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Abstract: Sedum telephium is a succulent plant used in traditional medicine, particularly in Italy, for its
efficacy in treating localized inflammation such as burns, warts, and wounds. Fresh leaves or freshly
obtained derivatives are directly applied to the injuries for these purposes. However, challenges
such as the lack of microbiologically controlled materials and product standardization prompted the
exploration of more controlled biotechnological alternatives, utilizing in vitro plant cell cultures of
S. telephium. In the present study, we used HPLC-DAD analysis to reveal a characteristic flavonol
profile in juices from in vivo leaves and in vitro materials mainly characterized by several kaempferol
and quercetin derivatives. The leaf juice exhibited the highest content in total flavonol and kaempferol
derivatives, whereas juice from callus grown in medium with hormones and callus suspensions
showed elevated levels of quercetin derivatives. The in vitro anti-inflammatory and wound-healing
assays evidenced the great potential of callus and suspension cultures in dampening inflammation
and fostering wound closure, suggesting quercetin may have a pivotal role in biological activities.

Keywords: Sedum telephium; plant cell cultures; kaempferol; quercetin; anti-inflammatory; wound-
healing; biotechnology

1. Introduction

Hylotelephium telephium (L.) H. Ohba is a succulent perennial plant belonging to the
Crassulaceae family, probably best known by its basionym Sedum telephium L. It is native to
Eastern Europe, China, and Japan but has been introduced into many other parts of the
world [1]. S. telephium is also widespread in the Italian flora as a spontaneous and cultivated
species, mainly for its ornamental value. S. telephium has been widely known since ancient
times for its anti-inflammatory activity when topically applied [2], but it has never received
significant interest among the scientific community. Indeed, the scientific literature is scarce.
Nonetheless, S. telephium is well known in Italian ethnobotany, primarily for treating
burns, ulcers, warts, abscesses, and wounds [3]. The first evidence of anti-inflammatory,
keratolytic, and analgesic activities of leaves from S. telephium L. ssp. maximum Schinz &
Thell. has been confirmed by experiments carried out at the Emergency Unit of the Torre
Galli Hospital (Florence, Italy). The leaves without the external cuticle or homogenate
fresh leaves were usually applied topically to painful wounds, burns, and eczemas to
promote healing and reduce inflammation and pain [4]. Subsequently, studies clarified the
constituents of S. telephium and the anti-inflammatory and antioxidant activities.

The anti-inflammatory activity of the crude extracts or fractions from S. telephium,
tested on in vitro and in vivo models, seems to be mainly related to the polysaccha-
rides present at the leaf level [5]. Lately, other authors [6] have demonstrated the anti-
inflammatory activity of a methanolic extract of S. telephium containing both the polysac-
charide and the flavonolic fractions, suggesting the contribution of the flavonol glycosides
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to the anti-inflammatory activity. The wound-healing effects of extracts from S. telephium
are still debated. Total juice from fresh leaves has been reported to inhibit cell adhesion to
the extracellular matrix. Further analysis revealed that while flavonols were inactive, the
polysaccharide fractions were endowed with anti-adhesive effects [7]. In vitro antioxidant
and in vivo skin photoprotective effects of three lyophilized extracts obtained from fresh
leaf juice were evaluated, revealing that both the total lyophilized juice and, mainly, the
lyophilized flavonolic fraction significantly protected against oxidative damage. In contrast,
the polysaccharide fraction was ineffective [8]. Even though the scientific community has
recently focused its attention on the phytochemical composition of S. telephium, aiming at
elucidating the fractions involved in the biological activities, the literature has been focused
on the ethnobotanical way of preparation, namely, using fresh leaves as starting material to
obtain fresh juices or extracts or applying them “as they are” on the injuries to promote
wound healing.

Using fresh material is a simple and “natural” approach but poses problems, such
as the year-round supply, non-sterility, and poorly controlled plant material. In the latter
case, the topical application on damaged skin may increase the risk of secondary infections.
In this contest, plant cell cultures are an attractive alternative for producing valuable
materials with promising applications in the healthcare and cosmetic sectors [9–12] as they
present some relevant advantages. Plant cell cultures are independent of geographical,
seasonal, and environmental variations, and they offer a defined production system, which
ensures a continuous supply of products, uniform quality, and yield [13,14]. Moreover, cell
cultures are free from contamination by other organisms, pesticides, and insecticides [15,16].
Therefore, the possibility of using in vitro cultures of S. telephium represents an intriguing
alternative to fresh materials, ensuring the same biological activities but overcoming the
weaknesses of using leaves from in vivo plants. In this study, we evaluated the wound
healing and anti-inflammatory properties of juice obtained from in vivo leaves and juices
obtained from in vitro plantlets and undifferentiated cells, calli, and suspensions for a
possible application in the medical field.

2. Results
2.1. HPLC Fingerprint Analysis

Preliminary HPLC-DAD analyses were performed to obtain the chromatographic
fingerprints and define marker compounds for the quantitative analysis. Juice from in vivo
leaves and juices from in vitro materials (plantlets, calli, and suspensions) showed a chro-
matographic profile at 365 nm characterized by a cluster of peaks between 15 and 28 min.
Figure 1 reports a chromatogram of the leaves’ juice as an example of in vivo material
(Figure 1A) and a chromatogram of the callus’s juice, grown in S10 medium, for in vitro
material (Figure 1B). The chromatographic analyses of the samples highlighted a different
metabolic profile.

Considering the UV spectra of the peaks in this chromatographic frame, they exhibited
an absorption peak in the range 300–380 (band I) associated with the absorption due
to the B-ring cinnamoyl system and an absorption peak in the range 240–280 (band II),
associated with the A-ring benzoyl system [17]. These absorptions being peculiar to
flavone and flavonol structures and based on literature data in which only kaempferol and
quercetin derivatives are reported in S. telephium, the acid hydrolysis of the samples was
performed in order to release the free aglycons. The analysis of the hydrolyzed extracts
confirmed quercetin and kaempferol as the only aglycones, as previously reported in the
literature [2,18]. In Figure 2, we present a representative chromatogram of the leaves’ juice
acid hydrolysis compared with the chromatogram of kaempferol and quercetin standards,
which reported retention times (RTs) of 26.7 and 28.1 min, respectively.
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370 nm) are reported for peaks at RT 26.7 min, and spectra of kaempferol (λmax 264, 366 nm) are 
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Figure 1. Chromatogram of the leaves’ juice (A) and chromatogram of the callus’s juice (B) acquired
at 365 nm.
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Figure 2. Chromatogram of leaves’ juice acid hydrolysis (A) compared with chromatograms of
quercetin (blue) and kaempferol (red) standards (B), acquired at 365 nm. Spectra of quercetin
(λmax 254, 370 nm) are reported for peaks at RT 26.7 min, and spectra of kaempferol (λmax 264,
366 nm) are reported for peaks at RT 28.1 min.

Six juices were analyzed: juice from in vivo leaves (LE-J), in vitro plantlets (PL-J), calli
cultured in medium S10 (C1-J), calli cultured in SH (C2-J), cell suspension in S10 (S1-J),
and cell suspension in SH (S2-J). Analyzing the absorption spectra of the peaks within
the RT from 15 to 28 min of the non-hydrolyzed juices, comparing them with kaempferol
and quercetin spectra and based on published data, it was settled that all the cluster peaks
were kaempferol derivatives and, to a lesser extent, quercetin derivatives, as confirmed
by the analysis of hydrolyzed extracts in which kaempferol was predominant (Figure 2A).
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The kaempferol and quercetin derivatives observed in the six analyzed juices, with the
respective RT, are reported in Table 1.

Table 1. Kaempferol derivatives (black) and quercetin derivatives (red) in LE-J, PL-J, C1-J, C2-J, S1-J,
and S2-J. LE-J, juice from in vivo leaves; PL-J, in vitro plantlets; C1-J, calli cultured in S10; C2-J, calli
cultured in SH; S1-J, cell suspension in S10; S2-J, cell suspension in SH.

Compound
(RT)

1
(15.6)

2
(15.7)

3
(16.0)

4
(16.8)

5
(17.1)

6
(17.3)

7
(17.7)

8
(17.8)

9
(18.0)

10
(18.1)

11
(18.4)

12
(18.6)

13
(19.0)

14
(19.2)

15
(19.5)

16
(20.3)

17
(22.7)

18
(24.9)

19
(25.6)

20
(26.1)

21
(27.0)

LE-J X X X X - X X X X X X X X X X X X X X X X
PL-J X X X X - X - X X X X X X X X - X - - - X
C1-J X - X X X X X - - - - - - - - - - - - X X
C2-J X X X X - X - - - - - - - - - - - - - X -
S1-J - - X X X X X - - - - - - - - - - - - X -
S2-J X - X - X X X - - - - - - - - - - - - X -

The qualitative fingerprint highlights that some compounds are present in all juices,
whereas others are restricted to juices obtained from differentiated in vivo and in vitro
material and others to calli and/or suspensions.

2.2. Quantitative Analysis

Based on the qualitative analyses, the total flavonol content was calculated by sum-
ming up the concentration of kaempferol derivatives and quercetin derivatives. In Figure 3,
we provide the total flavonoid contents of the juices, calculated as kaempferol and quercetin
equivalents. LE-J had the highest content (117.7 ± 4.5 µg/mL), significantly different from
all the other samples. C1-J was not statistically different from S1-J (p > 0.05), whereas
C2-J was statistically different from S2-J, and the latter was comparable with PL-J. The
lowest content of flavonoid was found in C2-J, which reported a significantly lower content
(43.3 ± 2.8 µg/mL) than all samples (p < 0.001).
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To reveal the contributions of kaempferol and quercetin derivatives to the total flavonol
content, we report their respective contents in Figure 4A,B. In each histogram, it is also
possible to appreciate the single compounds contributing to the total quantity.
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LE-J had the highest content of kaempferol derivatives of all the samples (p < 0.001);
on the other hand, LE-J showed a relatively low content of quercetin derivatives, non-
statistically different from PL-J and S2-J. PL-J showed a kaempferol derivative content lower
than LE-J but equal to C1-J, S1-J, and S2-J and a quercetin derivative content non-statistically
different from both LE-J and C2-J. C1-J and S1-J resulted to be the two juices with the highest
content of quercetin derivatives, 40.9 ± 4.0 µg/mL for C1-J and 31.8 ± 1.5 µg/mL for S1-J.
As mentioned, S2-J shows a comparable content of kaempferol derivatives with respect
to S1-J, C1-J, and C2-J but not for quercetin derivatives. C2-J was the poorest juice for
both kaempferol and quercetin derivatives, different from all the other samples for the
kaempferol derivatives (p < 0.01/0.001), and similar to PL-J for quercetin derivative content.

The qualitative analysis highlighted differences among the samples, especially about
the juices derived from differentiated and undifferentiated material. Looking at the quanti-
tative profile of kaempferol derivatives, we observed that LE-J, the most qualitatively rich
juice, was characterized by 3 and 14 as the prevalent compounds. In PL-J, compound 3 was
the predominant compound, followed by compounds 2 and 14. C1-J, S1-J, and S2-J showed
a smaller number of kaempferol derivatives when compared with LE-J and PL-J and very
similar profiles, in which compound 7 sharply prevailed, detected in LE-J only in small
amounts. Compound 3 was present in a three to four times lower quantity than in the LE-J
and PL-J samples. C2-J, although very similar from a qualitative point of view to C1-J, S1-J,
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and S2-J, showed a content of compound 7 that was about eight to nine times lower when
compared with the same samples.

On the other hand, by observing the quantitative profile of quercetin derivatives, much
less complex in all the samples compared with kaempferol derivatives, it can be noted that
in LE-J, compound 1 was the dominant one, while compound 21 prevailed in PL-J and C2-J.
This differed from the quali-quantitative profile of C1-J, S1-J, and S2-J, where compound 5
prevailed but was never detected in the other samples.

2.3. Identification of Non-Toxic Concentrations of S. telephium Juices

We investigated the cytotoxic activities of S. telephium juices in human primary differ-
entiated macrophages using the MTT assay. Extracts were tested at concentrations ranging
from 0.2 to 25% vol/vol, and the cell viability was calculated over the values obtained
from cells treated with the vehicle alone. As reported in Figure 5, all the tested extracts
reported a percentage of cell viability comparable to the vehicle-treated cells when tested
at concentrations equal to or less than 1% vol/vol. When tested at concentrations higher
than 3% vol/vol, almost all the extracts significantly reduced the cell viability. As the 1%
vol/vol was the highest non-toxic concentration for all the extracts, we used the extracts at
this concentration in the subsequent experiments.
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2.4. C1-J, S1-J, and S2-J Induce Wound Repair

Using the scratch assay, we investigated the ability of S. telephium juices to stimulate
wound closure in HFF1 cells. As reported in Figure 6, cells cultured with C1-J, S1-J, and S2-J
migrated in the artificial wound areas compared with vehicle-treated cells. The extent of
cell migration was comparable to cells incubated with bFGF. Slight effects in migration were
reported in cells cultured with PL-J, whereas we did not observe evident cell migration in
samples incubated with LE-J and C2-J. Indeed, the percentage of wound closure was 81.66%
for C1-J, 79.1% in S1-J-treated cells, and 68.66% in S2-J-treated cells. In vehicle-treated cells,
the percentage of wound closure was 28.66%.
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phages toward inflammation. C1-J, S1-J, and S2-J significantly reduced the LPS-induced 
pro-inflammatory phenotype in macrophages by dampening the production of TNF-α 
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Figure 6. Panel (A). Wound healing in HFF1 cells treated for 24 h with 1% vol/vol S. telephium juices
or bFGF (10 ng/mL). Representative images are reported. Images were acquired using an optical
microscope equipped with a camera. Scale bar = 100 µm. Panel (B). The distance between cells at the
edges of the scratch was measured using the software ImageJ (version 1.54h) and expressed as the
percentage of closure of the area compared with cells incubated with the vehicle. Data are reported
as mean ± SE of two independent experiments, each performed in triplicate. * denotes p < 0.05 vs.
vehicle-treated cells; a denotes p < 0.05 vs. C1-J-treated cells, S1-J-treated cells, S2-J-treated cells, and
bFGF-treated cells.

2.5. C1-J, S1-J, and S2-J Report Anti-Inflammatory Activity in Human Macrophages

S. telephium juices were tested for anti-inflammatory activity in differentiated primary
human macrophages. As reported in Figure 7A,B, juices alone did not activate macrophages
toward inflammation. C1-J, S1-J, and S2-J significantly reduced the LPS-induced pro-
inflammatory phenotype in macrophages by dampening the production of TNF-α and
IL-1β induced by LPS (Figure 7C,D). Consistent with the wound healing results, C1-J,
S1-J, and S2-J by themselves increased the production of the chemoattractant factor IL-8
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(Figure 7E). Following LPS stimulation, IL8 production increased in all the tested juices
compared with vehicle-treated cells, with no statistically relevant differences compared
with LPS-treated cells (Figure 7D).
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Figure 7. Human primary macrophages were cultured for 24 h with 1% vol/vol juices or salicylic
acid (SA, 10 nM) in the absence (Panels (A,B)) or presence (Panels (C,D)) of LPS 100 ng/mL. The
pro-inflammatory cytokines TNF-α (Panels (A,C)) and IL-1β (Panels (B,D)) and the chemoattractant
factor IL-8 (Panels (E,F)) were quantified by ELISA in the conditioned media. Data are reported as
mean ± SE of three independent experiments, each performed in triplicate. a denotes p < 0.05 vs. LPS,
LE-J, and C2-J; b denotes p < 0.05 vs. vehicle-, LE-J-, PL-J-, and C2-J-treated cells; c denotes p < 0.05 vs.
all experimental groups.

3. Discussion

S. telephium is a well-known plant used for the treatment of inflammation; the com-
pounds primarily responsible for the activity are deemed to be the polysaccharides present
at the leaf level [2]. However, several studies have suggested the possible role of the
flavonol glycosides in the anti-inflammatory activity [5]; in this paper, we focused our
studies on this class of secondary metabolites, investigating their role in both the control of
inflammation and healing of the wound [19,20] to eventually support S. telephium extracts
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for the treatment of skin lesions. As far as now, the proposed use of S. telephium involves
applying fresh material, and this approach has several limitations, such as material supply,
composition, and applicability in the case of deep wounds. For these reasons, in the present
study, we evaluated plant material’s anti-inflammatory and wound-healing activities. The
juices of in vivo leaves (LE-J), in vitro grown plantlets (PL-J), undifferentiated calli (C1-J and
C2-J), and cell suspensions (S1-J and S2-J) were analyzed, focusing on flavonoidic fraction.

Our results from the qualitative HPLC fingerprint confirmed the results of the litera-
ture: only quercetin and kaempferol derivatives were present in S. telephium. In previous
studies, mainly focused on polysaccharide components, only six derivatives of kaempferol
and quercetin were identified in the leaf extract, and three glycosylated kaempferol and
three glycosylated quercetin forms were found [2]. This study identified 21 derivatives
of the two aglycones: 17 kaempferol and 4 quercetin derivatives. Compared with the
literature, the extraction method could explain the qualitative richness of our analysis of
the juices [2]. Squeezing the material and directly analyzing it could probably avoid the
risk of losing compounds due to the extraction and fractionation processes. The qualitative
analyses revealed that all the compounds, except compound 5, were present in LE-J (leaf
juice), indicating this juice was the qualitatively richest. Moreover, PL-J showed a qualita-
tively similar juice but lacked some compounds found in LE-J and also lacked compound 5.
Compound 5 is a quercetin derivative, and we could find it only in C1-J, S1-J, and S2-J
(undifferentiated cultures).

LE-J was also the juice with the highest total flavonol content, followed by C1-J and
S1-J, PL-J, and S2-J; C2-J showed, instead, the lowest content of total flavonols. The C2-J
differed from the other juices obtained from undifferentiated cells and even from its derived
suspension (S2-J) both in the low content of flavonoids and the qualitative profile. Our
observations could be explained by the absence of hormones in the culture medium, leading
to a slowed metabolism, and by considering that calli are a quite heterogeneous population
of cells. Indeed, their suspensions, obtained by picking up small clumps of these cell
masses, could better develop a homogeneous clone of a fast-growing cell population [21,22].
For these reasons, the total flavonol content and the phytochemical composition of S2-J may
overlap with those of other undifferentiated cultures. The cell suspensions are single cells
or cell aggregates cultivated under submerged conditions in a liquid medium, where all the
cells are in the same nutritious and mixing conditions, leading to a better homogenicity of
the products [16]. In our analysis, compound 7, barely detected in LE-J, and compound 5
were the most representative derivatives of quercetin and indicated an active metabolism
of the in vitro undifferentiated cultures, which pursued different metabolic pathways in
response to different stress stimuli compared with in vivo plants.

Considering the anti-inflammatory potential application of S. telephium and the Italian
ethnobotanical indications for healing scars, burns, ulcers, and wounds, in this study, we
aimed to substantiate the use of juices from in vitro cultures, especially from undiffer-
entiated cultures, for wound healing activity. In our study, C1-J, S1-J, and S2-J reported
significant anti-inflammatory activity, as demonstrated by the reduction in TNF-α and
IL-1β production following stimulation with LPS. The anti-inflammatory activity of juices
from S. telephium was more or less comparable to the effects of salicylic acid at the in vitro
active concentration. Moreover, at the steady state, C1-J, S1-J, and S2-J increased IL8 pro-
duction in macrophages, inferring a chemoattractant activity able to sustain immune cell
recruitment and wound healing [23]. C1-J, S1-J, and S2-J did not affect IL8 secretion under
inflammatory conditions (incubation with LPS), at the opposite of salicylic acid (Figure 7F).
Nonetheless, C1-J, S1-J, and S2-J promoted wound closure in fibroblasts. Notably, C1-J, S1-J,
and S2-J reported the highest content in quercetin derivatives.

It is known that plants containing flavonoids could exert antioxidant and anti-
inflammatory activities thanks to the cooperation of this metabolite class and other bioactive
compounds that work in combination to heal wounds [24–26]. Notably, specific structures
or structure modifications can also favor the anti-inflammatory properties of flavonoids,
for example, the presence or absence of the unsaturation of the C ring, the carbonyl group
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on the C-4, the number or the position of the hydroxyls, and the glycosylation. Among
the favorable structural arrangements, a catechol group on the B ring confers potent
anti-inflammation activity to quercetin [27]. The high content of quercetin derivatives in
C1-J, S1-J, and S2-J, together with the presence of a quercetin derivative characteristic of
only these juices, support the successfully demonstrated activities, claiming the pivotal
role of quercetin in promoting wound healing and anti-inflammatory activity [28]. Both
in vivo and in vitro anti-inflammatory activities have also been reported in kaempferol and
kaempferol glycosides. Several mechanisms of action mediate the activity, one of which is
the inhibition of tumor necrosis factor-alpha (TNF-α) in cells stimulated by LPS [29]. At the
same, the kaempferol derivatives detected in the active juices in our study contribute to the
whole spectrum of biological activities.

4. Material and Methods
4.1. Plant Material

Leaves of Sedum telephium were harvested from cultivated species at full flower-
ing. The taxonomic identification of the plant was carried out by Dr. G. Cassina. The
voucher specimen (DSF-PD-ST-1-18) was deposited in the Plant Biotechnology laboratory
of the Department of Pharmaceutical and Pharmacological Sciences (University of Padova,
Padova, Italy).

4.2. In Vitro Cultures

Callus cultures were obtained from leaf explants cultured on Schenk and Hildebrandt
basal medium [30] containing 30 g/L of sucrose and 2 mg/L of 2,4-dichlorophenoxyacetic
acid combined with 2 mg/L of kinetin (S10 medium, hereafter). The medium was solidified
with agar (10 g/L); the pH was adjusted to 5.7. Cultures were established in 9 cm Petri
dishes, using 8 explants per dish. The cultures were maintained in a tissue culture chamber
at a temperature of 25 ◦C under cool white fluorescent lights (36 mol m−2 s−1) at 16 h
photoperiod and subcultured on fresh media every 5 weeks. After 10 subcultures, calli
were partially subcultured in the same medium without hormones (SH medium, hereafter)
and maintained in the same culture conditions.

Calli cultured on S10 and SH media were used to establish shake-flask suspension
cultures using liquid media with the same composition as above. Calli (5 g fresh weight)
were transferred into liquid medium (100 mL) in 500 mL Erlenmeyer flasks, maintained at
110 rpm in a rotary shaker, and subcultured every 14 days.

Stabilized calli (over 20 subcultures) and cells from suspension cultures (over 5 subcul-
tures) were collected on the 20th and 8th days of the growth cycle, respectively.

Plantlets cultured on hormone-free solid medium Murashige and Skoog [31] (MSHF,
hereafter) obtained by indirect organogenesis from calli were collected when they reached
around 4 cm high.

4.3. Material Extraction

Leaves from in vivo plants, plantlets cultured on MSHF, calli, and cells from suspen-
sion cultures cultured in S10 and SH media were used (Figure 8).
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The collected materials were first frozen −18 ◦C, then, once thawed, were squeezed
(adding quartz powder) with a micropestle. The samples were transferred in the ultrasound
bath for 40 min. After centrifugation (13,200 rpm), the supernatant of each sample (juice)
was taken and analyzed. The juice samples were named as follows: LE-J (leaves from
in vivo plants), PL-J (plantlets cultured on MSHF), C1-J (calli cultured in S10), C2-J (calli
cultured in SH), S1-J (cell suspension in S10), and S2-J (cell suspension in SH).

4.4. Juice Acidic Hydrolysis

The juice hydrolyses were performed according to [32]. Briefly, the juices were added
with HCl 6 M, placed in a water bath, and heated in a discontinuous way (on/off 15 s) in a
microwave oven (800 w) for 30 min. After cooling, a liquid/liquid extraction with diethyl
ether was performed twice; the ether extracts were evaporated under reduced pressure to
dryness, and the residues were dissolved in methanol.

4.5. Chemicals

HPLC-grade methanol and acetonitrile, analytical-grade acetic acid, and ethyl ether
were purchased from Sigma-Aldrich (Milan, Italy). Ultrapure water was used, and it
was obtained using a Milli-Q® dispenser (Merck, Darmstadt, Germany). Kaempferol and
quercetin reference standards were purchased from Sigma-Aldrich (Milan, Italy).

4.6. Chemical Analysis

HPLC-DAD analyses were performed using an Agilent 1100 HPLC Series System
(Agilent, Santa Clara, CA, USA) equipped with a degasser, quaternary gradient pump,
column thermostat, and UV-Vis detector. A Gemini 5 µm C6-Phenyl column (250 × 4.6 mm)
from Phenomenex (Torrance, CA, USA) was employed at 40 ◦C. The mobile phase consisted
of 0.15% acetic acid in water (A) and acetonitrile (B), with the following gradient elution
program: 97% A at 0–6 min, 75% A at 15 min, 75% A at 20 min, 20% A at 30 min, and 97% A
at 40 min. The flow rate was 1 mL/min, with an injection volume of 10 µL; chromatograms
were acquired at 265 and 365 nm; and UV–Vis spectra were recorded in the 190–700 nm
range [33].

For the quantification of flavonols, the chromatograms acquired at the wavelength of
365 nm were used. The content was expressed as quercetin and kaempferol derivatives
using authentic commercial standards. Quercetin and kaempferol standard solutions
(1 mg/mL) were prepared in methanol, and the calibration curves were obtained in a
concentration range of 2–50 µg/mL, with six concentration levels. Peak areas were plotted
against corresponding concentrations (kaempferol: R2 = 0.9997; quercetin: R2 = 0.9992). The
analysis was performed in triplicate, and the results were expressed as mean ± standard
deviation (SD).

4.7. Cell Culture Conditions

Primary human macrophages were prepared from buffy coats obtained and stored at
the blood bank of the Padova University Hospital. The study protocol was reviewed and
approved by the local Hospital’s Ethics Committee (registration number CE: 091/2016).
The buffy coat was processed as previously described [34]. Briefly, buffy coat was mixed
1:1 (vol/vol) with sterile RPMI 1640 Medium (Life Technologies, Monza, Italy) and layered
over Ficoll-Paque PLUS (Merck, Milan, Italy). Samples were centrifuged (1200 rpm, 30 min),
and peripheral blood mononuclear cells (PBMCs) were collected. Cells were washed
(1600 rpm, 10 min) and suspended in RPMI 1640 supplemented with 1% (vol/vol) penicillin
and streptomycin, 2 mM L-glutamine, and 10% heat-inactivated fetal bovine serum (FBS;
Life Technologies). PBMCs were counted and cultured (3 × 106 cells/mL) in tissue culture
plates (Corning; Merck, Milan, Italy) for 3 h at 37 ◦C and 5% CO2 in a humidified incubator.
Floating cells were then removed, whereas attached cells were washed and differentiated
in mature macrophages by incubating them for ten days in culture media supplemented
with recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF,
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2 ng/mL; ImmunoTools; Friesoythe, Germany). The culture media were renewed every
three days.

The human foreskin fibroblasts 1 (HFF1) cell line was purchased from the American
Type Culture Collection (ATCC, LGC Standards S.r.l., Sesto San Giovanni, Italy) and rou-
tinely cultured in DMEM supplemented with 1% (vol/vol) penicillin and streptomycin,
2 mM L-glutamine, and 10% (vol/vol) heat-inactivated FBS (all purchased from Life Tech-
nologies). Cells were grown at 37 ◦C and 5% CO2 and detached using Trypsin-EDTA (Life
Technologies). Cells were used at passages 5–7 and seeded at 1 × 105 cells/mL for the
experiments described.

4.8. Cell Viability Assay

Differentiated primary macrophages were cultured in 96-well tissue culture plates
(100 µL culture media) and incubated for 24 h with S. telephium juices at the final concentra-
tions ranging from 0.2 to 25% vol/vol. Control cells were incubated with the diluent media
(cell culture media). At the end of incubation, the cytotoxicity was evaluated using the
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay as previously
reported [35]. Briefly, cell cultures were washed and incubated at 37 ◦C for 4 h with MTT
solution (5 mg/mL, Merck). Formazan crystals were then solubilized in 100 µL of SDS 10%
w/vol, HCl 0.01 N. The absorbance was recorded 16 h later at 590 nm using a microplate
reader (MultiPlateReader VictorX2, Perkin Elmer, Milan, Italy). The viability of treated cells
versus vehicle-treated cells was calculated as follows: % cell viability = (OD590nm treated
cells) × 100/(OD590nm vehicle).

4.9. Wound Healing Assay

HFF1 cells were seeded on 6-well tissue culture plates in 2 mL complete media and
cultured for 24 h. Then, a scratch was made using a 1000 µL pipette tip, as previously
described [3,36]. The cell cultures were washed and incubated in culture media supple-
mented with S. telephium juices at 1% vol/vol or 10 ng/mL bFGF (Gibco, New York, NY,
USA). The cultures were stopped 24 h later. For each sample, three different areas along the
scratches were analyzed by optical microscopy. The distance between cells at the edges of
the scratch was measured using the software ImageJ and expressed as the percentage of
closure of the area as compared with cells incubated with the vehicle alone.

4.10. Enzyme-Linked Immunosorbent Assay

Differentiated primary human macrophages cultured in 96-well tissue culture plates
were incubated for 24 h with S. telephium juices at the final concentrations of 1% vol/vol
with or without 100 ng/mL lipopolysaccharide (LPS, from Salmonella enterica serotype Ty-
phimurium; Merck). As a positive control, macrophages were treated with LPS
100 ng/mL and salicylic acid 10 nM (a concentration previously identified as effective).

At the end of incubation, Tumor Necrosis Factor (TNF)-α, Interleukin (IL)-1β, and IL-8
were quantified in the conditioned media using commercially available enzyme-linked im-
munosorbent assay kits (ELISA, Affymetrix eBioscience; Prodotti Gianni, Milan, Italy) [37].
Optical densities were measured at 450 nm using a microplate reader (MultiPlateReader
VictorX2, Perkin Elmer). The sensitivity of the assays was in the range of 10–15 pg/mL.
Experiments were performed in triplicate.

4.11. Statistical Analyses

Results are reported as mean ± standard deviation (SD) for chemical investigations
and as mean ± the standard error of the mean (SE) for biological investigations. Statistical
analysis was performed using the one-way ANOVA test followed by the Newman–Keuls
post hoc test, using GraphPad Prism 3.03 (San Diego, CA, USA). p values < 0.05 were
considered statistically significant.
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5. Conclusions

Among plants well known for their anti-inflammation activity, Sedum telephium is
an ethnobotanical source that is useful in treating skin injury. The present study aimed
to evaluate the use of in vitro cell cultures of S. telephium, as a biotechnological tool to
overcome the problem related to the traditional preparation protocols. The possibility
of obtaining high-yielding cell lines with a favorable biosynthetic profile could be an
intriguing challenge, considering the peculiar characteristics of in vitro material, such
as the absence of pollutants, contaminants, and microorganisms. Moreover, the fact that
in vitro cell cultures have no known negative impact on ecosystems and the environment by
avoiding competition for arable land makes them worthy of study. The results of this study
highlight the great potential of S. telephium in vitro cell cultures, especially undifferentiated
in vitro cultures, as sources of plant material endowed with anti-inflammatory and wound
healing properties.

Author Contributions: Conceptualization, V.D.C., A.P., R.F. and P.B.; methodology, V.D.C., R.F. and
P.B.; software, V.D.C. and P.B.; validation, R.F. and P.B.; formal analysis, V.D.C.; investigation, V.D.C.,
A.P., R.F. and P.B.; resources, A.P., R.F. and P.B.; data curation, V.D.C. and R.F.; writing—original
draft preparation, V.D.C., A.P., R.F. and P.B.; writing—review and editing, V.D.C., A.P., R.F. and P.B.;
visualization, R.F. and P.B.; supervision, R.F. and P.B.; project administration, A.P., R.F. and P.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from
the authors.

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

References
1. Plant of the World Online. Kew Royal Botanic Gardens. Available online: http://www.plantsoftheworldonline.org/ (accessed on

6 February 2024).
2. Mulinacci, N.; Vincieri, F.F.; Baldi, A.; Bambagiotti-Alberti, M.; Sendl, A.; Wagner, H. Flavonol glycosides from Sedum telephium

subspecies maximum leaves. Phytochem 1995, 38, 531–533. [CrossRef]
3. Chiocchio, I.; Poli, F.; Governa, P.; Biagi, M.; Lianza, M. Wound healing and in vitro antiradical activity of five Sedum species

grown within two sites of community importance in Emilia-Romagna (Italy). Plant Biosyst. 2019, 152, 610–615. [CrossRef]
4. Balatri, S. L’uso del Sedum telephium L. nella pratica chirurgica minore. Boll. Soc. Tosco-Umbra Chir. 1981, XLII, 3. Available online:

https://www.societabotanicaitaliana.it/uploaded/1794.pdf (accessed on 10 January 2024).
5. Sendl, A.; Mulinacci, N.; Vincieri, F.F.; Wagner, H. Anti-inflammatory and immunologically active polysaccharides of Sedum

telephium. Phytochem. 1993, 34, 1357–1362. [CrossRef] [PubMed]
6. Altavilla, D.; Polito, F.; Bitto, A.; Minutoli, L.; Miraldi, E.; Fiumara, T.; Biagi, M.; Marini, H.; Giachetti, D.; Vaccaro, M.; et al.

Anti-inflammatory effects of the methanol extracts of Sedum telephium ssp. maximum in lipopolysaccharide-stimulated rat
peritoneal macrophages. Pharmacology 2008, 82, 250–256. [CrossRef] [PubMed]

7. Raimondi, L.; Banchelli, G.; Dalmazzi, D.; Mulinacci, N.; Romani, A.; Vincieri, F.F.; Pirisino, R. Sedum telephium L. polysaccharide
content affects MRC5 cell adhesion to laminin and fibronectin. J. Pharm. Pharmacol. 2000, 52, 585–591. [CrossRef] [PubMed]

8. Bonina, F.; Puglia, C.; Tomaino, A.; Saija, A.; Mulinacci, N.; Romani, A.; Vincieri, F.F. In-vitro antioxidant and in-vivo photopro-
tective effect of three lyophilized extracts of Sedum telephium L. leaves. J. Pharm. Pharmacol. 2000, 52, 1279–1285. [CrossRef]
[PubMed]

9. Eibl, R.; Meier, P.; Stutz, I.; Schildberger, D.; Hühn, T.; Eibl, D. Plant cell culture technology in the cosmetics and food industries:
Current state and future trends. Appl. Microbiol. Biotechnol. 2018, 102, 8661–8675. [CrossRef] [PubMed]

10. Georgiev, V.; Slavov, A.; Vasileva, I.; Pavlov, A. Plant cell culture as emerging technology for production of active cosmetic
ingredients. Eng. Life Sci. 2018, 18, 779–798. [CrossRef]

11. Chandran, H.; Meena, M.; Barupal, T.; Sharma, K. Plant tissue culture as a perpetual source for production of industrially
important bioactive compounds. Biotechnol. Rep. 2020, 26, e00450. [CrossRef]

12. Krasteva, G.; Georgiev, V.; Pavlov, A. Recent applications of plant cell culture technology in cosmetics and foods. Eng. Life Sci.
2021, 21, 68–76. [CrossRef]

http://www.plantsoftheworldonline.org/
https://doi.org/10.1016/0031-9422(94)00554-7
https://doi.org/10.1080/11263504.2018.1549611
https://www.societabotanicaitaliana.it/uploaded/1794.pdf
https://doi.org/10.1016/0031-9422(91)80029-z
https://www.ncbi.nlm.nih.gov/pubmed/7764285
https://doi.org/10.1159/000157626
https://www.ncbi.nlm.nih.gov/pubmed/18818510
https://doi.org/10.1211/0022357001774237
https://www.ncbi.nlm.nih.gov/pubmed/10864148
https://doi.org/10.1211/0022357001777261
https://www.ncbi.nlm.nih.gov/pubmed/11092573
https://doi.org/10.1007/s00253-018-9279-8
https://www.ncbi.nlm.nih.gov/pubmed/30099571
https://doi.org/10.1002/elsc.201800066
https://doi.org/10.1016/j.btre.2020.e00450
https://doi.org/10.1002/elsc.202000078


Molecules 2024, 29, 2472 14 of 14

13. Eibl, R.; Senn, Y.; Gubser, G.; Jossen, V.; van den Bos, C.; Eibl, D. Cellular Agriculture: Opportunities and Challenges. Annu. Rev.
Food Sci. Technol. 2021, 12, 51–73. [CrossRef]

14. Wilson, S.A.; Roberts, S.C. Recent advances towards development and commercialization of plant cell culture processes for
synthesis of biomolecules. Plant Biotechnol. J. 2012, 10, 249–268. [CrossRef]

15. Efferth, T. Biotechnology applications of plant callus cultures. Engineering 2019, 5, 50–59. [CrossRef]
16. Bapat, V.A.; Kavi Kishor, P.B.; Jalaja, N.; Jain, S.M.; Penna, S. Plant cell cultures: Biofactories for the production of bioactive

compounds. Agronomy 2023, 13, 858. [CrossRef]
17. Malbry, T.J.; Markham, K.R.; Thomas, M.B. The Systematic Identification of Flavonoids, 1st ed.; Springer: Berlin/Heidelberg,

Germany; New York, NY, USA, 1970; pp. 41–44.
18. Sturm, S.; Mulinacci, N.; Vincieri, F.F.; Stuppner, H. Analysis of flavonols of Sedum telephium L. leaves by capillary electrophoresis

and HPLC-mass spectrometry. Chromatographia 1999, 50, 433–438. [CrossRef]
19. Zulkefli, N.; Che Zahari, C.N.M.; Sayuti, N.H.; Kamarudin, A.A.; Saad, N.; Hamezah, H.S.; Bunawan, H.; Baharum, S.N.; Mediani,

A.; Ahmed, Q.U.; et al. Flavonoids as potential wound-healing molecules: Emphasis on pathways perspective. Int. J. Mol. Sci.
2023, 24, 4607. [CrossRef] [PubMed]

20. Carvalho, M.T.B.; Araújo-Filho, H.G.; Barreto, A.S.; Quintans-Júnior, L.J.; Quintans, J.S.S.; Barreto, R.S.S. Wound healing properties
of flavonoids: A systematic review highlighting the mechanisms of action. Phytomedicine 2021, 90, 153636. [CrossRef] [PubMed]

21. Ochoa-Villarreal, M.; Howat, S.; Hong, S.M.; Jang, M.O.; Jin, Y.W.; Lee, E.K.; Loake, G.J. Plant cell culture strategies for the
production of natural products. BMB Rep. 2016, 49, 149–158. [CrossRef]

22. Kreis, W. Exploiting plant cell culture for natural product formation. J. Appl. Bot. Food Qual. 2019, 92, 216–225. [CrossRef]
23. Ellis, S.; Lin, E.J.; Tartar, D. Immunology of wound healing. Curr. Dermatol. Rep. 2018, 7, 350–358. [CrossRef] [PubMed]
24. McKay, T.B.; Emmitte, K.A.; German, C.; Karamichos, D. Quercetin and related analogs as therapeutics to promote tissue repair.

Bioengineering 2023, 10, 1127. [CrossRef]
25. Jan, R.; Khan, M.; Asaf, S.; Lubna; Asif, S.; Kim, K.M. Bioactivity and therapeutic potential of kaempferol and quercetin: New

insights for plant and human health. Plants 2022, 11, 2623. [CrossRef]
26. Doersch, K.M.; Newell-Rogers, M.K. The impact of quercetin on wound healing relates to changes in AV and B1 integrin

expression. Exp. Biol. Med. 2017, 242, 1424–1431. [CrossRef]
27. Ginwala, R.; Bhavsar, R.; Chigbu, D.G.I.; Jain, P.; Khan, Z.K. Potential role of flavonoids in treating chronic inflammatory diseases

with a special focus on the anti-inflammatory activity of apigenin. Antioxidants 2019, 8, 35. [CrossRef]
28. Danna, C.; Bazzicalupo, M.; Ingegneri, M.; Smeriglio, A.; Trombetta, D.; Burlando, B.; Cornara, L. Anti-inflammatory and wound

healing properties of leaf and rhizome extracts from the medicinal plant Peucedanum ostruthium (L.) W. D. J. Koch. Molecules 2022,
27, 4271. [CrossRef] [PubMed]

29. Wang, J.; Fang, X.; Ge, L.; Cao, F.; Zhao, L.; Wang, Z.; Xiao, W. Antitumor, antioxidant and anti-inflammatory activities of
kaempferol and its corresponding glycosides and the enzymatic preparation of kaempferol. PLoS ONE 2018, 13, e0197563.
[CrossRef]

30. Schenk, R.U.; Hildebrandt, A.C. Medium and techniques for induction of growth of monocotyledonous plant cell cultures. Can. J.
Bot. 1972, 50, 166–204. [CrossRef]

31. Murashige, T.; Skoog, F. A revised medium for rapid growth and bioassay with tobacco tissue cultures. Physiol. Plant. 1962, 15,
473–497. [CrossRef]

32. Innocenti, G.; Piovan, A.; Filippini, R.; Caniato, R.; Cappelletti, E.M. Quantitative recovery of furanocoumarins from Psoralea
bituminosa. Phytochem. Anal. 1997, 8, 84–86. [CrossRef]

33. Cerantola, S.; Faggin, S.; Annaloro, G.; Mainente, F.; Filippini, R.; Savarino, E.V.; Piovan, A.; Zoccatelli, G.; Giron, M.C. Influence
of Tilia tomentosa Moench extract on mouse small intestine neuromuscular contractility. Nutrients 2021, 13, 3505. [CrossRef]
[PubMed]

34. Brun, P.; Piovan, A.; Caniato, R.; Dalla Costa, V.; Pauletto, A.; Filippini, R. Anti-inflammatory activities of Euglena gracilis extracts.
Microorganisms 2021, 9, 2058. [CrossRef] [PubMed]

35. Conconi, M.T.; Marzaro, G.; Urbani, L.; Zanusso, I.; Di Liddo, R.; Castagliuolo, I.; Brun, P.; Tonus, F.; Ferrarese, A.; Guiotto, A.;
et al. Quinazoline-based multi-tyrosine kinase inhibitors: Synthesis, modeling, antitumor and antiangiogenic properties. Eur. J.
Med. Chem. 2013, 67, 373–383. [CrossRef] [PubMed]

36. Jonkman, J.E.N.; Cathcart, J.A.; Xu, F.; Bartolini, M.E.; Amon, J.E.; Stevens, K.M.; Colarusso, P. An introduction to the wound
healing assay using live-cell microscopy. Cell Adhes. Migr. 2014, 8, 440–451. [CrossRef]

37. Carta, D.; Brun, P.; Dal Pra, M.; Bernabè, G.; Castagliuolo, I.; Ferlin, M.G. Synthesis and preliminary anti-inflammatory and
anti-bacterial evaluation of some diflunisal aza-analogs. Medchemcomm 2018, 9, 1017–1032. [CrossRef]

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

https://doi.org/10.1146/annurev-food-063020-123940
https://doi.org/10.1111/j.1467-7652.2011.00664.x
https://doi.org/10.1016/j.eng.2018.11.006
https://doi.org/10.3390/agronomy13030858
https://doi.org/10.1007/BF02490738
https://doi.org/10.3390/ijms24054607
https://www.ncbi.nlm.nih.gov/pubmed/36902038
https://doi.org/10.1016/j.phymed.2021.153636
https://www.ncbi.nlm.nih.gov/pubmed/34333340
https://doi.org/10.5483/BMBRep.2016.49.3.264
https://doi.org/10.5073/JABFQ.2019.092.030
https://doi.org/10.1007/s13671-018-0234-9
https://www.ncbi.nlm.nih.gov/pubmed/30524911
https://doi.org/10.3390/bioengineering10101127
https://doi.org/10.3390/plants11192623
https://doi.org/10.1177/1535370217712961
https://doi.org/10.3390/antiox8020035
https://doi.org/10.3390/molecules27134271
https://www.ncbi.nlm.nih.gov/pubmed/35807516
https://doi.org/10.1371/journal.pone.0197563
https://doi.org/10.1139/b72-026
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1002/(SICI)1099-1565(199703)8:2%3C84::AID-PCA336%3E3.0.CO;2-W
https://doi.org/10.3390/nu13103505
https://www.ncbi.nlm.nih.gov/pubmed/34684506
https://doi.org/10.3390/microorganisms9102058
https://www.ncbi.nlm.nih.gov/pubmed/34683379
https://doi.org/10.1016/j.ejmech.2013.06.057
https://www.ncbi.nlm.nih.gov/pubmed/23900004
https://doi.org/10.4161/cam.36224
https://doi.org/10.1039/c8md00139a

	Introduction 
	Results 
	HPLC Fingerprint Analysis 
	Quantitative Analysis 
	Identification of Non-Toxic Concentrations of S. telephium Juices 
	C1-J, S1-J, and S2-J Induce Wound Repair 
	C1-J, S1-J, and S2-J Report Anti-Inflammatory Activity in Human Macrophages 

	Discussion 
	Material and Methods 
	Plant Material 
	In Vitro Cultures 
	Material Extraction 
	Juice Acidic Hydrolysis 
	Chemicals 
	Chemical Analysis 
	Cell Culture Conditions 
	Cell Viability Assay 
	Wound Healing Assay 
	Enzyme-Linked Immunosorbent Assay 
	Statistical Analyses 

	Conclusions 
	References

