
Vol.:(0123456789)

Biological Trace Element Research 
https://doi.org/10.1007/s12011-024-04207-3

RESEARCH

Trace Element Concentration in the Blood and Aqueous Humor 
of Subjects with Eye Cataract

Giovanni Forte1 · Edoardo Trovato Battagliola2 · Mariaelena Malvasi2 · Niccolò Ruberti2 · Pierluigi Daniele2 · 
Alberto Mantovani3 · Beatrice Bocca1 · Elena Pacella2

Received: 1 February 2024 / Accepted: 24 April 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Cataract, characterized by the opacification of the lens, is the leading cause of reversible blindness and visual impairment 
globally. The study aims to investigate the role of trace elements such as Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, and Zn in 
the development and severity of cataract. Elements were quantified by inductively coupled plasma mass spectrometry in 
blood and aqueous humor of 32 cataract cases and 27 controls living in the Latium region, Italy. The association between 
element concentration in blood and aqueous humor and cataract severity, gender, and age of subjects were also assessed. 
Results showed Cr levels significantly elevated in both blood and aqueous humor of cataract cases, with concentrations that 
increased with cataract severity. In addition, blood Pb levels were significantly higher in older cases and positively corre-
lated with the age of cataract cases, while blood Co and Cu levels negatively correlated with cataract severity, suggesting 
changes in the levels of these elements. In conclusion, this study provides evidence of the involvement of specific elements 
in cataract development and severity, and the findings highlighted important avenues for future research. Understanding the 
biological mechanism underlying element-induced cataract may contribute to preventing cataractogenesis and providing 
targeted interventions.
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Introduction

Cataract is an opacification of the lens that obscures the 
passage of light to the retina of the eye leading to a visual 
impairment. It is the main cause of reversible blindness 
with an estimated 95 million people affected worldwide. 
In addition, it is reported that more than 10 million people 
worldwide are blind due to cataract [1]. In Italy, the cataract 
affects ca. 8.5% of adults aged 70–74 years, 12.4% aged 
75–80 years, and 17.1% aged over 80 years [2]. Moreover, 
approximately 650,000 people undergo cataract surgery 
every year in Italy [3].

The most common risk factors are related not only to 
aging and UV exposure but also systemic disorders (e.g., 
autoimmune and chronic kidney diseases, hypertension, and 
diabetes mellitus), lifestyles (e.g., smoking or heavy alcohol 
intake), obesity, family history, trauma, and use of steroids 
which may accelerate the development of cataract [4].

In general, age-related changes in lens transparency can 
be the response to toxic environmental factors causing exces-
sive generation of reactive oxygen species (ROS). In this 
context, the ROS can induce protein and lipid aggregation 
in the lens and aqueous humor [5, 6].

In addition, the exposure to toxic trace elements and the 
disruption of the homeostasis of essential trace elements can 
influence the pathophysiological changes in the human body 
by formation of ROS, including in the ocular compartment 
creating the conditions for the development of eye diseases. 
Concerning toxic elements, Cd may contribute to mitochon-
dria damage playing a crucial role in the formation of ROS 
making the lens less resistant to photooxidation improving 
the risk of cataract formation [5, 7]. In addition, it has been 
reported that Cd accumulates in the nervous retina, choroid, 
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and retinal pigment epithelium (RPE), and the deleterious 
effects of Cd on RPE cells included altered cell morphology, 
decreased cell survival, elevated ROS levels, and concen-
tration-dependent disruption of membrane integrity [6, 8].

Chromium occurs ubiquitously in nature and exists 
mainly in two stable forms as trivalent Cr(III) and hexava-
lent Cr(VI). Both forms have recognized toxicity at various 
levels in the human body inducing oxidative stress [9–11]. 
Regarding Cr, the authors reported that heat shock proteins 
HSP90aa1 and S100, both involved in many cellular pro-
cesses [12, 13], functionally interact during the regulation 
of retinal cells under the influence of Cr ions. The metal has 
led to retinal edema playing an important role in the devel-
opment of retinopathy [14, 15].

Once in the body, Hg exerts its toxicity in different way, 
including mitochondrial dysfunctions and the formation of 
ROS since it may act as catalyst for Fenton-type reactions 
[16]. It has been reported that Hg(II) ions induce the non-
amyloid aggregation of human γC- and γS-crystallins, two 
of the most abundant γ-crystallins in lens, uncovering the 
Hg potential role in the bioinorganic chemistry of cataract. 
The mechanism of Hg-induced aggregation involves direct 
metal-lens protein interactions and poses the basis for cata-
ractogenesis [17].

Nickel exposure leads to the formation of free radicals in 
tissues, leading to a cascade of damaging events [18]. Fish 
eye exposed to Ni reported cellular anomalies in the primary 
function of retina leading to visual loss or poor vision [19]. 
Yet again, Ni levels in human cadaver donor eyeballs were 
significantly increased in late age-related macular disease 
(AMD) compared to controls [20].

Concerning Pb, it can create oxidative stress inhibiting 
the antioxidant defense and depleting glutathione [21, 22]. 
The authors reported the association between Pb bone levels 
and cataract [23], suggesting that reduction of Pb exposure 
may decrease the global burden of cataract. In addition, 
physiologically relevant dosages of Pb can induce lenticular 
opacity in vitro and degradation of crystallins and cytoskel-
etal proteins [24]. Moreover, Pb exposures are suggested 
to be risk factors for increased blood retinal barrier (BRB) 
permeability in AMD [25].

Among the essential elements, Co is a component of vita-
min  B12 and is required for cell activity [26]. Cobalt is also 
capable of being toxic at high levels for various organs and 
systems, including the nervous one leading to the altered 
visual function [27–29]. The eye toxicity can be exerted by 
the capacity of Co (i) to bind to albumin and transferrin pro-
teins and their distribution throughout the body, (ii) to block 
the Ca-dependent synaptic transmission including those of 
the photoreceptors, (iii) to interfere with the mitochondria 
cellular respiration leading to oxygen deprivation, and (iv) to 
act in chemically induced hypoxia-mimicking conditions by 
stimulating hypoxia-inducible factors that can lead to retinal 

photoreceptor cell degeneration [29]. On the other hand, 
deficiency of Co, although rare in adults, might cause several 
symptoms (i.e., weakness, loss of appetite and weight, pale-
ness, fatigue, and eye watery discharge) [30]. In the eyes, 
intravitreal injection of cobalt chloride in mouse was able 
to induce retinal photoreceptor degeneration because of the 
vulnerability of photoreceptor cells to oxygen environment 
in the degenerative process [31].

Copper is a redox-active metal that plays a key role as a 
catalytic cofactor for Cu-dependent enzymes [32]. Copper 
is found in different retinal regions, and the retinal physiol-
ogy and functions are related to the concentrations of this 
element as well as Cu is able to modify the activity of rho-
dopsin in retina [33]. On the other hand, the interaction of 
Cu(II) ions with γD-, γC-, and γS-crystallins induced their 
non-amyloid aggregation causing lens opacity [34].

The role of Fe in various and vital cellular metabolism 
and its involvement in oxidative damage through Fe cata-
lyzed formation of ROS is well known. The Fe-induced ROS 
participates in tissue damage leading to corneal disease, 
light-induced retinopathy, cataractogenesis, AMD, retinal 
degeneration, photoreceptor damage in uveitis, glaucoma, 
and diabetic retinopathy [35, 36].

Manganese is an element that maintains proper cell func-
tion as well as it is a co-factor for many enzymes [37]. In 
eyes, cone function abnormalities on an electroretinogram, 
which correspond with impaired renewal of photoreceptor 
outer segment discs, have been associated with dietary Mn 
deficiency [38, 39]. Moreover, Mn was found to be lower in 
cataractous lenses with respect to controls [40].

Selenium as selenoproteins or selenocysteine can reduce 
the increased level of hydrogen peroxide present in the aque-
ous humor of cataract subjects protecting the lens against 
ROS-induced damage [1]. On the other hand, studies sug-
gested that low Se levels may negatively affect lens metabo-
lism, increasing the opacity [41, 42]. Deficiency of serum 
Se levels may pose a potential risk factor for both nuclear 
and cortical age-related cataracts [43].

Zinc plays a vital role in the normal functioning of anti-
oxidant enzymes and protects eye structures from the del-
eterious effects of light and oxidative stress. A decrease in 
the intracellular Zn level may increase the vulnerability of 
RPE cells to UV irradiation inducing RPE cell apoptosis 
[44] and may hinder dark adaption [45]. Increased Zn levels 
may lead to increased metallothionein concentrations or to 
the oxidation of sulfhydryl groups; these results may reduce 
the permeability of the lens membrane. In addition, elevated 
levels of Zn in lens linked to the presence of high molecular 
weight proteins could be considered as precursors of insolu-
ble protein aggregates causing lens opacification [1].

Thus, variations of levels of toxic and essential trace ele-
ments in the body might be associated with the development 
of eye diseases, cataract included. To this end, the present 
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study determined Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, 
and Zn in blood and aqueous humor of cases affected by cat-
aract with respect to their levels in controls, also considering 
risk factors as patient gender and aging. The final objective 
was to provide data relative to cataract and human health and 
possibly make a contribution in preventing cataractogenesis.

Materials and Methods

Subjects

Thirty-two cases (mean age, 75.0 ± 9.0 years; 19 females 
and 13 males) with cataract were recruited from the Unit 
Departmental Emergency Ophthalmologic of the Umberto I 
Hospital of Rome, Italy. Except for the presence of cataract, 
no other injuries were observed in eye structures in cases. 
Samples of blood and aqueous humor were collected from 
each of them.

As controls, blood was collected from 27 blood donors 
(mean age, 75.8 ± 7.1 years; 18 females and 9 males) who 
have attended routine ophthalmological examinations. Con-
trols did not have neither cataract nor any other eye diseases.

The presence and degree of cataracts were diagnosed by 
standard procedures, including slit lamp fundus examination, 
intraocular pressure measurement, visual field examination, 
and optical coherence tomography (OCT) scans. Cataracts 
were classified following the Lens Opacities Classification 
System III [46] and indicated as low, medium, and high in 
this study. Table 1 reports the characteristics of subjects. All 
subjects filled out a detailed questionnaire reporting per-
sonal characteristics, lifestyles, diet, residence, occupation, 
outdoor activity, supplementation, metallic prosthesis, etc.

Participants facing the following inclusion criteria were 
included in the study: intraocular pressure < 21 mmHg; 
no conditions affecting the retina and optic nerve such 
as glaucoma, macular degeneration, diabetic retinopathy, 

or HIV-related retinopathy; no history of ocular trauma 
or visual field alterations; absence of posterior pole dis-
eases such as macular degeneration and absence of ocular 
media opacities such as cataracts; no previous ophthal-
mic surgery; and absence of neurodegenerative diseases. 
In addition, the following criteria were used to exclude 
participants: heavy drinkers, current smokers; presence of 
body prosthesis; intake of nutritional supplements; intake 
of drugs; and special diets (as vegan or vegetarian). The 
enrolled participants presented a normal BMI in the range 
of 19.71–24.74 kg/m2; they were moderate drinkers (up 
to 2 drinks on average per day); they were non-smokers 
or had quit smoking for at least 10 years; most of them 
had a very limited outdoor activity and were retired from 
work, did not present metallic prosthesis in the body, and 
declared to consume a mixed diet.

All subjects gave the written informed consent before 
procedures. The study protocol was approved by the Insti-
tutional Ethical Committee of the University of Rome 
(protocol number 1005/2021, approval date November 
10, 2021) and conducted according to the Declaration of 
Helsinki.

Sample Preparation

One milliliter of blood from each subject was collected into 
a 15-ml polistyrene tube and added with 2 ml of ultrapure 
 HNO3 (VWR, Leuven, Belgium) and digested on a heat 
block (ModBlock, CPI International, Santa Rosa, CA, USA) 
at 80 °C until complete dissolution. The digests were fur-
ther diluted with ultrapure deionized water (Micro Pure UV, 
Thermo Scientific Barnstead, Langenselbold, Germany). 
Procedural blanks were used to assess the possible metal 
contamination from plastics and reagents. The certified ref-
erence material (CRM) ClinChek® Whole Blood Control, 
Level I (Recipe, Munich, Germany) was analyzed to deter-
mine method recovery and intra-day precision. Accuracy 
was in the range of 93–105% and precision between 4.3 and 
8.1% for all elements.

Approximately 100 μl of aqueous humor samples were 
collected from cases undergoing cataract surgery using 
phacoemulsification. Intraoperatively, aqueous humor 
samples were obtained through an insulin syringe and 
further stored at − 20 °C. For element analysis, aqueous 
humor samples were simply diluted 1:20 v/v with high 
purity deionized water (Micro Pure UV). Quality was 
controlled with CRMs, namely, the Seronorm lyophilized 
human urine level 1 and level 2 (Sero AS, Billingstadt, 
Norway). Accuracy ranged between 90 and 111% at level 1 
and between 92 and 98% at level 2. Precision on replicated 
measurements of CRMs was better than 10% and 5.3% at 
level 1 and level 2.

Table 1  Descriptive characteristics of cases with cataracts and con-
trols

Cases Controls

Subjects (no.) 32 27
Mean age (years ± SD) 75.0 ± 9.0 75.8 ± 7.1
Sex (no.)
  Females 19 18
  Males 13 9

Cataract severity (no.)
   Low / /
  Medium 13 /
  High 19 /
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Determination of Trace Elements

The Thermo Scientific iCAP Q inductively coupled plasma 
mass spectrometry (iCAP Q ICP-MS, Bremen, Germany) 
was used to quantify the following elements: 114Cd, 59Co, 
52Cr, 63Cu, 56Fe, 202Hg, 55Mn, 60Ni, 82Se, 208Pb, and 64Zn. 
In order to efficiently reduce polyatomic interferences on 
the analytical masses, the He pressurized QCell in Kinetic 
Energy Discrimination (KED) mode was employed. The 
addition calibration method was used to quantify the ele-
ments, and 103Rh at 1 ng/ml in the analytical solutions was 
used as internal standard to account for possible instrumen-
tal drifts.

Statistics

Since data were not normally distributed, results were 
expressed as median (P50), 5th and 95th percentiles 
(P5–P95). Differences between elements in cases and 
controls and association element-variables (gender, age, 
and stage of disease) were tested by non-parametric tests 
(U Mann–Whitney, Kruskal–Wallis, Spearman’s ρ), and 
p values < 0.05 were considered statistically significant. 
Moreover, the receiver-operating characteristic (ROC) 
curves were used to establish an element concentration 
threshold value in blood able to distinguish cases and 
controls. The quality of ROC results was expressed in 
terms of the area under the ROC curve (AUC), specificity 
(proportion of correctly identified controls, also referred 
to as false positive rate), and sensitivity (proportion of 
correctly identified cataractous cases, also called true 
positive rate). The IBM SPSS Statistics 28 was used as a 
statistical package.

Results

Table  2 reports the concentration of trace elements 
in the blood of cataract cases and controls. Results 
showed significantly higher blood Cr levels (P50; 
1.26 ng/ml vs. 0.46 ng/ml; p = 0.004) in cases when 
compared to controls.

Considering the gender, only blood Cr content 
resulted significantly increased in diseased males with 
respect to control males (P50; 1.27 ng/ml vs. 0.37 ng/
ml; p = 0.030), and a similar trend was also observed in 
females although not significant (P50; 1.25 ng/ml vs. 
0.58 ng/ml; p > 0.05).

In addition, dividing the cases into two age-groups (15 
cases ≤ 70 years and 17 cases > 70 years), blood Pb concen-
tration was significantly higher in the oldest group (P50; 

30.1 ng/ml vs. 16.0 ng/ml; p = 0.009; Fig. 1), while the other 
elements were not associated with age.

Also, by the correlation analysis, blood Pb levels 
(p = 0.008; ρ = 0.464) positively correlated with the age of 
cases.

Considering the cataract severity, blood Cr content 
resulted significantly elevated in cases of the high sever-
ity group with respect to the medium severity group (P50; 
1.35 ng/ml vs 0.60 ng/ml; p = 0.022; Fig. 2).

On the contrary, both blood Co (P50; 0.30 ng/ml vs. 
0.21 ng/ml; p = 0.049; Fig. 3) and Cu (P50; 1024 ng/ml vs. 
895 ng/ml; p = 0.016; Fig. 4) levels significantly decreased in 
cases of the high severity group with respect to the medium 
severity group.

Using the correlation analysis, blood Cr (p = 0.02; 
ρ = 0.434) positively correlated with cataract severity; 
while blood Co (p = 0.048; ρ =  − 0.352) and Cu (p = 0.013; 
ρ =  − 0.410) levels were negatively correlated with severity.

Furthermore, the ROC analysis was used as a diagnos-
tic test to determine the blood Cr concentration threshold 

Table 2  Concentration of toxic and essential elements (P5-P50-P95) 
in blood of cataract cases and controls

In Italic the metal statistically different between cases and controls

Cases Controls p values

Cd (ng/ml) 0.21–0.44–1.60 0.24–0.40–1.60 0.825
Co (ng/ml) 0.12–0.23–0.50 0.13–0.24–0.69 0.855
Cr (ng/ml) 0.36–1.26–2.41 0.16–0.46–1.66 0.004
Cu (ng/ml) 776–965-1191 798–973-1111 0.508
Fe (µg/ml) 374–509-677 289–517-734 0.475
Hg (ng/ml) 0.45–2.43–15.9 0.43–2.76–5.75 0.897
Mn (ng/ml) 3.83–7.19–17.0 3.80–7.23–12.9 0.982
Ni (ng/ml) 0.21–0.46–0.88 0.21–0.72–3.47 0.077
Pb (ng/ml) 11.4–24.6–103 6.36–21.5–55.4 0.403
Se (ng/ml) 96.1–138-165 81.0–146-185 0.157
Zn (µg/ml) 4.51–6.43–9.94 3.47–5.62–8.27 0.773

Fig. 1  Blood Pb levels in cataract cases with different age
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level able to discriminate cataract cases from controls and 
concentrations of 0.38 ng/ml of Cu (AUC, 0.721; sensitiv-
ity, 91%; specificity, 70%) accurately divided cases from the 
control group.

Table 3 sets forth trace element values in the aqueous 
humor of cataract cases, with the highest concentration 
observed for Zn followed by Fe > Se > Cu. Among toxic 
elements, the highest humor aqueous concentration was 
detected for Ni, followed by Hg > Mn and Pb. Very low lev-
els of Cd, Co, and Cr were found in humor aqueous samples 
of cataract cases.

As in blood, Cr was raised in subjects of the high sever-
ity group with respect to the medium severity group (P50; 
1.24 ng/ml vs. 0.78 ng/ml; p = 0.045; Fig. 5).

In addition, the correlation test confirmed the positive 
correlation between Cr in the aqueous humor and disease 
severity (p = 0.043; ρ = 0.392).

Discussion

Cataract is a progressive loss of transparency of the eye 
lens, and the mechanism of cataractogenesis has not been 
fully elucidated. However, several factors increase the risk 
of cataract formation such as cigarette smoking, genetics, 
UV light, systemic diseases, intake of drugs, other eye 

Fig. 2  Blood Cr levels in cases with cataract at different stages of 
severity

Fig. 3  Blood Co levels in cases with cataract at different stages of 
severity

Fig. 4  Blood Cu levels in cases with cataract at different stages of 
severity

Table 3  Concentration of 
toxic and essential elements 
(P5-P50-P95) in humor aqueous 
of cases with cataracts

Cases

Cd (ng/ml) 0.03–0.07–0.29
Co (ng/ml) 0.05–0.08–1.81
Cr (ng/ml) 0.27–0.88–1.83
Cu (ng/ml) 2.89–10.7–45.7
Fe (ng/ml) 15.7–29.7–102
Hg (ng/ml) 0.55–2.42–6.18
Mn (ng/ml) 0.72–1.47–3.81
Ni (ng/ml) 0.57–4.87–12.6
Pb (ng/ml) 0.14–0.60–3.38
Se (ng/ml) 18.8–43.7–72.4
Zn (ng/ml) 47.8–107-597

Fig. 5  Aqueous humor Cr levels in cases with cataract at different 
stages of severity
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diseases, exposure to toxic elements, and disrupted home-
ostasis of essential elements [47]. Regarding elements, 
they are ubiquitous considering that, nowadays, humans 
are exposed to elements from different sources (food, cos-
metics, jewelry, drinking water, air, metal prosthesis, etc.) 
and via several exposure routes (environment, diet, life-
styles, residential areas, occupational settings, etc.). The 
aim of this case–control study was to detect the variations 
in trace element content that can be ascribed to the cataract 
disease reducing as much as possible some confounding 
factors such as a residential area, occupation, smoking, 
alcohol, supplementations, drug intake, and type of diet.

Moreover, to have more complete information, this study 
collected and further analyzed for trace elements in both the 
aqueous humor and blood of cataract cases. Aqueous humor 
is the clear liquid in the posterior and anterior chambers of 
the eye produced by the ciliary processes, and it represents 
the surrogate vascular system for the cornea and lens, deliv-
ering nutrients and removing metabolic waste for these avas-
cular tissues [48, 49]. The aqueous humor analysis allows 
us to obtain information on the accumulation or decrease of 
elements in situ likely due to the presence of cataract. On the 
other hand, the blood analysis instead provides information 
on the systemic exposure to elements. Blood element com-
position may reflect changes due to a diseased condition or it 
may reflect contributions of factors ranging from genetics to 
lifestyles. The integrated information obtained from aqueous 
humor and blood allowed a more comprehensive insight into 
the role of elements in cataract.

In addition, the obtained trace elements data can help in 
the early diagnosis of cataracts by understanding the biology 
of this disease and may suggest opportunities for cataract 
treatment. For example, supplementation of Cu, Co, Zn, 
ascorbic acid, etc. could ameliorate symptoms and prob-
lems as well as it may slow the progression of the disease. 
This might help the patients’ quality of life and the National 
Health System in terms of reduction of hospitalization and 
economic saving.

Results showed that Cr levels were significantly increased 
in blood of subjects with cataract with respect to controls, 
and the metal significantly raised with the higher severity 
of the disease. This accumulation was also observed in the 
aqueous humor of cataractic subjects and also in this matrix 
the Cr content positively correlated with the severity of cata-
ract. These findings supported the hypothesis that accumula-
tions of toxic metals such as Cr in cataractic subjects could 
contribute to the pathogenesis of the disease. Interestingly, 
ROC analysis showed that a concentration of blood Cr con-
centration equal to 0.38 ng/ml was able to discriminate cata-
ract cases from controls. The authors observed visual defects 
and undifferentiated cornea, lens, and retina of the chicken 
eye when treated with Cr(VI) [50]. Once more, structural 
damage of the cornea of albino rats and visual impairment 

due to Cr(VI) was observed [51]. Moreover, several hazards 
to the cornea and lens of rats and severe morphological and 
histological changes were induced by the administration of 
Cr-picolinate, but the authors reported that these damaging 
effects can be restored by supplementation of the amount of 
vitamin C [52]. Wu et al. exposed human corneal epithelial 
(HCE) cells to Cr(VI) and observed ROS formation causing 
DNA strand breaks in HCE cells. They also reported that 
simultaneous administration of hyaluronic acid increased 
HCE cell survival rates [53]. Thus, some beneficial effects of 
supplementation could be considered, in the future, against 
the eye toxicity caused by Cr [52, 53].

Regarding the few studies on Cr reported in the literature, 
results were contradictory and not decisive on the role of 
Cr in the eye. Among them, an exploratory study based on 
the analysis of aqueous humor and lens samples collected 
from cataract patients revealed that Cr was the most common 
metal found in both matrices [54]. A similar study reported 
the presence of Cr in the aqueous humor in 77 patients with 
cataract. In addition, Cr was quantified in the aqueous humor 
and serum in cataract patients with and without diabetes 
mellitus [55]. The authors found that the aqueous humor 
Cr level in eyes with diabetes cataract was significantly 
lower than that in eyes with senile cataract [56]. Another 
study reported a decreased level of Cr in aqueous humor of 
subjects with glaucoma with respect to controls [57], while 
Haddad evidenced an accumulation of Cr in the eye lenses 
of females with respect to males [58]. On the other hand, 
authors did not find significant differences in the serum 
concentrations of Cr among patients with pseudoexfoliation 
syndrome (PEX), pseudoexfoliation glaucoma (PEG), and 
the control subjects [59].

Lead is an ubiquitory metal, and its exposure can cause 
numerous acute and chronic diseases in humans [60, 61]. 
In this study, Pb blood concentrations of the diseased cases 
and controls were similar, but differences in blood Pb levels 
were found in the diseased group as a function of age. The 
gradual rise in adult blood Pb levels with increasing age may 
reflect an increase in bone remodelling with age. In fact, it 
has been reported that Pb is stored in bone for 10–30 years, 
and during the lifetime, it is released back into the blood (as 
an endogenous source) by bone remodelling [62].

Considering the eyes, Pb accumulates over time in the 
RPE and choroid of the eye increasing oxidative stress which 
can induce chronic diseases of aging [63]. Thus, the bioac-
cumulation of Pb with age as a possible risk factor for senile 
cataract and its effect on the eye cannot be excluded. On 
the other hand, no relevant issues were observed in aque-
ous humor. There is no conclusive scientific evidence for 
the Pb involvement in the formation of cataract. A study 
examined the associations between blood Pb and cataract 
risk, and no relationship between cataract surgery and blood 
Pb was observed [6]. Other authors quantified Pb levels in 
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cataractous human lenses, but not in normal ones [64]. 
Shukla et al. [65] reported higher concentrations of Pb in 
lenses from cataract subjects than in control subjects. The 
same authors suggested that molecular arrangement in the 
eye lens lattice has been altered due to the presence of high 
concentrations of Pb leading to cataract development [65]. 
An epidemiological study reported a higher risk for cataracts 
when the highest versus lowest quintiles of bone Pb levels in 
a longitudinal cohort study were compared, while blood Pb 
levels were not associated with higher risk of cataract [23]. 
Moreover, Pb levels detected in aqueous humor of subjects 
with glaucoma and cataract were not different [66]. In other 
postmortem studies, higher levels of Pb were found in the 
retina of donor eyes with age-related macular degeneration 
(AMD) compared to the control eyes, while this increment 
was not observed in choroid-RPE complex of postmortem 
eyes [20, 67, 68].

With reference to Co, both excess and deficiency of this 
metal can be harmful for the human health [29, 30]. In addi-
tion, vitamin  B12 deficiency was associated with optic neu-
ropathy characterized by slow-progressing optic atrophy 
[30, 69, 70]. Some studies demonstrated that serum vitamin 
 B12 levels are decreased in glaucoma patients [71, 72]. An 
epidemiological study found that subjects with vitamin  B12 
deficiencies reported a higher incidence of early and late 
AMD diagnosis [73]. The supplementation of vitamin B12 
was reported to improve the neuropathic pain in the eye dry 
disease [74, 75] and a strong protective influence on cortical 
cataract was observed [76]. The present results did not find 
the difference between Co in cases and Co in controls neither 
in blood nor in aqueous humor, but data showed that blood 
Co concentrations decreased (of ca. 2-times) with the higher 
severity of the disease. Also, for Co, the literature data are 
poor, and results from different studies are quite inconsistent. 
Considering the serum matrix, the authors did not find dif-
ference between the Co levels in controls and glaucomatous 
subjects [77]. In aqueous humor collected from patients with 
and without AMD undergoing cataract surgery, Co level was 
found ca. 3-times higher in AMD patients with respect to 
controls [78]. Hou et al. quantified Co in normal and senile 
cataractous lenses, and the metal was significantly lower in 
senile cataractous lenses than those in normal lenses [40]. 
In another study, Co was found comparable in the aque-
ous humor of patients with primary open-angle glaucoma 
(POAG), pseudoexfoliation glaucoma (PEXG), and controls 
[79].

Although Cu has proper function in eye due to its high 
affinity to the retina, reduction or increasing of its level 
could create impairment in the visual function. In the case 
of reduction, patients reported reduced color vision and 
visual acuity, retinal nerve fiber thinning, optic atrophy, and 
constricted visual fields [33]. Damaged vacuole-containing 
myelin and optic nerve demyelination were observed in Cu 

deficiency in rats fed diets with insufficient Cu. The authors 
related these effects to the reduced activity of cupro-enzymes 
or free Cu ions involved in the synthesis of phospholipids 
[80]. In the serum of subjects with AMD, the increased lev-
els of homocysteine, homocysteine-thiolactone, and oxida-
tive stress with concomitant decreased contents of Cu may 
play a role in the pathogenesis of this disease [81].

On the contrary, an excess of Cu may accelerate the for-
mation of ROS causing inflammation and direct damage to 
cell membranes and mitochondria. Moreover, Cu can induce 
retinal neuron death by activation of nitric oxide synthetase 
and interaction with glutamatergic NMDA and AMPA 
receptors. [33].

As observed in the case of Co, the blood Cu levels nega-
tively correlated with the severity of the cataract. It can be 
supposed that cataract severity may contribute to disturbing 
metal homeostasis boosting several detrimental effects on 
the eye including the oxidative stress increment, antioxidant 
barrier reduction, impairment of DNA repair mechanisms, 
apoptosis of lens epithelial cells, and disruption of the bal-
ance of proteins and lipids in lens [6]. On the contrary, the 
homeostasis of metals as Co and Cu is essential for main-
taining a healthy balance of antioxidants and proper redox 
regulation preserving lens clarity and preventing cataracts.

It has been reported that middle-aged people improved 
their survival with a Cu/Zn supplementation in a long-term 
study of eye disorder [82], and another study reported that 
the risk of AMD progression was reduced by supplementing 
the patients with Cu and Zn [83].

As for the other elements, previous published data on 
Cu were inconclusive. In particular, Rai et al. [84] reported 
increased level of serum Cu in patients with cataract. Monoj 
and Jayaram [85] showed no significant alterations in the 
levels of Cu in serum of senile mature cataract patients. 
Another study indicated increased Cu blood level in sub-
jects with optic neuritis [86]. Yildirim et al. [87] quantified 
Cu in lens of subjects with and without pseudoexfoliation 
syndrome (PSX), and the results were not statistically dif-
ferent as well as those found by Panteli et al. [88] in aqueous 
humor. In pseudoexfoliative cataract group, Cumurcu et al. 
[89] reported high levels of Cu in aqueous humor, lens, and 
serum compared to controls evidencing a role in the cataract 
process. Other authors did not find the difference in Cu in 
serum and aqueous humor when glaucomatous subjects and 
controls were compared [66, 77]. Association between AMD 
and aqueous humor Cu levels was assessed by Junemann 
et al. [78] reporting lower Cu concentrations in AMD than 
non-AMD subjects.

The other metals did not result to be significantly different 
between cases and controls and did not significantly change 
with other factors as gender, cataract severity, and age, thus 
leading to the interpretation that they were not significantly 
linked to the development or the progression of cataracts.
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Conclusions

Environmental pollutants may have a role in the molecular 
mechanisms underlying common diseases, such as cata-
ract. Both the exposure to toxic elements and the disrupted 
homeostasis of essential elements may start cellular pro-
cesses able to pose risks for cataractogenesis.

Regarding toxic elements, blood Cr levels were higher in 
cases than in controls, and Cr contents positively correlated 
with the severity of the disease in both blood and aqueous 
humor. In addition, higher blood Pb concentrations in older 
cases, suggest that Pb bioaccumulation with age is a possible 
risk factor for senile cataract development. Essential ele-
ments such as Co and Cu decreased in blood as the severity 
of the disease increased.

All these elements may have a role in cataract-associated 
metabolic pathways, as for example, the increase in ROS 
production and the decrease of antioxidant defenses, the 
interference with the mitochondria leading to oxygen depri-
vation, and the retinal photoreceptor cell degeneration. Thus, 
the maintenance of the homeostasis of essential elements 
such as Co and Cu and the lower possible level of toxic ones 
such as Cr and Pb may have great importance in eye disease 
prevention and in general in public health prevention.

The obtained results were in line or different with respect 
to previous published studies. The variations among stud-
ies can be linked to several factors such as sampling area, 
patients’ characteristics, environmental exposures, personal 
susceptibility to metals, and experimental protocols. In any 
case, irrespective of whether obtained results were consistent 
or inconsistent with those of previous literature, the present 
data not only supported the role of metals in cataracts but 
also contributed with new evidences in the field. Although 
studies with a high number of cases are required to support 
the present findings, this study contributed with valuable 
insights into understanding the biological mechanisms and 
causes of cataract by investigating both the systemic and 
ocular compartments.

At last, addressing the impact of trace elements, exposure 
on ocular health requires collaborative efforts among scien-
tists, health professionals, and policymakers to formulate 
targeted interventions and promote public health initiatives.
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