the
treatment of inflammatory conditions, wound healing and bacterial infections in traditional West
African medicine. This research focuses on the characterization of the phenolic profile and lipophilic
compounds of leaves extracts of C. collinum. Studies of the in vitro anti-inflammatory activity were
performed in TNFα stimulated HaCaT cells and antibacterial activity was evaluated with agar well
diffusion and microdilution assays. Antioxidant activity was determined by DPPH and ABTS assays
and compared to standards. The phytochemical studies confirmed myricetin-3-O-rhamnoside and
myricetin-3-O-glucoside as major components of the leaves extracts, each contributing significantly to
the antioxidant activity of the hydrophilic extracts. GC-MS analysis identified 19 substances that were
confirmed by comparison with spectral library data and authentic standards. Combretum collinum
aqueous leaves extract decreased pro-inflammatory mediators in TNFα stimulated HaCaT cells.
Further investigations showed that myricetin-3-O-rhamnoside has an anti-inflammatory effect on IL-8
secretion. In the antimicrobial screening, the largest inhibition zones were found against S. epidermidis,
MRSA and S. aureus. MIC values resulted in 275.0 µg/mL for S. epidermidis and 385.5 µg/mL for
MRSA. The in vitro anti-inflammatory, antibacterial and antioxidant activity supports topical use of
C. collinum leaves extracts in traditional West African medicine.
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1. Introduction

Sub-Saharan Africa is a region of the world where the use of traditional herbal medicines has
long been widespread, and a large part of the population depends on it to maintain their health [1].
Particularly in rural areas with insufficient access to modern medicine, such as Northern Benin,
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a remarkably high number of species is used as herbal remedies [2]. In this region, combinations of
various medicinal plants are used externally for the treatment of inflammation, fractures and related
infections. For example, a mixture of Piliostigma thonningii (Schum.) Milne-Redh., Ficus thonningii Blume,
Fadogia agrestis Schweinf. Ex Hiern, Entada Africana Guill. and Perr., Chasmanthera dependens Hochst.,
and Combretum collinum Fresen is used traditionally for the treatment of musculoskeletal disorders
and pain and has already shown anti-inflammatory effects in a preliminary clinical observation [3].
Combretum collinum Fresen (Combretaceae) as an important ingredient of this traditional herbal
combination is a small, semi-evergreen tree or shrub, that is native to West and South Africa [4],
and is extensively used in traditional West African medicine. The leaves of the plant are used for
treating wounds and ulcers and are also applied as ear drops to treat earache. Compresses or baths
with crushed leaves are used to treat inflammatory diseases such as rheumatism [5]. The leaves are
also used to cure diseases associated with microbial infection: Leaves infusions of C. collinum are
generally used to relieve gastrointestinal problems such as diarrhea and ascariasis, but also to treat
lung problems like cough and bronchitis [6]. In some in vitro tests, pharmacological effects have
already been demonstrated for C. collinum such as antibacterial activity against Pseudomonas and
effects on tumor growth and development [7]. Combretum collinum has already been reported to
contain stilbenoids (combretastatins) and phenanthrenes [8]. Compared to other Combretum species,
however, the components of C. collinum are still relatively under-researched and only a few individual
compounds such as mollic acid and its glycosides have been identified [9]. Knowledge about the
underlying pharmacological mechanisms of actions of C. collinum leaves extracts is still scarce. Therefore,
this research focuses on the characterization of the phenolic profile and lipophilic compounds of leaves
extracts of C. collinum from Benin. We studied the in vitro anti-inflammatory effect of C. collinum leaves
extract and its major phenolic compounds in immortalized human keratinocytes (HaCaT) to determine
whether its use against inflammatory diseases can be supported. Since inflammatory conditions are
closely related to oxidative stress, the antioxidant effect of the extract and its major compounds was
evaluated. Furthermore, in vitro tests were performed to characterize the spectrum of antibacterial
action of C. collinum extract in order to investigate whether its application in infections is justified.

2. Results and Discussion

2.1. Structure Elucidation of Compounds in the 50% Ethanol Extract from C. collinum Leaves and
Phytochemical Analysis of the n-Hexane Extract

Dried leaves of C. collinum (600 g) were degreased with petroleum ether and the drug residue
was extracted with 50% (v/v) ethanol (EtOH, extract yield 14.1% relative to degreased plant material).
The obtained EtOH 50% extract was then partitioned between ethyl acetate (EtOAc phase: yield 13.9%
related to EtOH 50% extract) and water (water phase: yield 44% related to EtOH 50% extract). Thin layer
chromatography (TLC) analysis indicated that the ethyl acetate extract was enriched in flavonoids after
spraying with natural product reagent A. Thus, a high-performance liquid chromatography (HPLC)
fingerprint analyses of the EtOH 50% extract and the EtOAc extract revealed two main peaks with
flavonoid UV-spectra, which were enriched in the EtOAc extract. The EtOH 50% and EtOAc extracts
were subjected to liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS)
analysis. Subsequently, the recorded total ion current trace (TIC) in positive and negative mode was
then compared with the UV chromatogram at 320 nm and the masses of the most important peaks
were analyzed (Supplementary Material). Since ESI-MS is a soft ionization technique, it provides a
significant amount of structural information for phenolic glycosides. The ESI-MS spectra of flavonol
glycosides in the positive mode generally have the main peak corresponding to the aglycon [A + H]+

ion and a weak peak corresponding to the glycoside [M + H]+ pseudo molecular ion. The mass
difference between [M + H]+ and [A + H]+ ions gives useful information about the type of sugar.
In the LC-ESI-MS analyses of the EtOH 50% and the EtOAc extracts, the two flavonoid peaks 1 and 2
revealed fragmentation patterns specific for glycosides (Table 1). As shown for 1, the signal at m/z
481 corresponded to the [M + H]+ pseudo molecular ion, while [A + H]+ at m/z 319 was attributed
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to the aglycone. While the neutral loss of 162 indicated a hexose unit, the aglycone was tentatively
assigned as myricetin due to its mass (Mr 318). In negative mode, peak 1 showed a [M − H]−

pseudo molecular ion at m/z 479. Since myricetin-3-O-glucoside was already described in Combretum
micranthum [10], we concluded that C. collinum might also contain myricetin-3-O-glucoside (peak 1 of
the HPLC chromatogram, Figure 1). For peak 2, ions were observed at m/z 465 and m/z 319 (Table 1).
The ion at m/z 465 corresponded to the [M + H]+ pseudo molecular ion. The signal at m/z 319 was
tentatively assigned to the aglycone (myricetin), which had been generated by the loss of a hexosyl unit
in the form of a deoxy-sugar (146 amu). In negative mode, peak 2 showed a [M −H]− pseudo molecular
ion at m/z 463. Therefore, myricetin-3-O-rhamnoside was suggested as compound 2 (Figure 1).

Table 1. Summary of chromatographic, UV-Vis-spectroscopic and mass spectrometric data of the main
compounds 1 and 2 of the EtOH 50% extract of C. collinum.

Peak RT 1 [min] λmax [nm] m/z Ion Compound

1 20.177 264
350

319.096
481.189
479.193

[A + H]+

[M + H]+

[M − H]−
Myricetin-3-O-glucoside

2 23.219 262
350

319.094
465.179
463.188

[A + H]+

[M + H]+

[M − H]−
Myricetin-3-O-rhamnoside

1 RT = Retention time.
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Figure 1. Representative HPLC chromatogram of the EtOH 50% extract of C. collinum (5 mg/mL 
extract dissolved in ACN 5%, injection volume 20 µL, detection wavelength = 320 nm). The main 
compounds could be confirmed by LC-MS experiments, 1H-NMR and spiking experiments. 

To confirm these assumptions further, the EtOAc extract was chromatographed on Sephadex 
LH-20 with a gradient of 96% ethanol. Individual fractions were then combined due to their similar 
TLC and HPLC profile and recrystallized in ethyl acetate. Combined fractions F31–F33 provided 
satisfactory purity for 1H-NMR analysis. Comparison of the 1H-NMR spectroscopic data of the 
compound revealed a typical flavonol pattern of a myricetin aglycon (Table 2). Further HPLC 

Figure 1. Representative HPLC chromatogram of the EtOH 50% extract of C. collinum (5 mg/mL extract
dissolved in ACN 5%, injection volume 20 µL, detection wavelength = 320 nm). The main compounds
could be confirmed by LC-MS experiments, 1H-NMR and spiking experiments.

To confirm these assumptions further, the EtOAc extract was chromatographed on Sephadex
LH-20 with a gradient of 96% ethanol. Individual fractions were then combined due to their similar TLC
and HPLC profile and recrystallized in ethyl acetate. Combined fractions F31–F33 provided satisfactory
purity for 1H-NMR analysis. Comparison of the 1H-NMR spectroscopic data of the compound revealed
a typical flavonol pattern of a myricetin aglycon (Table 2). Further HPLC experiments with reference
substances and spiking experiments subsequently confirmed both, the myricetin-3-O-glucoside and
myricetin-3-O-rhamnoside as the main flavonol constituents of the EtOH 50% and EtOAc extracts of
C. collinum.
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Table 2. Chemical shifts (1H (ppm), 350 MHz, methanol-d4) and measurement conditions of the isolated
myricetin-3-O-rhamnoside compared to data from literature [11].

Signal Myricetin-3-O-rhamnoside (F31–F33) Myricetin-3-O-rhamnoside [10]

H-3′′-6′′ 0.95, d, J 6 Hz 0.94, d, J 5.6 Hz
sugar H 3.3–3.8 3.3–3.8

H-2′′ 4.25, s 4.23, s
H-1′′ 5.34, brs 5.31, brs
H-6 6.22, s 6.19, s
H-8 6.39, s 6.35, s

H-2′ and H-6′ 6.97, s 6.95, s

In order to obtain further information on the lipophilic components of C. collinum, a GC-MS
analysis of a silylated hexane extract of the leaves was performed (Figure 2). By comparison with
the reference spectra of the NIST08 database, 19 compounds were identified, and their presence in
the hexane extract was partially confirmed by GC-spiking experiments (Table 3). In agreement with
earlier GC-MS studies of the related Combretum species Combretum mucronatum, our results revealed the
presence of malic, myristic, palmitic, stearic, oleic and arachidonic acids, squalene and heptacosane [12].
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Figure 2. GC-MS chromatogram of the n-hexane extract of the leaves of C. collinum after silylation with
BSTFA. Peaks were identified with the NIST08 database.

Table 3. Summary of the compounds identified from the n-hexane extract of the leaves of C. collinum
after silylation with N,O-bistrifluoroacetamide (BSTFA) by NIST08 database. Substances in bold were
confirmed by spiking experiments with reference compounds. Number labels correspond to the
compounds listed in Figure 2.

No. RT 1 [min] Compound NIST Match Quality

1 12.62 Malic acid 97
2 12.73 Tetradecanoic acid (syn. myristic acid) 98
3 14.39 Hexadecanoic acid (syn. palmitic acid) 98
4 15.87 Oleic acid 98
5 15.92 Octadecanoic acid (syn. stearic acid) 99
6 17.64 Eicosanoic acid (syn. arachidic acid) 99
7 19.78 Docosanoic acid (syn. behenic acid) 99
8 22.40 Tetracosanoic acid (syn. lignoceric acid) 99
9 17.94 Pentacosane 96

10 18.99 Hexacosane 99
11 20.17 Heptacosane 99
12 21.48 Octacosane 99
13 22.92 Nonacosane 96
14 24.42 Triacontane 99
15 26.06 Nonadecane 96
16 23.22 Squalene 97
17 30.78 Campestrol 99
18 31.18 Stigmasterol 99

1 RT = Retention time.
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2.2. In-Vitro Antioxidant Activity of C. collinum EtOH 50% Leaves Extract

Since the 50% ethanolic extract of C. collinum leaves (CCL EtOH 50%) had already shown
pronounced activity in the DPPH-TLC test, it was of interest to quantify its antioxidant activity.
CCL EtOH 50% was therefore investigated for its antioxidant effect using the ABTS and DPPH
assays. Trolox at a concentration of 6.25 µg/mL was used as a positive control in both antioxidative
tests. Figure 3B shows that CCL EtOH 50% exhibited antioxidant activity in concentrations of
1.56 µg/mL to 50 µg/mL compared to the control (pure DPPH solution incubated with blank) in the
DPPH assay. The pure substances myricetin-3-O-rhamnoside and myricetin-3-O-glucoside were also
tested for their antioxidant effect and demonstrated a higher antioxidant activity than the extract
with values of 5715 ± 249 µmol TE/g for myricetin-3-O-rhamnoside and 3324 ± 322 µmol TE/g for
myricetin-3-O-glucoside compared to CCL EtOH 50% with 2433± 129µmol TE/g (Figure 3D). CCL EtOH
50% also showed distinct antioxidant activity of 3084 ± 121 µmol TE/g in the ABTS system (Figure 3A).
For comparison, the antioxidant activity of myricetin-3-O-glucoside and myricetin-3-O-rhamnoside
was determined to be 7667 ± 666 µmol TE/g and 9024 ± 700 µmol TE/g, respectively (Figure 3C). Trolox
at a concentration of 6.25 µg/mL as positive control showed similar activity as the CCL EtOH 50% at
12.5 µg/mL, indicating that CCL EtOH 50% has a high antioxidant potential.
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Figure 3. Antioxidant activity of 50% ethanolic extract of C. collinum extract, measured by ABTS (A)
and DPPH assays (B). CCL EtOH 50% showed significant concentration-dependent antioxidant activity
compared to control (pure ABTS or DPPH solution incubated with a blank). Trolox 6.25 µg/mL was
used as a positive control. The two diagrams C and D show that the two main compounds of the
extract had significantly higher antioxidant activity than CCL EtOH 50% in both the ABTS (C) and
the DPPH assays (D) and thus most likely significantly contributed to the overall antioxidant activity
of the extract; values in (C) and (D) are given in Trolox Equivalent Antioxidative Capacity (TEAC).
n = 3 replicates, data presented as mean ± SEM, significant for * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,
**** p ≤ 0.001 compared to the control in ordinary one-way ANOVA (analysis of variance).
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These results show that C. collinum leaves extract may act as a donor of H• radicals which bind
to the DPPH radical forming hydrazine and also as an H• donor to ABTS radicals. Comparable
values of extract and pure substances for the two methods are probably based on the fact that both
methods are relying on similar mechanisms of single-electron transfers. It is known that the phenolic
constituents of plant extracts are responsible for their antioxidant effect. Flavonoids, in particular,
have pronounced antioxidant properties, since they contain OH-groups that act as H• donors and can,
therefore, exhibit antioxidant effects [13]. The combination of a 3-hydroxy group with a 2,3-double bond
enhances the resonance stabilization for the electron delocalization. In myricetin, the galloyl structure
in the B-ring also plays a decisive role in the pronounced antioxidant activity [14]. The observed
differences in antioxidant activities between myricetin-3-O-rhamnoside and myricetin-3-O-glucoside
could be attributed to their different sugar moieties. Apart blocking free OH groups, which are
crucial for hydrogen abstraction and free radical scavenging, the sugar substituent is capable of
diminishing the coplanarity of the B-ring relative to the rest of the flavonoid and providing it
with hydrophilicity [15]. Whether the sugar component is glucose, rutinose or rhamnose is also of
significance. In comparison to rutinose, for example, a rhamnose group on quercetin significantly
reduces the radical scavenging activity against radicals from stimulated human neutrophils [16].
HPLC quantification for myricetin-3-O-rhamnoside and myricetin-3-O-glucoside in the CCL EtOH
50% extract resulted in concentrations of 17.95% ± 0.76% and 6.06% ± 0.73%, supporting that both
substances contribute significantly to the antioxidant potential of the extract. Since inflammatory
diseases are strongly associated with oxidative stress, substances that can alleviate oxidative stress
are of interest for the treatment of such diseases [17]. Consequently, the pharmacological effects of
C. collinum leaves extracts on inflammation were investigated.

2.3. In-Vitro Anti-Inflammatory Activity of C. collinum Aqueous Leaves Extract, Myricetin-3-O-rhamnoside
and Myricetin

For the treatment of inflammatory conditions, aqueous extracts of C. collinum leaves are usually
used, as is often the case in ethnomedical practice. Therefore, an aqueous extract (CCL) and not
an ethanolic extract (CCL EtOH 50%; as studied in the phytochemical analysis) was used for the
pharmacological investigations. In addition, the analysis and comparison of the aqueous and
ethanolic extracts by HPLC experiments showed the same composition of the main components
myricetin-3-O-rhamnoside and myricetin-3-O-glucoside. In our cell-based inflammation model, we
chose an incubation scheme in which HaCaT cells, an immortalized keratinocyte cell line, was used.
As a proof of concept, HaCaT cells were stimulated with TNFα and produced high levels of IL-8 and
IL-6, which initially confirmed the function of the cell model. Budesonide, which was applied as
positive control, reduced the release of IL-6 and IL-8 by 60.1% ± 4.7% respectively 54.3% ± 6.8%. CCL
caused a concentration-dependent reduction of IL-6 and IL-8 levels compared to the overregulated
release of IL-8 and IL-6 in the cell supernatant when treated only with TNFα (20 ng/mL). CCL was
tested in concentrations ranging from 1–200 µg/mL, resulting in an IC50 value of 142.5 µg/mL for IL-8
and a decrease of IL-6 release by 29.3% for the highest extract concentration of 200 µg/mL respectively
(Figure 4).
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Figure 4. Influence of C. collinum aqueous leaves extract on IL-8- and IL-6-levels released by HaCaT
cells after stimulation with TNFα (20 ng/mL): An aqueous leaves extract of C. collinum (CCL)
concentration-dependently reduced the levels of IL-8 (A) and IL-6 (B) at nontoxic concentrations.
CCL extract was tested in concentrations ranging from 1–200 µg/mL, resulting in an IC50 value of
142.5 µg/mL for IL-8 (A) and a decrease of IL-6 release by 29.3% for the highest extract concentration of
200 µg/mL respectively (B). 10 µM budesonide (Bud 10) was used as a positive control, UC = Untreated
control, n = 4–6 replicates, data presented as mean ± SEM, significant for * p ≤ 0.05 compared to TNFα
control in ordinary one-way ANOVA.

Subsequently, the cell viability of the HaCaT cells was tested by the MTT test. HaCaT cells
were incubated with various concentrations of the aqueous C. collinum leaves extract (CCL). Only at
higher extract concentrations, the metabolic activity of the HaCaT cells decreased. The IC50 value
of the reduction of metabolic activity was calculated with 1005 µg/mL (Supplementary Material).
Subsequently, the selectivity index was calculated from the IC50 values from the MTT test and
anti-inflammatory tests. The selectivity index of the CCL extract for IL-8 was 7.05 for IL-8 and 1.85 for
IL-6, respectively.

In order to investigate whether the main flavonoids of CCL are responsible for reducing the release
of interleukins, additional tests were performed with pure flavonoid substances. The phytochemical
studies had confirmed myricetin-3-O-rhamnoside as the main constituent along with several other
glycosylated myricetin derivatives. During the ethnomedical application, cleavage of the aglycon can
be caused by thermal treatment (boiling or roasting) [18], or by other components with β-glucosidase
activity in herbal mixtures [19]. During application to skin tissue, flavonoid glycosides may also be
susceptible to enzymatic hydrolysis [20]. Therefore, not only myricetin-3-O-rhamnoside was tested,
but also myricetin to determine the effect of the aglycone. Hence, HaCaT cells were treated with
TNFα (20 ng/mL) in co-incubation with selected flavonoids, which were applied in concentrations of
0.1–100µM. The applied concentrations of myricetin-3-O-rhamnoside corresponded to the concentration
of myricetin-3-O-rhamnoside in the CCL extract, which was determined by HPLC (12.72% ± 1.40%
of myricetin-3-O-rhamnoside in the CCL extract). There was only a minor influence on metabolic
activity (data not shown). The evaluation of IL-8 in the supernatants of cells incubated with TNFα and
myricetin-3-O-rhamnoside revealed a reduction of IL-8 levels comparable to the total extract at 50 µM
and 100 µM, resulting in a calculated IC50 value of 121.9 µM (Figure 5A). However, a reduction of IL-6
levels was not detected for myricetin-3-O-rhamnoside (data not shown).
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Figure 5. Influence of myricetin-3-O-rhamnoside and myricetin on IL-8 released by HaCaT cells after
stimulation with TNFα (20 ng/mL): The main phenolic compound of CCL, myricetin-3-O-rhamnoside
(A) and its aglycone myricetin (B) concentration-dependently reduced the levels of IL-8 at nontoxic
concentrations. The compounds were tested in concentrations ranging from 0.1–100 µM, resulting in
IC50 values for IL-8 of 121.9 µM for myricetin-3-O-rhamnoside (A) and 90.69 µM for myricetin (B),
respectively. 10 µM budesonide (Bud 10) was used as a positive control, UC = Untreated control,
n = 4–6 replicates, data presented as mean ± SEM, significant for * p ≤ 0.05 compared to TNFα control
in ordinary one-way ANOVA.

Tests with the aglycone myricetin yielded similar results. The upregulation of IL-8 was inhibited
by myricetin in concentrations between 50 to 100 µM resulting in an IC50 value of 90.69 µM (Figure 5B).
An effect for IL-6 could not be detected in our model for myricetin. The lower IC50 value of myricetin
in comparison to myricetin-3-O-rhamnoside in influencing IL-8 release can be well explained by the
higher lipophilicity of the aglycone. The molecule thus possesses a better ability to penetrate into the
cell interior of the keratinocytes in order to cause an effect [21]. Our findings are in good agreement with
previous studies, which have already found anti-inflammatory effects for myricetin and its glycosylated
derivatives, including myricetin-3-O-rhamnoside [22,23]. The effect of myricetin and its derivatives
appears to be related to the neutralization of reactive oxygen species, which is also highlighted by
the antioxidant effect of the extract and its major components [22]. The mechanism of action of the
anti-inflammatory effect of flavonoids is probably due to a blockage of the NFkB pathways [24]. IL-8 is
a key mediator in acute inflammation and plays a central role in the attraction of neutrophils and the
degranulation of neutrophils [25]. Increased levels of IL-8 have been repeatedly found in inflammatory
skin diseases [26]. IL-6 is generally regarded as a proinflammatory cytokine, but it is now accepted
that it also has both regenerative and anti-inflammatory properties [27]. Our results show that both
C. collinum leaves extract and the pure substances myricetin-3-O-rhamnoside and myricetin attenuate
the IL-8 response in TNFα stimulated HaCaT cells, thus suggesting a moderate anti-inflammatory
effect. The slight reduction of IL-6 by CCL, however, must be caused by other compounds, since
myricetin-3-O-rhamnoside and myricetin did not show any effect on this cytokine.

2.4. In-Vitro Antibacterial Activity of C. collinum EtOH 50% Leaves Extract

Combretum collinum ethanolic leaves (CCL EtOH 50%) extract was investigated for its antibacterial
effect against S. aureus and S. epidermidis as well as MRSA since it is used against bacterially infected
wounds of the skin in African traditional medicine [5]. Klebsiella pneumoniae was tested due to the
ethnomedical application of C. collinum against diseases of the upper respiratory tract [6]. Since the
plant is used against dysentery and diarrhea, E. coli and Enterococcus sp. were also tested [6]. According
to our findings, no further published results on the antibacterial activity of C. collinum from Benin are
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available so far. The tests with a stock solution in the agar well diffusion assay at a concentration of
10 mg/mL showed that the extract was potentially effective against S. epidermidis, S. aureus, MRSA as
well as K. pneumoniae. Enterococcus spec. and C. albicans were resistant against the extract. In addition,
only a low activity against P. aeruginosa and E. coli was observed. In the agar well diffusion assay,
the strongest effect was demonstrated against Staphylococcus species with S. epidermidis and MRSA
exhibiting the greatest sensitivity to the extract (Table 4).

Table 4. Antimicrobial screening of C. collinum ethanolic leaves extract (CCL EtOH 50%, 10 mg/mL)
and positive controls.

Species Inhibition Zones (mm) Inhibition Zones (Positive Controls) MIC

S. epidermidis 21.75 ± 0.43 28.67 ± 0.47 (G) 275.0 µg/mL
MRSA 16.25 ± 0.43 18.67 ± 0.47 (V) 385.5 µg/mL

S. aureus 15.75 ± 0.43 24.33 ± 0.47 (G) n.d.
K. pneumoniae 14.00 ± 0.00 25.33 ± 0.94 (G) n.d.
P. aeruginosa 11.00 ± 0.00 12.00 ± 0.00 (G) n.d.

E. coli 11.25 ± 0.43 26.67 ± 0.47 (G) n.d.
Enterococcus 0 16.67 ± 0.47 (G) n.d.
C. albicans 0 26.67 ± 0.47 (N) n.d.

DMSO 10% 0 - n.d.

(G—gentamicin 10 µg, V—vancomycin 5 µg, N—nystatin 50 µg) against some bacterial strains and C. albicans.
In addition, the MIC values of S. epidermidis and MRSA are given. Staphylococcus species showed the highest
sensitivity towards the extract (values given in bold). n.d.—not determined.

The two most sensitive strains, S. epidermidis and MRSA were subsequently selected and the
minimum inhibitory concentration of the extract against these bacteria was determined. MIC values
resulted in 275.0 µg/mL for S. epidermidis and 385.5 µg/mL for MRSA, respectively (Table 4).

Subsequently, the growth profile of MRSA (ATCC 43300) treated with increasing concentrations of
CCL EtOH 50% was recorded (Figure 6). As shown in Figure 6, the growth curves displayed
a concentration-dependent inhibition of MRSA growth under co-incubation with increasing
concentrations of CCL EtOH 50%. Complete inhibition of bacterial growth was achieved with
385.5 µg/mL of CCL EtOH 50. The solvent control 0.5% Tween 80 had no effect on bacterial growth.
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The antimicrobial activity against MRSA is higher compared to a great number of other reports of
ethanolic plant extracts with phenolic constituents whose MICs often exceed 1 mg/mL [28–30]. However,
according to Cos et al. [31], who suggested a MIC of at least 100 µg/mL to substantiate pronounced
antimicrobial activity of natural products, our results support only a moderate antimicrobial effect
against species of Staphylococcus that play an important role in the infection of skin wounds. These
results are in agreement with the findings of de Morais Lima et al. [32], who reported the effects
of other species of Combretum against Staphylococcus species. An effect against Pseudomonas species
demonstrated in previous studies for extracts of the aboveground parts of C. collinum, could not be
confirmed. The variation could be due to different extraction methods and the bacterial strains used.
In general, many studies have already demonstrated the efficacy of plant extracts and their respective
compounds in blocking microbial growth [33]. With regard to our phytochemical investigations, it can
be assumed that the polyphenols representing the main components of the extract could contribute to
the antimicrobial effects of the extract. Polyphenols, in particular, have an influence on the activity of
bacterial enzymes and proteins and on the fluidity of bacterial cell membrane [34]. Thus, they can alter
the proton gradient or the ion balance at the cell membrane, which ultimately leads to bacterial cell
death [35]. The activity against Staphylococcus species can presumably be explained by the influence on
multiple virulence factors, which previous studies have already demonstrated for polyphenols [36].
For example, myricetin could effectively inhibit S. aureus biofilm formation at a concentration of
1 µg/mL [36]. Glycosylated myricetin derivatives such as myricetin-3-O-rhamnoside tend to show
higher MIC values of up to 250 µg/mL [37].

3. Materials and Methods

3.1. Plant Material

Leaves of Combretum collinum, Fresen (Combretaceae) were collected in December 2015 in
Basila, in the department Donga, Benin. The corresponding geographical coordinates were 8.57◦N,
1.39◦W. The plant material was identified by botanist Pierre Agbani (University of Abomey-Calavi).
An herbarium specimen was deposited at the Herbarium in Leipzig with ID number LZ 225206.

3.2. Phytochemical Analysis

3.2.1. GC-MS analysis of Hexane Extract

Thirty g of dried C. collinum leaves were extracted by Soxhlet extraction with 600 mL of n-hexane
(HPLC-Quality, Roth, Karlsruhe, Germany) for 6 h. The resulting extract was evaporated to dryness to
yield 1.008 g of dry extract (corresponding to 3.39%). Derivatization of the extract (168 µL of 1 mg/mL
hexane extract solution corresponding to 5 mg dry mass of C. collinum leaves) was performed after
adding 60 µL N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Supelco Inc., Bellefonte, PA, USA)
and incubation of the mixture in a sealed vial at 60 ◦C for 2 h. An amount of 0.2 µL and 1 µL of the
silylated mixture was analyzed by gas chromatography-mass spectrometry (GC-MS) in a 6890 N GC
System with Agilent 5973 mass selective detector, single quad (MSD, Agilent Technologies, Santa
Clara, CA, USA) as follows: Mobile phase: He (flow 0.9 mL/min); stationary phase: DB-35MS UI
(30 m × 0.25 mm × 0.25 µm) (Agilent Techn., Böblingen, Germany); Inlet: 250 ◦C, splitless; temperature
gradient: 100 ◦C (3 min, isothermal) to 250 ◦C (12 ◦C/min), to 300 ◦C (3 ◦C/min), 300 ◦C, 4 min
isothermal; EI at 70 eV; SCAN mode; scan range m/z 50–750. Acquired data was analyzed by MSD
ChemStation version F.01.01.2317 (Agilent Technologies, Waldbronn, Germany) and the MS-spectra
of the chromatographic peaks were identified by search against the NIST08 database (National
Institute of Standards and Technology, Gaithersburg, MD, USA). A detailed manual verification
of the assigned structures was performed, also taking into consideration information on retention
behaviour and fragmentation pattern. In addition, the identity of several standards was confirmed by
co-spiking experiments.
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3.2.2. Chromatographic Separation and Isolation of Flavonoids

The isolation and characterization of the components of the leaves of C. collinum was achieved by
applying a modified isolation method described by Kisseih et al. [12]. Pulverized plant material (600 g)
was degreased by Soxhlet extraction in several batches of 150 g each with 600 mL petroleum ether (Roth)
over a period of 7 h. The resulting extracts were combined and evaporated under vacuum (m = 18.65 g;
corresponding to 3.09%). The remaining solvent was evaporated overnight under a hood, and the
degreased material was dried and then reweighed. In the following step, the degreased plant material
was extracted in portions of 100 g in 1 L 50% ethanol (EtOH) for 5 min with a rotor-stator extractor
(UltraTurrax, Ika, Staufen, Germany) at 6.000 rpm each. The extract was filtered and evaporated under
vacuum at 40 ◦C and then lyophilized (yield: m = 82.91 g; corresponding to 14.1% related to the
degreased plant material). 15 g of the obtained dry extract was dissolved in water and partitioned
against ethyl acetate (EtOAc, p.a., quality, Roth) eight times. The united aqueous and ethyl acetate
phases from all partitions were evaporated to dryness under reduced pressure and then lyophilized
(EtOAc phase: yield 13.9% related to EtOH 50% extract/aqueous phase: 44% related to EtOH 50%
extract). 1 g of the ethyl acetate extract was then separated on 45 g Sephadex™ LH-20 (Sigma-Aldrich,
Taufkirchen, Germany) column (3.5 cm diameter and height 25 cm height) with ethanol 96% (p.a., Roth)
and 60 fractions were collected. The individual fractions were investigated for their chromatographic
profile on TLC plates (Silica Gel 60 F 254, Macherey-Nagel, Düren, Germany) using water: formic acid:
ethyl acetate (5:5:90, v/v) as solvent. The detection was carried out in UV 254 nm and UV 365 nm,
as well as after spraying with natural product reagent A (1% diphenylboric acid 2-aminoethyl ester in
methanol) and Macrogol 400 (5% in methanol) as well as 0.4 mM 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH) in methanol. In the following, fractions were selected on the basis of their chromatographic
profile and subjected to HPLC analysis in order to decide which fractions could be usefully combined.
Selected fractions were then subjected to further analytical methods (liquid chromatography-mass
spectrometry (LC-MS), nuclear magnetic resonance (NMR)). Compound 2 was obtained in a quantity
of 42.9 mg from the pooled fractions F 31–F 33 obtained by precipitation in ethyl acetate.

3.2.3. HPLC Analysis

High-performance liquid chromatography (HPLC) analysis was used to study the fingerprint
profile of the EtOH 50% extract of the dried leaves of C. collinum, for spiking experiments to further
confirm the identity of individual substances and to check the purity of the fractions obtained
after Sephadex column chromatography. To analyze the fingerprint profile, a solution of 5 mg/mL
of the EtOH 50% extract of the dried leaves of C. collinum was prepared in 5% acetonitrile/water
(ACN/H2O). Subsequently, the solution was centrifuged at 8000 g for 10 min to remove any suspended
particles. For spiking experiments to confirm individual substances, the reference compounds
myricetin-3-O-rhamnoside and myricetin-3-O-glucoside (Extrasynthese, Genay, France) were dissolved
in methanol. All HPLC experiments were performed on an analytical column from Macherey-Nagel
(MN) EC 250/4; Nucleosil 100-5 C18 with a pump and column oven (Dionex UltiMate 3000 compartments,
Thermo Scientific, Dreieich, Germany) connected to a Waters 717plus autosampler and Waters 996
Photodiode Array Detector (Waters, Eschborn, Germany). The injected sample volume was 10 µL 0.1%
aqueous formic acid and 0.1% formic acid in acetonitrile were used as solvents A and B, respectively,
at a flow rate of 1 mL/min at 25 ◦C with the following gradient: t0 min A 97%, t30 min A 85%, t45 min

A 75%, t50 min A 50%, t55 min A 5%, t60 min A 5%, t65 min A 97%. To check the purity of the fractions
after Sephadex fractionation, 100 µL of the fractions was centrifuged at 8000 g for 10 min to remove
any suspended particles and then analyzed by HPLC as described as above. For all experiments,
UV-Vis spectra were recorded from 220 to 400 nm. Data analysis and processing were done with the
Chromeleon software version Client 6.80 (Thermo Scientific).



Molecules 2020, 25, 288 12 of 18

3.2.4. Quantitative HPLC Analysis

For the quantification of myricetin-3-O-rhamnoside in CCL EtOH 50% and CCL aqueous
extract, a stock solution of both extracts in DMSO at a concentration of 5 mg/mL was prepared.
In addition, a 1 mg/mL stock solution of the standard myricetin-3-O-rhamnoside and serial dilutions
of 700 µg/mL to 100 µg/mL were prepared. The quantification of myricetin-3-O-rhamnoside and
myricetin-3-O-glucoside was then performed by HPLC with three independent injections of each
extract at 350 nm with the gradient described in Section 3.2.3. The content of myricetin-3-O-glucoside
was calculated based on the obtained calibration curve of the standard myricetin-3-O-rhamnoside.

3.2.5. LC-MS Analysis

LC-MS experiments were performed using a mass spectrometer Esquire 3000 plus from Bruker
Daltonics (Bremen, Germany). The injection volume was set to 10µL. The iontrap instrument was
equipped with an electrospray ionization source operated in the positive mode (ICC: 20,000) and
negative mode (ICC: 10,000), nebulizer pressure 70 psi, dry gas 12 L/min (both nitrogen) at 365 ◦C
and the target mass set to m/z 600. Separation of 25µL extract was achieved on an Agilent 1100 series
HPLC system operated by ChemStation Rev.B.01.03. using an eluent flow of 0.5 mL/min with the same
column and gradient described in Section 3.2.3.

3.2.6. NMR Experiments

NMR spectra were recorded in CD3OD on a Bruker MSL 500 NMR-spectrometer. Data analysis
was performed in MestReNova-11.0.3 and the 1H-NMR spectra were compared with the data of known
compounds from literature.

3.2.7. DPPH Assay

Radical scavenging activity of the DPPH radical extract was determined using a modified
version of the Brand-Williams method [38]. 10 µL methanolic solution of diluted samples or Trolox
(Sigma-Aldrich, Taufkirchen, Germany) solution in concentrations of 100 µM to 1.56µM were added
to 190 µL of DPPH solution (Sigma-Aldrich, Taufkirchen, Germany) in a 96-well plate. The final
concentration of DPPH was 0.1 mM in methanol. The solution was mixed gently and incubated
for 30 min at room temperature in the dark. Subsequently, the absorbance against methanol was
determined with a microplate reader at 517 nm (BioTek Synergy 2 Multi-Detection Microplate Reader,
BioTek Instruments Inc., Winooski, Vt, USA). The DPPH radical scavenging activity of the extracts was
calculated from the standard curve of Trolox and expressed as micromoles of Trolox Equivalents (TE)
per gram of sample (µmol TE/g). Solvent controls containing only 10 µL methanol instead of samples
and a positive control containing Trolox were used. Pure methanol was used as a blank. The inhibition
of the DPPH radical by the samples was calculated according to the following formula:

DPPH scavenging activity % = (1−
Asample −Ablank

Acontrol −Ablank
) × 100(1−

Asample −Ablank

Acontrol −Ablank
)

3.2.8. ABTS Assay

This assay was performed as described by Zou et al. [39] with slight modifications.
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical (ABTS) cations were obtained by
adding an equal volume of 7 mM ABTS (Applichem, Darmstadt, Germany) in water to 4.9 mM
potassium persulfate in water. The solution was incubated at room temperature in the dark for 10–12 h,
then filtered and diluted with 80% ethanol to an absorbance of 0.70 at 734 nm. Ten µL of diluted
samples was added to 190 µL of ABTS solution in a 96-well plate, and absorbance was measured at
734 nm after an incubation time of 30 min at room temperature in the dark. Trolox was used as a
standard and positive control, and a standard calibration curve was obtained for Trolox ranging from
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concentrations of 1.56 µM to 100 µM. The Trolox Equivalent Antioxidant Capacity (TEAC) values of
the samples were calculated from the Trolox standard curve and presented as Trolox equivalents in
micromoles per gram of sample (µmol TE/g).

3.3. Functional Investigations on HaCaT Cells

3.3.1. Material

An aqueous extract from the plant material was used for functional investigations. To prepare
the water extracts of the dried leaves of C. collinum, 5 g of the powdered dried plant material was
mixed with 50 mL water and treated in an ultrasonic bath for 15 min. The resulting suspension was
centrifuged at 3500 rcf and the clear supernatant was removed afterwards. This step was repeated four
times and the supernatants were combined and lyophilized. The residue was 565 mg thus 11.3% of the
plant material. The extract was then solubilized in sterile water, sterile-filtrated and stored at −20 ◦C.

3.3.2. Cell Culture

Immortalized human keratinocyte cells (HaCaT) were kindly provided by Dr. Ulf Anderegg,
Research Laboratory of the Clinic for Dermatology, Venerology and Allergology (University of Leipzig,
Germany). Immortalized HaCaT cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM),
(Biowest, Nuaillé, France) supplemented with 1% PenStrep (Biowest), 10% fetal calf serum (FCS,
Biowest) at 37 ◦C in a humidified atmosphere at 5% CO2 in cell culture flasks (Sarstedt Nümbrecht,
Germany). The experiments were routinely conducted at 80–90% confluence [40].

3.3.3. In-Vitro Anti-Inflammatory Assay

The experiments were carried according to Wedler et al. [41] with some modifications. HaCaT
cells were seeded in 24-well plates at a density of 5.0 × 104 cells per well and incubated in the wells
under the same culture conditions, as mentioned above for 24 h. After 24 h the medium was changed
and the cells were incubated with medium containing different extract concentrations (1–200 µg/mL),
myricetin-3-O-rhamnoside (0.1–200 µM), myricetin (0.1–200 µM) or the positive control containing
10 µM budesonide or the solvent control 0.125% DMSO with addition of TNFα (20 ng/mL). After an
additional incubation period of 24 h with TNFα (20 ng/mL) (Humanzyme, Chicago, IL, USA), cell-free
supernatants were collected. Subsequently IL-8 and IL-6 release was determined in the supernatants
using ELISA kits (BD Biosciences, San Diego, CA, USA) in accordance with the manufacturer’s
instructions. Absorption was measured at 450 nm with a microplate reader (Infinite M 200, TecanGroup
Ltd., Mannedorf, Switzerland).

3.3.4. Cell Viability Assay

In addition, cytotoxicity controls were performed on the treated HaCaT cells to confirm stable
cell viability throughout the assay. For this, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay was used to determine the relative amount of viable cells capable of converting MTT
(Sigma-Aldrich, Taufkirchen, Germany) into the purple formazan. Briefly, after HaCaT cells were
stimulated with TNFα, the supernatant was collected, and remaining cells were treated with 500 µL
MTT (0.3 mg/mL in PBS) per well for 2 h. Control cells were treated with DMEM + FCS or DMEM +

FCS + DMSO. Subsequently, the living cells were lysed by adding 500 µL SDS lysis buffer (20% SDS in
40% dimethylformamide) and the amount of purple formazan was determined spectrophotometrically
with a microplate reader (Tecan Infinite M 200) at 570 nm and 630 nm as reference wavelength.
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3.4. Antimicrobial Assays

3.4.1. Microbial Strains

The antimicrobial activity was evaluated using the following strains: Klebsiella pneumoniae (ATCC
13883), Escherichia coli (DSM 11250), Enterococcus spec., Pseudomonas aeruginosa (DSM 50071), Staphylococcus
aureus (DSM 346), Staphylococcus epidermidis (DSM 20044), Methicillin-resistant Staphylococcus aureus
(MRSA, ATCC 43300) and Candida albicans (DSM 1386). The strains were provided by the Fraunhofer
Institute for Cell Therapy and Immunology, Antimicrobial Agents Unit (Leipzig, Germany).

3.4.2. Agar Well Diffusion Test

A modified protocol of the European Committee for Antimicrobial Susceptibility Testing
(EUCAST) [42] was used for the test. Different microbial strains were first cultivated at 37 ◦C
in an incubator for 16–20 h on CASO agar plate (3.5% casein-soya, 0.3% yeast extract, 0.1% glucose,
1.5% agar). From the microbial strains in pure, fresh culture (18–24 h), inoculum was prepared in 1 mL
sterile PBS for each strain. The 0.5 McFarland solution (1–2 × 108 CFU/mL) served as the standard for
the preparation of microbial inoculants. The microbial inoculum was uniformly spread using a sterile
cotton swab on a sterile Petri dish with Mueller-Hinton (MH) agar or Sabouraud Agar. 150 µL of
extract solution containing CCL EtOH 50% diluted in 10% dimethylsulfoxide (DMSO; Sigma-Aldrich,
Taufkirchen, Germany) was added to each of the wells (7 mm diameter holes cut in the agar gel, 20 mm
apart from each other). Then, the plates were incubated under aerobic conditions for 24 h at 36 ◦C ±
1 ◦C. After incubation, confluent microbial growth was observed. Inhibition zones of the microbial
growth were measured in mm. References gentamicin, vancomycin and nystatin were used as positive
controls. 10% DMSO served as a negative control. Tests were performed in triplicate.

3.4.3. Microdilution Test

Minimum inhibitory concentrations (MIC) were determined to assess the susceptibility of
pathogenic bacteria to ethanolic extracts of the plants. For this purpose, extracts were dissolved in 50%
Tween 80 in order to increase solubility and prevent precipitation. Subsequently, 75 µL of each bacterial
suspension (corresponding to a bacterial density of 1–2 × 106 CFU/mL) was pipetted into wells of
microtiter plates (Greiner Bio-One GmbH, Kremsmünster, Austria) containing 75 µL of extract solution
diluted in MH medium. Final concentrations of plant extract ranged from 50–500 µg/mL. After 24 h
incubation at 37 ◦C, bacterial growth was evaluated by manual observation. The MIC was assessed as
the dilution step in which no turbidity of the test dilution was observed. The negative control was pure
MH medium; MH medium with the same amount of bacterial suspension served as growth control.
Medium with 0.5% Tween 80 served as solvent control. Tests were performed in triplicate.

3.4.4. Bacterial Growth Curve

For measuring the growth profile of MRSA treated with C. collinum ethanolic extract, extract
stock solutions were prepared and pipetted into a 96-well plate as described in 3.4.3.. The plate was
incubated then at 37 ◦C with continuous shaking at a frequency of 493 cpm (4 mm) in linear mode.
The growth of MRSA in MH-medium was determined by measuring the optical density at 600 nm
at regular intervals of 15 min using an Epoch 2 microplate spectrophotometer (BioTek, Winooski,
VT, United States) over a period of 24 h. The growth curves of each concentration were plotted and
compared with the profile of the solvent control (0.5% Tween).

3.5. Data Analysis

Spectrophotometric data from antioxidant experiments, interleukin release experiments, metabolic
activity experiments and antimicrobial experiments were processed with Microsoft Excel 2013 and
graphically visualized with GraphPadPrism6 (6.0, GraphPad Software Inc., GraphPad Software Inc.,
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San Diego, Ca., USA). For statistical analysis of antioxidant experiments with n ≥ 3, the control was set
to 100% and tested for significance against samples and positive control with GraphPadPrism6 using
an ordinary one-way variance analysis (ANOVA), followed by a Tukey‘s multiple comparison test.
When comparing the antioxidant activity of the extract with the antioxidant potency of the myricetin
derivatives, the same statistical procedure was applied. Regarding the in vitro anti-inflammatory
experiments, the observed protein release and metabolic activity were normalized to the TNFα
stimulated untreated control set to 100%. The statistical analysis with GraphPadPrism6 was performed
with an ordinary one-way ANOVA, followed by a Tukey‘s multiple comparison test. The maximum
inhibition was then derived from the normalized values with concentration-response curves based on
nonlinear regression. The concentration-response curves also yielded the half-maximum inhibition
concentrations (IC50).

4. Conclusions

The phytochemical studies revealed myricetin-3-O-rhamnoside and myricetin-3-O-glucoside as
the main compounds of the hydrophilic extracts. Both substances showed antioxidant activity
and contribute significantly to the overall antioxidant activity of the extracts. In the present
study, we provided evidence that the aqueous extract of the leaves of C. collinum has an in vitro
anti-inflammatory effect in TNFα stimulated HaCaT cells. This supports the benefit of ethnomedical
use in various inflammatory diseases in traditional African medicine. Further investigations of
the main components showed that the main compound myricetin-3-O-rhamnoside also exhibits
an in vitro anti-inflammatory effect, but only on IL-8 secretion. The comparison of the inhibition
of IL-8 release by myricetin-3-O-rhamnoside and myricetin showed that the aglycone seems to be
responsible for a major part of the effect. The antimicrobial activity of C. collinum leaves extract was
most effective against Staphylococcus species, which play a major role in bacterially infected wounds of
the skin. This validates -to some extent- the traditional medicinal use of C. collinum for this purpose.
Consequently, the ethnomedical application of C. collinum leaf extracts in topical inflammations and
infections can be supported by the results of these investigations and thus potentially represents an
alternative treatment strategy for inflammatory skin diseases and related infections.

Supplementary Materials: The following are available online, Figure S1. Representative HPLC chromatogram of
the EtOH 50% extract (A) and the EtOAc extract (B) of C. collinum (5 mg/mL extract dissolved in ACN 5%, injection
volume 20 µL, detection wavelength = 320 nm). The molar mass of the main compounds could be confirmed
by LC-MS experiments. For compound 1 = myricetin-3-O-glucoside LC-MS mass spectra in negative mode is
shown in I and positive mode in II; for compound 2 = myricetin-3-O-rhamnoside mass spectrum in negative
mode is shown in III and positive mode in IV. The compounds were further confirmed by 1H-NMR and spiking
experiments. Manual analysis of the UV spectra of the chromatogram also yielded flavonoidal UV spectra for the
smaller side peaks (marked with an asterisk in the chromatogram), with absorption maxima similar to those of
myricetin derivatives (264/350 nm). In the LC-MS analysis, these peaks also showed an aglycone peak in positive
mode with a mass of m/z 319, which indicates a myricetin aglycone. Figure S2. Metabolic activity of HaCaT cells
after coincubation with C. collinum aqueous leaves extract and stimulation with TNFα (20 ng/mL): The aqueous
leaves extract of C. collinum (CCL) did not show significant influence on metabolic activity in concentrations from
1–100 µg/mL, when 10 µM budesonide (Bud 10) was used as positive control. UC = Untreated control, N = 4–6
measurements, data presented as mean ± SEM, significant for p ≤ 0.05.

Author Contributions: P.M. performed the in vitro anti-inflammatory experiments and antimicrobial tests. P.M.
supervised R.S., who performed the phytochemical analysis and antioxidant experiments. C.B. supervised GC-MS
experiments and supported the preparation of the samples for the GC-MS analysis. K.F., C.V., A.S., C.B., and V.A.
supervised the research. P.M., K.F., C.V. and C.B. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: The subject related cooperation between the Institut Régional du Génie Industriel et Biotechnologiques et
Sciences Appliquées (IRGIB Africa), in Cotonou, Benin, and Leipzig University, Institute of Pharmacy, Department
of Pharmacology, in Leipzig, Germany provided the basis of this work and was funded by the DAAD (German
Academic Exchange Service, Project ID:54392494) and ERASMUS+ KA107 International Credit Mobility (Project
ID: 2017-1-DE01-KA107-003361).

Acknowledgments: We thank the DAAD for financing the subject-related partnership program with IRGIB-Africa
University in Cotonou, Benin. A special thanks goes to IRGIB Africa University in Cotonou, Benin for providing



Molecules 2020, 25, 288 16 of 18

the plant material and Pierre Agbani (University of Abomey-Calavi) for the botanical identification. The authors
also thank Matheus R. Belisário-Ferrari for technical support in the antioxidant and HPLC quantification assays,
Nicole Pietzsch for technical assistance in the antimicrobial assays and and Susan Billig for technical assistance in
mass spectrometry analyses.

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

References

1. James, P.B.; Wardle, J.; Steel, A.; Adams, J. Traditional, complementary and alternative medicine use in
Sub-Saharan Africa: A systematic review. BMJ Global Health 2018, 3, e000895. [CrossRef]

2. Wittig, R.; Dingermann, T.; Sieglstetter, R.; Xie, Y.; Thiombiano, A.; Hahn, K. World-wide every fifth vascular
plant species is or was used as medicinal or aromatic plant. Flora Veg. Sudano Sambesica 2013, 16, 3–9.
[CrossRef]

3. Vissiennon, Z.; Ahyi, V.; Koupkaki, E.; Nieber, K. Anti-inflammatory effects of novel gel-formulations with
traditional used plants in Benin. Planta Med. 2011, 77, PF67. [CrossRef]

4. Arbonnier, M. Trees, Shrubs and Lianas of West African Dry Zones; MNHN: Paris, France, 2004; p. 573.
5. Neuwinger, H.D. African Traditional Medicine: A Dictionary of Plant Use and Applications; Medpharm Scientific:

Stuttgart, Germany, 2000; p. 589.
6. Burkill, H.M. Families A–D. In The Useful Plants of West Tropical Africa, 2nd ed.; Royal Botanic Gardens:

Richmond, UK, 1985; p. 960.
7. Abreu, P.M.; Martins, E.S.; Kayser, O.; Bindseil, K.U.; Siems, K.; Seemann, A.; Frevert, J. Antimicrobial,

antitumor and antileishmania screening of medicinal plants from Guinea-Bissau. Phytomedicine 1999, 6,
187–195. [CrossRef]

8. Eloff, J.N.; Katerere, D.R.; McGaw, L.J. The biological activity and chemistry of the southern African
Combretaceae. J. Ethnopharmacol. 2008, 119, 686–699. [CrossRef] [PubMed]

9. Rogers, C.B.; Coombes, P.H. Acidic triterpene glycosides in trichome secretions differentiate subspecies of
Combretum collinum in South Africa. Biochem. Syst. Ecol. 1999, 27, 321–323. [CrossRef]

10. Welch, C.R. Chemistry and Pharmacology of Kinkéliba (Combretum Micranthum), a West African Medicinal
Plant. Ph.D. Thesis, Rutgers University-Graduate School, New Brunswick, NJ, USA, 1 January 2010.

11. Souza, J.N.; Silva, E.M.; Silva, M.N.D.; Arruda, M.S.; Larondelle, Y.; Rogez, H. Identification and antioxidant
activity of several flavonoids of Inga edulis leaves. J. Braz. Chem. Soc. 2007, 18, 1276–1280. [CrossRef]

12. Kisseih, E.; Lechtenberg, M.; Petereit, F.; Sendker, J.; Zacharski, D.; Brandt, S.; Agyare, C.; Hensel, A.
Phytochemical characterization and in vitro wound healing activity of leaf extracts from Combretum
mucronatum Schum. and Thonn.: Oligomeric procyanidins as strong inductors of cellular differentiation.
J. Ethnopharmacol. 2015, 174, 628–636. [CrossRef] [PubMed]

13. Pietta, P.G. Flavonoids as antioxidants. J. Nat. Prod. 2000, 63, 1035–1042. [CrossRef]
14. Kim, D.O.; Lee, C.Y. Comprehensive study on vitamin C equivalent antioxidant capacity (VCEAC) of various

polyphenolics in scavenging a free radical and its structural relationship. Crit. Rev. Food Sci. Nutr. 2004, 44,
253–273. [CrossRef]

15. Heim, K.E.; Tagliaferro, A.R.; Bobilya, D.J. Flavonoid antioxidants: Chemistry, metabolism and
structure-activity relationships. J. Nutr. Biochem. 2002, 13, 572–584. [CrossRef]

16. Limasset, B.; Le Doucen, C.; Dore, J.C.; Ojasoo, T.; Damon, M.; De Paulet, A.C. Effects of flavonoids on the
release of reactive oxygen species by stimulated human neutrophils: Multivariate analysis of structure-activity
relationships (SAR). Biochem. Pharmacol. 1993, 46, 1257–1271. [CrossRef]

17. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.; Rahu, N. Oxidative stress and inflammation: What
polyphenols can do for us? Oxid. Med. Cell Longev. 2016, 2016, 7432797. [CrossRef] [PubMed]

18. Zhang, W.L.; Chen, J.P.; Lam, K.Y.C.; Zhan, J.Y.X.; Yao, P.; Dong, T.T.X.; Tsim, K.W.K. Hydrolysis of glycosidic
flavonoids during the preparation of Danggui Buxue Tang: An outcome of moderate boiling of chinese
herbal mixture. Evid. Based Complement Alternat. Med. 2014, 2014, 608721. [CrossRef] [PubMed]

19. Hostetler, G.L.; Riedl, K.M.; Schwartz, S.J. Effects of food formulation and thermal processing on flavones in
celery and chamomile. Food Chem. 2013, 141, 1406–1411. [CrossRef] [PubMed]

20. Chuang, S.Y.; Lin, Y.K.; Lin, C.F.; Wang, P.W.; Chen, E.L.; Fang, J.Y. Elucidating the skin delivery of aglycone
and glycoside flavonoids: How the structures affect cutaneous absorption. Nutrients 2017, 9, 1304. [CrossRef]

http://dx.doi.org/10.1136/bmjgh-2018-000895
http://dx.doi.org/10.21248/fvss.16.20
http://dx.doi.org/10.1055/s-0031-1282455
http://dx.doi.org/10.1016/S0944-7113(99)80008-7
http://dx.doi.org/10.1016/j.jep.2008.07.051
http://www.ncbi.nlm.nih.gov/pubmed/18805474
http://dx.doi.org/10.1016/S0305-1978(98)00084-2
http://dx.doi.org/10.1590/S0103-50532007000600025
http://dx.doi.org/10.1016/j.jep.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26087235
http://dx.doi.org/10.1021/np9904509
http://dx.doi.org/10.1080/10408690490464960
http://dx.doi.org/10.1016/S0955-2863(02)00208-5
http://dx.doi.org/10.1016/0006-2952(93)90476-D
http://dx.doi.org/10.1155/2016/7432797
http://www.ncbi.nlm.nih.gov/pubmed/27738491
http://dx.doi.org/10.1155/2014/608721
http://www.ncbi.nlm.nih.gov/pubmed/24744813
http://dx.doi.org/10.1016/j.foodchem.2013.04.051
http://www.ncbi.nlm.nih.gov/pubmed/23790931
http://dx.doi.org/10.3390/nu9121304


Molecules 2020, 25, 288 17 of 18

21. Ernst, I.M.A.; Wagner, A.E.; Lipinski, S.; Skrbek, S.; Ruefer, C.E.; Desel, C.; Rimbach, G. Cellular uptake,
stability, visualization by ‘Naturstoff reagent A’, and multidrug resistance protein 1 gene-regulatory activity
of cyanidin in human keratinocytes. Pharmacol. Res. 2010, 61, 253–258. [CrossRef]

22. Lee, D.H.; Lee, C.S. Flavonoid myricetin inhibits TNF-α-stimulated production of inflammatory mediators
by suppressing the Akt, mTOR and NF-κB pathways in human keratinocytes. Eur. J. Pharmacol. 2016, 784,
164–172. [CrossRef]

23. Shimosaki, S.; Tsurunaga, Y.; Itamura, H.; Nakamura, M. Anti-allergic effect of the flavonoid myricitrin from
Myrica rubra leaf extracts in vitro and in vivo. Nat. Prod. Res. 2011, 25, 374–380. [CrossRef]

24. Chen, L.; Teng, H.; Jia, Z.; Battino, M.; Miron, A.; Yu, Z.; Cao, H.; Xiao, J. Intracellular signaling pathways of
inflammation modulated by dietary flavonoids: The most recent evidence. Crit. Rev. Food Sci. Nutr. 2018, 58,
2908–2924. [CrossRef]

25. Harada, A.; Sekido, N.; Akahoshi, T.; Wada, T.; Mukaida, N.; Matsushima, K. Essential involvement of
interleukin-8 (IL-8) in acute inflammation. J. Leukoc. Biol. 1994, 56, 559–564. [CrossRef] [PubMed]

26. Arican, O.; Aral, M.; Sasmaz, S.; Ciragil, P. Serum levels of TNF-α, IFN-γ, IL-6, IL-8, IL-12, IL-17, and IL-18 in
patients with active psoriasis and correlation with disease severity. Mediators Inflamm. 2005, 2005, 273–279.
[CrossRef] [PubMed]

27. Scheller, J.; Chalaris, A.; Schmidt-Arras, D.; Rose-John, S. The pro-and anti-inflammatory properties of the
cytokine interleukin-6. Biochim. Biophys. Acta Mol. Cell Res. 2011, 1813, 878–888. [CrossRef] [PubMed]

28. Okwu, M.U.; Olley, M.; Akpoka, A.O.; Izevbuwa, O.E. Methicillin-resistant Staphylococcus aureus (MRSA)
and anti-MRSA activities of extracts of some medicinal plants: A brief review. AIMS Microbiol. 2019, 5,
117–137. [CrossRef]

29. Aliyu, A.B.; Musa, A.M.; Abdullahi, M.S.; Oyewale, A.O.; Gwarzo, U.S. Activity of plant extracts used in
northern Nigerian traditional medicine against methicillin-resistant Staphylococcus aureus (MRSA). Niger. J.
Pharm. Sci. 2008, 7, 1–8.

30. Akinjogunla, O.J.; Yah, C.S.; Eghafona, N.O.; Ogbemudia, F.O. Antibacterial activity of leave extracts of
Nymphaea lotus (Nymphaeaceae) on Methicillin resistant Staphylococcus aureus (MRSA) and Vancomycin
resistant Staphylococcus aureus (VRSA) isolated from clinical samples. Ann. Biol. Res. 2010, 1, 174–184.

31. Cos, P.; Vlietinck, A.J.; Berghe, D.V.; Maes, L. Anti-infective potential of natural products: How to develop a
stronger in vitro ‘proof-of-concept’. J. Ethnopharmacol. 2006, 106, 290–302. [CrossRef]

32. de Morais Lima, G.R.; de Sales, I.R.P.; Caldas Filho, M.R.D.; de Jesus, N.Z.T.; de Sousa Falcão, H.;
Barbosa-Filho, J.M.; Cabral, A.G.; Souto, A.L.; Tavares, J.F.; Batista, L.M. Bioactivities of the genus Combretum
(Combretaceae): A review. Molecules 2012, 17, 9142–9206. [CrossRef]

33. Chandra, H.; Bishnoi, P.; Yadav, A.; Patni, B.; Mishra, A.; Nautiyal, A. Antimicrobial resistance and the
alternative resources with special emphasis on plant-based antimicrobials—A review. Plants 2017, 6, 16.
[CrossRef]

34. Kachur, K.; Suntres, Z. The antibacterial properties of phenolic isomers, carvacrol and thymol. Crit. Rev.
Food Sci. Nutr. 2019, 1–12. [CrossRef]

35. Cushnie, T.T.; Lamb, A.J. Antimicrobial activity of flavonoids. Int. J. Antimicrob. Agents 2005, 26, 343–356.
[CrossRef]

36. Silva, L.N.; Da Hora, G.C.A.; Soares, T.A.; Bojer, M.S.; Ingmer, H.; Macedo, A.J.; Trentin, D.S. Myricetin
protects Galleria mellonella against Staphylococcus aureus infection and inhibits multiple virulence factors.
Sci. Rep. 2017, 7, 2823. [CrossRef] [PubMed]

37. Madikizela, B.; Aderogba, M.A.; Van Staden, J. Isolation and characterization of antimicrobial constituents
of Searsia chirindensis L. (Anacardiaceae) leaf extracts. J. Ethnopharmacol. 2013, 150, 609–613. [CrossRef]
[PubMed]

38. Brand-Williams, W.; Cuvelier, M.E.; Berset, C.L.W.T. Use of a free radical method to evaluate antioxidant
activity. LWT Food Sci. Technol. 1995, 28, 25–30. [CrossRef]

39. Zou, Y.; Chang, S.K.; Gu, Y.; Qian, S.Y. Antioxidant activity and phenolic compositions of lentil (Lens culinaris
var. Morton) extract and its fractions. J. Agric. Food Chem. 2011, 59, 2268–2276. [CrossRef]

40. Boukamp, P.; Petrussevska, R.T.; Breitkreutz, D.; Hornung, J.; Markham, A.; Fusenig, N.E. Normal
keratinization in a spontaneously immortalized aneuploid human keratinocyte cell line. J. Cell Biol.
1988, 106, 761–771. [CrossRef]

http://dx.doi.org/10.1016/j.phrs.2009.10.006
http://dx.doi.org/10.1016/j.ejphar.2016.05.025
http://dx.doi.org/10.1080/14786411003774320
http://dx.doi.org/10.1080/10408398.2017.1345853
http://dx.doi.org/10.1002/jlb.56.5.559
http://www.ncbi.nlm.nih.gov/pubmed/7964163
http://dx.doi.org/10.1155/MI.2005.273
http://www.ncbi.nlm.nih.gov/pubmed/16258194
http://dx.doi.org/10.1016/j.bbamcr.2011.01.034
http://www.ncbi.nlm.nih.gov/pubmed/21296109
http://dx.doi.org/10.3934/microbiol.2019.2.117
http://dx.doi.org/10.1016/j.jep.2006.04.003
http://dx.doi.org/10.3390/molecules17089142
http://dx.doi.org/10.3390/plants6020016
http://dx.doi.org/10.1080/10408398.2019.1675585
http://dx.doi.org/10.1016/j.ijantimicag.2005.09.002
http://dx.doi.org/10.1038/s41598-017-02712-1
http://www.ncbi.nlm.nih.gov/pubmed/28588273
http://dx.doi.org/10.1016/j.jep.2013.09.016
http://www.ncbi.nlm.nih.gov/pubmed/24060408
http://dx.doi.org/10.1016/S0023-6438(95)80008-5
http://dx.doi.org/10.1021/jf104640k
http://dx.doi.org/10.1083/jcb.106.3.761


Molecules 2020, 25, 288 18 of 18

41. Wedler, J.; Daubitz, T.; Schlotterbeck, G.; Butterweck, V. In vitro anti-inflammatory and wound-healing
potential of a Phyllostachys edulis leaf extract–identification of isoorientin as an active compound. Planta Med.
2014, 80, 1678–1684. [CrossRef]

42. EUCAST European Committee on Antimicrobial Susceptibility Testing. Version 7.1. 2017. Available
online: http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/General_documents/Publications/
Disk_diffusion_paper_printed_version_March_2014.pdf (accessed on 25 October 2019).

Sample Availability: Samples of Combretum collinum extracts and myricetin-3-O-rhamnoside are available from
the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1055/s-0034-1383195
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/General_documents/Publications/Disk_diffusion_paper_printed_version_March_2014.pdf
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/General_documents/Publications/Disk_diffusion_paper_printed_version_March_2014.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Structure Elucidation of Compounds in the 50% Ethanol Extract from C. collinum Leaves and Phytochemical Analysis of the n-Hexane Extract 
	In-Vitro Antioxidant Activity of C. collinum EtOH 50% Leaves Extract 
	In-Vitro Anti-Inflammatory Activity of C. collinum Aqueous Leaves Extract, Myricetin-3-O-rhamnoside and Myricetin 
	In-Vitro Antibacterial Activity of C. collinum EtOH 50% Leaves Extract 

	Materials and Methods 
	Plant Material 
	Phytochemical Analysis 
	GC-MS analysis of Hexane Extract 
	Chromatographic Separation and Isolation of Flavonoids 
	HPLC Analysis 
	Quantitative HPLC Analysis 
	LC-MS Analysis 
	NMR Experiments 
	DPPH Assay 
	ABTS Assay 

	Functional Investigations on HaCaT Cells 
	Material 
	Cell Culture 
	In-Vitro Anti-Inflammatory Assay 
	Cell Viability Assay 

	Antimicrobial Assays 
	Microbial Strains 
	Agar Well Diffusion Test 
	Microdilution Test 
	Bacterial Growth Curve 

	Data Analysis 

	Conclusions 
	References

