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Abstract: Circumstantial evidence link the high levels of environmental pollutants to increased
incidence of different chronic-degenerative diseases. Among these, the levels of heavy metals (HM)
can certainly play a key role. On the other hand, a qualified literature highlights how different
phytochemicals, normally present in the diet are able to interfere with HM metabolism helping to
reduce tissue concentrations and their negative effects on health. Curcumin (Cur) appears of
particular interest for its protective properties against cadmium (Cd) toxicity. HL-60 cells,
differentiated in human monocyte/macrophage lineage by vitamin D analogue EB1089, were pre-
incubated with low doses of Cur (1 uM) and treated for 24 h with 15 uM Cd. Cell viability was
measured using CyQuant fluorescent dye. ROS (reactive oxygen species) and reduced glutathione
(GSH) variations were assayed respectively by dichlorofluorescein-diacetate method and
monochlorobimane probe. The bioavailability of Cur in HL-60 cells was successfully performed
using RP-HPLC coupled with UV-Vis, MS/MS or MS/MSn. In differentiated HL-60 cells, the pre-
incubation with 1 uM Cur determined a significant 20% protection towards the cytotoxicity induced
by Cd. The investigation of the mechanism of action evidenced that curcumin lowered ROS increase
caused by Cd by increasing GSH intracellular levels. The antioxidant activity of Cur was
strengthened by the detection of free curcumin inside the cells after 5 min of treatment.
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1. Introduction

Heavy metals, (HM) unlike organic contaminants, are not biodegradable and comprise elements
like cadmium (Cd), lead (Pb), arsenic (As), mercury (Hg), and chromium (Cr), which are located
along the Earth’s crust in various forms. Environmental pollution of soil, water, and air by HM is a
global problem due to anthropogenic activities, ranging from agriculture to industry [1]. In recent
years has become increasingly evident the role of these environmental pollutants in influencing
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human health: European Environmental Agency have calculated about 500,000 premature deaths
and diseases caused by indoor and outdoor air pollution in the European Union [2]. An analysis of
the countries with more deaths attributed to air pollution reveals that Italy, Germany, Poland, France
and UK, in this order, are at the top of the list. In Italy, there is an area called “the Land of Fire”
located between Naples and Caserta in Campania region, that has become the symbol of a national
ecological crisis whose echo has gone beyond national borders, contributing to damage the overall
image of an entire region and negatively affect, above all, the agri-food sector [3]. Scientific literature
reported several studies related to the impact of HM pollution in this area on human health [4,5]. In
particular, different studies highlighted a worrying increase in HM at concentrations high enough to
affect the health of animals [6] and humans in terms of acute and chronic toxicity (alteration of related
parameters reproduction, endocrine system, immunosuppression) [7]. Qualified literature highlights
how different phytochemical compounds, normally present in the diet, are able to interact with HM,
interfering with their cellular metabolism and helping to reduce tissue concentrations [8]. Curcumin
(Cur) is a polyphenol (1,7-bis (4-hydroxy-3-methoxyphenyl) -1,6-heptadiene-3,5-dione) that different
studies have indicated as the main active compound of turmeric against chronic diseases including
various types of cancer, diabetes, obesity, cardiovascular, pulmonary, neurological and autoimmune
diseases [9,10]. Different studies associate nutritional interventions with protection from health
damage caused by HM: the combination of Cur (50 mg/kg) and Resveratrol (20 mg/kg) reduced
oxidative damage caused by Cd in a mouse model of liver toxicity [11]. A different study, conducted
in rat model, concluded that Cur (30 mg/kg) can exert a neuroprotective effect by chelating HM such
as Pb and Cd [12]. The formation of Cur-HM complexes would reduce oxidative stress (increase in
reactive oxygen species, ROS) at the cellular and tissue level [10]. To effectively translate animal
studies in human’s clinical trials based on nutritional supplements with phytochemicals, it is well
known that a major problem is their rapid metabolism and low bioavailability after oral ingestion
[13]. Primary aim of this preclinical study is the use of very low doses of Cur (1 pM) to verify the
mechanism of Cur protection against Cd toxicity. We used an in vitro model of human myelo-
monocytic cells obtained after in vitro differentiation of HL-60 myelocitic blasts with vitamin D
analogue EB1089 [14]. Results obtained demonstrate for the first time a protective role of low doses
of Cur against Cd toxicity due to a rapid intracellular uptake and efficient antioxidant response. These
findings could be useful to formulate a Cur enriched “functional” food and/or nutraceutical
supplement to be tested in a clinical trial finalized to protect population living in HM contaminated
area.

2. Materials and Methods

2.1. Cell Culture and Viability Assay

HL-60 cells (EACC) [15] were cultured in RPMI medium supplemented with 10% FBS, 1% L-
glutamine and 1% penicillin/streptomycin (Euroclone, Milan, Italy) at 37 °C in a humidified
atmosphere containing 5% COz. Cell differentiation was obtained after one week supplementation
with 100 nM vitamin D (VD) analogue EB1082 (Sigma/Aldrich, Milan) [14]. Differentiated HL-60 cells
were preincbated overnight. with 1 uM Cur (Sigma/Aldrich) or 0.1% DMSO (CTRL). Day after,
medium was changed and cells were incubated with 15 pM Cd Nitrate (Cd(NOs)z, Sigma/Aldrich)
for additional 24 h. Cellular viability was assessed with CyQuant dye (Invitrogen, TermoFischer,
Milan, Italy) as described [16]. After cell staining, microphotographs were captured by fluorescence
inverted microscope (Axiovert Zeiss) at 400x magnification using FITC filter.

2.2. Intracellular ROS

Intracellular ROS were evaluated with CM-DCFDA intracellular fluorescent probe
(TermoFischer-Scientific) after overnight Cur 1 uM pretreatment. Cells were washed and incubated
for 5 min with complete RPMI medium or adding 15 uM Cd [17].
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2.3. GSH Assay

Reduced glutathione (GSH) intracellular content was measured after 6 h of incubation with 15
puM Cd after overnight pretreatment with 1 uM Cur, by using Monochlorobimane as fluorescent
probe (MCB, Sigma/Aldrich) [18]. H202 100 uM was used as GSH depleting agent.

2.4. Measurement of Intracellular Levels of Cur in HL-60

To detect intracellular levels of Cur, HL-60 cells (1.5 x 10°) were incubated with 1 uM Cur in
complete RPMI cell culture medium. After 5 min cells were washed with PBS, resuspended 3 times

in methanol and sonicated. Cur concentration in cell extracts was evaluated as described, using RP-
HPLC coupled with UV-Vis, MS/MS or MS/MSn [16].

2.5. Statistical Analysis

The data were obtained from at least two separate experiments and presented as mean +
standard deviation (SD). The Student’s t-test in Microsoft Excel 2019 program was used to analyze
the statistical significance between different treatments and control groups.

3. Results

3.1. Low Dose of Curcumin Rescues Cell Viability Due to Cd Toxicity in Differentiated HL-60 Cells after
Overnight Incubation

To evaluate protective effects of Cur in a cell model resembling human macrophage/monocyte
cells, HL-60 were differentiated 168 h with vitamin D analogue EB1089 (100 nM). Differentiated HL-
60 cells were viable but not proliferating. They were incubated with 1 uM Cur overnigh in complete
medium. Cur concentration was not toxic in these conditions because we calculated an EC-50 of 20
puM. Day after, medium was changed and replaced with Cd 15 pM for additional 24 h. Results
described in Figure 1a, after CyQuant dye fluorescence quantification, show that Cd is very toxic in
these conditions (<45% cell viability, EC-50 = 25 uM). However, Cur preincubation could
significatively rescue (>20%, p < 0.001 vs. Cd) cell viability in HL-60 differentiated cells. These results
are visualized in micrographs in Figure 1b—e, showing representative fields in the indicated
experimental conditions after incubation with CyQuant fluorescent dye.
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Figure 1. Cur protects differentiated HL-60 cells from Cd toxicity. (a) CyQuant viability assay after 1
UM Cur overnight pre-incubation and replacement with medium or Cd 15 uM for additional 24 h.
Results are expressed as percentage of CyQuant dye fluorescence respect to 0.1% DMSO treated cells
(CTRL). Micrographs show representative fields of different experimental points: (b) CTRL, (c) Cur,
(d) Cd, (e) Cd after pre-incubation with Cur (400x, FITC filter). Symbols indicate statistical
significance after t-test Student: +++ p <0.001 vs. CTRL, *** p <0.001 vs. Cd.

3.2. Curcumin Pretreatment Lowers Intracellular ROS Generated by Cd

The main factor affecting Cd toxicity and carcinogenicity is production of ROS [10]. With the
generation of peroxides, non-fluorescent CM-DCFH-DA dye is oxidized to fluorescent CM-DCF that,
in turn, is quantitatively measured with a fluorescence reader. Figure 2a shows that 15 uM Cd, soon
after addition in cell culture medium (5 min), significally rised intracellular peroxides respect to
CTRL (>10% p < 0.001) and Cur pre-treated cells (>15% p < 0.001). Overnight incubation with Cur
slightly lowered intracellular ROS respect to CTRL (<5% p < 0.05). When HL-60 cells, pre-treated with
Cur, were incubated with Cd, the percentage of cells displaying ROS generation was significantly
decreased probably due to Cur pre-treatment (<15% p < 0.001 vs. Cd).
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Figure 2. Cur protect HL-60 cells from ROS and GSH depletion induced by Cd. (a) Intracellular ROS
measurement obtained with CM-DCFDA probe after 1 uM Cur (A) overnight pre-incubation and
replacement with medium or Cd 15 uM (B) for 5 min. Results are expressed as percent of DCF
fluorescence respect to 0.1% DMSO treated cells (CTRL). (b) GSH intracellular content measured with
fluorescent probe MCB, after overnight Cur incubation (A) and replacement for 6 h with medium, Cd
15 uM (B) or H202200 uM. Symbols indicate statistical significance after t-test Student: + p <0.05 vs.
CTRL, +++ p <0.001 vs. CTRL, *** p <0.001 vs. Cd.

3.3. Curcumin Protect Cells from GSH Depletion Induced by Cd by Rising Its Intracellular Levels

The toxicity of Cd, as a redox-inactive metal, arises from the depletion of antioxidant GSH and
bonding to the sulfhydryl groups in proteins [10]. Since a method for GSH assessment using bimanes
could be rapid, sensitive and specific, we used monochlorobimane (MCB) as an intracellular
fluorescent probe to verify if Cd induced toxicity in HL-60 was due to GSH depletion [18]. After 6 h
of incubation with Cd, GSH levels were significantly lower than CRTL (Figure 2b, <20% p < 0.05). On
the opposite, Cur pre-treatment significantly rised intracellular GSH levels (Figure 2b, >40% p < 0.001
vs. untretaed cells) as well as when Cd was added after Cur overnight pre-incubation (Figure 2b,
>30% p < 0.001 vs. Cd alone). H20: was used as GSH depleting agent.

3.4. Curcumin Uptake in HL-60 Cells

Due to the short half-life of Cur in aqueous medium, it is difficult to determine whether the
observed biological actions of this polyphenol in vitro are due to Cur itself or its degradation
products, hampering mechanistic understanding of Cur biology [19]. So, we developed a method to
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extract Cur from HL-60 cells, soon after (5 min) addition in cell culture medium [16]. Table 1 shows
that free Cur is present at measurable levels in cells after 5 min of incubation but, as aspected, it is
rapidly degraded during time (starting from 1 until 15 h of incubation, not shown). This result
revealed that Cur, al low levels, could be rapidly absorbed in HL-60 cells where it could exert
antioxidant activities against Cd toxicity.

Table 1: Curcumin uptake in HL-60 cells

CTRL DMSO Treatment (min) Curcumin concentration
1uM
N.D. 5 11.81 + 4,52*

*numbers indicate ng curcumin/1,5x10° cells + s.d.

4. Discussion

This paper shows that low concentrations of Cur are able to protect human cells from Cd
immunotoxicity. Since there are no papers in PubMed database using low doses of Cur in a cellular
model of human myeloid lineage, this study is a novelty. Cur is rapidly absorbed in HL-60 but its
intracellular concentration rapidly decline. In our conditions, Cur is eliminated from cell culture
medium before adding Cd, so it is not acting as a direct ROS scavenger in these experiments.
However, Cur pre-treatment “prepare” cells to the oxidative insult induced by Cd by rising
intracellular GSH content, probably by acting on Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)
antioxidant system and activating an autophagic, protective process [20]. In these experimental
conditions, low doses of Cur pre-treatment permit to evaluate “chemopreventive” efficacy of this
molecule against Cd derived cellular damages. This experimental design could mimic the “realistic”
intracellular concentrations of a dietary phytochemical present in cells of immunity system after a
nutritional supplementation in humans [13].
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Abbreviations

The following abbreviations are used in this manuscript:

HM Heavy Metals

ROS Reactive Oxygen Species

DMSO Dimethyl sulfoxide

Cur Curcumin

Cd Cadmium Nitrate

GSH reduced Glutathione

VD Vitamin D

CM-DCFDA  5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate
MCB Monochlorobimane
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