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ABSTRACT

Introduction: The development of antibiotic resistant bacteria has
resulted in treatment failure for the current antibiotic regimen against
many bacteria. A corresponding decrease in the development of new
antibiotic therapies has highlighted the urgent need for the discovery of
new antibiotics. An examination of ‘superfoods’ is an attractive option due
to the high antioxidant capacities and beneficial secondary compounds
reported in many ‘superfoods’. This study was undertaken to test kale and
spirulina extracts for the ability to inhibit the growth of a panel of bacterial
pathogens of human importance. Methods: Commercially sourced kale
and spirulina powders were extracted and tested for antimicrobial activity
using modified disc diffusion and liquid dilution MIC methods. Toxicity
was evaluated using an Artemia franciscana nauplii bioassay. Results:
The methanolic and aqueous extracts of kale and spirulina displayed
noteworthy growth inhibitory activity against P mirabilis. The agueous
spirulina extract was a particularly good inhibitor of P mirabilis, with MIC
values as low as 220ug/mL. In contrast, all extracts were ineffective or of
low inhibitory activity against all other bacteria tested. All extracts were

INTRODUCTION

Plants have been used for thousands of years as medicines for treating
a variety of different diseases (including fighting bacterial pathogens)
by most, if not all civilisations globally. Indeed, the ability of plant
extracts to block the growth of pathogenic bacteria has become a focus
of substantial recent study.® Much of the research into traditional
medicinal plant use has focused on Asian,®® African,*" Middle
Eastern'*** and South American® plants. However, despite the potential
of plants to provide us with useful pharmaceutical agents, the field is still
relatively poorly studied. Only an estimated 5-10% of the approximately
300,000-500,000 plant species worldwide have been screened for one or
more bioactivities.”

The development of new antibiotic therapies is particularly urgent. The
recent establishment of bacterial pathogens that are either extremely
(XDR) or totally resistant (TDR) to common clinically used antibiotics'®
has resulted in the need to develop new and effective antibiotic
chemotherapies. There are now limited therapeutic options for many
diseases caused by bacterial pathogens and the situation is expected
to worsen in the future as bacteria exchange resistance genes. Indeed,
the development of alternative antibacterial treatment modalities has
become crucial and is considered by the World Health Organisation
(WHO) to be one of the most serious challenges facing medical science."”
For reasons reviewed elsewhere, ' it is unlikely that the previous methods
of antibiotic discovery/development will be as successful in the future
and new treatment modalities are urgently required. Traditional
medicines and herbal remedies have great potential for antimicrobial
drug development and there has recently been a substantial increase in
interest in this field."*

The consumption of ‘superfoods’ may be beneficial to human health,
both in healthy individuals and in people suffering from disease. These
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non-toxic in the Artemia nauplii bioassay, confirming their suitability as
natural antibacterial therapies. Conclusion: These studies indicate that
aqueous kale and spirulina extracts are promising inhibitors of 2 mirabilis
growth and may be useful in the prevention and treatment of rheumatoid
arthritis, as well as other diseases caused by that bacterium.
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foods have high levels of one or more important dietary components
and may provide necessary nutrients and macromolecules to assist
in maintaining a healthy nutritional balance, thereby decreasing the
occurrence of disease. This may be achieved ina number of ways, including
boosting the individual’s immune system, increasing metabolism and
enhancing cellular protection mechanisms. Foods with high antioxidant
contents may be particularly beneficial as high antioxidant levels
assist in preventing the development of degenerative diseases such as
cancer.® Cardiovascular diseases,* neural degeneration,” diabetes and
obesity.** Phenolic phytochemicals are generally strong antioxidants.””
Their primary action involves the protection of cell constituents against
oxidative damage through the scavenging of free radicals, thereby
averting their deleterious effects on nucleic acids, proteins, and lipids in
cells.”” Furthermore, ‘superfoods’ may contain high levels of secondary
metabolites which may directly target bacterial pathogens, thereby
preventing and treating pathogen infections. Therefore, superfoods may
be good targets for screening for new antibacterial chemotherapies.

Brassica oleracea L. (commonly known as kale) is described as a
‘superfood’ due to its high levels of antioxidant vitamins. It is particularly
rich in Vitamins A, C, B, B, B,, E, folate and pantothenic acid.*® It is
also a rich source of several important dietary minerals, including iron,
calcium, potassium, phosphates and manganese. Spirulina is an edible
biomass of three species of cyanobacterium: Arthrospira platensis,
Arthrospira fusiformis and Arthrospira maxima. It is a particularly rich
source of protein (up to 70% of the dry weight), and also contains
high levels of Vitamins B,, B,, B,, manganese and iron.*®® It is also rich
in the fatty acids, gamma-linolenic acid, alpha-linolenic acid, linoleic
acid, stearidonic acid, eicosapentaenoic acid (EPA), docosahexaenoic
acid (DHA) and arachidonic acid, yet contains no detectable levels
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of Omega-3 fatty acids. The high contents of antioxidant vitamins
and minerals of these two ‘superfoods’ makes them good targets for
screening against bacterial pathogens that cause disease in humans. This
study was undertaken to screen extracts produced from commercial kale
and spirulina food additives against bacterial pathogens. The toxicity of
the extracts was also determined to further evaluate their suitability for
therapeutic use.

MATERIALS AND METHODS

Plant material and extraction

Commercially produced kale and spirulina food supplements were
obtained from Nature’s Way, Australia as pure dried powders. Individual
1g masses of the dried plant material was extracted extensively in
50 mL methanol, deionised water or ethyl acetate for 24h at 4°C with
gentle shaking. All solvents were purchased from Ajax Fine Chemicals,
Australia and were analytical (AR) grade. The extract was filtered
through filter paper (Whatman No. 54) under vacuum followed by
drying by rotary evaporation. The resultant pellet was dissolved in 5mL
deionised water (containing 1% DMSO), passed through 0.22um filter
(Sarstedt) and stored at 4°C.

Qualitative phytochemical studies

Phytochemical analysis of the kale and spirulina extracts for the
presence of saponins, phenolic compounds, flavonoids, phytosteroids,
triterpenoids, cardiac glycosides, anthraquinones, tannins and alkaloids
was conducted using standard assays.**!

Antioxidant capacity

The antioxidant capacity of each extract was assessed using the DPPH
free radical scavenging method* with modifications. Briefly, DPPH
solution was prepared fresh each day as a 400 uM solution by dissolving
DPPH (Sigma) in AR grade methanol (Ajax, Australia). A 2 mL aliquot
of each extract was evaporated, and the residue resuspended in 2 mL
of methanol. Each extract was added to a 96 well plate in 5, 10, 25, 50,
75uL volumes in triplicate. Methanol was added to each well to give a
volume of 225uL. A volume of 75 pL of the fresh DPPH solution was
added to each well to give a total reaction volume of 300 uL. Ascorbic
acid was prepared fresh and examined across the range 0-25ug per well
as a reference and the absorbances were recorded at 515nm. All tests and
controls were performed in triplicate. The antioxidant capacity based on
DPPH free radical scavenging ability was determined for each extract
and expressed as pg ascorbic acid equivalents per gram of original plant
material extracted.

Antibacterial screening

Test micro-organisms

All media was purchased from Oxoid Ltd., Australia. The reference
strains of A. baylyi (ATCC21721), Klebsiella pneumoniae (ATCC31488),
Proteus mirabilis (ATCC21721), Proteus vulgaris (ATCC21719) and
Pseudomonas aeruginosa (ATCC39324) were purchased from American
Tissue Culture Collection (ATCC), USA. Clinical isolate microbial
strains of Alcaligenes feacalis, Bacillus cereus, Enterobacter aerogenes,
Enterococcus faecalis, Escherichia coli, Klebsiella pneumonia, Proteus
mirabilis and Pseudomonas aeruginosa were obtained from Ms Michelle
Mendell and Ms Jane Gifkins, Griffith University. All stock cultures were
subcultured and maintained in nutrient broth at 4°C.
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Evaluation of antimicrobial activity

Antimicrobial activity of the kale and spirulina extracts was determined
using a modified disc diffusion assay.***® Briefly, 100uL of the each
bacterial suspension in log phase was spread onto individual nutrient agar
plates and the extracts were tested for antibacterial activity using 6mm
sterilised filter paper discs. The discs were each infused with 10uL of the
individual plant extract, allowed to dry and placed onto the inoculated
plates. The plates were allowed to stand at 4°C for 2h before incubation
at 37°C for 24 h. The diameters of the zones of inhibition (ZOIs) were
measured to the closest whole millimetre. Each assay was performed
three times in triplicate (n=9). Mean values (+ SEM) are reported in
this study. Standard discs of ampicillin (10ug) and chloramphenicol
(10pg) were obtained from Oxoid, Australia and were used as positive
controls to compare antibacterial activity. Filter discs infused with 10uL
of distilled water were used as a negative control.

Minimum inhibitory concentration (MIC) determination

The minimum inhibitory concentration for each extract was determined
using liquid dilution MIC assays and solid phase agar disc diffusion
assays.

Microplate liquid dilution MIC assay

A standard liquid dilution MIC assay'® was used to evaluate the
bacterial growth inhibitory activity of the extracts and conventional
antibiotics. Briefly, log phase bacterial cultures were diluted to produce
a McFarlands inoculation culture. A 100pL volume of sterilized nutrient
broth was dispensed into all wells of a 96 well micro-titre plate. A
volume of 100uL of the plant extracts or conventional antibiotics was
subsequently dispensed into separate wells of the top row of the plate. A
negative control (nutrient broth), sterile control (broth without bacteria)
and a sample-free culture control (to ensure the media was capable of
supporting microbial growth) were also included on all plates. Each test
sample or control was serially diluted down each column on the plate
by doubling dilution. The assay culture inoculum (100pL, containing
approximately 1x10° colony forming units (CFU)/mL) was then added
to all wells except the sterile control wells and incubated overnight at
37°C. p-lodonitrotetrazolium violet (INT, Sigma-Aldrich, Australia)
was dissolved in sterile deionised water to a concentration of 200ug/
mL. A 40pL volume of the INT solution was added into all wells and
the plate was incubated for a further 6 hr at 37°C. The MIC was visually
determined as the lowest dose at which colour development was
inhibited.

Disc diffusion MIC assay

The minimum inhibitory concentration (MIC) of each extract was also
quantified by disc diffusion assay.**¢ Graphs of the zone of inhibition
(ZOI) versus In concentration were plotted and MIC values were
calculated by linear regression.

Artemia franciscana nauplii toxicity screening

Toxicity was tested using an adapted Artemia franciscana nauplii lethality
assay.””* Briefly, A. franciscana nauplii were incubated in the presence
of the extracts, reference toxin (lmg/mL potassium dichromate) or
artificial seawater (negative control) at 25+1°C under artificial light. All
treatments were performed three times, each with internal triplicates
(n=9). The number of dead were counted in each well at 24 h then
sacrificed and the total number of nauplii in each well were counted and
used to calculate the % mortality per well. LC, values were calculated for
each treatment using probit analysis.
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Statistical analysis

Data are expressed as the mean + SEM of three independent experiments
with internal triplicates (1=9). One way ANOVA was used to calculate
statistical significance between control and treated groups, with a P value
< 0.01 considered to be statistically significant.

RESULTS

Liquid extraction yields, qualitative phytochemical
screening and antioxidant capacity

Extraction of 1 g of dried plant material with various solvents yielded
dried plant extracts ranging from approximately 5 mg to 355mg (Table
1). The dried extracts were resuspended in 10 mL of deionised water
(containing 1% DMSO), resulting in the extract concentrations shown
in Table 1. Phytochemical studies (Table 1) show that methanol and
water extracted the widest range and largest amount of phytochemicals
in this study. The methanolic and aqueous extracts of both kale and
spirulina contained high levels of total phenolics (water soluble and
insoluble phenolics) and flavonoids, as well as lower levels of tannins.
The ethyl acetate extracts contained similar classes of phytochemicals,
although at substantially reduced relative abundances. All extracts were
completely devoid of detectable levels of alkaloids, anthraquinones,

Table 1: The mass of dried extracted material, the concentration after
resuspension in deionised water, qualitative phytochemical screenings and
antioxidant contents of kale and spirulina extracts.

M W E M w E

Massofextract - )\c 130 g0 155 355 50
(mg)
Concentration
of extract (mg/

mL)

24.5 23 8

e T +

Total phenolics
+H+

Water soluble

Phenolics phenolics

+++ .+ +

+++

Water insoluble
phenolics

Cardiac
glycosides

HH+

+++

Saponins + + - = 4 -
Triterpenes - - - = - -
Phytosterols - - - = - i

Meyer test - - - = = -

Alkaloids
Wagner test - - - - - -

Flavonoids

Tannins +

Free - - - - - -
Anthraquinones
Combined - - - - - -
Antioxidant
capacity

10.49 8.78 - 109 6.01

+++ indicates a large response; ++ indicates a moderate response; + indicates
a minor response; - indicates no response in the assay. AA = ascorbic acid.
Antioxidant capacity determined by DPPH reduction (expressed as mg AA
equivalence per g plant material extracted).
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cardiac glycosides, phytosterols and triterpenoids.

Antioxidant capacity (expressed as ascorbic acid equivalence) for the
kale and spirulina extracts are presented in Table 1. The antioxidant
capacity ranged from levels below the detection sensitivity of the
assay (ethyl acetate extracts of both kale and spirulina) to a high of
approximately 10mg ascorbic acid equivalence per gram of dried plant
material extracted (methanolic kale extract). In general, the kale extracts
had substantially higher antioxidant capacities than the spirulina
extracts. There was no clear correlation between the solvent used for
extraction and the antioxidant capacity. For kale, the methanolic extract
had a substantially higher antioxidant capacity than the aqueous extract,
whereas this trend was reversed for spirulina.

Antimicrobial activity

Aliquots (10 pl) of each extract were tested in the disc diffusion assay
against a panel of bacterial pathogens (Figure 1). Both the kale and
spirulina methanolic and aqueous extracts displayed noteworthy growth
inhibitory activity against P. mirabilis (both the reference and clinical
isolate strains). In contrast (with the exception of the methanolic and
aqueous spirulina extracts, which displayed low levels of inhibitory
activity against E. coli), the extracts were devoid of growth inhibitory
activity against the other bacterial species tested. The spirulina extracts
were generally better bacterial growth inhibitors than the equivalent kale
extracts. This is particularly evident for the aqueous spirulina and kale
extracts against P. mirabilis (ZOIs of 9.2 and 7.3mm respectively against
the reference strain).

The relative level of antimicrobial activity was further evaluated by
determining the MIC values (Table 2) against the bacterial pathogens.
The kale and spirulina aqueous extracts were particularly effective at
inhibiting microbial growth, with low MIC values recorded against P
mirabilis, indicating the potent antimicrobial activity of these extracts.
The aqueous spirulina extract was particularly strong (LD MIC
values of 220 and 320 pg/mL against the reference and clinical strains
respectively), compared to the aqueous kale extract (LD MIC values of
754ug/mL against both the reference and clinical P. mirabilis strains).
The methanolic extracts also had noteworthy inhibitory activity,
although the methanolic kale extract (LD MIC values of 965 and
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Figure 1: Antibacterial activity of kale and spirulina extracts and
ampicillin and chloramphenicol controls (10 pg) measured as zones of
inhibition (mm) against bacterial pathogens. Results are expressed as
mean + SEM of at least triplicate determinations. Ref = reference strains;
Cl = clinical isolate strains; K = kale; S = spirulina; M = methanolic extract;
W = aqueous extract; E = ethyl acetate extract; Amp = ampicillin’ Chl =
chloramphenicol; NC = negative control. * = results that are significantly
different to the negative control. 6mm line indicates the diameter of the
disc.
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Table 2: Minimum inhibitory concentrations (ug/mL) of kale and spirulina fruit extracts against susceptible microbial species.

Kale extracts

Spirulina extracts Controls

KM KW KE SM SW SE Amp  Chl NC
DD MIC - - - - - - ND ND ND
A. baylyi (R)
LD MIC - - - - - - - 2.5 -
DD MIC - - - - - - ND ND ND
A. baylyi (CI)
LD MIC - - - - - - - 2.5 -
DD MIC - - - - - - ND ND ND
A. faecalis
LD MIC - - - - - - 2.5 2.5 -
DD MIC - - - - - - ND ND ND
B. cereus
LD MIC - - - - - - 1.25 2.5 -
DD MIC - - - - - - ND ND ND
E. aerogines
LD MIC - - - - - - 1.25 1.25 -
% DD MIC - - - 7655 >10,000 - ND ND ND
. coli
LD MIC - - - 4750 >10,000 - 1.25 1.25 -
DD MIC - - - - - - ND ND ND
E. faecalis
LD MIC - - - - - - - 2.5 -
DD MIC - - - - - - ND ND ND
K. pneumoniae (R)
LD MIC - - - - - - - 1.3 -
DD MIC - - - - - - ND ND ND
K. pneumoniae (CI)
LD MIC - - - - - - - 1.25 -
DD MIC 965 1283 >10,000 3258 528 >10,000 ND ND ND
P. mirabilis (R)
LD MIC 528 754 >10,000 1675 220 >10,000 1.3 0.6 -
DD MIC 946 1283 >10,000 2856 625 >10,000 ND ND ND
P. mirabilis (CI)
LD MIC 528 754 >10,000 1250 320 >10,000 1.3 0.6 -
DD MIC . - 6970 >10,000 - ND ND ND
P, vulgaris
LD MIC - - - 4450 >10,000 - 2.5 1.3 -
DD MIC - - - - - - ND ND ND
P. aeruginosa (R)
LD MIC - - - - - - - 2.5 -
DD MIC - - - - - ND ND ND
P. aeruginosa (CI) LD MIC - - - - - - - 2.5 -
Toxicity Artemia nauplii 1063 1458 - - 1285 - 85* -

Numbers indicate the mean MIC values of triplicate determinations expressed in ug/mL. KM = kale methanolic extract; KW = kale aqueous extract, KE = kale ethyl
acetate extract; SM = spirulina methanolic extract; SW = spirulina aqueous extract; SE = spirulina ethyl acetate extract; DD = disc diffusion; LD = liquid dilution; ND
= MIC values were not determined as only a single dose was screened; - indicates no inhibition (or toxicity) at any concentration tested; * = potassium dichromate

was used as the positive control. Bold text indicates noteworthy MIC values.

946pg/mL against the reference and clinical strains respectively) was a
substantially better inhibitor of P. mirabilis growth than the methanolic
spirulina extract (LD MIC values of 3258 and 2856ug/mL against the
reference and clinical strains respectively). All other bacteria were either
completely resistant to the kale and spirulina extracts, or displayed only
low inhibitory activity (as judged by MIC values).

Quantification of toxicity

The kale and spirulina extracts were diluted to 4000 ug/mL (to give a
bioassay concentration of 2000 ug/mL) in artificial seawater for toxicity
testing in the Artemia nauplii lethality bioassay. For comparison, the
reference toxin potassium dichromate was also tested in the bioassay.
Potassium dichromate was rapid in its induction of mortality, with
mortality evident within 4 hrs of exposure (unpublished results). The
kale and spirulina extracts were slower at inducing mortality, with
> 12 hrs needed for mortality induction. Despite the slower onset

48

of mortality, the methanolic and aqueous kale extracts, as well as the
aqueous spirulina extract, induced mortality significantly above that of
the artificial seawater control (Figure 2). Table 2 shows the extract and
control toxin concentrations required to achieve 50 % mortality (LC, ) at
24h. As toxicity of crude plant extracts has previously been defined as 24
LC,, values < 1000 pg/mL,** the measured LC, values indicate that all
of the extracts were nontoxic.

DISCUSSION

The discovery of penicillin by Alexander Fleming approximately 100
years ago revolutionised medical science and provided an effective
treatment against a wide variety of bacterial pathogens, thereby
saving countless lives globally (as reviewed by [16]). Unfortunately,
bacteria rapidly developed resistance to penicillin and by evolving to
produce B-lactamase enzymes that degrade the P-lactam structure,
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Figure 2: The lethality of kale and spirulina extracts (2000 pg/ml) and
potassium dichromate control (1000pug/mL) towards Artemia franciscana
nauplii after 24 hrs exposure. Results are expressed as mean + SEM of at

least triplicate determinations. * indicates results that are significantly
different to the untreated control (p<0.01).
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rendering those antibiotics ineffective or of low efficacy against many
bacterial pathogens (as reviewed by [16]). Since then, numerous
other antibiotic molecules of different classes (aminoglycosides,
carbapenems,  cephalosporins, fluoroquinolones,  glycopeptides,
macrolides, monobactams, oxazolidinones, rifamycins, solfonamides,
streptogramins and tetracyclines) have been isolated from microbes and
have been incorporated into our clinical antibacterial pharmacopeia.
Furthermore, synthetic chemists have modified the scaffold structures
of the naturally occurring antibiotics to increase the number, efficacy
and bioavailability of antibiotics available to treat bacterial infections.
However, bacteria have rapidly evolved resistance mechanisms that
specifically target antibiotics, rendering them resistant to their effects.
There are now limited therapeutic options against many of these resistant
bacterial strains and new effective antibiotic therapies are urgently
needed. Indeed, the World Health Organisation (WHO) considers the
development of alternative antibiotic chemotherapies to be one of the
most urgent challenges for medical science (as reviewed by [16]).

A re-examination or traditional plant-based foods and medicines is a
promising approach to develop new antibiotic chemotherapies. Plant-
based medicines were commonly used in many cultures to treat bacterial
infections before the discovery of penicillin and are still used in several
traditional healing systems such as Ayurveda, or Traditional Chinese
Medicine (TCM). The use of these traditional medicines is often well
documented, making the selection of species for study relatively easy.
Furthermore, plant preparations often contain multiple anti-pathogenic
compounds, providing greater efficacy and decreasing the possibility of
inducing further bacterial resistance.

The high antioxidant capacities and presence of bioactive secondary
components in some ‘superfoods’ makes them targets for the discovery
of new antibacterial chemotherapies. Both kale and spirulina have high
antioxidant contents and are rich in Vitamins A, C, B1, B2, B6, E, folate
and pantothenic acid, as well as iron, calcium, potassium, phosphates and
manganese. Despite this, neither kale nor spirulina have been rigorously
evaluated for antibacterial activity. Notably, our screening studies
determined that both kale and spirulina extracts had limited specificity
against the bacterial pathogens screened. The kale and spirulina extracts
were particularly good inhibitors of P. mirabilis. This is noteworthy as
P. mirabilis has been implicated in urinary tract infections (UTTs) and
the induction of rheumatoid arthritis (RA).*® Thus, consumption of
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kale or spirulina has the potential to block RA before the induction of
the immune response and inflammation, thus not only blocking the
late phase symptoms, but also the tissue damage associated with RA.
The methanolic spirulina extract also inhibited the growth of E. coli
although the MIC values indicate only weak inhibition. All extracts were
completely ineffective against all other bacterial species tested, indicating
a narrow specificity for these extracts.

The results of this study indicate that the kale and spirulina extracts
examined in this report are worthy of further study due to their
P mirabilis inhibitory activity. The aqueous spirulina extract was
particularly promising. Furthermore, as extracts with LC, | values greater
than 1000 pg/mL in the Artemia nauplii bioassay have been defined as
being non-toxic,”* all extracts were deemed to be non-toxic. Further
evaluation of the antimicrobial and anticancer properties of the kale
and spirulina extracts is warranted. Likewise, further bioactivity driven
purification studies are needed to examine the mechanisms of action of
these agents.

CONCLUSION

The results of this study demonstrate that the aqueous spirulina and kale
extracts are good inhibitors of P. mirabilis growth, yet were ineffective
against the other bacterial species tested. Bioactivity driven purifications
of the active components and an examination of the mechanisms of
action of these agents is required.
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SUMMARY

o Kale and spirulina extracts were screened for the ability to block the
growth of a panel of human bacterial pathogens.

. The aqueous extracts of botrh kale and spirulina were good inhibitors
of P mirabilis growth (MIC values 220-754ug/mL).

o Low or no inhibitory activity was evident against all other bacterial
species.

. Toxicity of the kale and spirulina extracts was evaluated using the
Artemia nauplii toxicity bioassay.

. All kale and spirulina extracts were non-toxic.
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