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Abstract.17

BACKGROUND: Management of cellular metabolism and blood glucose levels are significant in the treatment of diabetes18

mellitus and oxidative diseases. Consequently, steroid and peptide hormone-based drugs such as methylprednisolone and19

insulin have been the most effective and safe methods of treatment.20

OBJECTIVE: Our study investigated the digestive enzymes and oxidative species inhibitory potentials of seven derived21

biologically important steroids.22

METHODS: Syntheses of the steroidal inhibitors (SIs) were accomplished by functional group transformations. Char-23

acterisation of SIs was achieved by spectroscopic techniques; followed by in-vitro enzyme and oxidative suppression24

studies.25

RESULTS: NMR data revealed the presence of a steroid backbone, azomethine, carbonyl, and oxymethine peaks while the26

vibrational bands were further confirmed by the FTIR. The enzyme suppression activities of the SIs were influenced by the27

presence of histidine residue and free proton groups. However, the antioxidant activities were solely dependent on the free28

proton groups on the steroid backbone or the number of the histidine side chain. SIs [3, 4, and 6] exhibited a potent inhibitory29

effect on the enzyme activities compared to SIs [1, 2, 5, and 7], while a potent antioxidant activity was reported by SI [5].30

CONCLUSIONS: Generally, SIs with hydroxyl and �-amino acid functionalities have a strong affinity for the enzyme active31

site than the substrate; hence, the hydrolysis of the �-1,4-glycosidic bonds of saccharide was hindered. In vivo administration32

of SIs [3, 4, and 6] should take into cognizance the suppression effect at doses ≤939.49 �g/mL as well as the potential to33

induce abnormal bacterial fermentation of undigested carbohydrates in the colon at high concentration.34
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1. Introduction36

Many biochemical processes are dependent on free radicals and represent an essential part of aerobic life and37

metabolism [1]. During cellular metabolism, reactive oxygen species (ROS) are produced in a moderate amount38

and some situations excessively [2]; causing oxidative stress, leading to an imbalance between pro-oxidant39

and antioxidant concentrations. ROS deactivates metabolic enzymes and damages essential cellular components40

causing tissue injury through lipid peroxidation [3], which are primary triggers of cancer, inflammation, diabetes,41

liver cirrhosis, cardiovascular disease, Alzheimer’s, and aging [4–7]. In a study by Papas [8], shreds of evidence42

suggesting the involvement of ROS in the pathogenesis of various diseases were reported. The detrimental impact43

of the oxidative species on the biochemical system has led to the development of various antioxidants to augment44

the body’s natural defence [9–11]. However, these supplements have been limited by their insolubility and failure45

to reach the target site [12–14]. This has led to the search for an efficient alternative. Recently, proteins have been46

investigated as natural antioxidant supplements due to the ability of constituent amino acids to donate protons.47

According to Arcan & Yemenicioǧlu [15], amino acids such as histidine exhibit metal-chelating potentials due48

to the presence of the heterocyclic ring. Most of the metal-chelating amino acids are essential for the normal49

functioning of the digestive process, regulates gastrointestinal activity, act as a neurotransmitter and regulates50

the discharge of gastrin [16]. In this study, we attempted to couple histidine to the C-3 and/or C-17 of the steroid51

backbone; to enhance bio-functionality and lipid-solubility as well as to explore the capacities to suppress52

oxidative species and modulate the activity of �-amylase and �-glucosidase.53

2. Experimental54

2.1. Physical and spectral analysis of steroidal inhibitors (SIs)55

The melting points of the steroid derivatives were determined on a Stuart digital apparatus (model SM30,56

Staffordshire, UK), while percentage composition of the carbon, hydrogen, and nitrogen were estimated using57

an elemental analyser (LECO, Lakeview, MI). The FT-IR spectra were scanned in the range of 400–4000 cm–1
58

(PerkinElmer Spectrum 400, Waltham, MA), and the 1H (400 MHz) and 13C (100 MHz) spectra were traced59

on an NMR spectrometer (Agilent Technologies VnmrJ3, Woodland, CA). The electronic absorption spectra60

were obtained using a UV-VIS spectrophotometer scanning between 200–800 nm in a 1 cm quartz cell (Agilent61

Technologies Cary 60, Santa Clara, CA).62

2.2. Synthesis of the SIs (1–7)63

SI [1]: Approximately 0.5 mL of chromic acid solution was introduced into a 100 mL flask containing 5.1764

mmoles methanolic cholesterol solution fitted with a condenser. The mixture was stirred and refluxed for 5 h at65

65◦C; afterward, the aqueous phase was extracted with dimethylformamide (2 × 10 mL) and allowed to dry over66

anhydrous Na2SO4 to give a green crystalline solid.67

SI [2]: Chloroform-ethyl ether solution of trans-androsterone (6.9 mmoles) was introduced into an oven-dried68

100 mL three-necked flask containing LiAlH4, (0.72 g) fitted with a tap-funnel and sidearm adapter. The mixture69

was stirred at 25◦C for 12 h; thereafter, the product was slowly washed with ethyl ether then water and dried over70

anhydrous Na2SO4 to give a white solid.71

SI [3]: A mixture of methanolic solution of SI [1] (3.75 mmoles) was refluxed with L-histidine (5.16 mmoles)72

at 65◦C for 24 h. The resulting product was washed with methanol (3 × 15 mL), filtered and dried overnight at73

35◦C to give a milky white solid.74

SI [4]: Similarly, the methanolic solution of L-histidine (21.5 mmoles) and trans-androsterone (6.90 mmoles)75

were refluxed at 65◦C for 24 h. The resulting products were washed with methanol (4 × 10 mL), filtered and76

dried overnight at 35◦C to afford a white solid.77
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SI [5–7]: A methanolic solution of L-histidine (6.75 mmoles) was mixed with cholesterol (5.17 mmoles), SI78

[4] (6.9 mmoles) and SI [2] (3.45 mmoles), respectively. The individual mixtures were refluxed in the presence79

of p-toluene sulphonic acid for 72 h in a closed system coupled to a 100 mL tap-funnel packed with anhydrous80

Na2SO4. The resulting products were evaporated to dryness, washed and dried overnight at 35◦C. The structures81

of the seven SIs [1–7] are presented in Fig. 1.82

3. Preparation of substrates and reagents83

Substrate emulsion for conjugated diene assay was prepared by mixing 155 �L linoleic acid and 175 �g84

Tween-20 in 50 mL pH 7 phosphate buffer. Substrate solution for the �-amylase assay was prepared by adding85

10 mg/mL of starch in 0.5 M Tris–HCl buffer (pH 6.9) and 0.01 M CaCl2; preincubated at 37◦C for 5 min.86

Substrate solution for the �-glucosidase assay was prepared by dissolving p-nitrophenyl glucopyranoside in87

20 mM phosphate buffer solution pH 6.9. Stock solution of �-carotene/linoleic acid was prepared by adding88

0.1 mg/mL of �-carotene in chloroform to a mixture of 40 mg and 400 mg of linoleic acid and Tween 40,89

respectively. The working concentrations (200–5000 �g/mL) of the various SIs were prepared and stored at 4◦C.90

2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid (ABTS) was prepared from a mixture of 7 mM ABTS91

and 2.45 mM potassium persulfate. Iron-EDTA solution was prepared from 0.13% (NH4)2Fe(SO4)2·6H2O and92

0.26% EDTA. Iron-EDTA solution was prepared by mixing 0.13% ferrous ammonium sulphate and 0.26%93

EDTA.94

4. In vitro oxidative species suppression assays95

4.1. Lipid peroxidation inhibitory assay96

According to Mitsuda, Yasumoto, & Iwami [17], a mixture of 100 �L solution of steroidal inhibitor97

(200 �g/mL), 2.4 mL phosphate buffer and substrate emulsion (2.5 mL) was pre-incubated for 30 min. Every98

24 h, 100 �L aliquot of the above mixture was taken, mixed with 3.7 mL ethanol and 100 �L of mildly acidified99

20 mM FeCl2 solution. Afterward, the resulting mixture was treated with 100 �L of 30% K4[Fe(CN)6]·3H2O100

and the absorbance recorded at 500 nm. An emulsion of 2.5 mL linoleic acid and 2.5 mL phosphate buffer was101

used as blank.102

4.2. Ferric ion reducing power (FRP)103

In this assay, gallic acid was used as standard. The ferric reducing power of the SIs was investigated by adding104

1.0 mL of working concentrations to 2.5 mL phosphate buffer pH 6 and 1% K4[Fe(CN)6]·3H2O [18]. Incubated105

at 50◦C for 20 min, thereafter, 2.5 mL of 10% trichloroacetic acid (TCA) was introduced. Then, 2.5 mL aliquot of106

the mixture was taken and diluted twice with deionised water, before adding 0.5 mL of 0.1% FeCl2. Absorbance107

was measured at 700 nm after 30 min of incubation. The ferric reducing power was measured and expressed as108

�g GAE/g.109

4.3. Trolox equivalent antioxidant capacity (TEAC)110

The ABTS radical cation solution was incubated in the dark at 25◦C for 24 h before usage and diluted with111

methanol to a working absorbance of 1.8269 at 734 nm. The assay mixture was constituted with 3.5 mL of pre-112

equilibrated ABTS+ at 30◦C and 500 �L of Trolox solution (0.5–3.5 mg/mL) while the SIs (200 �g/mL) were113

similarly treated. The antioxidant capacities obtained from standard curves were expressed as �g/mL Trolox/g.114
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Fig. 1. Structural presentation of SIs [1–7].

4.4. Conjugated diene assay115

According to the protocol described by Kabouche, Kabouche, Öztürk, Kolak, & Topçu [19]; 3 mL aliquots of116

�-carotene/linoleic acid emulsion was mixed with 300 �L of the SIs working concentrations in a capped vial and117

incubated at 50◦C for 60 min. The initial and final absorbances after 60 min were recorded at 700 nm followed118

by the estimation of the % �-carotene bleaching activity (% �-CBA).119
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4.5. Hydroxyl radical scavenging assay120

In a tightly capped tube, a mixture of 1.0 mL of the SIs working concentrations, iron-EDTA solution, methanol121

(0.85% in 0.1 M phosphate buffer, pH 7.4), 0.5 mL of 0.018% EDTA, and 0.22% ascorbic acid was heated over a122

water bath at 85◦C for 15 min. Further, about 1.0 mL of 17.5% ice-cold TCA was added to terminate the reaction;123

followed by 3.0 mL of Nash reagent. Afterward, the mixture was incubated for 15 min at 25◦C [20]; absorbance124

measured at 412 nm against a reagent blank and expressed as % hydroxyl radical scavenging activity.125

4.6. Nitric oxide radical scavenging assay126

To generate the nitrite ion, a reaction mixture containing 3.0 mL of 10 mM sodium nitroprusside in phosphate-127

buffered saline (pH 7.4) and working concentrations of the SIs, were incubated at 25◦C for 60 min [21]. Afterward,128

5.0 mL of Griess reagent was introduced, and the absorbance of the chromophore (nitrite ion) left was measured129

at 546 nm against a reagent blank. The nitrite ions scavenging activity of the SIs were reported as % inhibition.130

5. In vitro digestive enzyme suppression assays131

5.1. α-Amylase suppression assay132

Approximately 0.2 mL of the working concentrations of the SIs [1–7] were added into a series of vials133

containing 4.5 mL of the substrate solution. Afterward, 0.1 mL of porcine pancreatic amylase in Tris–HCl buffer134

(2 units/mL) was introduced to the tubes, incubated at 37◦C for 10 min, and the reaction was terminated by the135

addition of 50% acetic acid (0.5 mL). The vials were centrifuged at 2000 rpm for 5 min at 4◦C and absorbance136

of the supernatant measured at 595 nm [22]. The �-amylase inhibitory activity was estimated, and the efficacy137

expressed as the IC50 (�g/mL).138

5.2. α-glucosidase suppression assay139

The �-glucosidase suppression activity of the SIs was estimated using �-glucosidase from Saccharomyces140

cerevisiae. To a series of test tubes, a preincubating mixture of 100 �L of �-glucosidase (1.0 U/mL) and 50 �L141

of the SIs concentrations was added to 50 �L substrate solution to initiate the reaction. Afterward, the mixture142

was incubated further for 20 min and the reaction terminated by the addition of 2 mL of Na2CO3 (0.1M). The143

�-glucosidase activity was determined by measuring the absorbance of the mixture at 405 nm, and the efficacy144

of the SIs expressed as the IC50 (�g/mL) [23].145

5.3. Statistical analysis146

All data are presented as the mean ± SD. Statistical analyses were performed using one-way analysis of147

variance with OriginPro software Version 9.2.257. P < 0.05 was considered statistically significant.148

6. Results and discussions149

6.1. Synthesis of SIs150

SIs [5–7] were prepared by the acetylation reaction between the free carboxylic acid of the L-histidine and151

the 3-hydroxyl group of cholesterol, SIs [4 and 6] resulting in yields of 33.7%, 98.1%, and 55.7%, respectively.152
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Besides, the formation of SIs [1 and 2] was as a result of the strong oxidation and reduction of cholesterol and153

trans-androsterone with yields of 56.6% and 78.5%, respectively. However, SIs [3 and 4] were synthesised by154

the condensation of the �-amine group of the L-histidine and oxo groups of SI [1] at C-3 and trans-androsterone155

at C-27; affording yields of 41.3% and 21.8%, respectively. Generally, the yields were well above average except156

for SIs [4] which may be due to steric factor and the kinetically favoured hydrolysis of SI [5].157

6.2. UV-visible and FTIR analysis of SIs [1–7]158

The UV-visible absorption spectra of SIs [2, 3, and 6] were recorded in DMSO while [1, 4, 5, and 7] were159

recorded in chloroform. The spectra of all the SIs exhibited intense bands ≤346 nm, which may be attributed to160

π −→ π∗ and n−→ π∗ transitions. The transitional bands were further confirmed by the characteristic stretching161

vibrations of O–H, C = O, C–O, and C = N on the FTIR spectra of the SIs. Bands around 3350–3245 cm–1 are162

an indication of υ(O–H) at C-3 on the structure of [2 and 4]. More so, successful partial oxidation of the OH163

group at C-3 of cholesterol was indicated by the strong band around 1881 cm–1 associated with the υ(C = O)164

of cyclic ketone, leading to the formation of [1] [24, 25]. Also, the stretching vibrations around 1705–1695 and165

1695–1684 cm–1 underline the existence of an azomethine and carbonyl bonds in the structures of [3 and 4]166

[26–28]. However, the spectra of SIs [5–7] revealed the presence of an acetate group at C-1# and 1##, due to the167

stretching frequencies between 1735–1750 cm–1 and 1150–1350 cm–1 (Fig. S1).168

6.3. NMR spectra of SIs [1–7]169

SI [1]: yield: 33.7%; mp: 98–101◦C and λmax: 317 nm. FT-IR (cm–1): 1637 (C = C) and 1881 (C = O); 1H170

NMR (400 MHz, CDCl3-d) δ 5.45 (tdt, J = 6.3, 1.9, 1.0 Hz, 1H), 3.11–2.98 (m, 2 H), 2.42–2.26 (m, 2 H), 2.05171

(dt, J = 12.4, 7.0 Hz, 1 H), 1.97–1.85 (m, 2 H), 1.85–1.04 (m, 22 H), 1.15 (s, 3 H), 0.97–0.88 (m, 3 H), 0.82 (dd,172

J = 20.0, 6.7 Hz, 6 H), 0.66 (s, 2 H) (Fig. S2).13C NMR (100 MHz, CDCl3-d) δ 208.87, 166.04, 122.44, 56.69,173

56.37, 50.71, 48.29, 42.56, 39.91, 39.30, 38.46, 36.73, 36.14, 35.75, 34.80, 31.93, 31.04, 28.18, 24.24, 24.11,174

22.70, 20.88, 19.11, 17.57, 13.41 (Fig. S3). Elemental analysis calc. for C27H44O: C, 84.31%; H, 11.53%; %O,175

4.16%. Found: C, 83.66%; H, 11.97%; O, 4.37%.176

SI [2] yield: 78.5%, mp: 177–179◦C, and λmax 200 nm. FT-IR (cm–1): 3412 (O–H) and 1235(C–O); 1H NMR177

(400 MHz, DMSO–d6) δ 4.26 (d, J = 6.9 Hz, 2 H), 3.67 (d, J = 13.2 Hz, 1 H), 3.61–3.53 (m, 1 H), 1.65 (s, 2 H),178

1.54 (s, 1 H), 1.46 (s, 4 H), 1.32 (d, J = 5.4 Hz, 1 H), 0.81 (s, 4 H), 0.73 (s, 4 H) (Fig. S4). 13C NMR (100 MHz,179

DMSO–d6) δ 81.06, 68.99, 50.79, 44.71, 42.93, 41.91, 36.63, 36.35, 36.10, 35.69, 34.46, 30.67, 30.22, 29.90,180

28.33, 23.36, 21.03, 13.11, 11.48 (Fig. S5). Elemental analysis calc. for C19H32O2: C, 78.03%; H, 11.03%; O,181

10.94%. Found: C, 77.48%; H, 11.67%; O, 10.85%.182

SI [3]; yield: 41.3%, mp: 288–290◦C and λmax 335 nm. FT-IR (cm–1): 3340 (O = H),1695 (C = N), 1635183

(C = C), 1684(C = O) and 1312 (C–O); 1H NMR (400 MHz, DMSO–d6) δ 8.95 (dd, J = 7.6, 6.6 Hz, 1 H), 7.86184

(dd, J = 7.6, 2.1 Hz, 1 H), 7.11 (dd, J = 6.6, 2.1 Hz, 1 H), 5.42 (tdt, J = 6.1, 1.9, 1.0 Hz, 1 H), 4.60 (t, J = 7.0 Hz,185

1 H), 3.27 (qd, J = 12.4, 7.0 Hz, 2 H), 3.05 (dt, J = 1.6, 0.9 Hz, 2 H), 2.74–2.58 (m, 2 H), 1.94 (dddt, J = 12.4, 7.2,186

6.2, 1.0 Hz, 1 H), 1.89–1.22 (m, 20 H), 1.22 (ddd, J = 5.9, 2.8, 1.5 Hz, 1 H), 1.22 – 1.17 (m, 1 H), 1.20–1.11 (m,187

1 H), 1.15–1.02 (m, 1 H), 1.06 (s, 3 H), 0.96–0.88 (m, 3 H), 0.81 (dd, J = 20.0, 6.8 Hz, 6 H), 0.67 (s, 2 H) (Fig.188

S6).13C NMR (100 MHz, DMSO–d6) δ 191.32, 174.33, 141.57, 135.18, 134.63, 122.08, 121.49, 65.50, 56.74,189

56.56, 50.57, 42.78, 39.91, 39.88, 39.26, 38.60, 36.21, 35.86, 34.95, 32.15, 32.06, 29.89, 29.82, 29.26, 28.19,190

24.47, 24.08, 22.78, 21.10, 18.85, 18.82, 13.37 (Fig. S7). Elemental analysis calc. for C33H51N3O2: C, 75.96%;191

H, 9.85%; N, 8.05%; O 6.13%. Found: C, 75.38%; H, 10.44%; N, 8.66%; O, 5.52%.192

SI [4]; yield: 21.8%, mp: 293–295◦C and λmax 340 nm. FT-IR (cm–1): 3228 (O–H), 1695 (C = O), 1315 (C–O)193

and 1705 (C = N); 1H NMR (400 MHz, CDCl3-d) δ 9.94 (dd, J = 7.6, 6.6 Hz, 1 H), 7.87 (dd, J = 7.6, 2.2 Hz, 1 H),194

7.09 (dd, J = 6.6, 2.1 Hz, 1 H), 4.59 (t, J = 7.0 Hz, 1 H), 3.71 (d, J = 7.9 Hz, 1 H), 3.71–3.59 (m, 1 H), 3.47 (dd,195

J = 12.4, 7.0 Hz, 1 H), 3.33 (dd, J = 12.4, 7.0 Hz, 1 H), 2.64–2.45 (m, 2 H), 1.87–1.34 (m, 21 H), 1.27 (qd, J = 7.0,196
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2.5 Hz, 1 H), 1.01 (s, 3 H), 0.81 (d, J = 1.3 Hz, 3 H) (Fig. S8). 13C NMR (100 MHz, CDCl3-d) δ 193.11, 174.51,197

134.67, 134.57, 120.53, 69.60, 66.75, 53.68, 50.89, 44.20, 42.77, 37.63, 36.23, 35.75, 35.71, 35.05, 31.65, 30.94,198

30.47, 30.01, 28.12, 24.28, 21.06, 18.10, 13.73 (Fig. S9). Elemental analysis calc. for C25H37N3O3: C, 70.22%;199

H, 8.72%; N, 9.83%; O, 11.23%. Found: C, 70.75%, H, 9.36%, N, 9.23%; O, 10.66%.200

SI [5]: y obtained as a white solid; yield: 56.6%, mp: 244–246◦C and λmax: 310 nm. FT-IR (cm–1): 1744201

(C = O), 1695 (C = N), 1481–1122 (C–O) and 1634 (C = C); 1H NMR (400 MHz, CDCl3-d) δ 8.95 (dd, J = 7.6,202

6.7 Hz, 1 H), 8.34 (dd, J = 7.6, 2.1 Hz, 1 H), 7.01 (dd, J = 6.6, 2.1 Hz, 1 H), 5.73 (d, J = 10.2 Hz, 2 H), 5.36 (tdt,203

J = 6.1, 1.9, 1.0 Hz, 1 H), 4.60 (p, J = 7.0 Hz, 1 H), 4.02 (tt, J = 10.2, 7.1 Hz, 1 H), 3.25–3.16 (m, 2 H), 2.41 (ddddd,204

J = 13.5, 12.4, 11.4, 7.0, 1.0 Hz, 2 H), 1.95–1.10 (m, 26 H), 1.04–0.88 (m, 7 H), 0.84 (d, J = 6.8 Hz, 3 H), 0.79 (d,205

J = 6.7 Hz, 3 H), 0.67 (s, 3 H) (Fig. S10). (100 MHz, CDCl3-d) δ 134.88, 122.63, 119.91, 74.02, 56.74, 56.57,206

54.95, 50.45, 39.91, 39.26, 38.28, 36.90, 36.21, 35.86, 32.12, 31.99, 30.39, 29.26, 28.19, 27.84, 24.47, 24.08,207

22.78, 21.09, 19.28, 18.82, 13.37 (Fig. S11). Elemental analysis calc. for C33H53N3O2: C, 75.67%; H, 10.20%;208

N, 8.02%; O, 6.11%. Found: C,75.18%; H, 9.18%; N, 9.30%; O 6.34%.209

SI [6]: obtained as a dirty white solid; yield: 98.01%, mp: 252–254◦C, and λmax: 346 nm. FT-IR (cm–1):210

3342 (O–H), 1715 (C = N), 1685 (C = O) and 1315 (C–O); 1H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 2 H), 8.33211

(s, 1 H), 7.87 (s, 1 H), 7.58 (s, 1 H), 7.11 (s, 1 H), 5.72 (s, 4 H), 4.76 (s, 1 H), 4.54 (s, 2 H), 4.02 (s, 1 H), 3.39212

(s, 1 H), 3.32 (s, 1 H), 3.19 (s, 2 H), 1.33 (d, J = 10.8 Hz, 4 H), 1.00 (s, 6 H), 0.77 (s, 3 H) (Fig. S12). 13C NMR213

(100 MHz, DMSO-d6) δ 193.11, 174.68, 171.21, 135.45, 135.10, 135.02, 134.97, 121.58, 119.69, 73.66, 66.75,214

55.29, 50.86, 50.55, 45.43, 42.37, 35.40, 35.28, 35.21, 34.97, 33.00, 32.04, 30.94, 30.39, 29.82, 28.04, 27.23,215

23.79, 21.05, 16.99, 14.80 (Fig. S13). Elemental analysis calc. for C31H44N6O4: %C, 65.93; %H, 7.85; %N,216

14.88; %O, 11.33. Found: %C 66.59, %H 7.38, %N 14.35; %O, 11.68.217

SI [7]: obtained as a white solid; yield: 55.71%, mp: 275–277◦C, and λmax274 nm. FT-IR (cm–1): 1690 (C = O)218

and 1329 (C–O); 1H NMR (400 MHz, CDCl3-d) δ 8.95 (dd, J = 7.6, 6.6 Hz, 2 H), 8.34 (dd, J = 7.6, 2.0 Hz, 2 H),219

7.59 (dd, J = 6.6, 2.1 Hz, 2 H), 5.71 (dd, J = 15.4, 10.2 Hz, 4 H), 4.77 (p, J = 7.0 Hz, 1 H), 4.60 (tq, J = 7.0, 1.5 Hz,220

1 H), 4.01 (ttd, J = 10.2, 7.0, 3.1 Hz, 2 H), 3.28–3.14 (m, 4 H), 1.94–1.19 (m, 24 H), 0.89 (d, J = 1.4 Hz, 3 H), 0.77221

(d, J = 1.4 Hz, 3 H) (Fig. S14). 13C NMR (100 MHz, CDCl3-d) δ 172.64, 171.21, 135.15, 135.10, 135.08, 135.02,222

119.76, 119.69, 82.87, 73.66, 54.91, 54.87, 51.22, 45.01, 42.60, 35.60, 35.28, 35.18, 35.05, 33.00, 30.58, 30.55,223

29.72, 27.71, 27.23, 27.04, 23.31, 20.74, 14.93, 12.12 (Fig. S15). Elemental analysis calc. for C31H46N6O4: C,224

65.70%; H, 8.18%; N, 14.83%; O, 11.29%. Found: C, 65.09%; H, 7.66%; N, 15.65%; O, 11.77%.225

The 13C-NMR spectra of the seven SIs revealed the presence of a typical steroid backbone with C-1 to C-226

19 signals between 12.12–56.69 ppm [29] (Figs. S3–S15). Hydroxyl protons on SI [4] at C-3 and SI [2] at227

C-3 and C-17 showed characteristic peaks at 3.73 ppm (dq, J = 8.6, 7.0 Hz, 1 H), and 3.45 ppm (dd, J = 12.4,228

7.0 Hz, 1 H) [30], along with and the corresponding oxymethine carbons resonating at 69.59 ppm (Fig. S7),229

68.98 ppm and 81.05 ppm (Fig. S5), respectively. Characteristic azomethine carbon signals were observed230

between 186.46–191.30 ppm for SIs [3, 4, and 6] [31, 32]. In addition, quaternary carbon of the oxo group231

at C-1# for SIs [3–7] (Figs. S7–S15) and C-3 for [1] (Fig. S3) all signalled between 171.28–174.66 ppm. The232

NMR spectra evidence confirmed the presence of expected carbon and proton signals on the synthesized SIs.233

6.4. Oxidative suppression activity234

According to Singh et al., [33] lipid peroxidation of biological material results in the generation of hydroxyl235

radicals; leading to the formation of aldehyde derivatives. In this study, the lipid protective property of the seven236

SIs was evaluated according to Mitsuda et al., [34] (Fig. 2(a)).237

It was observed that the protective activities of SIs [1, 5, and 7] were significantly weak; however, SIs [2–4 and238

6] showed significant inhibition (P < 0.05) after day 5. There are slight similarities in the percentage inhibition239

of SIs [2–4 and 6] due to the closely related structural backbone. Further, a significant difference (P < 0.05)240

was observed in ferric reductive properties of SIs [2–4 and 6] with free proton coupled to the steroid backbone241
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Fig. 2. (a) Lipid protective activity monitored at 500 nm for 5 days and (b) ferric reducing potential of SIs [1–7].

directly at C-3 and/or C-17 or indirectly through the �-carboxylic acid of the histidine residue in comparison to242

SIs [1, 5 and 7]. However, [5 and 7] exhibited a relatively potent activity compared to [1] due to the intrinsic243

ability of the histidine residue to form stable chelates with the reductant Fig. 2(b)).244

Also, the scavenging potential of the SIs for the ABTS radical cations; evaluated by monitoring the decolouri-245

sation of the blue-green chromophore revealed that the SIs were influenced by both the presence of histidine246

residue and free protons. Hence, there was a significant difference in the scavenging activities of SIs [2–4,247

and 6] compared to SIs [1, 5, and 7] with neither a labile proton nor histidine residue (Fig. 3 (a)). A similar248

trend was observed on the potential of the SIs to prevent the oxidation of unsaturated fatty acid by ROS. The249

observed TEAC and �-carotene bleaching activity of SIs; suggests an entirely similar mechanism of suppression250

(Fig. 3 (b)).251

Diffusible mediator like the hydroxyl and nitric oxide radicals which plays an effector molecule role in various252

physiological processes; causes cell damage/death. The scavenging activities of the SIs [2–4, 6, and 7] for the253

potent hydroxyl and nitric oxide pleiotropic mediators showed that significant amounts of aldehyde and stable254

nitrate compounds were still generated compared to SIs [1 and 5] (Fig. 4). This trend of inhibition exhibited by255

SIs [6 and 7] suggests that the mechanism of quenching these diffusible mediators is totally not dependent on256

the mechanism of lipid peroxide radical, ferric ion, ABTS± and bleaching of �-carotene suppressions. However,257

the presence of a facial π-system between C-5 and C-6 might offer a plausible scientific explanation to the258

observed mechanism. Consequently, the absence of the π-system and free protons on the steroid backbone are a259

major impediment to the activities of SI [1]. Generally, the activities of these SIs were Structure-Activity-Related260

(SAR); which are influential factors that drive the potency of SIs [1–7] towards the quenching of radicals and261

electron transfer.262

7. Enzyme suppression activity263

Our study showed that SIs [3, 4, and 6], are effective inhibitors of �-amylase and �-glucosidase preventing264

the breakdown of starch into maltose and disaccharides into glucose, respectively (Fig. 5) [35]. Consequently,265
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Fig. 3. (a) Trolox equivalent antioxidant capacity and (b) �-carotene bleaching activity of SIs [1–7].

Fig. 4. (a) Hydroxyl radical scavenging activity and (b) Nitric oxide radical scavenging activity of SIs [1–7].

SIs [3, 4, and 6] showed a significant inhibition against the two digestive enzymes compared to the other266

SIs with IC50 values ≥1808.52 �g/mL (Fig. 5). Generally, SIs [1, 2, 5, and 7] showed weak �-amylase267

suppression with moderate inhibition of �-glucosidase with no significant difference (P > 0.05) within the268

inhibitors.269

Further, the suppression of �-glucosidase by SIs [3, 4, and 6] may be attributed to the possible enzymatic270

cleavage of the azomethine linkage (-C = N-) at C-3 and C-17 resulting in the increase in the concentration of271

histidine residue within the in vitro system; ultimately suppressing the production of glucose. According to a272
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Fig. 5. Inhibitory potency of SIs [1–7] against �-amylase and �-glucosidase. Values are expressed as means ± SD of triplicate tests.

study by Kimura et al. [36], hepatic gluconeogenic enzymes and glucose production suppressions were linked273

to increased plasma histidine level.274

8. Conclusion275

The seven SIs were synthesised by simple template reaction and characterised with the aid of spectrophoto-276

metric methods. FT-IR information revealed the presence of azomethine, carbonyl, and hydroxyl characteristic277

peaks. In addition, these structural features were further confirmed by 1H and 13C NMR spectra. In vitro sup-278

pression evaluation of the SIs against �-amylase and the scavenging activities on radicals are influenced by the279

presence of labile protons at C-3 and/or C-17. However, the ferric reducing potential and �-glucosidase sup-280

pression are influenced by the presence of enzyme-hydrolysable azomethine linkage. Generally, these SIs can281

find application as a nutraceutical in the management of oxidative diseases and diabetes mellitus via delayed282

activities of digestive enzymes; consequentially, lowering postprandial glucose absorption.283
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