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ABSTRACT 
Objectives: Lead (Pb) is widely-occurring metals with known immunotoxic properties that are frequently found in 

the environment. The current study was conducted to evaluate the lead induced bioenergetic disruption as 
underling mechanism of its immunotoxic effect on the isolated human peripheral blood monocytes (hPBM).  
Methods: The cytotoxic effect of Pb on hPBM was evaluated by MTT assay using concentration range from o.1 

to 1000 μM. The effect of lead on the phagocytic activity of the isolated cells was evaluated. Finally, the effect of 
lead on the bioenergetics of hPBM was evaluated by studying its effect on ATP production as well as  the 
activities of  mitochondrial complex I and III. Finally the protective effect of co-enzyme Q10 on the hPBM 
phagocytic activities was studied. 
Results: Data showed that Pb was toxic to the isolated cells in a concentration and exposure duration dependent 

pattern with parallel  decreases in the phagocytic activities of the isolated hPBM. Lead was shown to cause 
significant decreases in ATP production in the exposed hPBM with significant inhibitory effect on   the 
mitochondrial complex I and III activities. Interestingly, co-enzyme Q10 showed significant protective effect on the 
isolated cells phagocytic activities. 
Conclusion: It can be concluded that some of the immunotoxic effects that the metals Pb can impart on the 

functionality of isolated hPBM (i.e., phagocytic activity,) may be secondary to an induced disruption of hPBM cell 
bioenergetics. 
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INTRODUCTION 
Heavy metals, such as lead (Pb), are able to deposit in 
tissues and cause a variety of toxicities 1. In some cases, 
the toxicities can be produced as a result of interactions 
between the metals and various proteins 2. The immune 
system is complex and has become adapted to respond in 
precise manners to various antigens, pathogens, and the 
like. Because metals, in some cases as a result of their 
interactions with immune response proteins,  can positively 
or negatively influence the functions of various immune 
cells 3, it is thus not surprising that immunotoxic 
manifestations like hypersensitivity and autoimmunity have 
been repeatedly observed in workers and in animal models 
following exposures to exposed to heavy metals 3-5 . In 
other cases, there is an immunosuppression that is 
induced. For instance, workers exposed to Pb were found 
to have a higher incidence of common cold and influenza 
infections - accompanied by lower blood levels of 
immunoglobulins - when compared to non-metal-exposed 
persons6. While higher levels of immunoglobulin E, which 
plays a major role in the allergic symptoms, was reported 
among children with high exposure to Pb7.  
 Mitochondria play a key role in regulating the 
responses of monocytes and macrophages to pathogens 
and tissue injury. Environmental metals, such as lead, 
cadmium, and mercury were shown to be accumulated in 
mitochondria in higher rates than the other cellular 
organelles8,9 . Interestingly, monocytes mitochondria 
disruption was suggested to play a role in pathogenesis of 
certain systemic diseases as atherosclerosis and chronic 
kidney disease (CKD) via induction of chronic inflammatory 
response 10,11. Therefore, the current study had evaluated 
the cytotoxic effect of Pb on the isolated human 
monocytes. The effect Pb on cells phagocytic activity of the 

cells was studied. Then Pb effect on the isolated cells 
mitochondrail complexes I and III was evalted HMs induced 
immunotoxicity on the mitochondria of the isolated cells 
was evaluated using different assays. 
 

MATERIALS AND METHODS 
Peripheral blood mononuclear cells (PBMC) isolation 
and culture: Human peripheral blood was obtained by 

venipuncture under aseptic conditions at the university 
medical center from one of the authors. Peripheral blood 
mononuclear cells (PBMC) from each collected sample 
were isolated by centrifugation (400 x g, 30 min) of each 
over a Ficoll-Paque Plus density gradient 
(Amersham Biosciences, Little Chalfont, UK), as described 
previously 12. Finally, the harvested cells from each flask 
were then washed again and cell viability then was 
ascertained using Trypan blue exclusion (routinely, viability 
was ≥ 95%). Thereafter, the cells were pooled for use in the 
assays outlined below. 
Metals effects on isolated human monocyte viability 
(MTT assays): The overall toxicity of the test lead 

compounds on the isolated monocytes was evaluated 
using MTT (3-(4, 5-dimethylthiazol, 2-yl)-2, 5-diphenyl 
tetrazolium bromide) assay. The pooled cells were seeded 
into 96-well plates at a density of 5 x 104 cells/well and 
incubated overnight at 37°C. Thereafter, the medium was 
removed from each well and the cells then treated with lead 
nitrate (Pb[NO3]2) (Sigma, St Louis, MO, USA) in 
concentrations (e.g., 0.1, 1, 10, 100, and 1000 μM) in 
dedicated wells. Here, the plates were then incubated at 
37°C with the test metals (or medium control) for 3, 6, 12, 
24, 48 or 72 hr. Dedicated plates were generated for each 
time point and for each assay to be performed. At each 
timepoint, the MTT assay was conducted on a plate as 
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outlined by Elmorsy et al. (2014)13. All values in wells in 
each assay were measured in an MRX microplate reader 
(Dyne Technologies,  VA, USA) at 590 nm. Blank wells 
(without cells) were subtracted from all wells’ readings 
before further analysis. The experiments were conducted in 
triplicates 
Phagocytosis assay: The pooled monocytes were 

cultured at density of 106 cells/ml in 6-well plates and then 
exposed for 6  hr to the PB and Cd at concentrations of 0, 
0.1, 1, 10, and 100 µM. Then the phagocytic ability of the 
treated cells was evaluated using the method of Schroeder 
and Kinden (1983)14. The fluorescence of the cells was 
measured at an excitation/emission wavelength at 
440/485 nm, respectively. Trypan blue exclusion assay was 
used to follow monocytes viability during phagocytosis. 
Viability was estimated to be 95 ± 5% throughout the 
experiment. 
Effect of Pb on ATP production: The isolated hPBM were 

seeded in the 96-well plate and treated with Pb  as shown 
in MTT assay. The effect of Pb on ATP production was 
conducted using a commercial kit , following the 
manufacturer protocol (Abcam, Cambridge, MA, USA). 
Sample luminescence in each well was detected by MRX 
microplate reader (Dyne Technologies,  VA, USA). Basal 
values of the medium luminescence were subtracted from 
each well estimated value then  monocytes ATP content in 
each well was represented as a percentage from control 
wells readings. 
Effects of Pb on mitochondrial complex activity: Effects 

of the Pb on the mitochondrial complexes I and III in the 
isolated monocytes were assessed. Cells were incubated 
for 24 hours with tested metals at concentration of 0.1, 1, 
10, and 100 µM.  
 For complex I assay, monocytes mitochondrial 
enriched fraction (for complex I assay) was prepared 
following Spinazzi et al. (2012)15. The mitochondrial 
solution was subjected to three cycles of freeze-thawing in 
liquid nitrogen to disrupt the mitochondrial membranes just 
before use. For complex III assay, cells lysate (for complex 
III assays) was prepared according to (Spinazzi et al. 2012) 
protocol15. Protein concentration was measured using 
Bradford assay.  
 Before complex I assay, the mitochondrial enriched 
fraction was exposed to three cycles of liquid nitrogen 
freeze-thawing to disrupt the mitochondrial membranes. 
NADH (100 µM) and ubiquinone (60 µM) were used as 
terminal electron acceptors for complex I assay, while 
Decylubiquinol (100 µM) and cytochrome c (75 µM) were 
the electron acceptors for complex III assay. The 
absorbance was read at 340 and 550 nm wavelength for 
complexes I and III, respectively. Rotenone (10 µM) and 
potassium cyanide (300 µM) were used as specific 
inhibitors for calibration of the activity of the mitochondrial 
complexes I and III, respectively. The specific complex 
enzyme activity was calculated using the equation (nmol 
min-1 mg-1) = (∆ Absorbance/min × 1,000)/[(extinction 
coefficient × volume of sample used in ml) × (sample 
protein concentration in mg ml-1)]. Extinction coefficient 
was calculated as 6.2 mM-1 Cm-1 for NADH for complex I 
activity and 18.5 2 mM-1 Cm-1 for reduced cytochrome c 
for complex III activity. Experiments were repeated at least 
5 times for data robustness. 

Effect of co-enzyme Q10 (CO-Q10) on mitochondrial 
bioenergetics: To test if co-enzyme Q10 (CO-Q10), 

previously reported to significantly enhance mitochondrial 
bioenergetics parameters16, might provide similar 
protections in the treated monocytes, cells were seeded 
into 6-well plates as shown in the phagocytosis assay 
section and then received medium containing 1 µM water-
soluble Co-Q10 formulation (Q-ter) (Scharper Therapeutics, 
Milan, Italy) . After incubation at 37°C for 24 hr, the test 
metal solutions were added at concentrations of 0, 0.1, 1, 
10, or 100 µM and the plate incubated for a further 24 hr. In 
some cases, the CO-Q10 was removed at the time the 
metals were introduced; in other, the CO-Q10 remained 
over the course of the metal exposure. At that point, 
phagocytosis assays was performed. 
Statistical analysis: One-way or two-way analysis of 

variance (ANOVA) with a Dunn’s or Bonferroni multiple 
comparisons post-hoc test were used when appropriate. An 
unpaired Student’s t-test was used for comparisons of data 
from two different groups. All statistical analyses were 
performed using Prism 5 (GraphPad, San Diego, CA). 
Statistical significance was defined as p < 0.05.  
 

RESULTS 
The current work was conducted to study the cytotoxic 
effect of Pb on the isolated human monocytes and their 
functions related to phagocytic activities. Then, the effect of 
the studied metals on the isolated cells mitochondrial 
bioenergetics was evaluated. Firstly,  MTT assay showed 
that Pb and Cd were cytotoxic to the isolated human 
monocytes in concentrations and exposure duration 
dependent patterns (Figure 1). MTT showed that Pb was 
not cytotoxic in concentration of 0.1 µM at all tested time-
points, while Pb was cytotoxic in (1 µM) 48 hours post-
exposure. 
 Functionally, the effect of Pb on the phagocytic 
capacity of the isolated human monocytes was evaluated. 
Results showed a significant decrease in the phagocytosis 
of indicator test particles in concertation and time durations 
dependent patterns (Figure 2). Data of two-way ANOVA 
are shown in table S1. 
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Figure 1: Effect of lead (Pb) on isolated human peripheral blood 
monocyte (hPBM) survival in culture. Cells were treated with 
indicated doses of lead nitrate or cadmium dichloride for 3, 6, 12, 
24, or 48 hr. All assays were performed in triplicate, with each 
metal concentration tested in 3 wells/experiment.  
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Figure 2: Effect of Pb on hPBM phagocytic capacity. The assay 
measured the uptake of test fluorescent latex 1-µm beads in 
presence or absence of Pb or Cd at 0, 0.1, 1, 10, or 100 µM  after 
6 hours exposure. Experiments were conducted in triplicate. Two-
way ANOVA was used to assess combined effects of 
concentration and exposure duration. *p < 0.05, **p < 0.01, ***p < 
0.0001. 

 

 
Figure 3: Effect of Pb on bioenergetics of the human peripheral 
blood isolated monocytes. 3A shows the effect of Pb on  ATP 
production. Cells were treated with test agents at 0, 0.1, 1, 10, 100, 
or 1000 μM for 3, 6, 12, 24, and 48 hr. 3B and 3C show Effect of 
Pb on hPBM mitochondrial complex I and III activities and cell 
lactate production. Cells were exposed to the test agents at 0, 0.1, 
1, 10, or 100 µM for 6, 18, 24, and 48 hr. 3D shows Protective 
effect of Co-enzyme Q10 (CO-Q10) against metal-induced 
functional disruption in the hPBM. All Experiments were conducted 
in triplicate. *p < 0.05, **p < 0.01, ***p < 0.0001. 

 
Table (s1): Effects of Pb on secretory and phagocytic functions of 
the human monocytes. 

Cytokines Two-way ANOVA 
Source of Variation 

Pb 

 % of total 
variation 

P value 

MCI Interaction 3.03 < 0.0001 

Concentration 87.84 < 0.0001 

Exposure duration 5.11 < 0.0001 

MCIII Interaction 4.55 0.0717 

Concentration 50.08 < 0.0001 

Exposure duration 9.66 < 0.0001 

 

Table (s.2): Effects of Pb  on bioenergetics and mitochondrial 
parameters in the monocytes 

Cytokines Two-way 
ANOVA Source 
of Variation 

Pb 

% of total 
variation 

P value 

Phagocytosis Interaction 10.65 < 0.0001 

Concentration 48.94 < 0.0001 

Exposure 
duration 

10.94 < 0.0001 

 
 Lead was found to significantly decreased the isolated 
cells ATP production in a concentration and exposure 
duration dependent pattern (Figure 3A). Regarding 
complexes’ assays, results showed that Pb (in 10 and 100 
µM) significantly decreased complexes I activities as early 
as 6 hours post exposure (Figure 3B). At 1 µM 
concentration, Pb showed a significant inhibitory effect in 
the treated monocytes at 48 hours’ time point.  In addition, 
Pb showed lowered complex III activity in concentration 
100 µM 21 hours after exposure to variable degrees, while 
PB showed significant inhibitory effect 24 hours after 
exposure at 10 µM concentration (Figure 3C). Data of two-
way ANOVA are shown in table S2 to show the effect of 
concentration, exposure duration and the interaction 
between both variables. Interestingly co-enzyme Q10 
significantly (P-value <0.0001) protect the phagocytic 
activity of  Pb-exposed hPBM (Figure 3D) 
 

DISCUSSION 
The current study was conducted to evaluate the effects of 
widely-encountered environmental metal Pb on the 
bioenergetics of isolated human monocytes. The effect of 
the metals on the bioenergetics of the isolated human 
monocytes was investigated using wide range of 
concentrations, which is covering their reported normal 
reference and toxic blood and serum levels 17,18. As these 
metals are known to be non-degradable and accumulated 
in the human tissues, higher concentrations were used 
which may mimic the effect of their chronic prolonged 
exposure within the limited time frame of the in vitro 
studies. Pb was shown to significantly decrease monocytes 
cells mitochondrial complexes activities.  
 The observed inhibitory effects of the Pb on monocyte 
bioenergetics was in accordance with results from previous 
studies. Hon et al. (2017)19 showed that Pb could affect 
cellular respiration, the electron transport chain, and 
mitochondrial morphology as part of the mechanisms 
underlying Pb-induced toxicities like encephalopathy in 
children. Other studies reported that Pb was able to inhibit 
the mitochondrial electron transport chain and cause 
mitochondrial transition pores to open, resulting in 
cytochrome c release, caspase activation, and apoptosis20. 
Moreover, Al-Ghafari et al. (2019)21 reported that Cd and 
Pb were each inhibitors of mitochondrial complexes I and 
III in human osteoblasts.  
 The current data are clinically significant as it 
highlights the hazardous effect of the naturally occurring 
metals Pb as immunotoxic agents. In addition, the present 
study showed that metals can inhibit mitochondrial 
bioenergetics significant decrease in ATP production which 
has very crucial impact on the functions of the monocytes 
in health and disease22. In parallel, the mitochondrial 
impairment is expected to stimulate signaling pathways for 
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oxidative damage and apoptosis which is expected to 
seriously affect the innate immunity mechanisms23. Also, 
the current data showed that the effect of metals on 
mammalian mitochondria from different tissue is generic in 
different species. In addition, the current findings highlight 
the importance of bioenergetics study to evaluate the 
harmful effect of the different environmental pollutants. 
 

CONCLUSION 
Lead is cytotoxic to hPBM cells in a concentration and 
exposure duration dependent manner. Pb-induced 
bioenergetics disruption which is suggested to play  a 
major role in Pb- induced immunotoxic effect. Further in-
vivo and in-vitro studies are recommended to evaluate the 
current study findings.  
Conflict of interest: The authors declare no conflict of 

interest regarding the published results. 
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