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Abstract
The growing world health burden caused by emergence and spreading of resistant strains as well as appearance of new infectious diseases creates an urgent need for continuous search of new and more effective anti-infective metabolites. One of the major sources of new drugs are natural products isolated from terrestrial plants reported to have ethnomedical history. This paper reports isolation of antibacterial compounds from an endemic medicinal plant, Jatropha dhofarica growing in Oman. Dichloromethane extract obtained from stem bark of J. dhofarica was subjected to chromatographic techniques to give pure compounds that were tested against strains of Staphylococcus aureus, Escherichia coli, and Haemophilus influenza in disc diffusion method to evaluate their antibacterial activity. Elucidation of structures of isolated compounds was accomplished via NMR and MS experiments. Two major compounds including ferulic acid and c were afforded from dichloromethane extract. Ferulic acid displayed high antibacterial activity against strains of E. coli and S. aureus, (IZ = 9 and 13.5mm, respectively). Its activity against S. aureus was comparable to that of a standard drug, amoxicillin. Tetratriacontyl ferulate showed only moderate activity against strains of the tested bacteria species (IZ = 6–9 mm). The present observations might justify the local use of this plant species as anti-infective agent. It also suggests a need to standardize the use of this plant in herbal remedies as well as develop ferulates as new antimicrobial agents.
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1. Introduction

In the last few decades there has been emergence and spread of resistance strains to the presently used anti-infectious drugs with challenging socioeconomic consequences. The global optimism of the world without infections ensued from Fleming and other discoveries in the 1950s has quickly changed to an era of pessimism marred by fast spreading resistance strains of the major pathogens (Boyd et al., 2021; Zaman et al., 2017). This trend has eluded our prospects of reducing morbidity and mortality caused by harmful microbial strains. For instance, a recent update by WHO shows that TB infected 10 million people and claimed the life of 1.6 million individuals globally in 2021 (Tuberculosis, n.d.). The world health board also stresses that antimicrobial resistance is still a matter of grave concern with huge socioeconomic implications (Antimicrobial Resistance, n.d.). Furthermore, there has been great decline in discovery of new drugs after the golden antibiotic’s discovery era of 1940-1980. In the last three decades only, few new agents have been available (Pew, n.d.; Simpkin et al., 2017). Moreover, most of these agents are structural analogs of existing antibiotics working in the same mechanisms and most of them are not anticipated to be effective against high priority pathogenic species including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter ssp. – the ESKAPE pathogens (Boyd et al., 2021). Therefore, there is a pressing need to search for novel and more potent antimicrobial drugs from natural sources or as synthetic ones. Terrestrial plants are widely used as a one of the major sources of bioactive natural products based or their ethno-medical history. Jatropha dhofarica, is a medicinal species endemic to Dhofar, Oman, its local name is Zabrat and is traditional used for wound healing, ophthalmic defects, as antiseptic, deodorant as well as soap (Ghazanfar, 1994). We hereby report isolation of two antimicrobial compounds, ferulic acid (1) and tetratriacontyl ferulate (2) from of J. dhofarica collected from Salalah, Dhofar, Oman (Figure 1).








Figure 1: Structure of compounds isolated from J. dhofarica

2. Materials and methods

[bookmark: _Toc425458521][bookmark: _Toc426965383]2.1 General methods
All solvents were of analytical grade and were not distilled before use. Chromatography used Merck Silica gel 60 (Mesh size 230-400). Infra-Red (IR) spectra were recorded on Shimadzu instrument IR-435. Nuclear Magnetic Resonance (NMR) signals were measured on a Bruker AM 600 system. NMR absorptions were referenced to the solvent used and reported in parts per million (). Varian VG 7070E instrument at 70 eV was used to record Mass Spectra (MS) of all compounds.  Ultraviolet (UV) analyses were carried out on a Shimadzu UV-1800 spectrophotometer. TLC experiments were run on silica gel G plates. Spots were visualized by exposure to UV radiation and by spraying with anisaldehyde solution. Agar plates were incubated at 37oC.
[bookmark: _Toc425458522][bookmark: _Toc426965384]
2.2 Collection of Plant materials
Stem bark of J. dhofarica was collected from Salalah, Oman. The sample was then dried under shade in the laboratory at the University of Nizwa and pulverized to give coarse powder. The sample was identified by taxonomist from Life Science Unit, SQU and the voucher specimen (Al-Farsi, A. 567) is deposited at a herbarium there.
[bookmark: _Toc425458523][bookmark: _Toc426965385]


2.3 Isolation of compounds
[bookmark: _Toc426965386][bookmark: _Toc425458524][bookmark: _Toc426965387]Powdered sample was consecutively soaked in hexane, dichloromethane and methanol. Each soaking lasted 48 hours and was repeated twice. Dichloromethane extract (DE) was found effective against the tested bacteria and was subjected to flash chromatography on silica gel with gradient elution using mixtures of cyclohexane and ethyl acetate. Eluting the column with 20% ethyl acetate/cyclohexane gave a fraction that crystallized out to form greenish-white crystals. Recrystallization of this sample in water gave pure white crystals of ferulic acid (1) (0.764 g = 19.1% of DE). A fraction collected while eluting the column with 10% ethyl acetate/cyclohexane gave a yellowish white gum that showed two major spots on TLC. Repeated column chromatography on this gum gave tetratriacontyl ferulate (2) (100.2 mg = 2.5% of DE). Ferulic acid (1): White crystals, (m.p. = 170 – 172 oC), IR υmax (KBr): 3450, 1690, 1605, 1510, 1275, 940 cm-1, 1H-and 13C-NMR Table 1. MS: m/z (rel. int.) 195.06 (11.1) 194.06 (100), 146 (51), 119 (95) 87 (96), 57 (100). Tetratriacontyl ferulate (2): White crystals, (m.p. = 265-267 oC), IR υmax (KBr): 3450, 2940, 1745, 1605, 1510, 1275, 940 cm-1, MS: m/z (rel. int.) 670.6(100), 493.5(12), 477(90), 194.06 (100), 177(56), 146 (51), 119 (95) 87 (96), 57 (100). 1H-and 13C-NMR Table 1.

2.4 [bookmark: _Toc425458525][bookmark: _Toc426965388]Antibacterial assay

Antibacterial property of isolated compounds was measured by Disc diffusion method (Jorgensen & Turnidge, 2015) against strains of E. coli, H. influenza, and S. aureus. Typical experimental procedures were as follows; filter paper discs were impregnated with the DMSO solutions of the compounds or standard drugs (30 µg/ml) and placed on Mueller Hinton agar plates inoculated with strains of the selected microorganism. The plates were then incubated at 37o C, for 24 h. Each measurement was repeated thrice. Blanks were discs impregnated with only DMSO. Antibacterial activities were estimated as inhibition zones which are differences between the diameters of inhibition and diameters of the paper discs (Figure 2).






Figure 2: Inhibition of growth of some of the bacteria by compounds 1&2
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Figure 2: Inhibition of growth of some of the bacteria by compounds 1&2

[bookmark: _Toc426965391]3.0 Results and discussion

3.1 Ferulic acid (1)

1H-NMR signals of compound 1 (Table 1) contained absorptions at  6.33 (1H, d, J = 15.9 Hz, H-2) coupling with a proton at  7.45 (1H, d, J = 15.9 Hz, H-3) indicating the presence of a trans-olefinic protons conjugated to a carbonyl system. HMBC correlation between these two protons and the carbonyl carbon resonating at  = 171.5 (C-1) confirm the presence of the conjugated system in compound 1. 
Additionally, the proton resonating at  7.45 (1H, d, J = 15.9 Hz, H-3) showed HMBC correlation to carbons appearing at  111.29, 122.98 (C-2’ and C-6’, respectively) suggesting that the other end of the olefinic system is connected to a system with Sp2 carbons. Proton signal appearing at  = 6.79 (1H, dd, J = 1.84 & 8.22 Hz, H-6’) showed 3J and 4J splitting pattern of aromatic system, suggesting the presence of benzene ring in compound 1. 
Other 1D and 2D-NMR data of compound 1 are in consistence with ferulic acid spectroscopic absorptions (Jain & Surana, 2016; Pinheiro et al., 2022). Furthermore, the MS of compound 1 showed molecular ion peak at m/z 194.06 which confirm that the isolated compound is 3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid or ferulic acid (1) (Figure 1).
This is the first report on isolation of cinnamic acid derivatives from Jatropha species. 
Ferulic acid is a 3-methoxy-4-hydroxy derivative of cinnamic acid which is usually present in commelinid plants including wheat, oats, and rice. 
It has also been isolated from artichoke, grasses, vegetables, beans, and coffee beans, as well as peanut (Li et al., 2021).

[bookmark: _Toc425458528][bookmark: _Toc426965392]3.2 Tetratriacontyl ferulate (2)

1H-NMR spectrum of compound 2 contained proton signals with splitting pattern resembling those of ferulic acids. Apart from those signals the 1H-NMR absorptions of compound 2 showed a triplet resonating at  4.17 (2H, t, J = 6.72 Hz, H-1’’) indicating the presence of alkoxy methylene protons coupled with adjacent Sp3 methylene group.
 HMBC contours correlating these protons and the carbonyl carbon appearing at  167.36, C-1 suggest that the alkoxy group is connected to the propionic acid via ester linkage. The 1H-NMR signals at  1.67 (2H, quint, J = 7.08 Hz, H-2’’),  1.37 (2H, m, obs, H-3’’),  1.15-1.34 (60H, m H-4’’to H-33’’) and  0.86 (3H, t, J = 6.96 Hz, H-34’’) suggest the presence of a long chain alkyl group in compound 2. COSY correlations between proton signal at  4.17 (2H, t, J = 6.72 Hz, H-1’’) and  1.67 (2H, quint, J = 7.08 Hz, H-2’’) suggest that the long chain alkyl group is part of the ester functionality. 
Hence, compound 2 is tetratriacontyl ferulate (Figure 1). It is common for ferulic acid to be derivatized with lipid, protein, and polysaccharide in the cell wall of the studied plants (Antonopoulou et al., 2022; Ritchu et al., 2021).






[bookmark: _Toc426965393]Table 1: NMR data of compounds 1 & 2
	
	Ferulic acid (1)
	Tetratriacontyl ferulate (2)

	
	13C
	
	1H
	COSY
	HMBC
	13C
	
	1H, 
	1H/H-COSY
	HMBC

	1
	171.53
	C
	
	
	
	167.36
	C
	
	
	

	2
	116.55
	CH
	6.33 (1H, d, J = 15.9 Hz)
	H7
	C1, C9
	115.68
	CH
	6.27 (1H, d, J = 15.9 Hz)
	H3
	C1’, C1

	3
	144.89
	CH
	7.45 (1H, d, J = 15.9 Hz)
	H8
	C9, C6, C8, C2
	144.59
	CH
	7.58 (1H, d, J = 15.9 Hz)
	H2
	C1, C6’, C2, C2’

	1’
	127.62
	C
	
	
	
	127.05
	C
	
	
	

	2’
	111.29
	CH
	7.16 (1H, d, J = 1.86 Hz)
	H6
	C6, C7, C4, C3
	109.24
	CH
	7.01 (1H, d, J = 1.86 Hz)
	H6’
	C6’, C3, C3’, C4’

	3’
	149.12
	C
	
	
	
	146.72
	C
	
	
	

	4’
	147.90
	C
	
	
	
	147.86
	C
	
	
	

	5’
	116.68
	CH
	6.99 (1H, d, J = 8.16 Hz)
	H6
	C1, C3, C4
	114.66
	CH
	6.89 (1H, d, J = 8.16 Hz)
	H6’
	C1’, C4’, C3’

	6’
	122.98
	CH
	6.79 (1H, dd, J = 1.84 & 8.22 Hz)
	H5, H2
	C2, C7, C4
	123.03
	CH
	7.05 (1H, dd, J = 1.84 & 8.22 Hz)
	H5’, H2’
	C2’, C3, C4’

	OMe
	56.11
	CH3 
	3.83 (3H, s)
	
	C3
	55.92
	CH3
	3.91 (3H, s)
	
	C3’

	OH
	
	
	5.35
	
	C5, C4, C3
	
	
	5.83 (1H, s)
	
	C5’, C3’, C4’

	1’’
	
	
	
	
	
	64.60
	CH2
	4.17 (2H, t, J = 6.72 Hz)
	H2’’
	C1, C3’’, C2’’

	2’’
	
	
	
	
	
	28.76
	CH2
	1.67 (2H, quint, J = 7.08 Hz)
	H1’’
	C1’’,C3’’,C4’’

	3’’
	
	
	
	
	
	25.99
	CH2
	1.37 (2H, m, obs)
	
	

	4’’-33’’
	
	
	
	
	
	22.68, 29.30, 29.35, 29.54, 29.59, 29.69, 31.92
	CH2
	1.15-1.34 (60H, m)
	
	

	34’’
	
	
	
	
	
	14.11
	CH3
	0.86 (3H, t, J = 6.96 Hz)
	
	C32’’, C33’’


1H assignment was assisted by HSQC

3.3 Antibacterial activity of Ferulic acid (1) and Tetratriacontyl ferulate (2)

Table 2 shows antibacterial data of the isolated metabolites 1 and 2 against the strains of S. aureus, H. influenzae and E. coli. Ferulic acid, (1) was found active against both gram-positive and gram-negative bacteria strains. Furthermore, strains of gram-negative bacteria, E. coli and H. influenzae were found less susceptible than the gram-positive bacteria, S. aureus (IZ = 8.5, 6.1 and 13.5, mm, respectively) . Noteworthy, antibacterial activity of ferulic acid (1) against S. aureus was higher than that of standard drug, amoxicillin. However, amoxicillin showed higher activity against E. coli than ferulic acid. Tetratriacontyl ferulate 2 was also active against strains of both gram-positive and gram-negative bacteria. Once again, as expected strains of gram-negative bacteria, E. coli and H. influenzae were less susceptible than that of S. aureus. In general, the standard drug Amoxicillin was more active than compound 2 against all bacteria. 

Table 2: Antibacterial activity of Ferulic acid (1) and Tetratriacontyl ferulate (2)

	Compound
	Concentration (µg/ml)
	Inhibition zones (mm)

	
	
	S. aureus
	H. influenzae
	E. coli 

	Compound 1
	30
	13.50.07
	6.10.02
	8.50.06

	Compound 2
	30
	7.00.05
	4.20.01
	6.00.08

	Amoxicillin
	30
	11.00.01
	8.00.01
	10.00.01




Ferulic acid and its derivatives are reported to be highly effective against strains of various microbials including multidrug resistant strains. For example, Ferulic acid has previously been reported to exhibit significant antimicrobial activity against Streptococcus pyogenes 10535 and E. coli CECT 434 (MIC = 515 & 644 μM, respectively). Furthermore, it showed higher activity against strain of A. flavus UBA 294 (MIC = 161 μM) and a similar pattern was observed for C. albicans (MIC value of 659 μM) (Guzman, 2014). Furthermore, Pinheiro and co-workers reported that propyl ferulate increased antimicrobial effect of antibiotics probably through inhibition of efflux pump IS-58 in the resistant bacterial strains (Pinheiro et al., 2022). In another investigation ferulic acid-grafted chitosan (CFA) was reported to exhibit bactericidal action against Listeria monocytogenes and Staphylococcus aureus it also possessed bacteriostatic activity against Pseudomonas aeruginosa (Dasagrandhi et al., 2018). More recently, alkylferulates were reported to show significant antibacterial activity against several bacterial strains (Song et al., 2023). In this study hexyl ester showed highest inhibition of E. coli and P. aeruginosa (MIC = 0.5 and 0.4 mg/ml, respectively) while propyl ferulate inhibited the significantly the growth of S. aureus and B. subtilis (MIC = 0.4 and 1.1 mg/ml, respectively). 
Ferulates are also known to possess several other bioactivities including antioxidant, anti-inflammatory, antiallergic, anticarcinogenic, antithrombotic and hepatoprotective (Janus et al., 2023; Marcato et al., 2022; Ritchu et al., 2021; Zhang et al., 2021). Others are Alzheimer’s disease, vasodilatory actions, activation of transcriptional factors, modulation of enzyme activity, and increasing sperm viability (Dai et al., 2022; Janus et al., 2023; Phadke et al., 2021).

The esterified ferulic acid derivative isolated from J. dhofarica might be biosynthesized and stored in the plant to be used as chemical weapon while acting as a slow-release prodrug of ferulic acid. Additionally, the ester might have an increased penetration in the cell walls of the infectious organisms attacking the plant. Esterification might also be a means used by the plant to immobilize ferulic acid in the harsh desert environmental situations. However, ferulic acid has high to survive evaporation during high desert temperatures.

3. [bookmark: _Toc425458530][bookmark: _Toc426965394]Conclusion

Ferulic acid (1) and tetratriacontyl ferulate (2) isolated from dichloromethane extract of J. dhofarica collected from Oman was found active against strains of three bacteria viz. S. aureus, E. coli, and H. influenzae. These observations might justify the traditional use of J. dhofarica as an anti-infective herb. It will hence be interesting to extend this investigation aiming to standardize the usage of this plant in traditional medicine as well as to develop the ferulates as new antibiotic agents. 
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