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Abstract
Caffeine (CA) and caffeic acid (CAF) are two bioactive phytochemicals found richly distributed in many plant foods such as 
coffee in different proportions. CA, an alkaloid, is adjudged world’s most consumed food bioactive substance, while CAF 
is a common phenolic acid in plants. With reports of potential cardiomodulatory properties of CA and CAF, we sought to 
investigate if proportional combinations of CA and CAF could influence the antihypertensive properties of each compounds 
by assessing their effect on activities of enzymes [angiotensin-1 converting enzyme (ACE), acetylcholinesterase, arginase, 
monoamine oxidase, phosphodiesterase-5 (PDE-5)] relevant to hypertension in vitro. Aqueous solutions of 1 mg/ml CAF 
and CA was prepared; thereafter, two combinations (C1 and C2) were prepared, where C1 is 5CA: 1CAF and C2 is 10CA: 
1CAF. These samples were subsequently used for various enzyme assays. Results showed that C1 and C2 exhibited synergistic 
effects by eliciting significantly higher (P < 0.05) inhibition of enzyme activities assayed. Specifically, the inhibitory effects 
of C2 on ACE and PDE-5 were not significantly different (P > 0.05) from that of standard drugs Lisinopril and Sildenafil 
respectively. Also, both combinations exhibited higher antioxidant properties compared to CA and CAF. Hence, results 
presented in this paper support that combinations of CA and CAF as often found in plant foods exhibit improved antioxidant 
properties and enhanced inhibitory effects on critical enzymes relevant to hypertension, which, could be essential for the 
management of hypertension.
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Introduction

The world burden of hypertension and other cardiovascular 
diseases is abruptly increasing, and African seems to be one 
of the most affected region in the world (WHO 2016; Ade-
loye et al. 2015). Hypertension is a critical cause of death 
associated with high blood pressure and comorbidities of 
several diseases such as heart failure, renal failure (Tian 
et al. 2011) coronary heart disease, atherosclerosis, myo-
cardial infarction (Binda et al. 2001) and stroke (Chobanian 
et al. 2003). One of the major risk factor of cardiovascular 

diseases, hypertension results from an intricate interac-
tion between genetic and environmental factors (Perk et al. 
2013).

Inhibition of angiotensin-1-converting enzyme (ACE) 
leads to accumulation of kinins including bradykinin 
which promotes vasodilator activity (Tom et al. 2002). 
Angiotensin-1-converting enzyme is a zinc metallopepti-
dase enzyme responsible for formation of angiotensin II 
from its direct precursor, angiotensin I. The enzyme is 
found on the luminal surface of the small blood vessels of 
the lung and other tissues and in cells of the monocyte-
macrophage series and is responsible for the mechanisms 
which increase the blood pressure (Lukic et al. 1999). 
Arginase has gained much interest in the as a regulator of 
endothelial function. The therapeutic potential of targeting 
arginase with arginase inhibitors has been reported in a 
number of experimental models of cardiovascular disease 
(Pernow and Jung 2013). Interestingly, pharmacological 
agents that target arginase indirectly through blockade of 
signaling transduction pathways which regulate arginase 
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gene expression or activity, show beneficial effect on vas-
cular functions (Yang and Ming 2013). PDE-5 activity 
was found to be increased in hypertension, thereby elevat-
ing the cGMP hydrolysis and thereby causing impairment 
of cGMP-mediated pulmonary vasodilation (Oyeleye 
et al. 2018). Several findings revealed that inhibition of 
PDE-5 have been shown to reverse the acute pulmonary 
vasoconstriction and thereby attenuate the development 
of hypertension in animal models (Oyeleye et al. 2018). 
Acetylcholinesterase (AChE) has been reported to play a 
crucial role in regulating number of vital functions such 
as learning and cerebral blood flow which reveals the level 
of importance of acetylcholine as a neurotransmitter tar-
get for examining cerebrovascular diseases (Cardoso et al. 
2014).

Phenolic acids are a group of phenolic compounds 
that are widely distributed in foodstuffs, mostly in whole 
grains, fruits, vegetables, and beverages. Epidemiologi-
cal studies have suggested an association between the 
consumption of phenolic acid-rich foods and bever-
ages and the prevention of many diseases (Tsuda et al. 
2004). These phenolic compounds exhibit good in vitro 
antioxidant and chemoprotective properties, which may 
have beneficial effects in vivo (Cos et al. 2002). Caffeic 
acid is the most abundant phenolic compound in coffee 
brew, and it is endowed with strong antioxidant activity 
in vitro and in vivo (Laranjinha 2001; Nardini et al. 1998). 
Oxidative stress occur when the reactive oxygen species 
overwhelms the antioxidant defense system. Studies have 
reported that increased production of reactive oxygen spe-
cies play crucial role in the pathogenesis of hypertension 
(Demissie et al. 2006). The detection of caffeic acid in 
human plasma at micromolar concentrations after coffee 
drinking (Cheng et al. 2011) could infer that, at least in 
part, it is directly responsible for the increase in plasma 
antioxidant capacity. Caffeine is the most widely ingested 
psychoactive substance in the world and is largely unregu-
lated (Lovett 2005). Caffeine can also bind directly to the 
vascular smooth muscle cell receptors and cause vasodila-
tation (Echeverri et al. 2010). Antihypertensive properties 
of caffeine and caffeic acid alone have been reported (Kol-
chin et al. 1991; Guessous et al. 2015). However, these 
two compounds are found in proportional combinations 
in plant sources (Ritchie et al. 2007; Santos et al. 2010), 
but there is dearth of information on the effect of propor-
tional combinationa of caffeine and caffeic acid on their 
anti-hypertensive properties. Therefore, this study was 
conducted in two directions: (a) to determine the effect of 
caffeine, caffeic acid and various combinations on some 
key enzymes linked to hypertension (AChE, MAO, ACE, 
PDE-5 and arginase) in vitro; (b) to assess in vitro the 
antioxidant properties of caffeine, caffeic acid and their 
combinations.

Materials and methods

Chemicals and reagents

Caffeine and Caffeic acid were sourced from Sigma Al-drich 
Co. (St Louis, Missouri, USA). Other chemical reagents 
such as DPPH (2,2-diphenyl-1picrylhydrazyl), thiobarbituric 
acid (TBA), acetylthiocholine iodide and 1,10-phenanthro-
line were procured from Sigma Aldrich Co. (St Louis, Mis-
souri, USA). Trichloroacetic acid (TCA) was sourced from 
Sigma Aldrich, Chemie GmbH (Steinheim, Germany). All 
other chemicals and reagents were of analytical grades and 
glass distilled water was used throughout the experiment.

Sample preparation

Aqueous solutions of 1 mg/ml CAF and CA was prepared. 
Thereafter, two combinations (C1 and C2) were prepared 
from the stock; where C1 is 5CA: 1CAF and C2 is 10CA: 
1CAF. All samples were prepared to represent their predom-
inant proportions in plant foods (Ritchie et al. 2007; Santos 
et al. 2010) and thereafter used for all assays. All samples 
were kept in the refrigerator at 4 °C for subsequent analysis.

Experimental animals

Wistar strain albino rats weighing 200–210 g were pur-
chased from the breeding colony of the Department of 
Veterinary Medicine, University of Ibadan, Nigeria. Rats 
were maintained at 25 °C, on a 12-h light/12-h dark cycle, 
with free access to food and water. They were acclimatized 
under these conditions for 1 week before the experiment. 
All applicable institutional and national guild lines for the 
use of laboratory animals were followed.

Preparation of heart tissue homogenate

The rat was immobilized by cervical dislocation, and the 
heart tissue was rapidly isolated and placed on ice and 
weighed. This tissue was subsequently homogenized in 
0.1 M phosphate buffer (pH 7.4; 1/10 w/v) with about 
ten up and down strokes at approximately 1200 rpm in a 
Teflon glass homogeniser (Mexxcare, mc14 362, Aayu-
shi Design Pvt. Ltd. India). The homogenate was centri-
fuged for 10 min at 3000×g in a refrigerated centrifuge 
(KX3400C, KENXIN Intl. Co., Hong Kong) at 4 °C to 
yield a pellet that was discarded, and supernatant, that 
was used for all in vitro enzyme assays as well as for lipid 
peroxidation assay (Belle et al. 2004).



249Effect of combinations of caffeine and caffeic acid on key enzymes linked to hypertension (in…

1 3

Angiotensin‑1‑converting enzyme inhibition assay 
(in vitro)

Appropriate dilution of the extracts (50  μl) and tissue 
homogenate (50 μl) was incubated at 37 °C for 15 min. 
The enzymatic reaction was initiated by adding 150 μl 
of 8.33  mM of the substrate Bz–Gly–His–Leu (Hip-
puryl–His–Leu free base) in 125 mM Tris–HCl buffer (pH 
8.3) to the reaction mixture. After incubation for 30 min at 
37 °C, the reaction was stopped by adding 250 μl of 1 M 
HCl. The Gly–His bond was then cleaved, and the Bz–Gly 
produced by the reaction was extracted with 1.5 ml ethyl 
acetate. Thereafter, the mixture was centrifuged to separate 
the ethylacetate layer and 1 ml of the ethyl acetate layer 
was transferred into a clean test tube and evaporated. The 
residue was redissolved in distilled water, and its absorbance 
was measured at 228 nm in a UV/visible spectrophotom-
eter (Jenway 6305 model). The ACE inhibitory activity was 
expressed as percentage inhibition (Cushman and Cheung 
1971).

Arginase Inhibition assay (in vitro)

The in vitro arginase activity was assayed according to 
previously reported method by Adefegha et al. (2015) in a 
reaction mixture containing Tris–HCl buffer (1.0 mM, pH 
9.5, 1.0 mM  MnCl2), 0.1 M arginine solution and extract. 
The mixture was made to a final volume of 1.0 ml. The 
mixture was incubated for 10 min at 37 °C. The reaction 
was terminated by the addition of 2.5 ml Ehrlich reagent 
[2.0 g of p-dimethylaminobenzaldehyde in 20 ml of absolute 
hydrochloric acid (37% purity) and made up to 100 ml with 
distilled water]. The absorbance was read after 20 min at 
450 nm. The control experiment was performed without the 
test sample or standard and arginase inhibitory activity was 
calculated and expressed as % inhibition.

Acetylcholinesterase inhibition assay (in vitro)

The effect of the samples on acetylcholinesterase (AChE) 
activity was assessed by a modified colorimetric method 
(Perry et al. 2000). The cholinesterase activity was deter-
mined in a reaction mixture containing 200 μl of tissue 
homogenate in 0.1 M phosphate buffer (pH 8.0), solution of 
5,5′-dithio-bis(2-nitrobenzoic) acid (DTNB 3.3 mM), sam-
ple extracts (0–100 μl), and phosphate buffer, pH 8.0. After 
incubation for 20 min at 25 °C, acetylthiocholine iodide for 
AChE activity assay was added as the substrate, and enzyme 
activity was determined in a UV/visible spectrophotometer 
(Jenway 6305 model) at 412 nm. The activity were thereafter 
expressed as percentage inhibition.

Phosphodiesterase‑5 (PDE‑5) inhibition assay (in 
vitro)

The ability of the extracts to inhibit PDE-5 activity was 
assessed (Oboh et al. 2017a). The reaction mixture contain-
ing 5 mM of the substrate (p-nitrophenyl phenylphospho-
nate), tissue homogenate, 20 mM Tris buffer (pH 8.0) and 
the extracts/sildenafil were incubated at 37 °C for 10 min. 
The intensity of p-nitrophenol produced was measured as 
a change in absorbance after 5 min at 400 nm. The control 
experiment was performed without the extracts/sildenafil. 
The PDE-5 inhibitory activity was expressed as percentage 
inhibition.

Monoamine oxidase inhibition assay (in vitro)

The effect of caffeine, caffeic acid and its various was meas-
ured according to a previously reported method (Green and 
Haughton 1961) with slight modification. In brief, the reac-
tion mixture contained 0.025 M phosphate buffer (pH 7.0), 
0.0125 M semicarbazide, 10 mM benzylamine, 75 µl of 
tissue homogenate and 0–100 μl of extracts. After 30 min 
incubation, acetic acid was added and incubated for 3 min 
in boiling water bath followed by centrifugation. The result-
ant supernatant (1 ml) was mixed with equal volume of 2, 
4-DNPH, and 1.25 ml of benzene was added after 10 min 
incubation at room temperature. After separating the ben-
zene layer, it was mixed with equal volume of 0.1 N NaOH. 
Alkaline layer was decanted and incubated at 80 °C for 
10 min. The orange–yellow color developed was measured 
at 450 nm in a UV/visible spectrophotometer (Jenway 6305 
model). The MAO activities were thereafter expressed as 
percentage inhibition.

Inhibition of lipid peroxidation and thiobarbituric 
acid reactions

The lipid peroxidation assay was carried out using the modi-
fied method of Ohkawa et al. (1979). Briefly, 100 μl tissue 
homogenate mixed with a reaction mixture containing 30 μl 
of 0.1 M pH 7.4 Tris–HCl buffer, extract (0–100 μl) and 30 
μl of 250 μM freshly prepared  FeSO4 (this procedure was 
also carried out using 5 μM sodium nitroprusside). The vol-
ume was made up to 300 μl by water before incubation at 
37 °C for 1 h. The colour reaction was developed by adding 
300 μl 8.1% sodium dodecyl sulphate (SDS) to the reaction 
mixture containing S1, and this was subsequently followed 
by the addition of 600 μl of acetic acid/HCl (pH 3.4) mixture 
and 600 μl 0.8% thiobarbituric acid (TBA). This mixture 
was incubated at 100 °C for 1 h. Thiobarbituric acid reac-
tive species (TBARS) produced was measured at 532 nm in 
a UV/visible spectrophotometer (Jenway 6305 model) and 
expressed as malondialdehyde (MDA) equivalent.
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Fe2+ chelation assay

The  Fe2+ chelating ability of the extracts was determined 
using the method of Minotti and Aust (1987), with as light 
modification by Puntel et al. (2005). Freshly prepared 
500 μM  FeSO4 (150 μl) was added to a reaction mixture 
containing 168 μl 0.1 M Tris–HCl (pH 7.4), 218 μl saline 
and the extracts (0–25 μl). The reaction mixture was incu-
bated for 5 min, before the addition of 13 μl 0.25% 1,10—
phenanthroline (w/v). The absorbance was measured at 
510 nm in a UV/visible spectrophotometer (Jenway 6305 
model), and the percentage  Fe2+ chelating ability was sub-
sequently calculated as follows:

where Absref absorbance of reference and Abssam absorbance 
of sample.

Fenton reaction (degradation of deoxyribose) 
inhibition assay

The method of Halliwell and Gutteridge (1981) was used 
to determine the ability of the extracts to prevent  Fe2+/
H2O2 induced decomposition of deoxyribose. The extract 
(0–100 μl) was added to a reaction mixture containing 
120 μl of 20 mM deoxyribose, 400 μl of 0.1 M phosphate 
buffer, 40 μl of 500 μM of  FeSO4 and the volume was 
made up to 800 μl with distilled water. The reaction mix-
ture was incubated at 37 °C for 30 min and stopped by the 
addition of 0.5 ml of 2.8% trichloroacetic acid. This was 
followed by addition of 0.4 ml of 0.6% thiobarbituric acid. 
The tubes were subsequently incubated in boiling water 
for 20 min, and the absorbance was measured at 532 nm 
in a UV/visible spectrophotometer (Jenway 6305 model).

Data analysis

Results were expressed as mean ± standard deviation (SD). 
Mean values were appropriately analysed and compared; 
one way analysis of variance (ANOVA) was used to com-
pare the drug treatments, followed by Duncan’s post hoc 
test, while significance was accepted at P < 0.05. All sta-
tistical analysis were carried out using Statistical Package 
for Social Sciences (SPSS) program version 22.0.

Result

The effect of caffeic acid, caffeine and their combinations 
on angiotensin-1 converting enzyme (ACE) is presented 
in Fig. 1. The result revealed that combinations C1and 

% Fe
2+
chelation =

(

Abs
ref

− Abs
sam

)

∕Abs
ref

× 100

C2 elicited higher significant (P < 0.05) inhibitory effect 
on ACE (C1 = 26.76 ± 0.06%; C2 = 37.38 ± 0.14%) than 
their individual effects. However, there was no significant 
difference (P > 0.05) between standard inhibitor drug-LIS 
(39.79 ± 0.01%) and C2.

The inhibition of phosphodiesterase-5 (PDE-5) activ-
ity as presented in Fig. 2 showed that there was no sig-
nificant (P > 0.05) difference between standard inhibitor 
drug—sidenafil (22.35 ± 2.49%) and C2 (21.62 ± 2.53%); 
although caffeine possessed the highest inhibitory effect 
(26.36 ± 0.16%). Furthermore, the result of the inhibitory 
effect of samples on arginase activity as presented in Fig. 3 
revealed that the combinations of caffeine and caffeic acid 
possessed highest inhibitory effects (C1 = 68.72 ± 0.13%; 
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Fig. 1  Inhibitory Effects of Caffeine, Caffeic acid and their Combi-
nations on Angiotensin-I converting enzyme (ACE) activity. Values 
represent mean ± standard deviation of triplicate readings. Where C1 
represents 5CA: 1CAF, C2 represents 10CA: 1CAF, CA represents 
Caffeic acid, CAF represents Caffeine
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Fig. 2  Inhibitory Effects of Caffeine, Caffeic acid and their Combi-
nations on Phosphodiesterase-5 (PDE-5) activity. Values represent 
mean ± standard deviation of triplicate readings. Where C1 represents 
5CA: 1CAF, C2 represents 10CA: 1CAF, CA represents Caffeic acid, 
CAF represents Caffeine
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C2 = 79.66 ± 0.23%) when compared to their individual 
effects (CAF = 22.72 ± 0.04%; CA = 23.98 ± 0.15%).

The result of the inhibitory effect of monoamine oxidase 
(MAO) activity as shown in Fig. 4 revealed that both combi-
nations elicited the highest significant (P < 0.05) inhibitory 
effect (C1 = 79.21 ± 0.58%; C2 = 86.85 ± 2.00%) compared 
to their individual effects. In addition, Fig. 5 shows that caf-
feine, caffeic acid and their combinations inhibited acetyl-
cholinesterase activity. However, there is no significant dif-
ference between acetylcholinesterase inhibitory activities of 
caffeine and the two combinations used in the study.

Figure 6 represents the  Fe2+ chelating ability of the com-
binations of CA and CAF. The results revealed that CA 
(97.48 ± 0.06%) elicited the highest inhibitory effect and also 
had significantly (P < 0.05) the highest  Fe2+ chelating ability.

The OH* scavenging ability of the combinations of 
caffeine and caffeic acid is also represented in Fig. 7. The 
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results showed that combinations C2 (53.88 ± 0.78%) had 
higher scavenging ability but was significantly lower than 
the individual effect of CA (77.22 ± 0.78%).

The inhibition of  Fe2+-induced lipid peroxidation in 
isolated rat heart homogenates by the samples is presented 
in Fig. 8. Incubation of heart tissue homogenates in the 
presence of iron caused significant increase in MDA level. 
However, addition of caffeine, caffeic acid and their various 
combinations to the reaction mixture lowered MDA level in 
rats’ heart tissue homogenate.

The inhibition of SNP-induced lipid peroxidation in 
isolated rat heart homogenates by the samples is presented 
in Fig. 9. Incubation of heart tissue homogenates in the 
presence of sodium niroprusside (SNP) caused signifi-
cant increase in MDA level. However, addition of caffeine, 

caffeic acid and their various combination to the reaction 
mixture lowered MDA level in rats’ heart tissue homogenate.

Discussion

In this study, we evaluated the antioxidant properties and the 
effect of combinations of caffeine (CAF) and caffeic acid 
(CA) on activities of critical enzymes (arginase, angiotensin-
1-converting enzyme acetylcholinesterase and monoamine 
oxidase) relevant to hypertension in vitro. CAF and CA are 
two bioactive phytochemicals found richly distributed in 
many plant foods. Caffeic acid is a major dietary polyphe-
nol present in various foods and beverages and the most 
abundant hydroxycinnamic acids in the human diet (Bravo 
1998). Caffeine is the most routinely consumed bioactive 
substance throughout the world and it’s a naturally occur-
ring alkaloid found in numerous foods and beverages such as 
coffee, tea and cocoa (Nehlig 1999; Clifford 1999). Caffeine 
and caffeic acid exist in different proportions in food sources 
and the plausible effect of such proportional interactions are 
not often taken into consideration. In coffee, caffeine is the 
most abundant alkaloid while caffeic acid is one of the pre-
dominant phenolic acid (Ritchie et al. 2007; Santos et al. 
2010). Due to the biological effect of caffeine and caffeic 
acid, studies have reported their potential in the prevention 
of several cardiovascular diseases (Beyer and Melzig 2003; 
Suzuki et al. 2008; Echeverri et al. 2010) but not their pro-
portional combinations.

Phosphodiesterase-5 (PDE5) inhibitors have demon-
strated various pharmacological properties including vaso-
dilatory, antithrombotic, bronchodilation, anti-inflammatory, 
and antioxidant properties (Milani et al. 2005). PDE-5 is an 
enzyme responsible for the hydrolysis of cyclic 3,5 cyclic 
guanosine monophosphate (cGMP) to linear GMP, thus 
preventing the accumulation cGMP for its NO-mediated 
cGMP vasodilatory role (Kukreja et al. 2004). Therefore, 
PDE-5 inhibition is a good mechanism by which the vasodi-
latory role of NO can be preserved. Results from this study 
revealed that caffeine at low concentration possessed the 
highest inhibitory effect on PDE5. This is in agreement with 
previous study where caffeine had been reported to inhibit 
PDE5 (Goyarts et al. 2000; Boswell-Smith et al. 2006). The 
therapeutic drug-Sildenafil, is an inhibitor of PDE5 which 
acts as a potent pulmonary vasorelaxant in the pulmonary 
artery wall and is essentially cytosolic but might possess 
some adverse reactions (Ghofrani et al. 2002). However, in 
this study, since C2 produced no significantly different PDE5 
inhibition compared to sildenafil, hence the combination of 
caffeic acid and caffeine at this proportion could offer a pos-
sible alternative and help reduce the attendant side effects 
associated with using this drug.

0

50

100

150

200

250

300

350

400

INDUCED CAFFEINE CA C1 C2

M
DA

 p
ro

du
ce

d 
(%

 c
on

tr
ol

)

Samples

b
a a a

c

Fig. 8  Inhibitory Effects of Caffeine, Caffeic acid and their Combina-
tions on Iron (Fe 2+)-induced Lipid Peroxidation in Rat Heart Tissue 
Homogenate. Values represent mean ± standard deviation of triplicate 
readings. Where C1 represents 5CA: 1CAF, C2 represents 10CA: 
1CAF, CA represents Caffeic acid, CAF represents Caffeine

d

c
b

a b

0
20
40
60
80

100
120
140
160
180
200

INDUCED CAFFEINE CA C1 C2

M
DA

 p
ro

du
ce

d 
(%

 c
on

tr
ol

)

Samples

Fig. 9  Inhibitory Effects of Caffeine, Caffeic acid and their Combi-
nations on Sodium nitropruside (SNP)-induced Lipid Peroxidation 
in Rat Heart Tissue Homogenate. Values represent mean ± standard 
deviation of triplicate readings. Where C1 represents 5CA: 1CAF, C2 
represents 10CA: 1CAF, CA represents Caffeic acid, CAF represents 
Caffeine



253Effect of combinations of caffeine and caffeic acid on key enzymes linked to hypertension (in…

1 3

Angiotensin II produced in renin-angiotensin system 
from angiotensin I by the action of ACE, a vasoconstrictor 
in renal vessels and has been implicated in hypertension 
(Satoh et al. 2008). However, its effect under pathological 
conditions is counteracted by nitric oxide which serves as a 
potent vasodilator and plays an important role in maintain-
ing vascular tone (Satoh et al. 2008). Phenolic compounds 
such as curcumin, quercetin, gallic acid and caffeic acids 
have been reported to inhibit ACE activity either as a single 
compound or in synergy with other compounds (Pang et al. 
2015; Kang et al. 2015; Bhullar et al. 2014). This approach 
has been used in various practices of traditional medicine 
where mixture of plant constituents is commonly prescribed 
for the management of hypertension. They have also been 
reported to exhibit blood pressure lowering effect in hyper-
tensive rats (Pang et al. 2015; Kang et al. 2015; Butcher et al. 
1968). Nevertheless, our findings reveal that the synergistic 
effect of caffeic acid and caffeine brought about a significant 
decrease in the inhibitory activity of angiotensin-1-convert-
ing enzyme in vitro compared to their individual effects. 
Interestingly, there was no significant difference between 
the ACE inhibitory effect of the standard therapeutic drug-
Lisonopril and C2 (10CA: 1CAF). Therefore, inhibition of 
ACE activity could be attributed to the combinatory effect 
caffeic acid and caffeine.

This study revealed that synergistic effect of the com-
binations of caffeine and caffeic acid inhibited the activity 
of arginase in cardiac tissue homogenate. Upregulation of 
vascular arginase has been identified in hypertension (Zhang 
et al. 2004). It was revealed in this study the combinations 
of caffeine and caffeic acid had higher arginase inhibitory 
effect compared to their individual effects. Hypertension is 
often associated with decreased nitric oxide bioavailability 
(Chowdhary and Townend 2001). The inhibition of arginase 
activity is a crucial factor by which endothelial function can 
be restored through increased bioavailability of NO. NO is 
synthesized by nitric oxide synthase (NOS) from l-arginine. 
However, l-arginine is a common substrate for both NOS 
and arginase which plays the role of the hydrolysis of l-argi-
nine to urea and l-ornithine (Durante et al. 2007).

Therefore, inhibition of arginase activity has been sug-
gested as a pragmatic therapeutic approach of elevating 
l-arginine as a substrate for NOS, and allowing the bio-
availability of NO. Hence, the observed arginase inhibitory 
effects of the combinations of caffeine and caffeic acid in 
this study suggest their possible role in the management of 
hypertension by ensuring availability of l-arginine for NO 
synthesis.

Acetylcholinesterase (AChE) is an enzyme responsible 
for the hydrolysis of ACh into inactive choline and acetate 
in the neuromuscular junctions and the synaptic cleft of 
cholinergic synapses (Lendvai and Vizi 2008). The regula-
tion of acetylcholinesterase as a therapeutic strategy for the 

management of cardiovascular diseases and hypertension 
has been established (Cardoso et al. 2014). In this study, caf-
feine, caffeic acid and their combinations exhibited inhibi-
tory action on acetylcholinesterase in cardiac tissue homoge-
nate. This is in agreement with an earlier report on the 
in vitro acetylcholinesterase inhibitory properties of some 
bioactive compounds including alkaloid and phenolic com-
pounds (Uddin et al. 2016; Oboh et al. 2017b). Therefore, 
inhibition of AChE activity by caffeine, caffeic acid and their 
combinations in rat cardiac tissue homogenate could induce 
the bioavailability of acetylcholine which could generates 
vasodilatory effects that can help regulate vascular blood 
flow. This could also contribute significantly to the thera-
peutic potentials of the combination of caffeine and caffeic 
acid for the prevention and management of hypertension.

Lipid peroxidation in biological membranes is one of the 
important mechanisms underlying cell injury in oxygen-uti-
lizing organisms subjected to oxidative stress (Oboh et al. 
2007). It is related with the loss of rigidity and increased 
permeability ultimately resulting in loss of membrane func-
tion (Oboh et al. 2007). As such, the inhibition of lipid 
peroxidation is considered an antioxidant mechanism. The 
level of malondialdehyde (MDA) produced is used as a bio-
marker to measure the level of oxidative stress in an organ-
ism (Devasagayam et al. 1996). Malondialdehyde is the 
end-product of lipid peroxidation, which is a process where 
reactive oxygen species (ROS) degrade polyunsaturated fatty 
acids (Devasagayam et al. 1996). This compound is a reac-
tive aldehyde and is one of the many reactive electrophile 
species that cause toxic stress in cells and form advanced 
glycation end-products (Devasagayam et al. 1996). The level 
of these products has been implicated in several pathological 
conditions such as hypertension, atherosclerosis and erectile 
dysfunction among others (Halliwell and Chirico 1993).

The inhibition of  Fe2+ induced lipid peroxidation in rat’s 
heart homogenate by caffeine, caffeic acid and their combi-
nation could be related to the abilities of the compounds to 
form complexes with the  Fe2+, thereby preventing them from 
catalyzing the initiation of lipid peroxidation, or perhaps 
scavenged the free radicals produced by the  Fe2+-catalyzed 
reaction (Oboh et al. 2007). This result agrees with previ-
ous work reported by Oboh et al. (2012) where  Fe2+ was 
shown to be a very potent initiator of lipid peroxidation. The 
increased lipid peroxidation in the presence of  Fe2+ could 
be attributed to the fact that  Fe2+ is capable of catalysing 
one-electron transfer reactions that generate ROS, such as 
the reactive hydroxyl radical (·OH), which is formed from 
hydrogen peroxide  (H2O2) through the Fenton reaction. Iron 
also decomposes lipid peroxides, thus generating peroxyl 
and alkoxyl radicals, which favours the propagation of lipid 
oxidation (Kizil et al. 2010). Furthermore, caffeine, caffeic 
acid and their combination inhibited sodium nitroprusside 
(SNP)-induced lipid peroxidation in rat’s heart homogenate. 
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Sodium nitroprusside is a component of antihypertensive 
drugs which causes cytotoxicity through the release of cya-
nide and nitric oxide (NO) (Oboh and Rocha 2008). The pro-
tective properties of these compounds against SNP-induced 
lipid peroxidation in the heart could be because of their 
abilities to scavenge the nitrous radicals produced from the 
decomposition of SNP.

Conclusion

This present study has revealed that caffeine, caffeic acid and 
their combinations exhibited inhibitory effects on some key 
enzymes’ activities linked to hypertension (in vitro), with its 
proportional combinations mostly exhibiting stronger inhibi-
tory activities than the individual compounds. Therefore, 
the results of this study suggest that combinations of these 
two bioactive phtyochemicals could offer more antihyperten-
sive effects via higher antioxidant properties and inhibitory 
effects on key enzymes linked to hypertension.
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