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Catechin, epicatechin, curcumin, garlic, 
pomegranate peel and neem extracts of Indian 
origin showed enhanced anti‑inflammatory 
potential in human primary acute and chronic 
wound derived fibroblasts by decreasing TGF‑β 
and TNF‑α expression
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Abstract 

Background  Although chronic wounds are devastating and can cause burden at multiple levels, chronic wound 
research is still far behind. Chronic wound treatment is often less efficient due to delay in diagnosis and treatment, 
non-specific treatment mainly due to lack of knowledge of wound healing or healing resistance genes. It’s known that 
chronic wounds do not progress towards healing, because it gets stalled in inflammatory phase of wound healing.

Objective  We aimed to use phytoextracts possessing excellent anti-inflammatory properties to regulate the unbal-
anced levels of cytokines responsible for increased inflammation.

Methods  Evaluation of anti-inflammatory activity of selected phytoextracts namely, Camellia sinensis (L.) Kuntze, 
Acacia catechu (L.f ) Willd., Curcuma longa (L.), Allium sativum (L.), Punica granatum (L.) and Azadirachta indica A. here-
after, called as catechin, epicatechin, curcumin, garlic, pomegranate and neem extracts, respectively in Acute wound 
fibroblasts (AWFs) and Chronic wound fibroblasts (CWFs) using flow cytometry.

Results  The phytoextracts exhibited no cytotoxicity below 100 μg/ml on normal Human Dermal fibroblasts (HDFs), 
while garlic extract showed highest cell viability followed by catechin, epicatechin, curcumin, pomegranate peel and 
neem based on IC50 value. Garlic, catechin and epicatechin extracts showed highest anti-inflammatory activities for 
both TGF-β and TNF-α in both AWFs and CWFs treated cells. After treatment of AWFs with catechin, epicatechin and 
garlic extracts, TGF-β and TNF-α expression was significantly reduced compared to untreated AWFs and reached to 
almost normal HDFs level. Also, after treatment of CWFs with catechin, epicatechin and garlic extracts, TGF-β and 
TNF-α expression was significantly reduced compared to untreated CWFs and was lesser than untreated AWFs.
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Conclusion  The present findings reveal the potential of catechin, epicatechin and garlic extracts for the treatment of 
acute and chronic wounds with excellent anti-inflammatory properties.

Keywords  Acute wound, Anti-inflammatory activity, Chronic wound, Fibroblasts, Phytocompounds

Introduction
Chronic wounds signify a foremost healthcare burden and 
has an overwhelming impact on illness. They impact on 
patient quality of life, cost for treatment and remain a major 
clinical challenge throughout the world [1–3]. Chronic 
wounds result in greater than 25 billion US$ per year 
expenditure and is reported in nearly 6.5 million people in 
US alone [4]. It has been predicted that approximately 1% 
of the population may develop chronic leg ulcers in the 
progression of their lifetime [5]. Considering the rise in 
diabetic patients and other events associated with wound 
such as accidents, burns and trauma, the global burden 
is projected to rise [6]. Epidemiology of chronic wounds 
in India estimated its prevalence at the rate of 4.5/1000 
population [7].

Chronic wounds fail to heal within 3 weeks as they do 
not follow the chronological pattern of wound healing 
and frequently get ‘stuck’ in inflammatory phase [8]. In 
order to convert the complex chronic wound into simple 
healing wound it is important to govern the primary 
cause of failure to heal in a normal fashion via the regular 
phases of healing [9, 10]. With the current knowledge of 
devastating effects of chronic diseases and their mortality 
rate, there is limited information available on behaviour 
of different wounds associated with healing resistance. 
Chronic inflammation, a trademark of the non-healing 
wound, may eventually render the unhealed wound sites 
to latent malignant condition [11].

Historically, natural products and substances derived 
naturally have been used for healing of the wound due 
to their possession of anti-inflammatory, antibacterial, 
antioxidant, angiogenic and cell synthesis stimulating 
potentialities [12, 13]. Phytomedicines may be prepared 
by combination of two or more herbs, herbal extracts 
(either alone or in specific combination), and purified 
plant products (phytochemicals) [14]. Due to their 
plethora of biological properties, in the current study, 
we investigate the role of most popular phytoextracts (of 
Indian origin) known to possess different wound healing 
properties namely, Camellia sinensis (L.) Kuntze [15, 16], 
Acacia catechu (L.f ) Willd. [17, 18], Curcuma longa (L.) 
[19–23], Allium sativum (L.) [24], Punica granatum (L.) 
[25] and Azadirachta indica A. Juss. [26, 27].

By understanding the role of these phytoextracts in cel-
lular level, it is possible to identify the best phytoextract 

that possess potential anti-inflammatory properties that 
help to develop therapeutics [13]. For this purpose, two 
important pro-inflammatory cytokines that are involved in 
inflammation and wound healing such as TGF-β (Trans-
forming growth factor beta) and TNF-α (Tumour necrosis 
factor alpha) were considered in the study. In wound heal-
ing, TGF-β is vital for inflammation [28] and higher lev-
els of TNF-α has been shown to have a damaging role on 
healing [29]. Thus, it is very important to have a balance of 
proinflammatory signals for normal healing of the wound.

Materials and methods
Chemicals and cell culture reagents
The commercial phytoextracts used in the study namely 
catechin, epicatechin, curcumin, garlic, pomegranate, 
and neem were obtained from Green Chem Pvt. Ltd. 
Bangalore. HDFs cell line was obtained from American 
Type Culture Collection, USA. Dulbecco’s Modified 
Eagle Medium (DMEM)—high glucose (#AL111), Foetal 
Bovine Serum (FBS) (RM10432) and MTT Reagent 
((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide)) (#4060) were procured from Himedia, 
TNF-α—FITC Antibody (Cat No: 562082) and TGF-β 
– PE Antibody (Cat No:562339) were purchased from 
BD Biosciences, CA, USA. Dimethyl sulfoxide (DMSO) 
(#PHR1309), Benzyl Penicillin–Streptomycin, Vimentin 
and Hoechst were purchased from Sigma Aldrich Pvt. 
Ltd. Alpha Smooth Muscle Actin (α-SMA) was procured 
from Cell Signalling Technology. Cy3 conjugated 
secondary antibodies from Abcam, Alexa-488 conjugated 
secondary antibodies were obtained from Invitrogen.

Ethical clearance statement, inclusion and exclusion 
criteria
The conduction of the study was approved by the  
Institutional Human Ethics committee (MSRMC/EC/
AP-07/01–2020). The recruitment of patients was done 
unbiased and the wound samples were obtained form 
M S Ramaiah Hospital, Bangalore, India. Acute wounds 
(less than one week duration) and Chronic wounds 
(more than 3 weeks duration) were included in the study. 
Chronic wounds with faecal contamination, gas gan-
grene and severe bleeding disorders were excluded for 
the study.
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Isolation and cell culture of primary human AWFs 
and CWFs
The primary human acute and chronic wound fibroblasts 
were isolated using the protocol developed by us 
previously. Here, the explants were allowed to grow 
undisturbed in a CO2 incubator maintained at 37.5  °C, 
5% CO2 till the fibroblasts attained 80%—90% confluence. 
The optimized media to grow and culture AWFs and 
CWFs was DMEM containing 10% FBS, 200 U/ml 
Penicillin- Streptomycin, 100 μg/ml Gentamycin, 1 μg/ml 
Amphotericin. The media change for initiation of primary 
wound associated fibroblast culture is crucial and was 
done as follows: 50% of the media was removed and fresh 
media was added (not the entire media change) every 
alternate day from day 0 of the initiation of the wound 
fibroblast culture till first trypsinization. Importantly, the 
explants were not removed from the petridish until the 
fibroblast monolayer was formed. The cells were observed 
regularly using inverted bright field microscope (Magnus 
MLXi Plus, India). The phase contrast images were 
taken using phase contrast microscope (Olympus 1X71). 
Fibroblasts were sub cultured once they reached 80%—
90% cellular confluence. AWFs and CWFs were grown 
until 6 passages and freezed in liquid nitrogen at -196  °C 
for future experiments.

Immunofluorescence staining
The isolated cells from both acute and chronic wound 
tissues were characterized based on fibroblast specific 
markers such as vimentin and α-SMA using Immuno-
fluorescence microscopy. The cells were initially fixed 
with 3.7% formaldehyde for 15 min at RT and the plates 
were transferred to 4  °C. The plates were washed with 
1X PBS thrice and permeabilized with 0.2% Triton X 

for 15 min at 4 °C. The blocking buffer containing 20% 
FSG, 5% Sodium azide, 5% Tween 20 and 1X PBS was 
added to the plates which was incubated for 1–1.5 h at 
4  °C. The blocking buffer was removed, and the plates 
were dried and labelled using hydrophobic markers to 
make quadrants. The primary antibodies (1:200 diluted 
vimentin and α -SMA antibody of mouse origin) were 
added to each of the respective quadrants and block-
ing buffer was added to –ve quadrant. The plates with 
primary antibodies were incubated overnight in cold 
room. The primary antibodies were removed, and the 
plates were washed with 1X PBS thrice following which 
freshly prepared secondary antibodies (1:200 diluted 
anti-mouse 488 Antibody for vimentin and 1:200 
diluted anti-mouse Cy3 Antibody for α -SMA) were 

added under dark conditions to each of the respective 
quadrants. The plates were incubated in the dark for 
2 h at 4 °C. The plates were finally washed with 1X PBS 
thrice and stained with Hoechst (1:1000 dilution with 
PBS made from 1  μg/ml stock) and incubated in dark 
for 5  min. The Hoechst was removed from the plates, 
and the plates were further washed with IX PBS and 
finally mounted. The samples were imaged using an 
Epifluorescence microscope (Olympus 1X71).

Cell culture of HDF cell line
HDFs were purchased from the American Type Culture 
Collection (Rockville, MD, USA). The cells were grown in 
T25 flask (# 12,556,009, Biolite—Thermo). The cells were 
maintained in DMEM media containing high glucose and 
10% FBS supplemented with 1% antibiotic–antimycotic 
solution in 5% CO2 atmosphere, 18–20% O2 at 37  °C in 
the CO2 incubator. Cells were sub-cultured for every 
2 days.

MTT cell viability assay
HDF cell line (standard control) were seeded as 200  μl 
cell suspension in a 96-well plate at cell density of 20,000 
cells per well, without the test phytoextracts. Cells were 
allowed to grow for about 24 h. 25 μl, 50 μl, 100 μl, 200 μl 
and 400 μl concentrations of the test phytoextracts were 
added to the plates and incubated at 37  °C in a 5% CO2 
atmosphere for 24  h. After incubation, the spent media 
was removed and MTT reagent of final concentration of 
0.5 mg/ml was added and incubated further for 3 h. Fol-
lowing this, MTT reagent was removed and 100  μl of 
DMSO was added under gentle stirring. The absorbance 
was measured at 570  nm on a UV spectrophotometer 
(Shimadzu, Japan). Percentage cell viability was calculated 
using the formula:

The IC50 value was calculated by using linear regression 
equation i.e., Y = Mx + C. Where, Y = 50, M and C values 
were obtained from the cell viability graph.

Anti‑inflammatory activity
5 × 105 cells/2  ml cells were seeded in a 6-well tissue 
culture plate and incubated in a humidified CO2 incu-
bator (Healforce, China) at 37  °C for 24  h. After the 
incubation, the spent medium was removed and treated 
with 100 μg/ml of experimental phytoextracts (Table 1) 
and 1 ml of cell culture medium and incubated for 24 h. 
Untreated cells were maintained as negative control. 
The cells were harvested and spined down using a table 
top centrifuge (Remi) for 3 min at 500 × g at 25 °C. The 
pellet containing cells were washed with PBS and fixed 

% Cell viability = [Mean abs of treated cells/Mean abs of Untreated cells] x 100
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in 1  ml cold 70% ethanol and incubated for 30  min at 
-20  °C. The cells were further washed with PBS twice 
following which 5 μl of antibodies were added and the 
cells were incubated at RT for 30  min under the dark 
conditions. 500  μl of DPBS mix was added and mixed 
thoroughly and the cells were acquired by BD FACS 
Calibur Flow Cytometry and analysed by BD Cell quest 
pro software. 10,000 cells/events were considered for all 
the samples and experiments were done in triplicates 
(N = 3). AWFs and CWFs expressing TGF-β and TNF-α 
before and post treatment with test phytoextracts were 
measured and the results were compared with normal 
HDF cell line.

Statistical analysis
Triplicate analysis (n = 3) was carried out for each 
of the experiments, in which data were presented as 
mean ± SEM. The differences between values analyzed 
using Statistical significance (P) was calculated by 
one way ANOVA followed by Dunnett’s test and 
student paired t-test was executed using GraphPad 
Prism software. The P value ≤ 0.05 was considered as 
statistically significant.

Results
Morphology of AWFs and CWFs
The isolated cells from acute and chronic wounds were 
characterized based on their morphology using phase 
contrast imaging. The images at 10X magnification 
showed fibroblasts like cells that had a typical nucleus 
with 2 or more nucleolus. The cells displayed different 

morphology such as spindle, fusiform and stellate 
shape. Few cells had 2 ended spindle shaped elongated 
structure where as others displayed 3- 10 or more ends 
that were shorter & narrower. The cells displayed cyto-
plasmatic prolongations as they interact with neigh-
bouring cells forming cell to cell junction and thus 
start to proliferate. The cells proliferated and migrated 
to form monolayer of cells on the plastic surface. The 
phase contrast microscopic images of AWFs and CWFs 
are shown in Fig. 1A and B, respectively.

AWFs and CWFs stained positive for fibroblast specific 
markers
Vimentin and α-SMA are the frequently employed cell 
surface protein markers to identify fibroblasts in culture 
[30]. AWFs and CWFs were stained with fibroblast-
specific markers vimentin and α-SMA to determine the 
identity of the isolated cells from wounds as particularly 
fibroblast cells. The isolated cells (both AWFs and CWFs) 
were found to be pure population of fibroblasts, as 
observed by the expression of fibroblast-specific markers 
in immunocytochemical analysis experiments. The 
immunofluorescent images of AWFs and CWFs stained 
with vimentin and α-SMA are shown in Fig. 1C, D and E, 
F, respectively.

Cell viability of test phytoextracts treated AWFs and CWFs
MTT assay was carried out to probe the effect of phyto-
extracts such as catechin, epicatechin, curcumin, garlic, 
pomegranate, and neem on cell viability of normal HDFs. 
Various concentrations (25, 50, 100, 200 and 400  μg/ml) 
were used to evaluate the toxicity of the test phytoex-
tracts on normal HDFs. IC50 represents the concentration 

Table 1  Details of anti-inflammatory protein marker, test phytoextracts, parameters analysed and concentration used in the study

All the phytoextracts showed absence of Coliforms, E. coli, Salmonella, Pseudomonas aeruginosa, Staphylococcus aureus. The presence of toxic heavy metals such as 
lead, cadmium, arsenic and mercury were NMT 5 ppm. Loss of sample on drying was NMT 5%

Sl. No Name of the 
commercial 
phytoextract

Botanical name Part of the 
plant used

Major 
phytoactive 
compound

Sample code Cells Concentration 
used

Anti-
inflammatory 
protein marker

1 Catechin extract Camellia sinensis 
(L.) Kuntze

Leaves Catechin (83%) CE AWF & CWF 100 μg/ml TGF-β & TNF-α

2 Epicatechin 
extract

Acacia catechu 
(L.f ) Willd

Heartwood Epicatechin 
(16.6%)

E AWF & CWF 100 μg/ml TGF-β & TNF-α

3 Curcumin extract Curcuma longa 
(L.)

Rhizome Curcuminoids 
(95.4%)

CU AWF & CWF 100 μg/ml TGF-β & TNF-α

4 Garlic extract Allium sativum 
(L.)

Bulb Saponins (NLT 
5%)

G AWF & CWF 100 μg/ml TGF-β & TNF-α

5 Pomegranate 
peel extract

Punica granatum 
(L.)

Peel Polyphenols (NLT 
40%)

P AWF & CWF 100 μg/ml TGF-β & TNF-α

6 Neem extract Azadirachta 
indica A. Juss

Leaves Bitters (NLT 2%) N AWF & CWF 100 μg/ml TGF-β & TNF-α
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at which a substance exerts half of its maximal inhibitory 
effect. IC50 value of the phytoextracts was calculated using 
GraphPad Prism software version 8.0.1. Percentage cell 

viability of HDFs treated with various concentrations of 
test phytoextracts is given in Table 2. Reduced cell viability 
was observed in a dose dependent manner after treatment 

Fig. 1  Phase contrast image of AWFs (A) and CWFs (B) on day 8 of growth of fibroblasts from wound explants, respectively. Images taken at 10 
X magnification. Immunofluorescent image of AWFs stained with vimentin (C) and α-SMA (D). Immunofluorescent image of CWFs stained with 
vimentin (E) and α-SMA (F). Images (C, D, E, F) are merged and taken at 20 X magnification

Table 2  Percentage cell viability of HDF cell line treated with various concentrations of phytoextracts

Values are expressed as the mean ± SEM (n = 3); Statistical significance (P) calculated by one-way ANOVA followed by Dunnett’s test— ***P < 0.001, **P < 0.01, *P < 0.05 
were considered as statistically significant by comparing treated group with control group

Test phytoextracts Cell viability (%)

Untreated
(control)

Concentration of test phytoextracts

25 μg/ml 50 μg/ml 100 μg/ml 200 μg/ml 400 μg/ml

CE 100 ± 00 97.93 ± 0.62 ** 97.26 ± 0.47 *** 94.82 ± 0.09 *** 87.85 ± 0.27 *** 79.65 ± 0.08 ***

E 100 ± 00 97.29 ± 0.69 ** 94.62 ± 0.09 *** 91.52 ± 0.10 *** 85.26 ± 0.09 *** 74.99 ± 0.79 ***

CU 100 ± 00 99.4 ± 0.14 97.22 ± 0.63 ** 91.68 ± 0.12 *** 84.36 ± 0.68 *** 65.08 ± 0.66 ***

G 100 ± 00 97.22 ± 0.93* 94.13 ± 0.54 *** 89.88 ± 0.51 *** 86.14 ± 0.14 *** 79.26 ± 0.86 ***

P 100 ± 00 97.95 ± 1.09 94.45 ± 1.13 *** 87.35 ± 0.27 *** 79.91 ± 0.53 *** 54.86 ± 0.73 ***

N 100 ± 00 97.05 ± 0.73* 95.07 ± 0.81 *** 90.08 ± 0.45 *** 71.08 ± 0.83 *** 48.23 ± 0.49 ***
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with phytoextracts (Fig. 2) and the effect of phytoextracts 
on cell viability of HDFs is shown in Fig.  3A. Phytoex-
tracts were considered to be safe if they had cell viability 
value > 85%. The IC50 values of catechin, epicatechin, cur-
cumin, garlic, pomegranate and neem extracts were 
979.5 ± 24.39, 822.2 ± 18.55, 569.5 ± 10.89, 1036 ± 45.67, 
448.7 ± 2.95 and 379.8 ± 4.10  μg/ml, respectively against 
HDFs (Table  3). The IC50 values of test phytoextracts 
against HDFs is shown in Fig. 3B.

Garlic extract had highest IC50 value, followed by 
catechin, epicatechin, curcumin pomegranate peel and 
neem (Fig. 3B). From the findings, it is apparent that garlic 
extract showed least toxicity and neem extract showed 
highest toxicity to normal HDFs at the treated highest 
concentration of 400  μg/ml. These findings suggest that 
garlic extract was found to be the safest among all other 
phytoextracts. However, all the test phytoextracts were 

considered to be safe for use since the IC50 value of these 
were above 300  μg/ml. All test phytoextracts considered 
in the current study exhibited no cytotoxic effect below 
100  μg/ml and thus, the non-cytotoxic concentration of 
100  μg/ml was selected for both AWFs and CWFs for 
further mechanistic studies.

Anti‑inflammatory activity of selected phytoextracts
The anti-inflammatory activity of the test phytoextracts 
catechin, epicatechin, curcumin, garlic, pomegranate 
and neem on AWFs and CWFs were studied using flow 
cytometry. The pro-inflammatory cytokines TGF-β and 
TNF-α were used as markers and their expression lev-
els were evaluated before and after treatment with the 
phytoextracts of 100  μg/ml concentration. The levels of 
expression of these cytokines in AWFs and CWFs were 

Fig. 2  Effect of Catechin (A), Epicatechin (B), Curcumin (C), Garlic (D), Pomegranate (E), Neem extracts (F) on cell viability of HDF cell line
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compared with that of normal HDFs post treatment with 
the phytoextracts. It was observed that, TGF-β expres-
sion was higher in untreated AWFs and TNF-α expres-
sion was higher in untreated CWFs, respectively (Fig. 4E 
and F). In addition, the overall expression of TGF-β and 
TNF-α was significantly (P < 0.05) reduced in both AWFs 
and CWFs after treatment with the phytoextracts. The 
overlaid histograms depicting TGF-β and TNF-α expres-
sion observed in AWFs and CWFs in both treated and 
untreated conditions is shown in Fig. 5.

Anti‑inflammatory activity in AWFs
TGF-β expression was higher in AWFs as compared to 
CWFs before and post treatment with phytoextracts. 
In AWFs, all the selected phytoextracts (catechin, 
epicatechin, curcumin, garlic, pomegranate and 
neem) showed anti-inflammatory activity by reducing 

the TGF-β and TNF-α expression post treatment. 
Percentage AWFs expressing TGF-β and TNF-α 
intensity is mentioned in Table 4. Interestingly, TGF-β 
expression was highest in pomegranate peel extract and 
least in catechin extract treated cells (Fig.  4A and B). 
Likewise, TNF-α expression was highest in curcumin 
extract and least in garlic extract treated cells. 
Therefore, of the six phytoextracts, catechin extract 
and garlic extract showed highest anti-inflammatory 
activity (P < 0.05) for TGF-β and TNF-α, respectively. 
In contrast, pomegranate peel extract and curcumin 
extract showed least anti-inflammatory activity 
(P < 0.05) for TGF-β and TNF-α, respectively. Finally, 
the anti-inflammatory effects of the test phytoextracts 
were compared with the untreated AWFs and untreated 
normal HDFs.

After catechin extract treatment, the TGF-β expres-
sion reached to almost normal HDFs levels (Fig. 6A), and 
after treatment with garlic extract the TNF-α expression 
was found to be lesser than normal HDFs (Fig. 6B). The 
TGF-β and TNF-α expression histograms of test phyto-
extracts is shown in Fig. 7A and B, respectively.

Anti‑inflammatory activity in CWFs
All the selected phytoextracts exhibited anti-inflam-
matory activity in CWFs against TGF-β and TNF-α. 
Percentage CWFs expressing TGF-β and TNF-α inten-
sity is mentioned in Table  4. In case of CWFs, TGF-β 
expression was highest in neem extract least in epicat-
echin extract treated cells. Similarly, TNF-α expression 

A B
Fig. 3  Effect of test phytoextracts on cell viability of HDF cell line (A) IC50 value of phytoextracts against HDF cell line (B). Note: Statistical 
significance (P) calculated by one-way ANOVA followed by Dunnett’s test—P < 0.05 was considered as statistically significant

Table 3  IC50 value of phytoextracts against HDF cell line

Values are expressed as the mean ± SEM (n = 3). Statistical significance (P) 
calculated by one-way ANOVA followed by Dunnett’s test— ***P < 0.001 was 
considered as statistically significant

Test phytoextracts IC50 (μg/ml)

CE 979.5 ± 24.39***

E 822.2 ± 18.55***

CU 569.5 ± 10.89***

G 1036 ± 45.67***

P 448.7 ± 2.95***

N 379.8 ± 4.10***
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Fig. 4  TGF-β expression against AWFs (A), TNF-α expression against AWFs (B), TGF-β expression against CWFs (C), TNF-α expression against CWFs 
(D) Comparative expression of TGF-β (E) and TNF-α (F) in test phytoextracts treated AWFs and CWFs. Note: Statistical significance (P) calculated 
by one-way ANOVA followed by Dunnett’s test (for A, B, C and D) and student’s paired t test (for E and F)—P < 0.05 was considered as statistically 
significant
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was highest in neem extract and least in garlic extract 

treated cells (Fig. 4C and D). Moreover, the test phyto-
extracts showed higher expression of TNF-α in CWFs 
compared to AWFs. Therefore, of the six phytoextracts, 
epicatechin extract and garlic extract showed high-
est anti-inflammatory activity (P < 0.05) for TGF-β and 

TNF-α, respectively. However, neem extract showed 

least anti-inflammatory activity (P < 0.05) for both 
TGF-β and TNF-α. After treatment of CWFs with cat-
echin, epicatechin and garlic extracts, the TGF-β and 
TNF-α expression was significantly (P < 0.05) reduced 
compared to untreated CWFs and was found to be lesser 

Fig. 5  Overlaid histograms depicting (A) TGF-β expression observed in AWFs (B) TNF-α expression of AWFs (C) TGF-β expression observed in CWFs 
(D) TNF-α expression of CWFs in treated and untreated conditions, respectively

Table 4  Percentage AWFs and CWFs expressing TGF-β and TNF-α intensity

Values are expressed as the mean ± SEM (n = 3). Statistical significance (P) calculated by one-way ANOVA followed by Dunnett’s test—***P < 0.001 was considered as 
statistically significant by comparing treated group with untreated group

Cells AWFs CWFs

Culture condition % Cells expressed
TGF- β intensity

% Cells expressed
TNF-α intensity

% Cells expressed
TGF- β intensity

% Cells expressed
TNF-α intensity

Untreated 96.6 ± 0.77*** 60.13 ± 2.06*** 86.51 ± 0.72*** 86.66 ± 1.16***

CE 13.3 ± 3.09*** 12.46 ± 0.46*** 33.1 ± 5.64*** 39.01 ± 3.19***

E 17.6 ± 1.14*** 12.87 ± 2.77*** 31.42 ± 1.84*** 33.53 ± 2.45***

C 24.3 ± 2.41*** 33.38 ± 3.74*** 42.42 ± 8.04*** 44.06 ± 2.77***

G 20.8 ± 1.86*** 8.183 ± 0.95*** 33.88 ± 3.40*** 28.05 ± 4.05***

P 28.1 ± 3.14*** 24.25 ± 3.44*** 54.08 ± 4.98*** 43.87 ± 2.31***

N 22.3 ± 2.19*** 27.28 ± 2.98*** 82.14 ± 0.98 67.18 ± 2.04***
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than untreated AWFs (Fig. 6A and B, respectively). The 
TGF-β and TNF-α expression histograms of test phyto-
extracts is shown in Fig. 8A and B, respectively.

Discussion
The immunofluorescence staining with vimentin and 
α-SMA on the isolated cells (from wound tissues) 
revealed the presence of fibroblast cells. Vimentin is 
an important intermediate filament protein that forms 
the main structural component of mesenchymal cells 
especially, fibroblasts [31]. Thus, it is an extensively 
used morphological marker to identify fibroblasts 
[32]. Fibroblasts differentiates into myofibroblast like 
cells that morphologically resemble fibroblasts and 
also stain positive for α-SMA [33]. The expression of 
α-SMA indicate the phenotype of myofibroblasts that 
are predominant during wound repair and pathologi-
cal conditions such as fibrosis [34]. α-SMA is used as 
a marker for identification of fibroblasts and myofi-
broblasts in many recent studies [30, 35]. Thus, in 

our current study, vimentin and α-SMA were used as 
markers to identify the isolated cells from wound tis-
sues as fibroblasts along with morphological and spa-
tial identification.

Toxicity of the compounds can limit itself from 
entering the clinical trials. Thus, it is very important 
for the compounds to be non-toxic to both target 
cell (in our case wound fibroblasts) and normal cells 
which is often challenging in case of chemical drugs. 
From the results obtained in our current study, it was 
observed that neem extract showed highest toxicity at 
a concentration of 400 μg/ml in normal HDFs. In one 
of the studies conducted by Jerobin et al., showed that, 
neem extract formulation showed significant cytotox-
icity to human lymphocytes at minimum 1.2–2  mg/
ml concentration and above [36]. In contrast, it was 
also seen that neem was considered to be safe and was 
used in treating diabetic foot ulcer patients by irrigat-
ing with neem leaves extract [27]. There are few stud-
ies available in literature about mammalian toxicity of 

Fig. 6  Comparative expression of TGF-β in best phytoextracts treated AWFs and CWFs v/s HDF cell line (A) Comparative expression of TNF-α in best 
phytoextracts treated AWFs and CWFs v/s HDF cell line (B). Note: Statistical significance (P) calculated by one-way ANOVA followed by Dunnett’s 
test—P < 0.05 was considered as statistically significant
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neem which showed that extracts or subproducts are 
either less toxic or nontoxic when administered orally. 
The experiments on rats showed acute/mild toxic-
ity when intramuscular injection was administered or 
treated by intraperitoneal route. However, higher con-
centrations were more toxic irrespective of the route 
of administration [35]. Neem, pomegranate, curcumin 
and epicatechin showed cytotoxicity (cell viability less 
than 85%) at concentrations 200 μg/ml and above with 
neem showing highest cytotoxicity. However, catechin 
and garlic extract showed cytotoxicity at 400  μg/ml 
concentrations. These results show that, all phytoex-
tracts were considered to be safe for use at concentra-
tions below 200 μg/ml based on both cell viability and 
IC50 values.

Changes in cell morphology of HDFs was observed 
after treatment with the phytoextracts (Fig. 9). Cell bleb-
bing and signs of apoptosis was seen at higher concentra-
tions resulting in loss of cell viability and ultimately cell 

death. Apoptosis is often represented by definite change 
in morphologic features such as chromatin condensa-
tion, cytoplasmic shrinkage, membrane blebbing, Endo 
nucleolytic degradation of genomic DNA, and the devel-
opment of apoptotic bodies [37]. The observed difference 
in the cytotoxic effect of test phytoextracts can be attrib-
uted to the altered morphology of HDFs.

In case of AWFs, anti-inflammatory activity study 
showed that, of the six test phytoextracts, catechin, epi-
catechin and garlic extracts showed best anti-inflamma-
tory activities against both TGF-β and TNF-α treated 
AWFs. A study conducted by Minhal et al. showed that 
topical application of 30% garlic ointment showed the 
presence of more proliferating fibroblasts in the scars 
compared to scars applied with Vaseline and increased 
the wound healing activity [38]. Another study showed 
that, garlic extracts successfully reduced the expres-
sion levels of TNF-α and significantly improved the 
wound closure which demonstrated its potential 

Fig. 7  TGF-β expression histogram of test phytoextracts against AWFs (a) TNF-α expression histogram of test phytoextracts against AWFs (b) 
Note: A- HDF control, B- AWF Untreated, C- Catechin extract, D- Epicatechin extract, E- Curcumin extract, F- Garlic extract, G- Pomegranate extract, 
H- Neem Extract. TGF-β histogram of the gated AWF singlets distinguishes cells at the M1 and M2 phases. (Here M1 refers to negative expression/
region and M2 refers to the Positive expression/region). Gating of M1 and M2 phases is approximate and can be refined using software (Cell Quest 
Pro Software, Version 6.0) analysis. % of cells observed in M2 region is considered as TGF- β expression
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anti-inflammatory activity [39]. However, most studies 
were conducted in rats, and thus our results demonstrate 
their potential anti-inflammatory activity in wound asso-
ciated fibroblasts. In our study, pomegranate peel and 
curcumin extract showed least anti-inflammatory activ-
ity against TGF-β and TNF-α treated AWFs, respectively. 
Few studies conducted in experimental rats showed 
enhanced wound healing activity using pomegranate peel 
(compared to pulp) mainly due to its active phytoextracts 
ellagic acid and other polyphenols [40, 41]. Similar results 
were observed while studying the ability of curcumin 
[42]. However, these studies were carried out in mice. 
Anti-inflammatory activity is exhibited by phytoextracts 
mostly by regulating the biochemical pathways. Usually, 
by decreasing the secretion of interleukin-1 (IL-1), IL-6, 
nitric oxide and TNF-α from the macrophages [43].

In case of CWFs, of the six test phytoextracts, catechin, 
epicatechin and garlic extracts showed best anti-inflam-
matory activities against both TGF-β and TNF-α treated 
CWFs. Due to its potential anti-inflammatory, antimicrobial 
and wound healing potential, neem leaves extract is used for 
treatment in diabetic foot ulcer patients [27]. However, few 
studies that demonstrated the potential anti-inflammatory 
activity of neem was carried out in rat models [44]. A recent 
study also observed that, catechin, epicatechin, and rutin 
showed safety and high efficiency in reducing hyperglycae-
mia by altering multiple biochemical pathways involved in 
hyperglycaemia [16]. Most of the studies carried out earlier 
were conducted in animal models.

The results generated in our current study are based 
on observations in human primary acute and chronic 
wound derived fibroblasts and thus may reflect on 
the effects of the test phytoextracts on the diseased 

Fig. 8  TGF-β expression histogram of test phytoextracts against CWFs (a) TNF-α expression histogram of test phytoextracts against CWFs (b). 
Note: A- HDF control, B- CWF Untreated, C- Catechin extract, D- Epicatechin extract, E- Curcumin extract, F- Garlic extract, G- Pomegranate extract, 
H- Neem Extract. TGF-β histogram of the gated CWF singlets distinguishes cells at the M1 and M2 phases. (Here M1 refers to negative expression/
region and M2 refers to the Positive expression/region). Gating of M1 and M2 phases is approximate and can be refined using software (Cell Quest 
Pro Software, Version 6.0) analysis. % of cells observed in M2 region is considered as TGF- β expression
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patients as such. The mechanism of action of anti-
inflammatory activity of phytoextracts against TNF-α 
and TGF-β is shown in Fig.  10. Thus, the selected 
phytoextracts in our current study proved to serve 

as potential drug candidates for effective acute and 
chronic wound healing, as they were successfully able 
to reduce the inflammation in both AWFs and CWFs 
to normal levels. However, the major phytoextracts 

Fig. 9  Changes in cell morphology of HDF cell line treated with various concentrations of test phytoextracts. Scale bar-100 μm
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(namely, catechin, epicatechin and garlic) that showed 
excellent anti-inflammatory activity in the respective 
cells may be considered as potential therapeutics to 
treat patients with acute wounds and chronic wounds 
safely, specifically and efficiently. However, more clini-
cal studies in future are required to validate the results.

Conclusion
The popular wound healing phytoextracts selected in 
the current study namely, catechin, epicatechin, cur-
cumin, garlic, pomegranate peel and neem exhibited no 
cytotoxicity on normal HDFs. Of the six selected phy-
toextracts considered for protein expression studies, 
garlic extract showed highest cell viability followed by 
catechin, epicatechin, curcumin, pomegranate peel and 

neem extract based on its IC50 value. Anti-inflamma-
tory activity of these phytoextracts in AWFs and CWFs 
showed that, garlic, catechin and epicatechin extracts 
showed excellent anti-inflammatory activities for both 
the cytokines TGF-β and TNF-α. After treatment of 
CWFs with catechin, epicatechin and garlic extracts, 
the TGF-β and TNF-α expression was significantly 
reduced compared to untreated AWFs and untreated 
CWFs and was close to HDF expression levels.
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