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The effects of betalain-rich cacti (dragon fruit and
cactus pear) on endothelial and vascular function:
a systematic review of animal and human studiest

Alex Cheok, 2 Trevor W. George,? Ana Rodriguez-Mateos (& *@ and
Paul W. Caton*®P

Dragon fruit (Hylocereus) and cactus pear (Opuntia) are cacti species that have been widely used globally
as a reliable source of food as well as traditional folk remedies. They have become of scientific interest
recently due to their high levels of bioactive phytochemical compounds, in particular betalains. Earlier
systematic reviews have explored the impact of supplementation of these cactus species on obesity,
type-2 diabetes mellitus and cardiovascular risk factors: body weight and composition, serum triglycer-
ides, cholesterol, blood glucose and blood pressure. However, effects on vascular health and endothelial
function have yet to be reviewed. In order to address this gap in the literature, a systematic review has
been conducted to evaluate the physiological effects of Hylocereus and Opuntia cacti on endothelial and
vascular function in in vivo animal models and human studies. An electronic search was performed in the
following databases: PubMed (MEDLINE), EMBASE (via Ovid), CINAHL, Scopus, Web of Science®, and The
Cochrane Library (CENTRAL). All journals were searched since inceptions up to January 2020 without
language restriction. Outcomes of interest were blood pressure, arterial stiffness, vascular reactivity and
biochemical markers of endothelial dysfunction. Two investigators independently performed the study
selection and data extraction. From 394 references, only 16 studies (9 animal and 7 human) fulfilled the
eligibility criteria. Animal studies suggested a potential increase in vasodilation and serum nitric oxide and
a reduction in vascular stiffness and blood pressure. The small number of human studies showed a
reduction in heart rate as well as an increase in heart rate variability. Although these findings appear to
indicate improvement in vascular health, there is a severe lack of robust, randomised human intervention
studies to identify underlying mechanisms, optimal dose and long-term effects of cacti consumption.

as a crop vegetable becoming a staple in the modern diet in
that region." Most importantly, they also contain high levels

Native to South America and Southeast Asia, the dragon fruit,
pitaya (Hylocereus) and the cactus pear, nopal (Opuntia) are
edible cacti grown in the tropics for their fruits, skin and cla-
dodes (the pads of the cactus). They are becoming increas-
ingly well-known worldwide in the form of food, snacks and
dietary supplements. The popularity of the dragon fruit may
initially have been due to its vivid hue and bizarre structure.
As for the cactus pear however, it has been used in the Latin
America as traditional folk remedies and are harvested today
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of soluble fibre*® and bioactive phytochemicals such as
betalains,”” the beneficial properties of which have sparked
considerable interests among researchers. Betacyanins and
betaxanthins are two subclasses of betalains and are natural
colour pigments commonly found in some cacti species and
in red beetroot.® Some variants of the cactus pear have been
documented to contain up to 8.15 mg g~ dry fruit of total
betalains and is comparable to that of the red beetroot at
8.60 mg g ' dry tissue which is well-known as a crop grown
for their red betalain pigments for use as natural food dyes.”
However, betalains content are lower in the dragon fruit as
seen in red pitaya (Hylocereus polyrhizus) peel and flesh
(3.02 mg g™ and 4.27 mg g dry weight respectively,® cor-
rected for ~90% of moisture content’). Even though these
cacti may also contain some other phytochemicals, the beta-
lains are known to be the most abundant out of their total
alkaloidal and phenolic content. In fact, analysis carried out
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on a range of different genotypes of the dragon fruit showed
that betalainic compounds occupied an average of 85% of
their total phenolics.” Given that, it is likely that these bioac-
tives could be responsible for their beneficial effects. On the
cellular level, indicaxanthin - the most prominent betalain in
cactus pear, has been able to strongly inhibit the expression
of endothelial intercellular adhesion molecule-1 (ICAM-1)
which is a biomarker of atherosclerosis.’® Another in vitro
experiment reported that indicaxanthin prevents adhesion of
human erythrocytes onto the endothelium layer demonstrated
on human umbilical vascular endothelial cells (HUVEC)."" In
animal models, the red pigment betanin ameliorates isopro-
terenol-induced acute myocardial infarction (AMI) in rats by
inhibiting the protein expressions of inducible nitric oxide
synthase (iNOS) and nuclear factor-kappa (NF-kB).'> The use
of pure betalains as treatment for vascular studies in human
studies is rather scarce. However, a randomised crossover
pilot study investigating betalain-rich red beetroot juice and
cooked beetroot on hypertensive individuals reported that two
weeks supplementation of red beet juice significantly
increased flow-mediated dilation (FMD) while systolic and
diastolic blood pressure, ICAM-1, vascular endothelial
adhesion molecule-1 (VCAM-1) and E-selectin were reduced
markedly."® This is consistent with another human interven-
tion trial involving concentrated red beetroot juice. They also
reported a reduction in systolic blood pressure in overweight
participants after three weeks of supplementation with the
beetroot juice concentrate.'* The existing body of research on
these cacti are mostly centred around their ameliorative
effects on body weight, lipid profile and type-2 diabetes
mellitus.”>™” However, research into their benefits on cardio-
vascular health has gained significant momentum over the
last decade. Recent systematic reviews have already reviewed
the impact of cactus pear and dragon fruit consumption on
body weight, glycaemic control and other cardiovascular risk
factors (such as body weight and composition, serum trigly-
cerides, cholesterol and blood glucose)."®'® Despite that, their
association with endothelial and vascular function has yet to
be established. Because the endothelium layer plays the ulti-
mate role of regulating the vascular tone (namely via the endo-
thelial nitric oxide synthase pathway)*’ alongside controlling
leukocytes recruitment during endothelial inflammation,*" a
disruption in normal endothelial function likely causes endo-
thelial dysfunction - a precursor towards the onset of athero-
sclerosis®® and a useful predictor of cardiovascular events.>® A
systematic review concluded that 1% increase in FMD
decreases cardiovascular risk down to 0.92 (pooled overall
risk).”* In recent years, techniques used for assessing vascular
and arterial function have vastly improved with new techno-
logies. Gold standard non-invasive measurements such as
flow-mediated dilation (FMD) and pulse wave velocity (PWV)
have been well established for clinical application on
patients*>?® and further adapted for use in animals.””®
Therefore, the objective of this review was to systematically
evaluate available evidence for the effects of the two most
common edible cacti on endothelial and vascular function,
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using data published in animal models and human interven-
tion trials.

Materials and methods

This systematic review was conducted according to The
Cochrane Handbook for Systematic Reviews of Interventions
Version 5.1.0*° as well as the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) Guidelines
2009.%° A PRISMA checklist is also provided as supplementary
document (ESI Document 17F). This review is registered on
PROSPERO (registration No. CRD42017082714).

Search strategy

A comprehensive search was conducted on six databases,
PubMed (MEDLINE), EMBASE & EMBASE Classic (via Ovid),
The Cochrane Library (CENTRAL), Scopus, Cumulative Index
of Nursing and Allied Health Literature (CINAHL) and Web of
Science®, searching all years of record up until 15" of January
2020 with no language restriction. All non-English articles
were translated by the authors. Reference lists of retrieved
articles were also manually searched for relevant publications.
A review article evaluating the effects of fruit, vegetable and
potassium intake on vascular and endothelial function was
used to assist with the development of the concept keywords.**
Search terms and MeSH terms were categorised into 2 key con-
cepts: cactus fruits and endothelial or vascular functions. Key
search terms were “cactus fruit” OR “Hylocereus” OR
“Opuntia” OR “pitaya” OR “nopal” OR “prickly pear” AND
“endothelial function*” OR “vascular function*” OR “arterial
stiffness” OR “vascular reactivity” OR “blood pressure” OR
“nitric oxide” OR “adhesion molecules”. An example search
query with the complete search terms are provided in Box 1
(ESI Document 2+).

Eligibility criteria

Published studies included in this review were required to
adhere to the following criteria: (1) original research; (2)
animal or human intervention studies investigating the sup-
plemental effects of the fruits, cladodes or extract of the cacti
on endothelial and vascular functions. Cactus fruits include
Hylocereus and Opuntia species and subspecies. The primary
outcomes were defined by results of the following techniques:
measures of arterial compliance/stiffness via pulse wave vel-
ocity (PWV), pulse wave analysis (PWA), digital volume pulse
(DVP), augmentation index (AI), pulse pressure (PP), and
Finapres, and vascular reactivity via flow mediated dilation
(FMD), laser Doppler imaging (LDI) and peripheral artery tono-
metry (PAT). Studies with blood pressure (BP), heart rate (HR)
and heart rate variability (HRV) as outcome measures were
also included. Biochemical markers of endothelial dysfunction
included in this review are nitric oxide (NO) production via
nitrate/nitrite analysis, ICAM, VCAM, E-selectin and vasocon-
strictor peptide endothelin-1 (ET-1). Inclusion criteria in the
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Criteria Definition

Population .
subjected to a diet)

Animal studies: all animal models (including healthy animals, animals with pre-existing or induced conditions, and animals

+ Human studies: men and women across all ages (including healthy participants, athletes, or participants with disease)

Interventions e

Supplementation of dragon fruit or cactus pear (including Hylocereus and Opuntia species and subspecies) in the form of

whole fruits, cladodes or extracts of the cacti delivered orally or intravenously

Comparator .
Outcomes .
LDI, and PAT
+ Blood pressure (BP)
+ Heart rate (HR) and heart rate variability (HRV)

Comparison against baseline, placebo group or control groups
Endothelial and vascular functions defined by the results of the following techniques: PWV, PWA, DVP, Al, PP, Finapres, FMD,

« Biochemical markers: NO, ICAM, VCAM, E-selectin, and ET-1

Study design -« Animal intervention models
+  Human pilot studies and randomised controlled trials

form of a PICOS (population, intervention, comparison,
outcome, and study design) statement are list in Table 1.

Study selection

After redundant articles were removed, remaining articles were
independently screened by two investigators (AC and TWG) for
eligibility based on title and abstract. Eligible articles were put
forward for a full-text review when a consensus was reached.
Articles with insufficient information in the abstract were also
moved to full-text review. In the case of disagreement, a con-
sensus was reached through discussion among the authors
(AC, TWG, ARM, and PWC).

Results
Study selection and characteristics

Details of literature search and selection of studies are pre-
sented in the form a flow chart illustrated in Fig. 1. A total of
394 articles were identified through electronic search but 270
were excluded for being redundant or clearly irrelevant (cacti
species not being investigated, ecological or agricultural
studies of the cacti, or studies relating to the physical pro-
perties of the cacti) on the basis of title and abstract. In the
next step, 108 of the 124 potential articles were justifiably
excluded after full-text assessment, leaving only 16 papers in
total that fulfil the eligibility criteria. Two of the included
papers were not in English and were translated: one from
Spanish to English®> and the other from Simplified Chinese to
English®® by authors ARM and AC respectively. The character-
istics of included animal and human studies are summarised
in Tables 2 and 3 respectively. Of the 16 publications, 9 were
experiments conducted using animal models while 7 were
human studies (1 pilot study and 6 randomised controlled
trials). Chronic and sub-chronic interventions were described
in 10 studies and 6 were acute interventions. Only two studies
explored dose-dependence (three to five different doses) and
four publications compared only two different doses of cactus
fruit administration.

This journal is © The Royal Society of Chemistry 2020

Records identified through database searching (n = 394):

PubMed (n = 64)

EMBASE & EMBASE Classic (n = 98)
CINAHL (n = 15)

The Cochrane Library (n = 1)
Scopus (n = 115)

Web of Science” (n = 101)

Excluded based on title and abstract (n = 270):

> . Redundant articles (n = 220)
. Clearly irrelevant (n = 50)

A4

][ Screening ][ Identification ]

Potentially relevant papers retrieved for
full-text assessment (n = 124)

>
% Records excluded with reasons (n = 108):
En . Reviews or editorials (n = 22)
w - . Conference abstracts (n=6)
B . In vitro models (n = 51)
. Observational studies (n = 1)
. No outcome of interest (n = 28)
=
2 v
»n
T:: Eligible articles included in systematic review (n = 16)
[

Fig. 1 PRISMA flow diagram for selection of studies.

Animal studies

Effects of cacti on blood pressure (BP) in animal studies.
Among animal studies, five showed significant reductions in
BP.>*% In the first study,®* 24 male Sprague-Dawley rats were
randomly divided into four groups: I (control), II (diabetic), III
(low dose), and IV (high dose). Group II, III and IV were given
Streptozotocin (STZ) injection to induce diabetes. Then only
Group III and IV were orally given two different doses (250 and
500 mg per kg bw respectively) of aqueous extract of white
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Table 2 Characteristics of animal studies investigating the effects of cactus fruits consumption on vascular functions

Reference

Study details

Treatment

Results

Anand
Swarug) et al
(2010)**

Bakour et al.
(2017)*°

Cardenas
et al. (2019)*

Oh and Lim
(2006)*°

Harrat et al.
(2019)*”

Ramli et al.
(2014)*°

Saleem et al.
(2005)*®

Wang et al.
(2015)**

Zhao et al.
(2012)"

Male Sprague-Dawley rats (n = 24) were
randomly divided into four groups: I (control),
1I (diabetic), I1I (low dose), and IV (high dose).
Group 1II, III and IV were induced diabetes via
STZ injection and then Group III and IV were
orally administered dragon fruit extract (DFE)
for 5 weeks.

Normotensive rabbits (n = 8) divided into two
groups: control and treatment. Treatment
group was administered various doses of
lyophilised extract of cladode from cactus pear
via intravenous infusion at different time
points while control group received saline.
Male Wistar rats (n = 21) after three weeks of
high-fructose diet (HFD) were divided into
three groups to receive either mucilage (gel
extraction), fresh nopal cladodes or water
orally for 30 days.

Male A/] mice (n = 24) divided into four
groups: control, hyperlipidaemic control and
two treatment groups (25 and 50 mg kg™").
Treatment groups were pre-treated with cactus
pear glycoprotein orally for 3 d before Triton
WR-1339 administration.

Male Wistar rats (n = 12) were divided into two
groups and were subjected to high-fat diet
(HFD) for 10 weeks before being rendered
diabetic via STZ injection. One group was
supplemented with freeze-dried cactus pear
powder while the other received none for 30
days.

Male Wistar rats (n = 48) randomly divided
into four groups: corn-starch (CS), corn-starch
+ red pitaya juice (CRP), high-carbohydrate,
high fat group (HCHF) and high carbohydrate,
high fat + red pitaya juice (HRP). All groups
were subjected to the corresponding diet for 8
weeks before supplemented with red pitaya for
another 8 weeks.

Two groups of Sprague-Dawley rats (10 rats per
group) were administered two different doses
of methanolic extract of spiny pest pear via
intravenous injection.

Male Sprague-Dawley rats (n = 24) randomly
divided into four groups: control,
atherosclerotic control, low dose treatment
and high dose treatment group.
Atherosclerotic control and treatment groups
were subjected to 30 days of high-fat and high-
calcium diet before administration of spiny
pest pear polysaccharide (OPS) via
intraperitoneal injection for 60 d.

Male Sprague-Dawley rats (n = 60) randomly
divided into six groups: I (control), II
(hyperlipidaemic control - high-fat emulsion),
III (positive control — high-fat emulsion +
Zhibituo tablet), IV-VI (treatment group —
high-fat emulsion + 100, 200, and 400 mg per
kg bw of ODP-Ia respectively). Treatments were
administered orally for 28 d.

Aqueous extract; from white
pitaya pulp (Hylocereus
undatus)

250 and 500 mg per kg bw;
for 35 d (5 weeks)

Lyophilised extract of
cladode power; from cactus
pear (Opuntia ficus-indica)
40, 60, 80 and 100 mg per kg
bw at 0, 20, 40, and 60 min
respectively

Group 1: mucilage of
cladodes; of cactus pear
(Opuntia ficus-indica)

Group 2: liquefied nopal
cladodes; of cactus pear
(Opuntia ficus-indica)

500 mg per kg bw and 4.36 g
per kg bw respectively; for 30
d

Glycoprotein (90 kDa); from
cactus pear (Opuntia ficus-
indica)

25 and 50 mg per kg bw; for
3d

Freeze-dried powder; of
cactus pear (Opuntia ficus-
indica)

5% of total diet; for 30 d

Juice; of red pitaya
(Hylocereus polyrhizus)

5% red pitaya juice in diet;
for 56 d (8 weeks)

Methanolic extract; of
cladodes of spiny pest pear
(Opuntia dillenii)

1 and 10 mg per kg bw
Polysaccharide; of spiny pest
pear (Opuntia dillenii)

Low: 0.2 gkg™' d™"

High: 0.4 gkg " d™;

for 60 days

ODP-Ia from aqueous extract;
of spiny pest pear (Opuntia
dillenii)

100, 200, and 400 mg per kg
bw; for 28 d

SAP| following supplementation (250 mg per
kg bw) compared to diabetic control group (P
<0.05).

No difference on DAP and MAP observed.
PWV| and PP| significantly in both treatment
groups vs. control (P < 0.05).

MAP| in a dose-dependent manner following
extract administration compared to control
group (P < 0.05).

No difference in SBP compared to control
group.

DBP| significantly only in fresh nopal group
compared to control group (P < 0.05).

NOf1 significantly in plasma of treatment
group (50 mg per kg bw) compared to
hyperlipidaemic control group (P < 0.05).

SBP| and DBP| significantly in treatment
group compared to control group (P < 0.001).

Diastolic stiffness| (ex vivo) significantly
following supplementation in corn-starch +
red pitaya group (CRP) compared to corn-
starch control (CS) (P < 0.05).

MABP| significantly by 27.65% and 54.12%
after administration of spiny pest pear extract
at 1 and 10 mg per kg bw respectively (P <
0.001).

Vasorelaxation? (thoracic aorta) following
administration of treatment in both low and
high dose treatment group compared to
atherosclerotic control group (P < 0.01).

Serum NO? following treatment
administration in medium and high dose
treatment group (200 and 400 mg per kg bw)
compared to hyperlipidaemic control group (P
<0.01).

bw, body weight; DAP, diastolic arterial pressure; MABP, mean arterial blood pressure; MAP, mean arterial pressure; NO, nitric oxide; PP, pulse
pressure; PWV, pulse wave velocity; SAP, systolic arterial pressure; STZ, streptozotocin.
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Table 3 Characteristics of human studies investigating the effects of cactus fruits consumption on vascular functions

Reference

Study details

Intervention

Results

Fabela-Illescas
et al. (2015)**

Grube et al.
(2013)*®

Khouloud
et al. (2018)*

Rahimi et al.
(2019)*

Schmitt et al.
(2008)*

Van Proeyen
et al. (2012)*®

Wiese et al.
(2004)**

Pilot study with no control. 20 Individuals
(10 with T2DM and the rest with
hypertension, overweight and obesity) were
fasted every morning and supplemented with
prickly pear juice drink for 30 days. Vascular
measurements were taken at baseline, 8 d, 15
d, 23 d and 30 d.

Randomised, double-blind, placebo-
controlled trial. 123 individual (30 male and
93 female; overweight and obese) aged
33-57.1 year were advised on physical activity
and hypocaloric diet plans. They were then
randomly assigned to receive either 3 g day ™
of litramine tablets or a placebo after a
2-week placebo run-in phase.

Randomised, controlled trial. 22 male
athletes (20-22 years) randomly assigned to
receive daily 150 mL of prickly pear juice or
no intervention at all for 2 weeks.
Participants were subjected to yo-yo
intermittent recovery test before and after
intervention.

Randomised, double-blind, placebo-
controlled, crossover trial. 48 non-smoking
men (45-55 years, BMI: 25-35 kg m™') with
coronary artery disease (CAD) all received the
placebo, betalain-rich extract of red beetroot,
and betacyanin-rich extract of cactus pear
fruit on three occasions separated by two
weeks wash out.

Randomised, placebo-controlled, crossover
trial. 10 male professional skiers aged 23.8 =
4.5 years were randomly assign to receive
either the OFI (Opuntia ficus-indica) capsule
or the placebo at the end of the training day
(3 h after controlled meal). Crossover
protocol was applied after a month of
washout period.

Randomised, double-blind, placebo-
controlled, crossover trial. Physically active
men (n = 6) aged 21.0 + 1.6 years were fasted
overnight and randomly assigned to receive
either OFI extract capsule or the placebo
followed by a series of cycling exercise.
Crossover protocol was applied after 2-week
washout period.

Randomised, double-blind, placebo-
controlled, crossover trial. Healthy
individuals (n = 55, 23 male and 32 female)
aged 21-35 years were randomly assigned to
receive either 1600 IU of cactus pear extract
or placebo 5 h before alcohol consumption.

Juice drink; of prickly pear
cladodes (Nopalea cochenillifera/
Opuntia cochenillifera)

Juice containing 50 g of prickly
pear cladodes + 250 mL water;
for 30 d

Litramine tablets (natural fibre
complex); derived from cactus
pear (Opuntia ficus-indica)

2 x 3 x 500 mg (3 g total) IQP
tablets per day; for 56 d (12
weeks)

Juice drink; of prickly pears
(Opuntia ficus-indica)

3 x 50 mL juice per day; for 14
d (2 weeks)

Betacyanin-rich extract capsule;
of cactus pear (Opuntia stricta)
containing 25 mg betacyanins.
2 capsules (50 mg total) per
day; for 14 d (2 weeks)

Extract capsule; of prickly pears
(Opuntia ficus-indica)

1 capsule (equiv. to 100 g fresh
fruit) per 20 kg bw

Extract capsule (OpunDia); of
prickly pears (Opuntia ficus-
indica)

6 x 333.3 mg capsule (2000 mg
total)

Extract capsule; of cactus pear
(Opuntia ficus-indica)
2 x 800 IU capsule

DBP| significantly at 23 d post-
supplementation compared to baseline (P <
0.05).

SBP| significantly at 15 d, 23 d, and 30 d
post-supplementation compared to baseline
(P <0.05).

No significant difference was observed for
SBP, DBP and HR following supplementation
in treatment group compared to placebo

group.

No significant difference was observed for
SBP, DBP following supplementation.

HR| significantly in treatment group versus
control (P < 0.05).

SBP| significantly after consumption of
cactus pear capsule (P < 0.0001).

No significant difference in DBP was
reported.

HRV? (HFsy, LFsy, HFsr, LFg11) significantly
in OFI group compared to control group.
HR| significantly in OFI group versus control

group.

HR was consistently lower in OFI (by ~10
beats per min) throughout exercise
compared to control group.

No significant difference was observed for
SBP, DBP and HR following supplementation
in treatment group compared to placebo

group.

BP, blood pressure; DBP, diastolic blood pressure; HR, heart rate; HFsr, high frequency (standing); HFgy, high frequency (supine); HRV, heart
rate variability; SBP, systolic blood pressure; LFsr, low frequency (standing); LFsy, low frequency (supine); T2DM, type-2 diabetes mellitus.

dragon fruit (Hylocereus undatus) pulp for 35 days. After the
intervention, systolic arterial pressure (SAP) in Group III has
returned to baseline level and is significantly lower compared
to diabetic group (Group II) (124.2 + 2.1 vs. 130.2 + 1.3 mmHg,
P < 0.05) and surprisingly, the group with the higher dose
(Group IV) showed no changes. However, there were also no
difference in diastolic arterial pressure (DAP) and mean arter-
ial pressure (MAP) across all groups. On another study,*® male
Wistar rats (n = 21) were subjected to three weeks of high-fruc-

This journal is © The Royal Society of Chemistry 2020

tose diet and then randomly divided into three groups: (1)
control group; (2) group receiving 500 mg per kg bw mucilage
of cactus pear cladodes; (3) group receiving 4.36 g per kg bw
fresh liquefied cactus pear cladodes. After 30 days of treat-
ment, they observed a significant decrease in diastolic blood
pressure (DBP) in the group that had the fresh cactus pear
(Opuntia ficus-indica) when compared to control (P < 0.05)
although the absolute change was not reported by the authors.
Systolic blood pressure (SBP) however did not change at all for
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any treatment group. Harrat et al. reported similar finding in
their study.’” Briefly, male Wistar rats (n = 12) were divided
into two groups and were put on a high-fat diet for 10 weeks
before being rendered diabetic via STZ. One group was sup-
plemented with 5% (of total diet weight) of freeze-dried cactus
pear powder on top of their ongoing high-fat diet while the
other group received no treatment for a duration of 30 days.
When compared to control group, both SBP and DBP substan-
tially decreased by 16% (107.6 + 3.5 vs. 127.9 + 7.3 mmHg, P <
0.001) and 20% (70.4 + 2.1 vs. 87.9 + 6.2 mmHg, P < 0.001)
respectively.

The other two studies were acute studies and both adminis-
tered the intervention via intravenous injection. They both
have reported a decrease in MAP. In Bakour et al.,>> normoten-
sive rabbits (n = 8) were divided into two groups: control and
treatment. Treatment group was intravenously administered
increasing dose of lyophilised extract of cactus pear cladodes
in 20 min intervals over one hour (40, 60, 80 and 100 mg per
kg bw at 0, 20, 40, and 60 min respectively).”> MAP dropped
sharply in a dose-response manner at 20 min onwards
(Control: 103.25 + 2.16, 98.75 + 1.24, 101.50 + 2.19, 101.25 +
1.13 mmHg vs. Treatment: 80.84 + 4.16, 58.10 + 1.85, 50.60 +
1.57, 45.17 + 1.52 mmHg, P < 0.05). The other acute study also
utilised a similar study design with larger sample size, but
without a control group. In this study,®® normotensive
Sprague-Dawley rats in two groups (10 rats per group) were
anaesthetised and were each given one-off treatment of 1 or
10 mg per kg bw of methanolic extract of spiny pest pear
(Opuntia dillenii) via intravenous injection. After the treatment,
MAP significantly decreased by 27.65% for the low dose
(119.60 + 3.75 vs. 86.53 + 8.47 mmHg, P < 0.001) and 54.12%
for the high dose (123.27 + 4.62 vs. 56.56 = 6.04 mmHg, P <
0.001) from baseline values.

Effects of cacti on vascular stiffness, vascular reactivity and
other biomarkers in animal studies. Data on vascular stiffness,
vascular reactivity and vascular biomarkers were only reported
in five animal studies. The group who reported BP improve-
ment in diabetic rats®® after supplementation of white dragon
fruit extract also reported significant reduction in PWV and
PP. After the intervention period, PWV of Group II (diabetic)
was significantly greater than Group I (control) (6.54 + 0.12 vs.
5.46 + 0.09 m s, P < 0.05) and with supplementation of the
extract the PWV significantly decreased (P < 0.05) in both treat-
ment group (Group III and IV) but author did not provide the
absolute values to these changes. They also reported a signifi-
cant reduction in PP for both treatment groups compared to
the diabetic group (Diabetic: 40.2 + 0.9 vs. Group III: 37.3 + 0.8
and Group IV: 37.3 + 1.0 mmHg, P < 0.05). Similar effects were
also observed in a recent study.*® There, 48 male Wistar rats
were divided into four groups: corn-starch (CS), corn-starch +
red pitaya juice (CRP), high-carbohydrate, high fat group
(HCHF) and high carbohydrate, high fat + red pitaya juice
(HRP). All groups followed their designated diet for 56 days
and then two of the four were supplemented with 5% red
dragon fruit pitaya (Hylocereus polyrhizus) juice for another 56
days making a total of 112 days. Across all groups, only rats

6812 | Food Funct., 2020, 11, 6807-6817

View Article Online

Food & Function

with the normal corn-starch + red pitaya (CRP) diet showed sig-
nificantly lower diastolic stiffness (P < 0.05) compared to corn-
starch (CS) control but the absolute values were not presented.

In another approach,®® Sprague-Dawley rats (n = 24) were
divided into four groups: control, atherosclerotic group, low
dose and high dose. All groups except the control were sub-
jected to 30 days of high fat, high calcium diet. Thereafter, the
low dose and high dose group were intravenously administered
a low and high dose (0.2 and 0.4 g per kg bw for 60 days)
respectively of polysaccharide (77.3% purity) derived from
spiny pest pear. After the diet regime, the atherosclerotic
model group showed marked reduction in vasorelaxation ratio
induced by carbamylcholine chloride (Carb) at 5 pmol L
versus the control (0.14 + 0.04 vs. 0.98 + 0.02, P < 0.01). The low
dose treatment group has significantly regained vasorelaxation
compared to the atherosclerotic model (0.34 + 0.08 vs. 0.14 +
0.04, P < 0.01). The group received the higher dose demon-
strate even greater improvement (0.98 + 0.02 vs. 0.14 + 0.04, P <
0.01) and the values were on par with the control.

A total of two studies explored effects on molecular bio-
markers. In the first study,’® 24 male A/] mice were split into
4 groups: control, hyperlipidaemic, low dose, high dose group.
Both treatment group orally received different doses (25 or
50 mg per kg bw for 3 days) of glycoproteins (95% purity,
90 kDa) from cactus pear. After 3-days of pre-treatment, all
groups except the control were induced hyperlipidaemia with
Triton WR-1339 via injection. The serum NO in the hyperlipidae-
mic group reduced significantly (P < 0.05) versus control. Only
mice which received the higher dose showed marked increase in
serum NO (by 10.4 uM) (P < 0.05) compared to the hyperlipae-
demic model. Absolute values for each group were not reported
however. Consistent observations were also reported by a more
recent attempt with hyperlipidaemic rat models.** In the study,
Male Sprague-Dawley rats (n = 60, 10 per group) were randomly
divided into six groups: I (control), II (hyperlipidaemic control -
highfat emulsion), III (positive control - high-fat emulsion +
positive control drug, Zhibituo tablet), IV-VI (treatment group -
high-fat emulsion + 100, 200, and 400 mg per kg bw of ODP-Ia
respectively). Their treatment (ODP-Ia) is an aqueous extract of
polysaccharide (98.62% purity) from the spiny pest pear.
Treatments were orally administered once daily for 28 days. At
the end of the intervention, the hyperlipidaemic control group
showed significantly lower serum NO compared to the normal
control and positive control group (10.4 + 2.02 vs. 20.8 + 1.49
and 19.3 = 1.19 mmol L™" respectively, P < 0.01). With the treat-
ment, the serum NO increased dose-dependently across all three
doses but only the medium dose (14.5 + 1.70 vs. 10.4 =
2.02 mmol L™, P < 0.01) and high dose (19.2 + 1.65 vs. 10.4 +
2.02 mmol L™, P < 0.01) demonstrated significant improvement
against the hyperlipidaemic control group.

Human studies

Effects of cacti on blood pressure (BP) in human studies. In
terms of clinical evidence, a total of five human
studies'®*>**** explored changes in BP but only two*>*
reported significant improvements. The first study is a pilot
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study with no placebo group to compare against the treatment
group.”” Twenty individuals with cardiometabolic disorders
(10 with type-2 diabetes and the rest with hypertension, over-
weight and obesity) were fasted and then given 250 mL of
diluted cactus pear juice (containing 50 g of prickly pear cla-
dodes) for 30 days. SBP significantly lowered from the 15" day
onwards, while the decrease in DBP was only significant on
the 23" day post-supplementation. However, the absolute
change (in mmHg) or magnitude of change was not reported
by the authors. In the most recent crossover RCT conducted
on non-smoking men (n = 48, aged 45-55, BMI: 25-35 kg m ™)
with coronary artery disease (CAD), participants who were
given daily capsules of betacyanin-rich extract (containing
50 mg of total betacyanin) of cactus pear for two weeks showed
significant reduction in SBP of 3.16 mmHg.”* Contradictory
findings were reported in the other three RCTs.'***** Grube
et al. found no changes in SBP and DBP when overweight and
obese individuals (n = 123, 30 male and 93 female, aged
33-57) consumed 3 g day ' of litramine tablets (fibre complex
from cactus pear) or placebo for a total of 56 days.'® Similarly,
Wiese et al. showed in their acute RCT crossover trial that
cactus pear extract (1600 IU) did not significantly reduce SBP
and DBP in healthy individuals (n = 55, 23 male and 32
female, aged 21-35).** Lastly in an exercise trial,"> SBP and
DBP also did not change in male athletes (n = 22, aged 20-22)
after consuming 150 mL of prickly pear juice daily for two
weeks before they were being tested with the yo-yo intermittent
recovery exercise test.

Effects of cacti on heart rate (HR) and heart rate variability
(HRV) in human studies. The cacti’s effect on HR and HRV
were only investigated in human RCTs.'®*****® Besides the
lack of significant impact on BP, the same RCTs conducted by
Grube et al. and Wiese et al. also showed no changes in
HR.'®* In contrast, data presented in three sports and exer-
cise RCTs suggested otherwise.***>*® Firstly, a crossover RCT
concluded that prickly pear was able to significantly lower HR
(-9 beats per min) and simultaneously increase HRV in both
high (HF) and low frequency (LF) components of both supine
(SU) and standing (ST) positions.*> These effects were evident
after male professional skiers (n = 10, aged 23.8 + 4.5) con-
sumed prickly pear extract (1 capsule per 20 kg bw; equiv. to
100 g fresh fruit) at the end of their training. The other RCT,
also a crossover study, yielded similar results on HR.*® In phys-
ically active men (n = 6, aged 21.0 + 1.6), HR was consistently
lower by ~10 beats per min versus placebo group after consum-
ing 2000 mg of prickly pear extract (OpunDia) before a series
of cycling exercise. Furthermore, similar trend was also seen in
the trial with the recovery exercise test.’> The maximum HR
during exercise was found to be significantly lower in the treat-
ment group (—3.64 beats per min) versus control.

Discussion

Diets rich in phytochemicals and dietary fibre have been
shown to have a positive impact on cardiovascular health. This
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systematic review of animal and human studies provides evi-
dence that supplementation of edible betalain-rich cacti
Hylocereus and Opuntia may have potential to influence endo-
thelial and vascular function.

Animal studies

Interventions that administered very high doses (400-500 mg
per kg bw) of cacti extract in the animal studies failed to show
much more of an effect when compared to studies using
physiologically and dietary realistic amounts (1-10 mg per kg
bw). This dose-response has also been reported elsewhere
both in animal and human models where the medium or low
dose was shown to be more effective.'>*” A possible expla-
nation for this might be that the responsible bioactive com-
ponents in the cacti or extract may exert synergistic inter-
actions at lower amounts or perhaps contribute to a threshold
effect. Such interactions between bioactives have been demon-
strated by Rodriguez-Mateos et al. between dietary polyphenols
and nitrate®® In this review, two studies that explored dose-
dependence reported a dose-dependent relationship.>>**
Although promising, the evidence is limited and it is
important to point out the various issues surrounding the
findings. In three of the animal studies, the treatments were
administered to the animals intravenously via injection or
infusion.”*>?® The results they obtained on the change of BP
were very dramatic (up to —66.7 mmHg).*® From a nutritional
standpoint, these findings become highly questionable on the
basis that the treatments have completely bypassed the gastro-
intestinal (GI) tract and the GI tract is well characterised as the
primary site of absorption and metabolism for many nutrients
and food bioactives. In a recent pharmacokinetic study of beta-
lains (the major phytochemicals in beetroot and cacti species),
Sawicki et al. detected numerous betalains metabolites in
plasma and urine of human volunteers after consumption of
red beet juice.” This further highlights the importance of the
GI tract when the absorption and transformation of cacti beta-
lains are concerned. Especially because only very little is
known about the metabolism of betalains via gut microbiome
at this stage. Another limitation to take note of regarding two
of the animal studies is that the outcome measures (arterial
stiffness and vasorelaxation) were assessed ex vivo, whilst the
methodology used for analysis were not the most optimal for
those outcomes.***° Because the regulation of vascular tone
and arterial stiffness involve complex cellular, molecular and
neurogenic mechanisms,’® evaluating them ex vivo raises
doubts and will negatively impact the extrapolability of the
findings. Ideally, measurements for arterial stiffness and vas-
cular reactivity should be done non-invasively on living sub-
jects using carotid-femoral pulse wave velocity (the gold stan-
dard) and flow-mediated dilation (FMD) respectively. The use
of such methods in animals have already been well documen-
ted in recent studies.>’® Besides the technical issues, the
study animals used were also not representative of a healthy
population. Almost all of the animal studies reviewed have
used diseased animals or animals subjected to high-fructose
or high-fat diet as opposed to healthy subjects. Because some
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of the results may seem quite dramatic, this begs the question
of whether the treatment would generate similar response on a
healthier population. As a whole, evidence from animal
studies is reasonably weak from a nutritional and methodo-
logical perspective as almost half of the studies suffered from
obvious flaws and lack robustness.

Human studies

On the other hand, results gathered from the human studies
are slightly more accountable given the fact that the majority
of them are RCTs which is the gold standard for clinical
research. Besides, four out of five of the RCTs incorporated a
crossover protocol as opposed to a parallel design in an effort
to reduce intraparticipant variability.***® Regardless of that,
there is plenty of room for improvement for future approaches.
In particular, more adequate placebos (micro and macronutri-
ent matched, identical in taste and appearance to the interven-
tion) are much needed in RCTs and it is necessary to quantify
the composition of foods or treatment given to participants,
especially on the components that may potentially exert vascu-
lar effects like dietary nitrate, fibre and their respective phyto-
chemicals such as betalains and phenolic acids in the case of
edible cacti. This is one of the biggest limitations affecting
both animal and human studies. Lastly, further insights into
the dose and time response as well as pharmacokinetics and
pharmacodynamics of betalains and other potential bioactive
components in cacti are also strongly encouraged. This will
help understand the bioavailability and metabolism of the
responsible phytochemicals.

The positive impact of cacti on BP was observed in two
studies lasting 2 to 4 weeks only in population with CAD and
Type-2 diabetes mellitus (T2DM) of a generally young age
range (25-55 years).*>** This warrants future approaches to
investigate the effects on healthier populations of a wider age
group over a longer period. Although no controls were
implemented in one of the studies,”” the dosage used was the
most nutritionally realistic among all of the studies. Their
treatment was a 250 mL diluted prickly pear juice drink con-
taining only 50 g of the cactus cladodes. This is easily achiev-
able in the daily diet. In fact, this is even smaller than one
5-A-Day UK portion size (80 ) for fruits and vegetables. Even
though the difference in SBP and DBP was significant (p <
0.05), no additional information was available regarding the
absolute change of BP in mmHg. In line with the previous
study, the RCT conducted on men with CAD reported signifi-
cant reduction of SBP (3.16 mmHg, p < 0.0001) with only two
weeks of intervention with betacyanin-rich extract derived
from cactus pear.”® Unlike the other studies, the intervention
capsules given to the participants contained only betacyanins
(25 mg per capsule). This strongly implicates that the improve-
ment in SBP could be attributed to betalains. This is also con-
sistent with another RCT (not included in this review) investi-
gating the acute effects of beetroot-enriched bread on 24 h
ambulatory BP in healthy male individuals.>® When comparing
between control bread (CB) vs. white beetroot bread (WBB) vs.
red beetroot bread (RBB), RBB was more effective at lowering
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DBP (p < 0.05) across 0-24 h post-consumption. Essentially,
the WBB and RBB were both matched for all macro and micro-
nutrients including dietary fibre and nitrate (which is also a
strong vasoactive agent),>” leaving only betacyanins as the sole
difference between the two. This further reinforces the notion
that these bioactive betalains may play an important role in
the cardioprotective effects of these edible cacti. As for HR and
HRYV, reasonably strong evidence was presented in two robustly
designed acute crossover RCT. The study populations were
young (21-24 years) physically active men or professional ath-
letes. Because these were sports and performance studies and
HR will inevitably increase with aerobic exercise, HR were com-
pared between groups instead. Van Proeyen et al. documented
a 10 beats per min lower HR after consuming the prickly pear
extract (OpunDia) in treatment group but the composition or
fresh fruit equivalent of the extract were not provided.*® These
results are almost identical to that of Schmitt et al.*® In their
study, the treatment group also has 9 beats per min lower HR
after consuming similar prickly pear extract (equiv. to 300 g
fresh fruit per adult). This dosage may seem quite high but is
still well within realistically achievable amounts. In addition to
HR, HRV was also higher in treatment groups. In Khouloud
et al., their sub-chronic exercise trial yielded similar improve-
ment after two weeks of intervention.*? Despite a longer inter-
vention, the reduction in maximum HR (—3.64 beats per min)
was smaller compared to the RCTs, likely because the amount
administered was lower and more realistic to achieve as part of
a normal diet (150 mL day " cactus pear juice). Collectively,
HR and HRV are strong biomarkers for predicting stroke and
coronary heart diseases. Hence, it is fair to suggest that cacti
supplementation may potentially help ameliorate such con-
ditions although much research is still needed to confirm this.

On the opposite end, Grube et al. reported no changes in
HR, SBP and DBP in volunteers following supplementation of
3 g day ' Litramine tablets.'® The authors claimed that the
Litramine tablet (IQP G-002AS) is a proprietary natural fibre
complex derived from the cactus pear (Opuntia ficus-indica) to
be used as a weight loss therapy. Because of that, it seems
plausible that their observations on vascular parameters were
attributed to the lack of the cacti’s native vasoactive phyto-
chemicals in their treatment. Likewise, this was also reported
in the other RCT looking at the effects of cactus pear on
alcohol hangover.** The study also found no difference in HR,
SBP and DBP between the treatment and control group.
Although this time the complete extract of cactus pear was
used, it is important to take note that the vascular measure-
ments were not the primary outcome. Their main objective,
however, is to assess the effects of cactus pear on hangover
recovery hence the participants were subjected to moderately
high levels of alcohol. Due to the fact that dietary alcohol is a
strong diuretic and vasoactive agent, it may be possible that
the vascular effects in this case were masked by the effects of
alcohol consumption.

Overall, all five animal studies exploring effects on BP
reported significant reductions, one reported improvement
in vascular tone, two observed elevated serum nitric oxide
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and two reported a decrease in arterial stiffness. As for the
human studies, only two out of five found reductions in BP,
three out of five reported lower heart rate, and the only
study investigating the effects on HRV reported a significant
increase.

Strengths and limitations. This review has several notable
strengths; it involved a comprehensive approach to systemati-
cally identify relevant studies without any language or date
restriction, and included data from all eligible studies regard-
less of the experimental designs. Furthermore, two reviewers
independently reviewed the titles and abstracts identified.
However, the main limitation of this review is the lack of quan-
titative analysis. Due to high heterogeneity and small amount
of studies available, it was concluded from the qualitative
review that a conclusive summary estimate may not be possible
through meta-analysis. The method of administration is vastly
different (oral, injection, infusion). There is also a huge vari-
ation in the duration of studies (1-60 days), composition of
intervention (juice, extract, glycoprotein, polysaccharide and
natural fibre), dose (1-500 mg per kg bw per day), study popu-
lation (diseased, healthy and athletic), study design (exercise
trials as opposed to vascular studies), baseline status and
reporting of outcome measures (e.g., absolute change of BP in
mmHg, or change in percentage).

Conclusions

In conclusion, the findings presented in this systematic
review suggests that supplementation of the edible cacti
Hylocereus and Opuntia appears to improve vascular and
endothelial function despite the evidence on BP is mixed.
Although the results from animal studies are less promising,
the human intervention trials provided evidence that these
cacti improves heart rate and increase heart rate variability in
both healthy and in population at risk of CVD. Taken
together, this may implicate a potential use of these cacti as a
novel therapeutic option to remedy vascular dysfunction and
other cardiovascular-related disorders. The current review
also highlighted a few important gaps. Particularly, the long-
term effects of cacti supplementation still remain unclear.
Moreover, the optimal amount for human consumption is
still unknown due to the lack of dose-dependence design in
the RCTs. Because the study population were generally young,
there remains a need to explore the effect of cacti supplemen-
tation in older populations. Therefore, more robustly
designed RCTs are much warranted, with a particular focus
on determining both the acute and chronic effects across
wider age groups. In addition, attention to exploring the
dose-response reaction will help in identifying the optimal
dose to inform future research.
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