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Abstract

Cyanidin and chlorogenic acid are polyphenols from plant origin that are present in many common fruits, particularly in
berries. To corroborate the protective or detrimental effects of both compounds from a neuro-inflammatory perspective,
in vitro experiments were carried out in human astrocytes (U-373). Astrocytes were pre-treated with a range of concentra-
tions of either cyanidin, chlorogenic acid or a combined treatment for a period of 30 min, before exposure to Escherichia
coli lipopolysaccharide (LPS) challenge for 23.5 h, after which cytotoxicity (propidium iodide exclusion assay), cytoprotec-
tive effects (XTT assay) and effects on functional capacity (secretion of pro-inflammatory cytokines IL-6 and MCP-1) were
evaluated. No treatment resulted in cytotoxicity, but high dose (20 ug/mL) LPS significantly reduced mitochondrial reductive
capacity (p <0.001). This effect was prevented in a dose-dependent manner by both cyanidin and chlorogenic acid, as well
as by the combination treatment. However, in the absence of LPS, IL-6 secretion was significantly increased in response
to 2 uM of either cyanidin or chlorogenic acid (both p <0.0001), as well as the combination treatment (p <0.01). MCP-1
secretion followed a similar trend, but did not reach statistical significance. Although we acknowledge the requirement for
in vivo investigations to validate our interpretations, current data highlight the potential risk for antioxidant toxicity that is
linked to high dose supplementation with single compound antioxidants. Research focused at elucidating synergistic effects
between different antioxidants is required to minimise risk of adverse effects.
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Introduction

The natural antioxidant market is probably one of the most
thriving niches in the supplement industry today (Ghosh
2015; Olivo 2016). People are living longer, but unfor-
tunately not healthy, with high incidence of disease from
the sixth decade of life (WHO 2015). A major focus for
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the modern consumer is the use of supplements to counter
the harmful effects of a fast-paced lifestyle. In particular,
oxidant damage is implicated in ageing and many ageing-
related diseases, such as neurodegeneration and others
(Ames et al. 1993; Jones et al. 2002; MacNee et al. 2014).
Plant polyphenol antioxidants in particular have been shown
to be of particular benefit in this regard (Petersen and Smith
2016; Smith 2018; Kodali et al. 2018).

An interesting phenomenon in this niche is the disparity
between approaches, especially to antioxidant supplement
development between ethnopharmacologists and mainstream
pharmacologists: while the norm in traditional pharmacol-
ogy practise is to isolate a compound and then assess its
biological activity or efficacy in particular health or disease
scenarios, ethnopharmacologists (as well as physiologists
and even botanists) are more often assessing the efficacy
and safety of more intact plant-derived extracts, i.e. a less
processed product with more constituents.
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There are of course merits in both approaches: on one
hand, the effect of an isolated compound, as well as potential
drug-supplement interactions, may be easier to accurately
predict when compared to that of a cocktail of ingredients
which may not all be known and scientifically tested. On
the other, antioxidant capacity of plant-derived extracts has
been shown to be lost during harsh solvent extraction pro-
cessed when compared to milder (water) extraction (Tob-
wala et al. 2014). This may suggest that many ingredients
at low concentration may contribute to the net antioxidant
effect of a plant, or that these actives have synergistic action,
as suggested previously (Verpoorte et al. 2005), and argues
against purification of single compounds. More comparative
research on individual plant products is probably required
before a reconciliation of opposing ideas will be possible.

Another obvious consideration, and the focus of the cur-
rent study, is consumer safety and risk of overdose, as the
lay public seems to believe that anything natural is neces-
sarily beneficial to health, independent of dose. In terms of
plant-derived extracts, a large portion of scientific investi-
gations has been focusing on undesired effects by compar-
ing large dose ranges to elucidate safe and effective levels
for consumption in many pre-clinical and rodent studies
(Smith 2011; Bennett et al. 2018). In addition, in the sphere
of polyphenol antioxidants, a recent review argued that a
more complex supplement does not necessarily hold more
risk to consumers, given that the average human diet entails
ingestion of several thousand substances daily (Khakimov
and Engelsen 2017). Furthermore, while the assumption is
made that ingestion of an isolated compound carries less
risk, not many isolated polyphenols have been subjected to
the same rigorous testing to confirm this. Given the reports
of adverse effects of commonly used single-ingredient anti-
oxidants such as vitamins C and E and melatonin (Kim et al.
2018; Colliou et al. 2017; Hart et al. 2012; Miller and Gual-
lar 2009; Zhang and Zhang 2014), this is perhaps an over-
sight that should be revisited.

Thus, the aim of the current study was to determine the
relative safety of two widely consumed antioxidant poly-
phenols—cyanidin and chlorogenic acid—by testing the
response of human astrocytes to a range of single compound
doses, as well as a combination dose. Astrocytes (comprising
20-40% of all glial cells) are known to produce cytokines
capable of either neuronal protection, or functional impair-
ment (Kaushal et al. 2015). Astrocytes have an established
capacity to secrete low levels of specifically IL-6 and MCP-1
under normal physiological conditions, in response to, e.g.
normal byproducts of metabolic processes, to maintain
homeostasis (Balkwill and Burke 1989). IL-6 in particular
has been reported to modulate secretory pathways for other
cytokines, which may be involved in neurodegenerative pro-
cesses (Bolin et al. 2005). In addition, we have previously
shown astrocytes—and their secretion of IL-6 and MCP-1 in
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particular—to be sufficiently sensitive to reflect in vitro cel-
lular responses to LPS stimulus as well as potential benefits
of plant-derived products (e.g. Bennett et al. 2018). Thus,
astrocyte viability and functional responses of these glial
cells in terms of their capacity for MCP-1 and IL-6 secre-
tion were chosen as model for neuro-inflammatory risk in
the current study.

Methods
Cell culture propagation

Human astrocytes (N7805-100, Life Technologies) of low
passage (< 10) were thawed and cultured in complete Dul-
becco’s Modified Eagle Medium (DMEM), containing 10%
foetal bovine serum (FBS) and 1% penicillin—streptomycin,
and subsequently seeded into a 48-well culture plate at a
density of 1 X 10* cells/well in serum-free DMEM, and incu-
bated (37 °C, 5% CO,) for 24 h to fully adhere to the plate.

Preparation of antioxidant pre-treatments

A 10 uM stock solution of chlorogenic acid and cyanidin
was made up by dissolving in DMEM (1% FBS and peni-
cillin—streptomycin). The mixtures were vortexed until the
samples were completely solved, then they were filtered
using a 0.22 um sterile syringe filter. Finally, serial dilu-
tions of each treatment were carried out to get 2 uM, 1 uM
and 0.5 uM solutions.

The purity of cyanidin was determined by Extrasynthese
using a HPLC and reaching >96%. On the other hand, chlo-
rogenic acid was acquired by Sigma-Aldrich and its purity
was assessed by titration with NaOH (>96%). Oxygen radi-
cal absorption capacity (ORAC) was performed for both
antioxidants as validation of their activity: chlorogenic acid
and cyanidin had an ORAC of 6.74 uM Trolox equivalents
(TE) and 1.32 uM TE, respectively.

Preparation of LPS

A 2 mg/mL E. coli LPS (L4391, Sigma-Aldrich) stock solu-
tion was prepared in Hank’s Buffered Salt Solution (HBSS)
and added to wells at a final concentration of 15 pg/mL and
20 pug/mL for astrocyte inflammatory stimulation.

Treatment intervention

The supernatant was aspirated from each well, and the cell
monolayer washed once with Dulbecco’s phosphate-buff-
ered saline (DPBS) to remove remaining media residue.
A 30-min pre-treatment period was then initiated, which
involved the addition of the different treatments (0.5, 1.0 or
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2.0 uM cyanidin, or 0.5, 1.0 or 2.0 uM chlorogenic acid, or
a combination of 0.5 uM cyanidin and 0.5 uM chlorogenic
acid) to the respective wells. For this period, serum-free
media was added to the control and LPS-control groups.

After the pre-incubation period, LPS was added to the
LPS-control wells and LPS-treatment combination groups,
to achieve two different final LPS concentrations of 15 pg/
mL and 20 pg/mL. The LPS vehicle was added to all control
wells. The cells were incubated for a further 23.5 h. At the
end of the incubation period, the supernatant was removed
and stored at — 80 °C for subsequent cytokine quantification,
while viability assays were performed on the cells.

Propidium iodide exclusion assay

A 1 mg/mL propidium iodide (PI) (P1304MP, Thermofisher
Scientific) stock solution was prepared according to manu-
facturer’s instructions. For a 3 uM working solution, the
stock solution was diluted 1:500 in phosphate-buffered
saline (PBS).

Following the 24-h treatment intervention, supernatant
was aspirated from each well. The cell monolayer was
washed with DPBS before the cells were trypsinized, neu-
tralised and centrifuged at 1500 rpm for 5 min at room tem-
perature. The resulting supernatant was discarded, and each
astrocyte pellet was resuspended in 1 mL PI working solu-
tion. The samples were incubated at room temperature for
10 min in the dark before flow cytometric analysis on BD
FACSAria ITu (with BD FACSDiva v8.1 Software). Live
stained, dead stained, and live unstained controls were also
used.

XTT mitochondrial reductive capacity

Following the 23.5-h treatment period, the supernatant
was removed from each well. The astrocyte monolayer was
washed twice with DPBS to remove residual treatment, fol-
lowing which XTT (X4626, Sigma-Aldrich) solution (1 mg/
mL) containing 0.5% phenazine methosulphate (P9625,
Sigma-Aldrich) was added to each well, and a 4-h incubation
period was initiated in a shaking incubator at 37 °C. Follow-
ing incubation, optical densities were determined at 490-nm
using a Universal Microplate Reader (Bio-Tek Instruments,
Inc. EL800) and analysed using KCjunior for Windows Data
Reduction Software (v1.41.3).

Cytokine measurement

Cell-free culture supernatant was analysed using a commer-
cial magnetic bead panel assay (custom-designed Milliplex
MAP Human Soluble Cytokine Receptor Panel, Merck Mil-
lipore) for concentrations of interleukin-6 (IL-6) and mono-
cyte chemoattractant protein-1 (MCP-1). The fluorescent

signals were analysed with a Bio-Plex 200 instrument, in
conjunction with Bio-Plex Manager 6.1 software. Cytokine
responses were expressed as absolute concentrations in cell
culture supernatant.

Quantification of cytokine concentrations was performed
based on a standard curve, derived from linear dilution of
the manufacturer-supplied cytokine standards. The detection
limit was 0.9 pg/mL for IL-6 and 1.6 pg/mL for MCP-1.

Statistical analysis

Results are represented as average of triplicates and standard
error meanings (SEMs). Data distribution was established
following a one-way analysis of variance (ANOVA) and
Dunnett post hoc tests for three or more groups and 7 test
student analyses for two groups. Statistical differences were
considered significant for p <0.05. Statistical analyses and
figures were prepared in GraphPad Prism v.6.

Results
Cellular viability

Absolute cell survival was assessed using the Propidium
Iodide (PI) exclusion assay. Neither dose of LPS, nor any of
the doses of antioxidant compounds used, had any effect on
human astrocyte cellular survival (Fig. 1). Given the signifi-
cant drop in mitochondrial reductive capacity after exposure
to high-dose LPS seen with the XTT data, it is possible that
a longer incubation protocol may have reflected changes in
cell survival which is not evident here after 24 h. A longer
duration protocol may provide more information on ultimate
cell death/survival. However, in the current context, the fact
that no cell death is evident can be seen as a strength of the
study, as cytokine concentrations do not need to be adjusted
for potential effects of cell death.

Taken together, the XTT and PI data suggest that the cur-
rent protocol did not induce cell death at the time points
assessed, but did affect changes in mitochondrial reductive
capacity. To further explore the oxidative stress—inflamma-
tion link, pro-inflammatory cytokine secretion was assessed
for cells exposed to either 15 or 20 ug/mL LPS after pre-
treatment with different doses of either chlorogenic acid,
cyanidin, or a combination treatment containing 0.5 uM of
each.

Mitochondrial reductive capacity
The mitochondrial reductive capacity of human astrocytes
was evaluated by the XTT assay. Cells were pre-treated

with a range of concentrations from 0.5 to 2 pM of chloro-
genic acid, cyanidin or chlorogenic/cyanidin (both 0.5 uM)
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Fig.1 Cell viability of human
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combination for 30 min. After that time, cells were chal-
lenged with E. coli LPS (15 and 20 pg/mL) for 23.5 h in the
presence of the antioxidant treatments. As shown in Fig. 2,
in the absence of LPS, no concentration of any compound
seemed to affect the mitochondrial reductive capacity of the
cells. Exposure to 20 ug/mL LPS, but not the lower dose,
caused a significant reduction of mitochondrial reductive
capacity (more than 35%; p <0.001 vs. control).

This decrease in mitochondrial reductive capacity was
countered in a dose-dependent manner by both chlorogenic
acid and cyanidin, as well as by the combination treatment
containing a relatively low dose (0.5 uM) of each (Fig. 2).

Inflammatory cytokine secretion

The response of astrocytes to the compounds, in the pres-
ence and absence of an inflammatory stimulus (LPS), was
assessed in terms of two major pro-inflammatory cytokines
associated with both neuroinflammation and systemic
inflammation in chronic disease—IL-6 and MCP-1.

When the astrocytes were treated only with different con-
centrations of LPS, the lower dose of toxin elicited secre-
tion of a greater amount of IL-6 with respect to the control
cells. However, at the higher dose of LPS (20 pg/mL), where
mitochondrial reductive capacity was already compromised
at the end of the relatively short 24 h incubation period (refer
to XTT data, Fig. 2), cellular capacity for cytokine secretion
was also compromised (Fig. 3). ANOVA indicated signifi-
cant main effect of treatment on IL-6 secretion (p <0.0001).
Although a similar trend was observed for MCP-1, with
secretion levels almost double after low-dose LPS exposure,
this effect did not quite reach statistical significance.

When considering cellular functional response capac-
ity in terms of inflammatory cytokines, the lower doses of
chlorogenic acid resulted in a somewhat dampened IL-6
and MCP-1 response to low-dose LPS, but did not limit the
response to high-dose LPS (Fig. 4a, b). Similar results were
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observed for both the IL-6 and MCP-1 response after cyani-
din pre-treatment (Fig. 4c, d). However, after high dose pre-
treatment (2 pM), although both cyanidin and chlorogenic
acid treatments enabled a cytokine response to high-dose
LPS, the dampening of the response seen at low-level LPS
exposure, was largely lost. This may be the result of the
antioxidant treatments themselves, since cytokine responses
were also significant in the absence of LPS at the highest
antioxidant treatment levels (Fig. 4a—d). In addition, in astro-
cytes pre-treated with a combination of low-dose chloro-
genic acid and cyanidin, a significantly increased IL-6 and
MCP-1 response was evident, again independent of LPS
exposure (Fig. 4e, f).

Discussion

Current data contribute to the antioxidant literature by
assessing the effects of different doses of antioxidant com-
pounds on the inflammatory response, both basally and in
response to an inflammatory stimulus, in a physiologically
relevant context.

In our astrocyte model, neither the antioxidant treat-
ments assessed, nor the LPS doses employed as inflamma-
tory stimulus, resulted in cell death, as evidenced by the
propidium exclusion assay results. However, using a range
of doses of LPS, we could simulate conditions compara-
ble with chronic disease-related low-grade inflammation,
where deficits in mitochondrial function have indeed been
observed (Baker et al. 2014; De Felice and Farreira 2014).
The fact that current data suggest mitochondrial dysfunction
or impaired function at the highest dose of LPS but not at
the lower dose, further enables interpretation of the effect
of antioxidant treatment both in the absence and presence of
LPS-induced mitochondrial pathology.

After low-dose, single compound antioxidant treat-
ment, cellular responses are in line with a picture of oxygen
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radical quenching, as has previously been demonstrated
for the cyanidin employed here (Casedas et al. 2018). This
antioxidant effect would enable cells to maintain functional
capacity—i.e. the cytokine response to LPS challenge—but
will at the same time decrease LPS-associated oxidant-
induced damage to cells, so that a dampened inflammatory
response is required in response to astrocyte damage. (To
fully interpret the cytokine results, it is important to remem-
ber that the cytokine levels seen are the sum of the astrocyte

cytokine response to the LPS stimulus through activation of
toll-like receptor 4 on the cell surface (Li et al. 2016; Taras-
sisshin et al. 2014) and the cytokines released from the cell
in response to oxidant damage (Karve et al. 2016).)

After high-dose antioxidant treatment however, the
inflammatory response seems to be exacerbated, even in the
absence of LPS, which may be interpreted as a pro-oxidant
response (Bennett et al. 2018). Although current data may be
insufficient for firm conclusions, given that data collection
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A Untreated Control
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Fig.3 Pro-inflammatory responses of untreated control cells expo-
sure to increasing concentrations of LPS. Results are expressed as
absolute concentration of cytokines (pg/mL) in culture superna-
tants: a IL-6 and (B) MCP-1. ***p <0.001 versus LPS (15 pg/mL);
##%%p <0.0001 versus LPS (15 pg/mL). Statistical differences were
detected through one-way ANOVA Dunnett post hoc test

was performed at one time point only, in our opinion, there
is sufficient published literature to support this interpreta-
tion of damage induced/exacerbated by antioxidants under
certain conditions.

Firstly, the class of anthocyanidins is known to have their
antioxidant effects via two mechanisms: firstly, by chelating
metal ions (such as copper or iron) to prevent lipid damage
by interrupting the lipid peroxidation reaction chain and sec-
ondly, by scavenging free radicals (Nimse and Pal 2015). In
the process, the polyphenolic antioxidant is converted to a
somewhat more stable radical. However, both the accumula-
tion of altered antioxidants themselves and other characteris-
tics of the extracellular matrix may result in even these sta-
ble radicals becoming capable of inducing cellular damage
(Liu 2014). For example, quercetin—another natural poly-
phenol with the capacity for metal chelation—was shown
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Fig.4 Effect of chlorogenic acid (a, b), cyanidin (¢, d) and chlo-»
rogenic acid+cyanidin (e, f) with or without LPS stimulation on
pro-inflammatory cytokine production by astrocytes. Results are
expressed as absolute concentration of cytokines (pg/mL) in culture

supernatants. *p <0.01 versus control; *#p <0.0001 versus control;

*p <0.05 versus LPS (20 pg/mL); **p <0.01 versus LPS (20 pg/mL);
*#%p<0.001 versus LPS (20 pg/mL); ****p<0.0001 versus LPS
(20 pug/mL); *p<0.05 versus LPS (15 pg/mL); **p <0.01 versus LPS
(15 pg/mL); ***p<0.001 versus LPS (15 pg/mL). Statistical differ-
ences were detected through one-way ANOVA Dunnett post hoc test
and Student’s ¢ test

to exert opposing effects under different conditions. While
quercetin was reported to prevent DNA damage by metal
chelation in the presence of low cupric ion levels, at high
levels of cupric ions, quercetin seemed to exarcerbate DNA
damage via both increased reactive oxygen species (ROS)
production and altered NF-kB signalling (Jun et al. 2007;
Galaris and Evangelou 2002). Furthermore, in the context
of vitamin E (a-tocopherol), an a-tocopheroxyl radical was
shown to induce lipid oxidation in the absence of other anti-
oxidants (Bowry and Stocker 1993). Thus, considering the
demonstrated high potency of cyanidin in comparison to
other antioxidants (Casedas et al. 2018; Amorini et al. 2001),
these reports lend more credibility to an interpretation for
high risk of pro-oxidant function at high dose. Although
similar studies could not be found for chlorogenic acid, this
antioxidant was recently reported to induce apoptosis-like
cell death in bacteria after depletion of reactive oxygen spe-
cies (Lee and Lee 2018), which also suggests mechanisms
and potency sufficiently high to exert pro-oxidant effect. Fur-
ther in-depth investigations are required to fully elucidate the
mechanisms at play and the conditions under which these
antioxidants may become pro-oxidant.

Of interest in this context, more levels of complexity can
be added to understanding how different antioxidants may
compliment or oppose each other: disparate neuroprotective
effects have been reported for the anthocyanins kuromanin
and callistephin, which was ascribed to the fact that of the
two, only kuromanin had the capacity to generate superoxide
which could act as nitric oxide (NO) scavenger (Winter et al.
2017). Our discussion of results here was centred around
oxygen radical quenching, as that is the known mechanism
for LPS-induced cell damage. However, chlorogenic acid
has similarly been shown to have anti-inflammatory effects
in murine macrophages in a NO-dependent manner (Hwang
et al. 2014), which also implicates interaction of nitrogen
radicals in the interactions between antioxidants and radicals
they aim to neutralise. In addition, astrocytes themselves
have been shown to undergo a phenotype switch upon
activation, enabling them to secrete antioxidants of their
own (Barres, 2008; Hernandez et al. 2008; Parpura et al.
2012). The nature and potency of these antioxidants—and
their ultimate fate in terms of stabilisation—also have to be
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considered to arrive at a comprehensive picture of events at
cellular level.

In conclusion, clearly much more in-depth molecular
research is required to achieve a clear picture of the effects
of antioxidants, both in isolation and in combination, at cel-
lular level. In addition, in vivo models are required to inves-
tigate interactions between (single or multiple) exogenous
and endogenous antioxidants and situations modulating the
cellular environment. Nevertheless, current data points out
the risk of high-dose supplementation and the need for a bet-
ter understanding of how different antioxidants may interact
for maximal benefit and minimal risk. Further research in
this context may inform on natural product compounding
practises for increased consumer safety.
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