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A B S T R A C T   

Ethnopharmacological relevance: The genus Warburgia (family Canellaceae) is widely distributed over Afrotropical 
and Neotropical realms. Traditionally, W. salutaris (G. Bertol.) Chiov., and other Warburgia species are used as 
anti-inflammatory, antimalarial, antimicrobial, and for wound healing, and treating several skin complaints as 
well. Specifically, different extracts from W. salutaris were reported to possess diuretic, anti-inflammatory, and 
cytotoxic effects. 
Aim of the study: This work aimed to investigate the phytochemical composition of an aqueous extract from 
W. salutaris bark, and evaluate its antioxidant and anti-aging activities in silico, in vitro, and in vivo. 
Materials and methods: HPLC-PDA-MS/MS was used to investigate the phytochemical components of the extract. 
The antioxidant potential of the extract was evaluated in vitro using DPPH and FRAP assays. The Caenorhabditis 
elegans nematodes model was adopted to investigate the antioxidant and the anti-aging effects in vivo by 
determining the worms’ survival rate, level of ROS, HSP16 expression, and nuclear translocation of the tran-
scription factor DAF16. Molecular operating environment (MOE) software was utilized for in silico molecular 
docking of the extract’s components into different enzymes involved in the aging process. Anti-collagenase, anti- 
elastase, anti-tyrosinase, and anti-hyaluronidase assays were used to evaluate the anti-aging effects in vitro. 
Results: HPLC-MS analysis furnished 30 compounds, among them catechin, 11α-hydroxy muzigadiolide, 
mukaadial, pereniporin B, and 11α-hydroxycinnamosmolide. The major components of the extract showed 
appropriate fitting in the binding site of the target enzymes adopted in the study with considerable minimum free 
binding energy relative to the standard inhibitors. The extract showed substantial in vitro antioxidant activity in 
DPPH and FRAP assays and in vitro anti-aging assays against collagenase, elastase, tyrosinase, and hyaluronidase 
with comparable IC50 values to the reference standards. Moreover, it attenuated oxidative stress in vivo as it 
significantly increased the survival rate of ROS stressed C. elegans worms, decreased intracellular ROS, decreased 
the juglone-induced HSP16 expression and enhanced the nuclear localization of DAF16 in a dose-dependent 
manner. 
Conclusion: Our results support the traditional use of W. salutaris to counteract inflammation and oxidative stress 
associated with several pathological conditions. In addition, W. salutaris bark extract can be considered as a 
substantial source for bioactive metabolites with strong potential as anti-aging and antioxidant agents.   

1. Introduction 

Reactive oxygen species (ROS) are generated from ongoing cellular 

metabolic activities in all aerobic organisms, and include both free 
radicals such as OH., O2

− and non-radicals such as H2O2, O3, and 1O2. 
Numerous cellular anti-oxidative defense systems, comprising enzymes 
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such as catalase, superoxide dismutase and glutathione peroxidase, are 
able to scavenge and neutralize the deleterious ROS under normal 
conditions. Several stress factors, including pollution, irradiation and 
xenobiotics can lead to an overproduction of ROS, which in turn over 
exhaust the neutralizing capacity of the anti-oxidative mechanisms 
leading to the development of a state of imbalance, known as oxidative 
stress, which is linked to several pathological conditions as well as 
cellular aging (Polǰsak and Dahmane, 2012; Reuter et al., 2010). 

Being continuously exposed to external environment, the skin is 
among the most affected organs by the different harmful environmental 
factors that contribute to its senescence and aging. Excessive ROS pro-
duction in the skin induces intrinsic skin aging and results, on the long 
run, in developing skin wrinkles. Cleavage of the fibrous proteins con-
structing the skin extracellular matrix (ECM) such as collagen, elastin, 
and hyaluronic acid by the ROS-induced collagenase, elastase, and hy-
aluronidase enzymes, respectively, is the major event in the pathogen-
esis of wrinkles formation. Another sign for skin aging includes the 
overproduction of melanin mediated by the tyrosinase enzyme (Matos 
et al., 2019). 

Among the promising strategies to defy skin aging is to inhibit the 
enzymes involved in the degradation of the skin’s ECM and reduce as 
well the melanin production and pigmentation. Because age-associated 
chronic inflammation can exacerbate cellular aging (Chung et al., 2019), 
blocking the pro-inflammatory enzyme targets may be an extra benefit 
in this regard. Currently, several plant extracts and secondary metabo-
lites could represent promising anti-aging candidates with an extra 
benefit of possessing a substantial antioxidant and/or anti-inflammatory 
potential (Wink, 2022). 

The genus Warburgia is among the six genera of the family Canella-
ceae and comprises four species, namely W. elongata, W. salutaris, 
W. stuhlmannii, and W. ugandensis. Plants of this genus are abundant in 
eastern and southern Africa and spread through wide zones in the 
Afrotropical and Neotropical regions. They are mostly medium sized, 
evergreen, aromatic trees with red flowers and fruits. Extracts of War-
burgia species are extensively used traditionally for diverse purposes in 
humans and animals owing to their various biological activities (Salazar 
and Nixon, 2008; Leonard and Viljoen, 2015). 

Warburgia species come with a long history of ethnomedicinal uses in 
central, eastern, and southern regions of Africa. This includes using the 
plant as decoction or infusion for the treatment of protozoal, bacterial, 
and fungal infections, wound healing, and treating several skin com-
plaints and diseases (Frum and Viljoen, 2006). Interestingly, Warburgia 
species are effective against malaria and there is an anecdotal evidence 
of their use for this purpose in many African countries (Leonard and 
Viljoen, 2015). 

Warburgia salutaris is a small to medium sized tree that grows along 
the eastern coast of KwaZulu-Natal and extends to the north through 
Mpumalanga and the northern areas of South Africa. 

Currently, some studies have reported the use of W. salutaris, as 
fungicidal, antitrypanosomal, antimicrobial, and anti-leishmanial 
agents. Apart from other Warburgia species, W. salutaris has proven 
unique pharmacological activities such as diuretic, abortifacient, and 
anti-ulcerative activities. Moreover, bark and leaves extract revealed 
strong anti-inflammatory potential that could explain the traditional use 
of the plant as a remedy for rheumatoid arthritis, urethral inflammation, 
and penile irritation. Bark extracts showed as well cytotoxic activity 
against human HL-60 cells (Neuwinger, 2000; Frum et al., 2005; Nibret 
et al., 2010). 

Phytochemical analysis of W. salutaris extracts revealed the presence 
of drimane sesquiterpenoids, the most abundant of which is uganden-
sidial, in addition to warburganal, polygodial, mukaadial, isopolygodial, 
muzigadial, drimenin, and the drimane sessquiterpenoid lactone salu-
tarisolide. The osmo-regulator mannitol was reported only in the bark of 
W. salutaris explaining its unique diuretic effect (Mashimbye et al., 1999; 
Leonard et al., 2011). Many of these secondary metabolites are dia-
ldehydes with potent reactivity as they can form Schiff’s bases with the 

NH2-groups of the amino acid residues in the target proteins at physi-
ological conditions (van Wyk and Wink, 2015). 

Herein, we characterized the chemical constituents of an aqueous 
extract from W. salutaris bark using HPLC-PDA-MS/MS. The major 
compounds identified in the extract were docked to five enzymes, 
namely HSP90, collagenase, elastase, tyrosinase and hyaluronidase to 
investigate the possible molecular targets involved in the extract’s 
mechanism of action. Enzyme inhibition assays were performed to 
confirm the potential anti-aging effects in vitro. DPPH and FRAP assays 
were utilized to evaluate the in vitro antioxidant properties of the 
extract. In addition, the model organism Caenorhabditis elegans was used 
to investigate the antioxidant and anti-aging effects in vivo. 

2. Materials and methods 

2.1. Plant material and extraction 

W. salutaris (G. Bertol.) Chiov. Bark was collected from trees in 
Lupaga Site in Shinyanga, Tanzania. A sample from the plant bark is kept 
at IPMB, Heidelberg University under accession number P7342. The 
bark (100 g) was ground and extracted with water (6 × 500 mL, 
maceration extraction). The combined extracts were filtered and evap-
orated at low temperature under reduced pressure. The residue was 
frozen and lyophilized. The extraction yield was 18%. 

2.2. HPLC-PDA-MS/MS 

The bark extract was analyzed using HPLC-PDA-MS/MS. A Ther-
moFinnigan LC system (ThermoElectron Corporation, Austin, TX, USA) 
was used (Ghareeb et al., 2018). A Zorbax Eclipse XDB-C18, Rapid 
resolution, 4.6 × 150 mm, 3.5 μm column (Agilent, Santa Clara, CA, 
USA) was utilized. The flow rate and mass detector conditions were 
previously described in (Sobeh et al., 2017). 

2.3. Molecular docking 

Virtual screening analyses were performed as previously described in 
Elgamal et al. (2021). In brief, the major identified compounds in the 
extract were docked into the binding sites of five enzymes involved in 
the aging process, namely heat shock protein 90 (PDB id: 5XRB), 
tyrosinase (PDB id: 2Y9X), collagenase (PDB id: 2D1N), elastase (PDB id: 
1Y93), and hyaluronidase (PDB id:1FCV) using the molecular operating 
environment (MOE) software, 2013.08; Chemical Computing Group 
Inc., Montreal, QC, Canada, H3A 2R7, 2016 as detailed in El-Hawary 
et al. (2020). 

2.4. Antioxidant activity in vitro 

Total phenolic content, DPPH (2,2-diphenyl-1-picryl-hydrazyl-hy-
drate free radical) and FRAP (ferric reducing antioxidant power) assays 
were performed as previously reported in Ghareeb et (al., 2018). 

2.5. Anti-aging activity in vitro 

2.5.1. Anti-collagenase assay 
Collagenase inhibition assay was conducted as per (Kim et al., 2004) 

with some minor modifications. Tricine buffer (50 mM, pH 7.5 with 400 
mM NaCl and 10 mM CaCl2) was used as medium to conduct the assay. 
Collagenase enzyme was obtained from Clostridium histolyticum (ChC – 
EC.3.4.23.3) and dissolved in Tricine buffer. The enzyme’s initial con-
centration was 0.8 units/mL following the activity data from the sup-
plier. A 2 mM solution of N-[3-(2-furyl) acryloyl] -Leu-Gly-Pro-Ala 
(FALGPA) substrate was prepared in Tricine buffer. Test samples with 
concentration range of 250 to 7.81 μg/mL were incubated with the 
enzyme in Tricine buffer for 15 min, and then the substrate FALGPA was 
added to start the enzyme reaction. Absorbance was measured at 490 nm 
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using microplate reader (TECAN, Inc.). Each measurement was done in 
triplicate. Quercetin was used as positive control. The percentage of 
collagenase inhibition (%) was calculated as: inhibition (%) = [(A con-

trol-A sample/A control) × 100]. 

2.5.2. Anti-elastase assay 
Elastase inhibition assay was conducted as per (Kim et al., 2004) 

with some minor modifications. A porcine pancreatic elastase stock 
solution (3.33 mg/mL) was prepared in sterile water. A 1.6 mM solution 
of N-succinyl-Ala-Ala- Ala-p-nitroanilide (AAAPVN) in buffer was used 
as a substrate. Test samples with concentration range of 250 to 7.81 
μg/mL were incubated with the enzyme for 15 min, and then AAAPVN 
substrate was added to start the enzyme reaction. The final reaction 
mixture had a total volume of 250 μL and contained 0.8 mM AAAPVN, 1 
μg/mL PE, 25 μg test sample, and the buffer vehicle. Absorbance was 
measured at 400 nm using a Microplate reader (TECAN, Inc.). Each 
measurement was done in triplicate. Kojic acid was used as a positive 
control. The percentage of elastase inhibition (%) was calculated as in-
hibition (%) = [(A control-A sample/A control) × 100]. 

2.5.3. Anti-tyrosinase assay 
Tyrosinase inhibition assay was conducted as per (Batubara et al., 

2010) with some minor modifications. The reaction mixture had a total 
volume of 1000 μL and contained 15 μL of 2500 U mL− 1 mushroom 
tyrosinase enzyme, 200 μL of test sample (with a concentration range of 
250 to 7.81 μg/mL), 100 μL of 5 mM L-DOPA substrate, and 685 μL of 
0.05 M phosphate buffer with pH of 6.5. Following the addition of the 
substrate, the reaction was monitored for dopachrome formation at 475 
nm using Microplate reader (TECAN, Inc.). Each measurement was done 
in triplicate. Kojic acid was used as a positive control. The percentage of 
tyrosinase inhibition (%) was calculated as: inhibition (%) = [(A control-A 
sample/A control) × 100]. 

2.5.4. Anti-hyaluronidase assay 
Hyaluronidase inhibition assay was conducted as per (Widowati 

et al., 2016) with some minor modifications. The reaction mixture 
contained 25 μL of test sample (with a concentration range of 250 to 
7.81 μg/mL), 1.5 mg/mL hyaluronidase enzyme, and 300 mM phos-
phate buffer with pH of 5.35 and incubated at 37 ◦C for 15 min. Then 
after, 100 μL of hyaluronic acid substrate (1 mg/mL in 0.1 M acetate 
buffer with pH of 3.5) was added and the mixture was incubated for 45 
min. The reaction was stopped by adding 100 μL acidic albumin solution 
that contained 79 mM acetic acid, 24 mM sodium acetate, and 0.1% 
(w/v) bovine serum albumin and the mixture was incubated for 10 min. 
Absorbance was measured at 600 nm using a Microplate reader (TECAN, 
Inc.). Each measurement was done in triplicate. Kojic acid was used as a 
positive control. The percentage of hyaluronidase inhibition (%) was 
calculated as: inhibition (%) = [(A control-A sample/A control) × 100]. 

2.6. Antioxidant and anti-aging activities in vivo in Caenorhabditis 
elegans nematodes model 

Nematodes were maintained at 20 ◦C on nematode growth medium 
(NGM), fed with living E. coli OP50. Age synchronized cultures were 
obtained by treating gravid adults with sodium hypochlorite. The eggs 
were kept in M9 buffer for hatching and the larvae were transferred to S- 
media seeded with living E. coli OP50 (O.D.600 nm = 1.0). The C. elegans 
strains such as Wild type (N2), TJ375 [hsp-16.2: GFP (gpls1)] and TJ356 
were obtained from Caenorhabditis Genetic Center (CGC). The in vivo 
assays, including survival rate and ROS concentration, were performed 
as previously described in (Sobeh et al., 2018). 

2.7. Statistical analysis 

The results are shown as the means ± SEM. Significant differences 
between all the groups were assessed by one-way analysis of variance 

using the Tukey post hoc-test test and unpaired t-test using GraphPad 
Prism 6, Inc., La Jolla, CA, USA. A value of p < 0.05 was considered 
significant. 

3. Results 

3.1. Phytochemical analysis by HPLC-PDA-MS/MS 

The aqueous extract of W. salutaris bark was analyzed using HPLC- 
MS/MS. Altogether, 30 secondary metabolites belonging to various 
chemical classes were identified. The compounds prevailed the extract 
included proanthocyandins such as (epi)catechin and its glucoside and 
drimane sesquiterpenoids including 11α-hydroxy muzigadiolide, 
mukaadial, pereniporin B, and 11α-hydroxycinnamosmolide (Table 1 
and Fig. 1). A similar pattern was identified in other Warburgia species 
(Leonard and Viljoen, 2015). 

3.2. In silico findings 

In the current study, we used the molecular docking as a tool to 
evaluate the anti-aging potential of W. salutaris extract’s major compo-
nents. The highly abundant polyphenols and drimane sesquiterpenoid 
derivatives identified in the extract were docked to the heat shock 
protein (HSP90) and other four common target enzymes known to be 
involved in the cellular aging process, namely collagenase, tyrosinase, 
elastase, and hyaluronidase enzymes. Table 2 shows the docking scores 

Table 1 
Secondary metabolites in aqueous extract from W. salutaris bark.  

No. Rt [M- 
H]- 

MS/MS Proposed compound 

1 1.49 191  Quinic acid 
2 6.83 609 305, 441 (epi)Gallocatechin-(epi) 

gallocatechin 
3 7.92 305 125, 179, 287 (epi)Gallocatechin 
4 9.79 609 305, 441 (epi)Gallocatechin-(epi) 

gallocatechin 
5 11.87 353 191 neo-Chlorogenic acid 
6 14.07 305 125, 179, 221 Gallocatechin 
7 14.36 593 289, 305, 425 (epi)Catechin-(epi)gallocatechin 
8 15.26 451 289 Catechin glucoside 
9 18.1 353 173, 179, 191 Chlorogenic acid 
10 21.58 289 179, 205, 245 Catechin 
11 22.17 389 227 Resveratrol glucoside 
12 22.88 281 181, 237 6β,9α,11α-trihydroxycinnamolide 
13 24.23 863 289, 411, 451, 573, 

711 
Procyanidin trimer with a type-A 
linkage 

14 31.35 419 139, 173, 221, 373, 
404 

Unidentified 

15 37.35 421 125, 181, 195, 406 Unidentified 
16 39.05 515 147, 179, 353 3,4-di-O-caffeoylquinic acid 
17 46.69 279 173, 189, 199, 217, 

235, 251 
3ζ,9α,11 α-hydroxymuzigadiolide 

18 48.06 277 161, 189, 233, 249 Unidentified 
19 51.70 281 165, 191, 207, 219, 

237 
6α,9α,11α-trihydroxycinnamolide 

20 55.34 955 482, 589, 749, 793 Unidentified 
21 58.45 263 219 11α-hydroxy muzigadiolide 
22 58.96 265 221 Deacetylugandensolide 
23 60.08 265 125, 163, 177, 203, 

221 
Mukaadial 

24 64.55 1365 423, 483, 665, 811, 
985, 1075 

Unknow tannin 

25 66.37 279 205, 233, 235, 251, 
261 

Unidentified 

26 67.83 263 85, 219, 235 11α-hydroxy muzigadiolide 
isomer 

27 69.68 265 156, 185, 221 Pereniporin B 
28 71.31 323 191, 219, 235, 263, 

279 
11α- hydroxycinnamosmolide 

29 73.58 249 205, 223 Warburganal 
30 76.60 247  Salutarisolide  
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(kcal/mol) of the major components identified in W. salutaris bark 
extract upon docking to the aforementioned target enzymes. 

Results of molecular docking towards HSP90 showed that six out of 

the eight docked polyphenols were able to bind strongly at the active site 
of the enzyme, where they displayed free binding energy ranging be-
tween − 14.52 and − 36.15 kcal/mol which was lower (better) than that 
displayed by the reference inhibitor radicicol (− 13.93 kcal/mol) 
(Table 2). The best binding at the active site was shown by the dimer 
epigallocatechin-epicatechin that iterated some of the reported in-
teractions between the co-crystallized ligand and the amino acid resi-
dues Asn51, Asp93, Gly97, and Asp102 (Fig. 2). All sesquiterpenoids 
showed weaker binding to HSP90 relative to the reference inhibitor 
radicicol with a free binding energy range of − 9.38 to − 10.01 kcal/mol 
(Table 2). The best docking score was shown by mukaadial that afforded 
only one hydrogen bond interaction with Asn51 residue (Fig. 2). 

As for collagenase, docking results revealed that only 2 out of 8 
polyphenols showed strong binding at the active site of the enzyme 
indicated by docking scores of − 15.29 and − 16.69 kcal/mol, which 
surpassed the reference collagenase inhibitor quercetin that had a score 
of − 12.20 kcal/mol (Table 2). The rest of the polyphenols showed in-
termediate scores in the range of − 11.19 to − 14.14 kcal/mol, which is 
just slightly better or even worse than that of quercetin, (Table 2). 
Among the polyphenols, gallocatechin showed the best docking 
(− 16.69 kcal/mol) inside the binding site of collagenase (Table 2). The 
compound showed hydrogen bonding interactions with Gly183, Glu223, 
Phe241, and Tyr244 besides a hydrophobic interaction with Thr245 
amino acid residues (Fig. 3). Noteworthy, the polyphenol EGCG was 

Fig. 1. HPLC-MS profile of aqueous extract from W. salutaris bark.  

Table 2 
Docking of polyphenols and drimane sesquiterpenoid derivatives identified in W. salutaris bark extract into the target enzymes associated with cellular aging.  

Compound Docking score (kcal/mol) 

HSP90 Collagenase Elastase Tyrosinase Hyaluronidase 

Catechin − 19.33 − 12.71 − 20.36 − 9.58 − 13.74 
Catechin 5-glucoside − 14.64 − 14.14 − 10.38 − 10.57 − 19.94 
Gallocatechin − 15.18 − 16.69 − 18.13 − 9.72 − 17.46 
Gallocatechin-(4-α->8)-epigallocatechin − 28.17 − 13.02 − 19.35 − 13.09 − 24.45 
Epigallocatechin-(4-β->8,2β- > O-7)epicatechin − 36.15 − 11.19 failed − 15.28 − 18.72 
Chlorogenic acid − 14.52 − 15.29 − 14.42 − 21.23 − 18.32 
Neochlorogenic acid − 12.38 − 13.57 − 12.90 − 18.87 − 10.78 
Resveratrol 4-glucoside − 13.61 − 12.83 − 19.92 − 11.12 − 20.36 
Mukaadial − 10.01 − 10.21 − 11.35 − 9.36 − 7.17 
Muzigadiolide failed − 9.29 failed − 9.87 − 6.46 
Pereniporin B − 9.44 − 9.12 − 8.13 − 9.32 − 8.09 
Salutarisolide − 9.93 − 9.94 − 8.75 − 8.50 − 7.31 
Warburganal − 9.38 − 7.04 failed − 9.43 − 8.83 
Radicicol reference inhibitor − 13.93 – – – – 
Kojic acid reference inhibitor – – − 13.32 − 7.99 − 9.10 
Quercetin reference inhibitor – − 12.20 – – –  

Fig. 2. 2D-interactions of epigallocatechin-epicatechin (left) and mukaadial (right) with the amino acid residues in the active site of HSP90.  
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reported to afford similar interactions with Gly183 and Phe241 in an in 
silico study by Elgamal et al. (2021). Nevertheless, none of the com-
pounds was able to chelate the Zn atom in the active pocket of this 
metalloproteinase. As for the sesquiterpenoids, all the members of this 
class exhibited weaker binding at the active site of collagenase, relative 
to the reference inhibitor quercetin, with docking scores in the range of 
− 7.04 to − 10.21 kcal/mol versus − 12.20 kcal/mol for quercetin 
(Table 2). 

Regarding elastase enzyme, polyphenols of W. salutaris extract 
showed a higher affinity towards the enzyme than they did with colla-
genase. Half of these polyphenols displayed strong binding at the 
enzyme binding site with free binding energy within − 18.13 to − 20.36 
kcal/mol compared to – 13.32 kcal/mol showed by the reference in-
hibitor kojic acid (Table 2). The best docking score (− 20.36 kcal/mol) 
was exhibited by catechin that afforded hydrogen bonding interactions 
with Pro232 and Arg249 and showed hydrophobic contacts to Lys233, 
Lys241, and Val 243 (Fig. 3). Interestingly, two polyphenols; namely 
gallocatechin-(4-α->8)-epigallocatechin and resveratrol 4-glucoside 
afforded hydrogen bonding interaction with Ala182, which is reported 
by the reference ligand inhibitor hydroxamic acid that is co-crystalized 
with the elastase (Fig. 3). Similarly, Zn chelation was not achieved by 
any of the compounds. This comes in agreement with the study by 
Elgamal et al. (2021), who reported similar interactions by the poly-
phenols identified in Euphorbia retusa leaf extract. Docking the sesqui-
terpenoids identified in the extract into elastase revealed two 
compounds that failed to dock in the binding site, while the rest of them 
showed weaker binding potential than the reference inhibitor kojic acid 
(Table 2). 

Regarding tyrosinase enzyme, interestingly, all the polyphenols and 
sesquiterpenoids that were docked into the enzyme’s active site showed 
lower free binding energy than the reported tyrosinase inhibitor kojic 
acid (− 7.99 kcal/mol) (Table 2) (Cabanes et al., 1994). Polyphenols 
surpassed sesquiterpenoids in terms of free binding energy. The former 
showed docking scores in the range of − 9.58 to − 21.23 kcal/mol versus 
− 8.50 to − 9.87 kcal/mol for sesquiterpenoids. Chlorogenic acid and 
neochlorogenic acid showed the best docking scores and were able to 
chelate Cu+2 ions by virtue of their carboxylate (COO− ) moiety. 
Resveratrol 4-glucoside displayed two interactions with the essential 
His263 and Met280 residues (Fig. 4). None of the sesquiterpenoids was 
able to chelate the Cu+2 ions in the active site of the tyrosinase enzyme, 
however, all the derivatives displayed at least an interaction with one of 
the aforementioned essential amino acid residues. Muzigadiolide 
showed the least free binding energy (− 9.87 kcal/mol) among the ses-
quiterpenoid derivatives and afforded interactions with Asn260 and 
His263 residues (Fig. 4). These results suggest a strong inhibitory po-
tential of W. salutaris extract against tyrosinase. 

Our docking results on hyaluronidase revealed stronger binding 
(− 10.78 to – 24.45 kcal/mol) of all the docked polyphenols from 
W. salutaris extract relative to the reference inhibitor kojic acid (− 9.10 
kcal/mol) at the enzyme’s active site (Table 2). The tannin dimer 

gallocatechin-epigallocatechin showed the best binding with the least 
free binding energy of − 24.45 kcal/mol, however it only iterated two 
hydrogen bond interactions with Arg116 and Asn195. The other tannin 
dimer identified in the extract, epigallocatechin-epicatechin, showed a 
free binding energy of − 18.72 kcal/mol and afforded two H-arene in-
teractions with Tyr55 and a hydrogen bond interaction with Tyr184 
(Fig. 5). Sesquiterpenoids showed low propensity towards hyaluroni-
dase, where they all showed higher free binding energy (− 6.46 to − 8.83 
kcal/mol) than the reference inhibitor, kojic acid (Table 2). 

Evaluation of the physicochemical properties of W. salutaris extract’s 
components was done by determining the QSAR descriptors related to 
drug likeness and oral bioavailability using MOE software. Results are 
shown in Table 3. 

3.3. In vitro antioxidant and anti-aging activities 

The aqueous extract from W. salutaris bark was initially investigated 
for its antioxidant potential using DPPH and FRAP assays. The extract 
demonstrated substantial antioxidant activity in both assays, where it 
showed comparable results to the quercetin reference inhibitor 
(Table 4). This strong antioxidant potential could be attributed to its 
high phenolic content that amounted 221 mg gallic acid equivalents 
(GAE)/g extract. 

In a set of experiments, the extract was evaluated for its in vitro 
inhibitory activity against collagenase, elastase, tyrosinase, and hyal-
uronidase enzymes (Table 4). The extract showed the strongest inhibi-
tory activity against the tyrosinase with IC50 of 14.06 μg/mL, followed 
by hyaluronidase and elastase. The extract showed to be least active 
against collagenase with IC50 of 42.03 μg/mL. 

3.4. In vivo antioxidant and anti-aging activities in C. elegans 

The in vivo antioxidant potential of the extract was evaluated in the 
nematode C. elegans. Exposure to juglone (80 μM) from Juglans regia 
decreased the survival rate and increased the intracellular ROS level. 
W. salutaris bark extract counteracted the juglone-induced oxidative 
stress, increased the survival rate of the worms, and significantly 
decreased the intracellular ROS level induced by juglone (20 μM) in a 
dose-dependent manner compared to the reference EGCG (Fig. 6; I, II). 

The in vivo anti-aging activity of the extract was also evaluated in 
C. elegans nematodes by assessing the expression of HSP16 and the nu-
clear localization of DAF-16. As shown in Fig. 6 (III), exposure to juglone 
(20 μM) increased the expression of HSP16 in worms, which was 
detected by the green fluorescent protein (GFP) reporter. Pre-treatment 
with W. salutaris bark extract significantly decreased HSP16 expression 
in a dose-dependent pattern, indicating the potential of the extract to 
alleviate the oxidative stress in worms. 

Our results presented in Fig. 6 (IV) indicated that the DAF-16 
pathway was also involved in the protective action of the extract, 
where W. salutaris bark extract induced a nuclear localization of DAF-16 

Fig. 3. 2D-interactions of gallocatechin with amino acid residues in collagenase enzyme (left), and the 2D-interactions of catechin (middle), and resveratrol 4-gluco-
side (right) with the amino acid residues in elastase enzyme. 
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in a dose dependent manner. 

4. Discussion 

In this work we used molecular docking as an in silico tool to evaluate 
the binding affinity of the major compounds identified in W. salutaris 
aqueous extract towards five target proteins involved in aging process. 
The first target enzyme we used in our docking study is the heat shock 
protein 90 (HSP90). Generally, heat shock proteins (HSPs) are mainly 
expressed during stress conditions such as hypoxia, heat shock, and 
oxidative stress to stabilize the misfolded proteins, so that cells can gain 
time to repair these damaged proteins. HSPs are named according to 

Fig. 4. 2D-interactions of chlorogenic acid (left), resveratrol 4-glucoside (middle), and muzigadiolide (right) with the amino acid residues in tyrosinase enzyme.  

Fig. 5. 2D-interactions of the tannin dimers gallocatechin-epigallocatechin (left) and epigallocatechin-epicatechin (right) with the amino acid residues in hyal-
uronidase enzyme. 

Table 3 
Drug likeness analysis for major compounds identified in W. salutaris bark 
extract.  

Compound Lipinski rule of 5 

Weight don acc logP Drug 
likeness 

≤500 ≤5 ≤10 ≤5 = 1 

Catechin 290 5 6 1.97 1 
Catechin 5-glucoside 452 8 11 − 0.28 0 
Gallocatechin 306 6 7 1.70 1 
Gallocatechin-(4α->8)- 

epigallocatechin 
610 12 14 3.11 0 

Epigallocatechin-(4β->8,2β- >
O-7)epicatechin 

592 10 13 3.97 0 

Chlorogenic acid 353 5 9 0.53 1 
Neochlorogenic acid 353 5 9 0.53 1 
Resveratrol 4-glucoside 390 6 8 1.43 1 
Mukaadial 266 2 4 2.07 1 
Muzigadiolide 248 1 3 1.69 1 
Pereniporin B 266 2 4 1.98 1 
Salutarisolide 248 1 3 1.69 1 
Warburganal 250 1 3 2.73 1  

Table 4 
In vitro antioxidant activity and enzymes inhibition of W. salutaris bark extract.  

Parameter Extract Quercetin Kojic acid 

IC50 μg/mL 

DPPH 7.23 1.07 ± 0.01 – 
FRAP 20.54a 24.04 ± 1.23a – 
Collagenase 42.03 ± 2.05 24.83 ± 1.8 – 
Elastase 26.93 ± 1.6 – 21.60 ± 1.56 
Tyrosinase 14.06 ± 1.4 – 9.00 ± 1.5 
Hyaluronidase 14.80 ± 1.7 – 14.46 ± 1.1  

a mM Fe2+ equivalents/mg of extract. 
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their molecular size in kDa, for instance HSP16, HSP27, and HSP90. 
Members of HSPs perform their role by acting as molecular chaperons 
that interact with the target polypeptide chain, stabilize non-native 
conformation, and allow proper folding of the protein (Hartl et al., 
2011). Several studies have reported substantial anticancer properties 
for HSP90 inhibitors (Li et al., 2009). On the other hand, recent studies 
have proved the senolytic activity of these inhibitors, where they 
showed to suppress the HSP90-provided stabilization to some essential 
proteins for the senescent cells such as BRCA 1, BRCA 2, and FANCA 
(Pennisi et al., 2015; Fuhrmann-Stroissnigg et al., 2018). Compounds 
identified in the studied extract showed appreciable binding affinity to 
this valuable target enzyme. 

High levels of collagen and elastin in the extracellular matrix are 
essential to maintain skin flexibility, elasticity, and strength. The two 
essential biomolecules are rapidly degraded as cells age due to the 
overexpression of collagenase (MMP13) and elastase (MMP12), which 
are metalloproteinases that mediate the cleavage of the peptide bonds in 
collagen and elastin, respectively. As early as wrinkles start to form, 
MMP12 is secreted by fibroblasts leading to a reduction in skin elasticity 
and an increase in elastic fibers tortuosity (Tsuji et al., 2001). Moreover, 
the enzyme can stimulate other metalloproteinases leading to acceler-
ating the skin matrix degradation (Jabłońska-Trypuć et al., 2016). 
Blocking MMP12 and MMP13 would be beneficial to preserve skin 
elasticity and hence, guard against aging. Thus, we docked the extract’s 
compounds to both enzymes to investigate their binding affinity and 

modes. As was shown in the results, W. salutaris components showed 
considerable binding affinities towards the two target enzymes and 
iterated similar binding modes and interactions to the reference 
inhibitors. 

Tyrosinase, also known as polyphenol oxidase, is a metalloenzyme 
that has two tetragonal copper ions in the active site. It is involved in the 
melanin production pathway by the melanocytes, where it mediates the 
transformation of tyrosine into DOPA (3, 4-dihydroxyphenylalanine) via 
hydroxylation, then the oxidation of DOPA to produce the melanin 
precursor, DOPA quinone. Overproduction of melanin results in hyper-
pigmentation, which relates very much to skin aging and cellular 
senescence (Bae-Harboe and Park, 2012). Previously reported inhibitors 
of the enzyme could chelate the copper ions and interact with the 
essential amino acid residues Asn260, His263, and Met280 (Mou-
lishankar and Lakshmanan, 2020). Two of our compounds, namely 
Chlorogenic and neochlorogenic acids showed the same interaction. 
Docking results revealed very strong binding affinities of our compounds 
towards tyrosinase enzyme compared to the reference inhibitor, sug-
gesting that this enzyme is the major target of our studied extract. 

Hyaluronic acid, one of the crucial components of the skin matrix, 
plays an imminent role in maintaining skin moisture, elasticity, renewal, 
and repair. It is a glycosaminoglycan derivative that undergoes degra-
dation by hyaluronidase that is considered an essential target for anti- 
aging and senolytic drugs. The reported crystal structure of the 
enzyme-ligand complex shows that the co-crystallized inhibitor affords 

Fig. 6. Effects of W. salutaris bark extract on N2 nematodes. (I) Survival rate of the worms under juglone (80 μM) treatment. Treatment of the worms with 50, 100, 
and 200 μg/mL of W. salutaris bark extract improved their resistance to oxidative stress and increased the survival rate to 47.92%, 54.75% and 61.28%, respectively, 
the positive control, EGCG (50 μg/mL), increased the survival rate to 80.26%. The survival rate of the juglone treatment alone was 24.82% (II) Intracellular ROS 
under juglone (20 μM) exposition was investigated using 2′,7′- dichlorofluorescin diacetate dye (H2DCF-DA). It is obvious that oxidative stress was successfully 
counteracted, and intracellular ROS was reduced to 52.08%, 59.17%, and 67.92% when the worms were pre-treated with 50, 100, and 200 μg/mL extract, 
respectively. The negative control was set to 100%. The reference, EGCG (50 μg/mL), decreased the intracellular ROS with 78.08%. (III) HSP-16.2:GFP expression in 
mutant TJ375 worms under juglone (20 μM) exposition. Treatment of the worms with 50, 100, and 200 μg/mL of W. salutaris bark extract significantly reduced the 
elevated HSP-16.2:GFP expression by 33.67%, 54.00%, and 69.40%, respectively. The standard compound, EGCG (50 μg/mL), decreased HSP-16.2:GFP expression 
by 87.49%. Fluorescence intensity was measured with a fluorescence microscope and quantified by Image J 1.48 software. (IV) Translocation of DAF-16:GFP in 
mutant TJ356 worms. W. salutaris bark extract exhibited DAF-16 nuclear localization pattern with 41.67%, 60.00% and 65.00% by 50, 100, and 200 μg/Ml, 
respectively. Three categories namely nuclear, intermediate, and cytosolic were defined based on the DAF-16 localization. EGCG induced a nuclear localization 
with 76.67%. 
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major interactions with the amino acids Tyr55, Glu113, Tyr184. (Mar-
ković-Housley et al., 2000). Our results revealed that the extract’s 
components showed appreciable binding affinity to hyaluronidase and 
most of them iterated the reported interactions with the amino acid 
residues in the binding site. 

Since the polyphenols are partially ionized in the blood, we docked 
the phenolate ions to the target enzymes, where some extra salt bridge 
(ionic) interactions with the basic amino acids such as Lys58 in HSP90, 
Lys241 and Arg249 in elastase enzyme, and Arg116 in hyaluronidase 
enzyme were afforded. It is also noteworthy to point out that 3 sesqui-
terpenoids, namely muzigadiolide, pereniporin B, and salutarisolide 
possess a lactone ring in their chemical scaffold, which bestow them the 
ability of forming a covalent acyl adduct with some of the amino acid 
residues such as serine and threonine in the active site of the target 
enzymes leading to strong and irreversible enzyme inhibition. Drugs 
bearing similar lactone moieties such as tetrahydrolipstatin and ellagic 
acid were reported to acylate the serine residues in the lipase and beta 
lactamase enzymes, respectively (Kumalo et al., 2015; Talbot et al., 
2019). Moreover, it was previously reported that the dialdehyde group 
might exhibit covalent interactions by virtue of its alkylating activities 
with free amino groups. The covalent interactions, however, cannot be 
viewed by docking (van Wyk and Wink, 2015). 

We then extended our in silico study to evaluate the physicochemical 
properties of the major compounds in the extract. Investigations of the 
physicochemical properties of novel drug leads are essential to deter-
mine their possible drug likeness. Thus, quantitative structure activity 
relationships (QSAR) descriptors are very useful tools in this regard. In 
this study, we investigated the drug likeness potential of the compounds 
utilized in our molecular docking study by computing different QSAR 
descriptors according to the Lipinski rule (Lipinski, 2004). Out of the 
thirteen investigated compounds, only two have molecular weight 
above 500 Da. The rest of them have molecular weights ranging from 
248 to 452 Da and thus obey the first Lipinski rule for effective and safe 
drug delivery. The second rule of Lipinski states that compounds should 
not have more than five hydrogen bond donating groups for proper drug 
likeness. Eight compounds showed to comply with this rule. Hydrogen 
bond accepting groups should not be more than ten. Only three com-
pounds violated this rule. None of the investigated compounds has logP 
higher than five, thus they all satisfy Lipinski rule in this regard. In total, 
eight compounds showed Zero violations to Lipinski rule, two com-
pounds violated one rule, while three compounds violated two or more 
rules and thus failed to show drug likeness propensity (Table 3). 

Motivated by the docking results, we evaluated the inhibitory ac-
tivity of the extract in vitro against collagenase, elastase, tyrosinase, and 
hyaluronidase enzyme. The extract showed the strongest inhibitory ac-
tivity against the tyrosinase followed by hyaluronidase and elastase, 
while it turned to be least active against collagenase enzyme. Interest-
ingly, this pattern of enzymes inhibition in the in vitro assays matched 
the findings in the in silico study. The molecular docking revealed the 
strongest binding potential of the extract’s components towards tyrosi-
nase, where all the docked compounds displayed better free binding 
energy than the reference kojic acid. All docked polyphenols but none of 
the sesquiterpenoids exhibited better free binding energy upon docking 
to hyaluronidase than kojic acid. Half of the polyphenols but none of the 
sesquiterpenoids showed better free binding energy when they were 
docked to elastase than the reference kojic acid. Regarding the colla-
genase, two polyphenols only surpassed the reference quercetin in terms 
of docking score. The rest of the docked polyphenols showed interme-
diate docking scores that were very close or even worse than those of 
quercetin. 

The in vivo antioxidant potential of the extract was evaluated in the 
nematode C. elegans, a good model for studying pharmacological ac-
tivities (Wink, 2022). Exposure to the pro-oxidant juglone (80 μM) from 
Juglans regia is reported to induce oxidative stress and other toxic effects 
(Abbas and Wink, 2014). The extract has counteracted the deleterious 
effects of juglone in a dose dependent manner. This is most likely 

attributed to the high content of polyphenols in the extract. 
As for the in vivo anti-aging activity, we evaluated the heat shock 

protein HSP16 and the forkhead transcription factor DAF-16 using the 
same animal model. In nematodes like C. elegans, HSP16 is highly 
expressed during oxidative stress and hypoxia conditions, while DAF-16 
is involved in a wide range of cellular processes such as metabolism, cell 
cycle arrest, and apoptosis, in addition to its role in stress resistance, age 
modulation and longevity (Sun et al., 2017; Wink, 2022). In a dose 
dependent manner, the extract was able to attenuate the expression of 
HSP16 and induce nuclear localization of DAF-16. These findings sup-
port the in vivo anti-aging activity of the extract. 

It is worth to mention that several crude plant extracts rich in 
polyphenols such as Cassia abbreviata and Camellia sinensis, and 
Euphorbia retusa demonstrated comparable antioxidant and anti-aging 
activities (Abbas and Wink, 2014; Sobeh et al., 2018; Elgamal et al., 
2021; Wink, 2022). 

5. Conclusion 

Altogether, 30 phytoconstituents belonging mainly to proantho-
cyandins and sesquiterpenoids were annotated in an aqueous extract 
from W. salutaris bark. The extract exhibited substantial antioxidant 
activity, strong binding affinity and inhibitory potential towards colla-
genase, elastase, tyrosinase, and hyaluronidase enzymes, which are 
involved in the cellular aging process. In C. elegans model, the extract 
improved the worms’ survival and counteracted oxidative stress by 
decreasing the expression of HSP16 and mediating the nuclear locali-
zation of DAF-16. In view of our results, we suggest that W. salutaris bark 
extract could confer tolerance to oxidative stress and possess a prom-
ising potential as anti-aging supplement for skin cosmetics. These find-
ings support the traditional use of W. salutaris to alleviate many 
inflammation and oxidative stress-induced pathological conditions. 
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Marković-Housley, Z., Miglierini, G., Soldatova, L., Rizkallah, P.J., Müller, U., 
Schirmer, T., 2000. Crystal structure of hyaluronidase, a major allergen of bee 
venom. Structure 8, 1025–1035. 

Mashimbye, M.J., Maumela, M.C., Drewes, S.E., 1999. A drimane sesquiterpenoid 
lactone from Warburgia salutaris. Phytochemistry 51, 435–438. 
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