
Abstract. Background/Aim: We have previously shown that the
water extract of Agrimonia eupatoria L. (AE) is a valuable
source of polyphenols with excellent antioxidant properties and
has clinical potential for the prevention and/or adjuvant therapy
of cardiovascular complications associated with diabetes.
Inspired by our previously published data, in the present study

we examined whether AE improves skin wound healing in a
series of in vitro and in vivo experiments. Materials and
Methods: In detail, we investigated the ability of the AE extract
to induce fibroblast to myofibroblast conversion, extracellular
matrix (ECM) deposition, and keratinocyte proliferation/
differentiation, in vitro. In parallel, in an animal model, we
measured wound tensile strength (TS) and assessed the
progression of open wounds using basic histology and
immunofluorescence. Results: The AE extract induced the
myofibroblast-like phenotype and enhanced ECM deposition,
both in vitro and in vivo. Furthermore, the wound TS of skin
incisions and the contraction rates of open excisions were
significantly increased in the AE-treated group. Conclusion: The
present data show that AE water extract significantly improves
the healing of open and sutured skin wounds. Therefore, our
data warrant further testing in animal models that are
physiologically and evolutionarily closer to humans.

In recent decades, interest in the potential health benefits of
phytomedicine has increased. Many of the health effects of
extracts are associated with the presence of polyphenols (1, 2).
In this context, we previously identified the presence of several
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phenolic constituents in the water infusion of Agrimonia
eupatoria L. (AE) using HPLC-MS analysis (3). Specifically,
the previously performed analysis revealed the presence of
apigenin, kaempferol, quercetin derivatives, catechin and
oligomeric proantocyanidins, with the most frequently identified
compounds being quercetin glycosides and proantocyanidin
trimers. Flavonoids belong to the group of polyphenols and are
thought to be responsible, at least in part, for the biological
properties of various medicinal plants, e.g., anti-inflammatory,
antiviral, antibacterial, neuroprotective, antiulcerogenic,
antispasmodic, antithrombotic, anticancer, antidiabetic, and/or
antioxidant (3-6). For example, AE aqueous extracts exhibit
“insulin-like” activities (7) and show hepatoprotective (8) and
neuroprotective effects (9) due to their antioxidant properties.

We have previously shown that agrimony possesses good
anti-glucosidase, anti-glycation, and anti-hyperglycemic
activities (6). Moreover, our experiments on isolated aortas
showed improved vasodilatation in diabetic rats. Notably, our
in vivo study (3) revealed wound healing-promoting effects,
which led us to extend the evaluation to fibroblasts and
keratinocytes, as well as open and sutured wounds in rats.
Thus, here we test our hypothesis in a series of in vitro and
in vivo experiments to demonstrate the beneficial effects of
AE on skin wound repair.

Clearly, the clinical presentation of non-healing wounds
requires a better understanding of the basic biological
mechanisms underlying the repair processes of higher
organisms (10). Our previous experimental work on wound
therapy (11-15) has shown that the identical treatment protocol
for sutured and open wounds leads to different outcomes, which
could be an aspect of crucial importance for clinical practice
and also helped to explain why we performed a comparative
analysis using rat skin as a suitable model (16). Therefore, in
light of our previously published evidence, we report here new
data related to the modulatory effect of AE in two basic models
(incision vs. excision) of skin wound healing in vivo. To
complete the series of experiments, we also studied fibroblasts
and keratinocytes in vitro after treatment with AE extract.

Materials and Methods
Plant material and preparation of the aqueous extract. The dry
extract of Agrimonia eupatoria L. (AE) was a gift from
Phytopharma a.s. (Malacky, Slovak Republic). A water extract was
prepared by pouring 100 ml of boiling distilled water over 10 g of
dried plant material. The extract was then filtered (0.2 μm) and
analyzed by gradient HPLC and TLC. The data from the analysis
were published previously (3). For the in vitro study, the 10% w/v
water extract was mixed with the culture medium at a ratio of 1:10
to obtain a final concentration of 1 % w/v.

Fibroblasts. The standard laboratory cell line of NIH-3T3
fibroblasts and the primary culture of human dermal fibroblasts
(HDFs) were used for the experiment. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Biochrom, Berlin,

Germany) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics (streptomycin and penicillin; Biochrom). Cells were
seeded at a density of 3,000 cells/cm2 on glass coverslips and
cultured for 24 h. Medium containing the tested concentration of
AE extract (five concentrations were tested, i.e., 1, 1/4, 1/16, 1/64,
1/256; concentration 1 refers to 1% w/v) was then added to the cells
and the cells were cultured for 4 (3T3) and 7 (HDF) days.

The HDFs were isolated from residual skin samples. They were
obtained from the Prague Burn Center of the Third Faculty of
Medicine of Charles University according to the criteria of the
Declaration of Helsinki with the informed consent of the patients
and approved by the Ethics Committee of the Královské Vinohrady
University Hospital. 

In vitro cultivation of HaCaT cells. The HaCaT cell line (human
keratinocytes) was obtained from Cell Lines Service (Eppelheim,
Germany) (17). Cells were cultured in DMEM (Biochrom)
supplemented with 10% FBS (Biochrom) and 1% antibiotics
(streptomycin and penicillin; Biochrom). Cells were seeded on glass
coverslips at a density of 5,000 cells/cm2 and cultured for 24 h. The
medium containing the tested concentrations of the AE extract (five
concentrations were tested, i.e., 1, 1/4, 1/16, 1/64, 1/256) was
subsequently added to the cells, which were then cultured for 4 days
(the medium was changed once during the experiment).

Immunofluorescence of 3T3 cells, HDFs, HaCaTs,  and wounds
(frozen sections). In brief, cells/frozen sections were fixed with 2%
buffered paraformaldehyde (pH 7.2) for 5 min and washed with PBS.
Cell membranes were then permeabilized with Triton X-100 (Sigma-
Aldrich, St. Louis, MO, USA) and sites for antigen-independent
binding of antibodies were blocked with porcine serum albumin
(DAKO, Glostrup, Denmark). Commercial antibodies were diluted
according to manufacturers` recommendations. The primary and
secondary antibodies used in this study are summarized in Table I.
Specificity of the immunochemical reaction was ensured by
replacing the specific first-step antibody with an irrelevant antibody,
by omitting the first-step antibody during processing and by
processing a positive control sample. Cell nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). All
samples were embedded in Vectashield (Vector Laboratories,
Burlingame, CA, USA) and examined with an Eclipse 90i
fluorescence microscope (Nikon, Tokyo, Japan) equipped with filter
blocks for fluorescein isothiocyanate (FITC), tetramethylrhodamine
isothiocyanate (TRITC), and DAPI and a Cool-1300Q CCD camera
(Vosskühler, Osnabrück, Germany). Data were analyzed using the
image analysis system LUCIA 5.1 (Laboratory Imaging, Prague,
Czech Republic).

Animal model. The experimental conditions met the requirements
of the European rules for ethical standards of animal treatment and
welfare. The experiment was approved by the Ethics Committee of
the Faculty of Pharmacy of Comenius University and by the State
Veterinary and Food Administration of the Slovak Republic on 28
July 2015 (Ro-2617/15-221b).

Male Sprague-Dawley rats (n=21) weighing 400±40 g were
obtained from the Laboratory of Research Biomodels of P. J. Šafárik
University and used for the experiment. Animals were housed
individually under standard conditions (55±5% humidity, 22±2˚C,
12/12 h light-dark cycle) in Plexiglas cages and had free access to
standard laboratory diet and tap water ad libitum.
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Rats were randomly divided into 3 groups. For general anesthesia,
a combination of 33 mg/kg ketamine (Calypsol, Richter Gedeon,
Budapest, Hungary), xylazine 11 mg/kg (Rometar a.u.v., Spofa, Prague,
Czech Republic), and tramadol (Tramadol-K, Krka d.d., Novo Mesto,
Slovenia) 5 mg/kg was administered intramuscularly to the rats. A 4-
cm full-thickness skin incision and a round (1-cm in diameter) full
thickness skin excision were made on the back of each rat under aseptic
conditions. The incision was immediately closed with an intradermal
running suture (Chiraflon 5/0, Chirmax, Prague, Czech Republic). Open
wounds were left without dressing. The animals were euthanized with
an overdose of anesthetics on the 7th and 14th day after surgery. 

Wound treatment. In the control group, the water extract was not
applied, leaving the wounds untreated. In the negative control group
(to exclude the effect of wound cleansing and moist healing), the
wounds were daily (during the first 3 days after surgery) treated
topically (using an eye dropper) with sterile water. Similarly, in the
experimental group, the extract (10% w/v) was applied topically, 3
times daily during the first 3 days after operation. Preliminary
experiment involved comparison of two concentrations (1% and 10%
w/v) of AE aqueous extract. However, the 1% AE concentration
demonstrated no remarkable wound healing activity (data not shown).

Wound tensile strength measurement. The device for measuring wound-
breaking strength was constructed in our laboratory (18). Briefly, it is
based on an appropriately shaped horizontal arm that pulls one side of
a specimen, while the opposite side is attached to a sensor tip of a force
gage (OMEGA Engineering, Inc., Stamford, CT, USA). The moving
arm is driven by a high-precision MDI-17 stepper motor (Intelligent
Motion Systems, Inc., Marlborough, CT, USA) via a linear slider.

The technique for measuring wound tensile strength (TS) was
described in detail previously (19). In brief, two 1-cm-wide strips
of skin were removed from each incision and placed lengthwise
between the clamps of the TS testing device. Pulling was performed
perpendicular to the original direction of the incision. The maximum
breaking strength was measured for each sample. TS was calculated
using the following formula: TS=MBS/A, where TS is tensile
strength (g/mm2), MBS is maximum breaking strength (g) and A
represents wound area (mm2).

Histology and semi-quantitative scoring of histological sections.
Wounds were routinely processed for light microscopy. In brief,
fixation in 4% buffered formaldehyde, dehydration with increasing

concentrations of alcohol, embedding in paraffin, sectioning (5-μm
thick), and staining with hematoxylin-eosin (HE). The second set of
wound specimens was cryoprotected using Tissue-Tek (Sakura
Finetek Europe B.V.) and frozen in liquid nitrogen. Cryosections
(10-μm thick) were first mounted on the surface of poly-l-lysine-
treated slides (Sigma-Aldrich) and proceed for immunofluoresent
staining (see Immunofluorescence of 3T3 cells, HDFs, HaCaTs, and
wounds (frozen sections)).

Re-epithelialization of the epidermis, the presence of inflammatory
cells (polymorphonuclear leukocytes [PMNLs], fibroblasts, luminized
vessels, and new collagen were evaluated in a blinded fashion (Table
II). Similarly, fibronectin, collagen-3 and α-SMA were examined by
a semi-quantitative method ranking the fluorescence signal intensities
to the scale: absent (–), mild (+), moderate (++), and marked (+++).  

Statistical analysis. Mean values with standard deviations (mean±SD)
were calculated for all quantitative parameters. Semiquantitative data
are expressed as median [represented as: – (0), + (1), ++ (2), +++ (3),
and ++++ (4)]. To compare the difference in cell parameters (in vitro),
wound TS and contraction rate at day 14 one-way ANOVA, followed
by Tukey-Kramer multiple comparison test was used. The Kruskal-
Wallis test was used to compare the non-parametric semi-quantitative
data. The significance was assumed at p<0.05. 

Results

3T3 fibroblasts and HDFs. The presence of AE in the culture
medium resulted in the formation of a fibronectin-rich
extracellular matrix (ECM) scaffold in both studied
fibroblasts, 3T3 (Figure 1a-e, Figure 2e) and HDFs (Figure
2a, b, e). Interestingly, the most prominent newly synthesized
ECM network was observed on the coverslips with cells
exposed to an extract concentration of 1/256 (Figure 1b,
Figure 2b, e). At that concentration cells showed the highest
proliferation activity. As the concentration of the tested
extract increased, cell proliferation and ECM deposition
gradually decreased (Figure 2e). 

In parallel, we also examined whether the AE extract induces
fibroblast to myofibroblast transition in the studied human
dermal fibroblasts. We observed the presence of α-smooth
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Table I. Reagents used for immunofluorescence.

Primary antibody                 Host                                         Produced by Secondary antibody Produced by

α-Smooth                 Mouse monoclonal         DakoCytomation, Glostrup, Denmark Goat anti-mouse Sigma-Aldrich, St Louis, MO, USA
muscle actin

Ki67                          Mouse monoclonal         DakoCytomation, Glostrup, Denmark Goat anti-mouse Sigma-Aldrich, St Louis, MO, USA
Keratin 19                 Mouse monoclonal         DakoCytomation, Glostrup, Denmark Goat anti-mouse Sigma-Aldrich, St Louis, MO, USA
Vimentin                   Mouse monoclonal         DakoCytomation, Glostrup, Denmark Goat anti-mouse Sigma-Aldrich, St Louis, MO, USA
Collagen-3                Mouse monoclonal          Sigma-Aldrich, St Louis, MO, USA Goat anti-mouse Sigma-Aldrich, St Louis, MO, USA
Fibronectin                Rabbit polyclonal                Dakopatts, Glostrup, Denmark Swine anti-rabbit Santa Cruz Biotechnology, 
                                                                                                         Santa Cruz, CA, USA
Wide-spectrum         Rabbit polyclonal                 Abcam, Cambridge Science, Swine anti-rabbit Santa Cruz Biotechnology, 
keratin                                                                                Cambridge, UK Santa Cruz, CA, USA



muscle actin (α-SMA)-positive fibers in HDFs cultured in the
presence of AE at three tested concentrations (1/256, 1/64 and
1/16) (Figure 2d, f) whereas cells in the control medium were
α-SMA free (Figure 2c).

HaCaTs. Compared to the control culture, treatment with AE
resulted in a concentration-dependent modulation of Ki67
expression (Figure 1k-p). In particular, the two lower tested
concentrations of AE (1/256 and 1/64, Figure 1l, m) increased
Ki67 expression and accelerated cell proliferation. On the
other hand, AE-treated cells at the highest tested concentration
(AE-1, Figure 1o) showed to inhibited cell growth with low
expression of Ki67, while proliferation of AE-1/16-treated
keratinocytes (Figure 1n) remained comparable to the control
culture (Figure 1k).

The majority of HaCaT cells expressed keratin-14 under
all tested conditions (not shown), while keratin-10
expression was minimal (not shown). Interestingly, weak
expression of keratin-19 was characteristic for the control
culture (Figure 1f); whereas AE-treated cells showed
increased expression of keratin-19 (Figure 1g-j).

Animal study. During the postoperative period, all animals
remained healthy and with no clinical signs of infection.
Semiquantitative analysis of histological sections is
summarized in Table III. Representative (micro)
photographs and data from measurements of wound TS
and wound contraction are shown in Figure 3a-h. A
detailed description of the results obtained at each time
point is provided below.
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Figure 1. Effect of different Agrimonia eupatoria L. (AE) concentrations on the studied cell lines. AE-induced formation of extracellular matrix in
3T3 fibroblasts (fibronectin, a-e) and induction of keratin 19 (K19, f-j) and Ki67 (k-o) expression in HaCaT keratinocytes after 4 days of culture
(magnification 200×, scale bar 100 μm, representative images from three independent experiments). Graphs show the quantitative analysis of Ki67
(p) and K19 (q) expression.



Wound TS of sutured skin incisions. Wounds treated with the
AE extract had significantly higher TS compared to the two
control groups (Figure 3g).

Contraction rate of open wounds. Wounds treated with AE
extract had significantly increased contraction rates
compared to both control groups (Figure 3h).

Histology of open wounds. Seven days after the procedure, the
skin edges separated by the open wound in vivo were not yet
completely bridged by a new epithelial layer (Figure 3a). A
positive effect on wound re-epithelialization was observed in
rats treated with AE (Figure 3b); however, with no significant
difference. The wounds were only slightly infiltrated with
PMNL (not shown). The newly formed granulation tissue
(GT) was rich in fibronectin, fibroblasts, and high-caliber
vessels (Figure 3c, d). The most prominent difference between
the groups was seen in the presence of α-SMA-expressing
fibroblasts. While wounds treated with AE were rich in this
cell type (Figure 3d), both control groups contained no or very
low number of this cell population (untreated, Figure 3c;
treated with water, not shown). 

Continued observation on day 14 revealed the presence of
a keratin layer in the wounds, indicating a normal course of

keratinocyte differentiation and a completed process of
epidermal regeneration (not shown). The number of luminized
vessels in the GT decreased (not shown). The content of
fibronectin in GT decreased (not shown), while the content of
collagen increased (Figure 3e, f). In GT, myofibroblasts were
not present in any of the groups (not shown). 

Discussion

To the best of our knowledge, the current study is the first to
show that wound treatment with AE extract significantly
increased the TS of skin incisions. It is well known that the
amount, structure and composition of newly formed matrix in
the incision correlates with wound stiffness (22). In this context
we observed prominent ECM deposition by fibroblasts in vitro
after treatment with AE. ECM proteins are produced and
organized mainly by fibroblasts, one of the principal
components of granulation tissue (23). Interestingly, one of the
biologically active and dominant compounds of the AE extract,
kaempferol, has been shown to remarkably increase wound TS
in non-diabetic and diabetic (streptozotocin-induced) rats (24). 

We next analyzed cell proliferation by assessing re-
epithelialization and granulation tissue formation in vivo and
by Ki67 staining in vitro. We observed an increased number
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Table II. Explanation of the used scale in the semi-quantitative evaluation of histological sections.

Scale                              Epithelization                                PMNL Fibroblasts New vessels Collagen

0                             Thickness of cut edges                         Absent Absent Absent Absent
+                          Migration of cells (<50%)                     Mild ST Mild-ST Mild-SCT Minimal-GT
++                        Migration of cells (≥50%)                 Mild DL/GT Mild-GT Mild-GT Mild-GT
+++                         Bridging the excision                 Moderate DL/GT Moderate-GT Moderate-GT Moderate-GT
++++                             Keratinization                         Marked DL/GT Marked-GT Marked-GT Marked-GT

PMNL: Polymorphonuclear leukocytes; ST: surrounding tissue, i.e., tissue out of GT; DL: demarcation line; SCT: subcutaneous tissue; GT:
granulation tissue.

Table III. Results of the semi-quantitative evaluation of histological sections.

                                            Epithelization                                 PMNL Fibroblasts Luminized vessels
                                               C/WC/AE                                 C/WC/AE C/WC/AE C/WC/AE

7 days                                       +/++/++                                      +/+/– ++/++/+++* +/++/+++*
14 days                               +++/+++/++++                                 –/–/– +/+/+ +/+/+

Results of the semi-quantitative fluorescence signal intensity evaluation.

                                                                        Fibronectin                                Collagen-3 α-SMA
                                                                         C/WC/AE                                 C/WC/AE C/WC/AE

7 days                                                              ++/++/+++                                   +/+/++ –/–/++**
14 days                                                                +/+/+                                   ++/++/+++* –/–/–

C: Control; WC: water/negative control; AE: group treated with 10% w/v Agrimonia eupatoria L.; PMNL: polymorphonuclear leukocytes; α-SMA:
α-smooth muscle actin; *p<0.05, **p<0.01.



of fibroblasts at the injury site and an accelerated process
of epidermal regeneration after wound treatment with AE.
The expression of Ki67 showed a concentration-dependent
nature: except for the highest tested concentration of AE
that rather inhibited cell growth, all other tested
concentrations increased cell proliferation with the most
prominent to be the lowest tested concentration of AE
(1/256). Interestingly, the expression of keratin-19, one of
the putative epidermal stem cell markers (25), was increased
in treated cells.

As we have previously demonstrated, the potential healing-
promoting mechanism of AE also involves antioxidant activity
(3). Specifically, we have found increased expression of
antioxidant enzymes, catalase, and superoxide dismutase, in an
environment forced to oxidative stress (with H2O2).
Flavonoids, such as luteolin, apigenin, kaempferol, and
quercetin derivatives, as well as caffeoylquinic acids, caffeic
acid, and their conjugates have been identified in traditional
Polish medicine as effective agents against inflammatory skin
diseases and wound-healing agents (26). Our extract also

in vivo 36: 1236-1244 (2022)
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Figure 2. Effect of Agrimonia eupatoria L. (AE) on primary cultures of human dermal fibroblasts (HDF). AE-induced formation of extracellular
matrix (fibronectin, a-b) and induction of myofibroblast-like phenotype (α-smooth muscle actin; α-SMA, c-d) after 7 days of culture (magnification
200×, scale bar 100 μm). Graphs show the quantitative analysis of fibronectin (e) and α-SMA (f) expression.
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Figure 3. Immunofluorescence: Agrimonia eupatoria L. (AE)-induced proliferation of keratinocytes of epidermis (a-b) during re-epithelization and
conversion of fibroblasts into myofibroblasts (c-d) in the granulation tissue 7 days after surgery as well as collagen-3 deposition (e-f) in the
granulation tissue 14 days after surgery. Wound tensile strength (g) and wound contraction (h) measurements: AE-increased wound tensile strength
in male rats, 14 days following surgery. AE-induced wound contraction, 14 days after surgery. C: Control group; AC: aqueous/negative control
group; AE: Agrimonia eupatoria L. extract-treated group; *p<0.05; D: dermis; E: epidermis; GT: granulation tissue; N: necrosis.



contained several phenolic constituents, mainly apigenin,
kaempferol, and quercetin derivatives, as well as catechin and
oligomeric proantocyanidins (3). The mixture of flavonoids
acts as an effective free radical-scavenger that also promotes
wound healing (27). Of note, quercetin also targets estrogen
receptors (28), which may contribute to the positive wound-
healing effect (29) of the tested extract. 

In addition, antibacterial tests have shown that AE,
incorporated into a two layer cotton material coated with
poly(vinyl alcohol)-chitosan nanofibers, effectively inhibited the
growth of Staphylococcus aureus and Pseudomonas aeruginosa
(30). Moreover, a pulverized mixture of four herbs including
AE, Nelumbo Nucifera Gaertn, Boswellia Carteri and Pollen
Typhae Angustifoliae significantly increased the expression of
TGF-β1 and Smad2/3 mRNA during the early phase of wound
healing, but decreased the expression of TGF-β1 and Smad2/3
after two weeks (31). Since we observed a direct effect of AE
on the fibroblast-to-myofibroblast transition in vivo, further
experiments should be performed at the in vitro level aimed at
finding the exact underlying mechanism of action, including
interaction with TGF-β1 signaling. 

Conclusion

The reported data provide a strong argument for further
efforts to treat incisional and excisional wounds with natural
products. Direct comparison of the two basic wound models
showed that healing rates were significantly increased after
treatment with AE. Therefore, this extract could be useful in
improving the healing of acute skin wounds. Extrapolation
from this experimental to clinical situation is not possible
due to interspecies variability, but the general molecular
regulation of wound healing is likely to be similar.
Therefore, appropriate investigations are suggested by the
present study in the rodent model. 
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