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Abstract 
Cadmium is a known environmental pollutant targeting various organs. Of-
ten implicated in cadmium toxicology is the formation of reactive oxygen 
species, overwhelming the free radical scavenging mechanisms and inducing 
oxidative stress. Acute cadmium intoxication has been shown to reduce anti-
oxidant enzyme activity and induce oxidative stress. However, chronic intox-
ication has obscure outcomes in oxidative stress while the cell makes adjust-
ments to overcome the toxicant load. Also linked with the occurrence of 
oxidative stress is inflammation. Stimulation of acute or chronic inflamma-
tion is mediated by different cascades. However, key events include activation 
of transcription factor, NF-κB and release of pro-inflammatory cytokines. 
Both oxidative stress and inflammation are implicated simultaneously in pa-
thogenesis and induction of multi-organ tissue damage under cadmium ex-
posure. This article reviews the impact of acute and chronic cadmium intoxi-
cation on inducing oxidative stress, inflammation and thereby inflicting tis-
sue damage. 
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1. Cadmium as an Environmental Pollutant 

Cadmium is naturally occurring element in the Earth’s crust with concentrations 
of 0.1 - 0.5 ppm in association with ores of zinc, lead and copper. It is a heavy 
metal that has various industrial applications with about 24,000 metric tons be-
ing produced yearly worldwide [1]. This production mainly caters to the manu-
facturing of nickel-cadmium batteries, pigments, chemical stabilizers, metallic 
coatings and alloys. In the environment, Cd is derived naturally and anthropo-
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genically, frequently circulating between three environmental compartments of 
the air, water and soil. A contributing factor to its circulation in the environ-
mental compartments is its high persistence due to non-biodegradability. Addi-
tionally, the metal is reported to have a high rate of transfer from soil-to-plant, 
making it possible for Cd to enter the food chain [2].  

Cadmium is considered to be a xenobiotic metal as it is known to be toxic to 
plants, animals and humans even at low concentrations and has no essential bi-
ological functions [3]. Owing to its ubiquity, toxicity and long biological half-life 
(ranging between 10 - 35 years) [4], its rising levels in the environment are cause 
for public health concern. For humans, Cd can enter the body by inhalation of 
tobacco smoke, ingestion of contaminated food and water, dermal absorption 
and occupational exposure. For non-occupationally exposed and non-smokers, 
the main route of exposure is via ingestion of Cd-contaminated food and water. 
The route of exposure impacts Cd absorption wherein inhalation contributes of 
up to 50%, ingestion contributes to an estimated 10% and is nearly negligible by 
dermal contact [5]. The ingested amount can increase up to 20% based on the 
nutritional status of the individual [4]. Despite its industrial importance, recent-
ly, it is recognized as one among the 126 priority pollutants [6], a Class I carci-
nogen [7] and is considered an environmental pollutant and health toxicant [5] 
[8]. 

Tissue Cd concentrations vary based on the route, duration and dose of expo-
sure. The primary sinks of Cd body burden are stored in the kidney and liver 
ranging from 50% - 85% out of which 30% - 60% is stored in the kidney alone. 
Recently, it has been estimated that dietary Cd exposure contributed to 0.2% of 
the global burden of chronic kidney disease [9]. Apart from the primary stores, 
Cd-induced damage has also been reported in brain [10], cardiovascular system 
[11] [12], nervous system [13], immune system [14], gut [15] and reproductive 
system [16] [17]. In addition to its ability to bioaccumulate, a relatively small 
fraction (0.007%) of Cd is excreted from the body as urine and feces [4]. A well 
cited epidemiological example of Cd-induced intoxication is the case of the 
“Itai-itai” disease in Japan first identified in the 1960s and Cd-associated mortal-
ity is reported till date [18]. Various reviews discuss the oxidative mechanisms 
and the inflammatory properties of incited by Cd exposure separatelyhowever 
there is accumulating evidence of the interplay between oxidative stress and in-
flammation [19] [20] [21]. This review aims to provide an overview on the link 
between Cd-induced oxidative stress, Cd-induced inflammation while discussing 
its association with inflicted tissue injury as a result of Cd toxicity. 

2. Cadmium-Induced Oxidative Stress 

Pathologies of Cd intoxication has been associated with promoted oxidative 
stress [22]. Oxidative stress is characterized by an imbalance in the production 
of oxidants and antioxidants in the organ or the organism, favoring the former 
and causing cellular disruption [23]. It has been discussed that this imbalance 
may be a result of either overproduction of reactive oxygen species (ROS) and 
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reactive nitrogen species (RNS) or weakening of the elimination of ROS by the 
oxidant defense mechanisms [24]. However, physiological amounts of ROS are 
required for normal cellular functions such as signal transduction, cell prolifera-
tion, gene expression and immune defense. Reactive oxygen species consist of 
various amounts of hydrogen peroxide (H2O2), hydroxyl radical (HO•), supe-
roxide anions ( 2O− ), peroxyl (RO•) and alkoxyl radicals (ROO•) whereas reac-
tive nitrogen species (RNS) include nitric oxide radical (NO•), nitrogen dioxide 
radical (NO2•) and peroxynitrite (ONOO−). Under normal physiological condi-
tions, generation and elimination of these radicals are maintained under redox 
balance. 

Redox homeostasis is mediated via Nrf2 and NF-κB translocation [25], and 
enzymatic and non-enzymatic antioxidant defenses [26]. Enzymes of the anti-
oxidant system that protect against ROS are superoxide dismutase, catalase and 
glutathione peroxidase (Figure 1). One of the main antioxidant enzymes is su-
peroxide dismutase (SOD) which is a metallo-enzyme found in the mitochon-
dria and cytosol that catalyze the conversion of oxygen radicals to hydrogen pe-
roxide, H2O2 at a high reaction rate [26] [27]. The hydrogen peroxide produced 
as a result of SOD activity is detoxified by catalases and glutathione peroxidases. 
Catalases (CAT) are heme-containing enzymes that catalyze the breakdown of 
H2O2 into water and divalent oxygen. CAT activity is mainly localized in perox-
isomes and in a lesser extent in the cytoplasm of erythrocytes, in the nucleus and  
 

 
Figure 1. Illustration showing the reactions to maintain redox balance in the cells. Free 
radicals like superoxide anions generated by endogenous or exogenous sources is con-
verted to hydrogen peroxide by superoxide dismutase (SOD). The hydrogen peroxide is 
further broken down to water and molecular oxygen by either catalase (CAT) or gluta-
thione peroxidase (GSH-Px). Glutathione reductase (GR) and GSH-Px work together to 
maintain a balance in glutathione (GSH) and its reduced product (GSSG). The presence 
of cadmium in cells interferes with these reactions by decreasing SOD,GSH and CAT 
thereby producing OH radicals by Haber-Weiss and Fenton reactions and accumulating 
free radicals. Hence, inducing oxidative stress. (Created using biorender.com). 
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in the mitochondria. While CAT is active in severe stress conditions, peroxidases 
(Px) are suggested to protect the cell during acute oxidative stress. Unlike CAT, 
Px detoxify H2O2 through the oxidation of other organic substrates. Glutathione 
peroxidases (GSH-Px) utilizes H2O2 to oxidize GSH to glutathione disulfide 
(GSSG). Another enzyme involved in the antioxidant defense system is gluta-
thione reductase (GR) which reduces GSSG to GSH. Both GSH-Px and GR work 
together in the cells to maintain a steady state in the ratio of GSH to GSSG [28]. 
When the cells are under oxidative stress, the enzymes of the antioxidant defense 
system respond by altering their activity to overcome the oxidative stimuli. 
When the concentration of ROS exceeds the threshold such that it is not con-
trolled by antioxidants like ascorbic acid and glutathione or radical scavenging 
enzymes like catalase, peroxidase and superoxide dismutase, oxidative damage 
to various biomolecules (proteins, lipids and DNA) may ensue consequently 
leading to cytotoxicity and genotoxicity [29]. Apart from the enzyme index, a 
key measure of oxidative stress is lipid peroxidation, as indicated by the concen-
trations of malondialdehyde (MDA), which may accumulate as a result of cell 
damage [30].  

In response to Cd exposure, depending on the route of exposure various cel-
lular defense mechanisms are activated to overcome the toxic effects of Cd. 
Among the main defense mechanisms are the induction of metallothionein 
(MT) primarily in the kidney and liver, elevation in cellular glutathione and ac-
tivation of antioxidant transcription factor Nrf2. These mechanisms are not 
“mutually exclusive” but may work together in a cohesive way to resist 
Cd-induced oxidative stress. Following exposure, Cd enters the blood stream via 
erythrocytes or albumin and undergoes hepatic conjugation where it complexes 
with MT to form Cd-MT which can be filtered out by the glomerulus, reab-
sorbed at the proximal tubule and distal tubule. After its entry into the tubular 
cell, lysosomes break the Cd-MT complex to free Cd. This free Cd initiates 
damage to the kidneys consequently inducing oxidative stress. Apart from this 
free Cd, ROS can also be produced when Fenton metals (like iron and copper) 
are displaced by Cd from MT or through the depletion of GSH [27]. Highly ab-
undant in cells, GSH is a target of free Cd ions. Cd-induced depletion of the re-
duced GSH pool leads to the disruption of the redox balance leading to an oxid-
ative environment. Hence, Cd-induced oxidative damage is considered to be a 
major mechanism rendering its toxicity to various organs by weakening the an-
tioxidant mechanism. 

Cadmium does not induce ROS production directly however, this xenobiotic 
metal could generate free radicals indirectly [27] [31]. The ensuing response to 
the oxidative stress is dependent on the duration of exposure – acute or chronic. 
In the case of acute Cd exposure, free radicals inclusive of superoxide anion, hy-
drogen peroxide, hydroxy radical and lipid radicals are generated. These 
Cd-induced generation of free radicals are mediated by indirect mechanisms 
such as depletion of glutathione, activation of Kupffer cells, inflammation and 
involvement of iron in the Fenton reactions [24] [32] [33]. However, in chronic 
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exposure at environmentally relevant low doses, it is hypothesized that adaptive 
mechanisms are activated to overcome the Cd-induced ROS and oxidative stress 
such that when ROS generation overloads the antioxidant defense system, lipid 
peroxidation and oxidative damage begins [28].  

A study comparing the effects of single Cd administration (30 mg/kg b.w. 
orally and 1.5 mg/kg b.w. intraperitoneally) on parameters of oxidative stress in 
liver of Wistar rats reported an increase of superoxide anion and MDA levels 
with a negative impact on SOD activity [34]. The authors demonstrate the cru-
cial role of the route of administration in the potency of Cd such that pro-
nounced effects were observed in parameters of oxidative stress in rats treated 
via intraperitoneal administration. Also reported in the study was the higher ac-
cumulation of Cd in the blood and liver (77.42 µg/L and 14.18 µg/g wet weight, 
respectively) of rats intoxicated intraperitoneally compared to both control and 
orally intoxicated groups [34]. The authors concluded that acute Cd intoxication 
via oral or intraperitoneal administration results in promotion of rapid lipid pe-
roxidation in liver accompanied by elevated MDA levels. Another study eva-
luating the effect of chronic oral Cd exposure (3, 10 and 30 mg/L) for 7 and 21 
days in male mice reported a significant increase in hepatic activities of MDA, 
SOD, GSH-Px, CAT and glutathione-S-transferase (GST) with a significant de-
crease in GSH, after treatment with 30 mg/L for 21 days [35]. In corroboration 
with the pattern of activity after treatment with 30 mg/L for 21 days, the gene 
expression for hepatic SOD, CAT, GSH-Px and GR were also increased. The 
study also showed that in response to Cd exposure, an inflammatory response 
was triggered not only at the physiological level but also on the transcriptional 
level suggesting that Cd exposure has the potential to induce immunotoxicity 
accompanied with oxidative stress in the liver of mice [35]. 

A study exploring the nephrotoxic effect of intraperitoneal acute administra-
tion of Cd (2.5 and 5 mg/kg b.w.) in male rats reported a significant effect on li-
pid peroxidation and oxidative stress [36]. The authors reported an increase in 
renal MDA at both doses however, a significant decrease in renal CAT, SOD and 
GSH-Px activities was observed at the dose of 5 mg/kg b.w. compared to the 
control and 2.5 mg/kg b.w. The activities of antioxidant enzymes has been 
shown to decrease on acute exposure to Cd whereas chronic exposure causes an 
increase in the antioxidant enzymes due to cellular adjustments to overcome the 
Cd intoxication [30]. Table 1 summarizes the impact of Cd exposure at variable 
doses and different biological setups. These reports demonstrate that at acute or 
chronic doses of Cd exposure, the antioxidant mechanism is weakened, and the 
system is overwhelmed with oxidative stress. 

3. Cadmium-Induced Inflammation 

Inflammation and oxidative stress are closely linked in pathophysiological out-
comes wherein one may be induced by the other (Figure 2). Inflammation is 
described as a complex interaction in the vascularized connective tissues as a re-
sponse to exogenous and endogenous stimuli with the goal to clear out both the 
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Table 1. Summary of impact of cadmium exposure to weakened antioxidant mechanism inducing oxidative stress. 

Dose and duration of Cd administered Tissue/Animal Response to Cd exposure Reference 

0.1, 0.5, 1.0 and 2.0 mg/L for 30 days 
Male Swiss 
albino mice 

Dose-dependent increase of ROS in blood stream 
Reduced CAT, SOD and GSH-Px enzyme activity  

in liver, kidney, spleen, testis and brain 
[10] 

15 mg/kg b.w./day single dose 
15 mg/kg b.w./day for 60 days 

Male Wistar 
albino rats 

Significant increase in CAT and MDA levels in 
erythrocytes compared to control group 

Significant increase in CAT, GSH-Px, SOD and MDA 
in erythrocytes compared to control group 

[11] 

30 mg/kg b.w. for 21 days Male Wistar rats 
Significant increase in MDA levels in blood stream 

Significant reduction in GSH, SOD and CAT levels in blood stream 
[37] 

15 and 100 ppm for 60 days Male Wistar rats 
Increased CAT and SOD levels in heart tissue at 15 ppm dose 
Significant increase in CAT levels in heart tissue at 100 ppm 

[38] 

40 mg/L for 6 weeks Male albino rats 
Significant decreases of CAT, SOD and reduced GSH in 

plasma significantly reducing the total antioxidant capacity 
Significant increase in MDA levels in plasma 

[39] 

5 mg/kg b.w. for 30 days 
Adult male 

albino Wistar mice 
Liver CAT, SOD, GRx and GST were significantly 

reduced while liver MDA was significantly increased 
[40] 

50 mg/L for 12 weeks Male Wistar rats 
Decreased activity of SOD and GPx while reducing 

levels of GSH and total antioxidant capacity in liver tissues 
[41] 

10 and 50 ppm for 30 days 
Female 

Sprague-Dawley rats 
Elevated blood plasma MT levels till 7 days after exposure 

and reduced blood plasma MT levels in the following 2 weeks. 
[42] 

 

 
Figure 2. Illustration showing the interdependence of oxidative stress and inflammation 
induced by exposure to cadmium. Primary response to presence of cadmium results in 
oxidative stress or inflammation which may lead to the other as a secondary response. 
Key events include weakened antioxidant defense, elevated ROS production, activated 
NF-κB and release of cytokines. (Created using biorender.com). 
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initial cause of the cellular injury and the consequences of the injury [43]. When 
an inflammatory response is activated by injurious stimuli, the response is trig-
gered through two stages- acute and chronic- and each is mediated by a different 
cascade. Acute inflammation has different everts that involve increase in vascu-
lar permeability and recruitment of white blood cells. Cellular events are me-
diated by cellular adhesion molecules and integrins expressed on endothelium 
cells and white blood cells, respectively. The recruited cells produce cytokines 
(i.e. IL-1 β, TNF-α, IL-6 and IL-8) that promote cytokine cascades and further 
the migration and activation of leucocytes to the site of injury [44] [45]. Failure 
of successful resolution of the inciting agent from the system, shifts the acute 
response towards a more complex process leading to the chronic response. 
Chronic inflammation is characterized by the infiltration of mononuclear cells 
like monocytes and lymphocytes, proliferation of fibroblasts, formation of con-
nective tissue and presence of collagen fibers. Chronic inflammation is mediated 
by IL-12, IL-4, TGF- β that regulate the activation and differentiation of 
T-lymphocytes [44]. The presence of T-lymphocytes and B-lymphocytes is a 
likely indicator of the presence of a persistent inciting agent [44]. With chronic 
inflammation, continued inflammatory cell recruitment that becomes unregu-
lated inflicts tissue damage that is mediated by nitrogen species, proteases and 
ROS released from inflammatory cells [44] [45]. 

At the site of inflammation, the inflammatory cells release several reactive 
species leading to exaggerated oxidative stress. Moreover, ROS indirectly gener-
ated by inflammatory cells (besides direct oxidative stress) can also induce and 
amplify signaling cascades that enhances proinflammatory gene expression [21]. 
ROS-induced activation of enzymes that facilitate phosphorylation leads to the 
activation of transcription factors, which in turn trigger the generation of 
pro-inflammatory cytokines and chemokines. The participation of several tran-
scription factors (NF-κB, AP-1), adhesion molecules (ICAM-1, PECAM-1, 
VCAM-1), secretion of several chemokines (IL-8 and its homolog MIP-2, 
MCP-1), enzymes (MPO, iNOS, MMPs, COX-2), reactive species (ROS, RNS) 
and chemical mediators (NO, complement components) have been implicated in 
the process of inflammatory cellular infiltration, thereby inducing tissue damage 
and oxidative stress [21] [46]. Thus, both oxidative stress and inflammation are 
implicated simultaneously in pathogenesis. Table 2 shows a summary of in-
flammatory cytokines and their function and their alterations under Cd expo-
sure. 

3.1. Activation of NF-κB by Cadmium 

An important player in inflammation is the transcription factor, nuclear fac-
tor-κB (NF-κB), which regulates the expression of pro-inflammatory genes in-
cluding cytokines, enzymes, adhesion molecules and receptors that play a role in 
leukocyte recruitment and cell survival [62]. The activation of NF-κB is a strong 
driver of chemokine production as it propagates the pro-inflammatory cascade 
[44]. Briefly, NF-κB is activated in response to a signaling cascade stimulated by  
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Table 2. Summary of response of important inflammatory cytokines, their function and their altered response to cadmium treat-
ment. The symbols in this table represent ↑: increased, ↓: decreased, ↔: no change observed. 

Inflammatory 
cytokine 

Source Function Response to Cd exposure 

Interleukin-8 
(IL-8) 

Monocytes and macrophages [47] 

Pro-inflammatory chemotactic 
factor that promotes the 
directional migration of 
neutrophils, basophils 
and T-lymphocytes [48] 

↑ release in human astrocytes 
through MAPK phosphorylation [49] 
↑ secretion by primary human 
airway epithelial cells in dose- and 
time-dependent manner independent 
of NF- κB [50] 

Interleukin-6 
(IL-6) 

Macrophages, dendritic cells, 
T-cells, B-cells, endothelial cells, 
astrocytes, microglia and neurons [51] 

Can have both pro-inflammatory 
and anti-inflammatory action 
depending on its level of 
expression [52] 
Important in T-cell and B-cell 
differentiation as well as 
acute-phase response in liver [51] 

↑ release in human astrocytes through 

MAPK phosphorylation and 
activation of NF- κB [49] 
↑ significant release in heart of male 
rats treated with 5 mg/kg b.w. 
for 4 weeks [53] 
↑ secretion by primary human 
airway epithelial cells [50] 
↓ secretion by murine macrophages 

treated with 0.1 µM and 10 µM Cd [54] 
↑ levels in plasma of rats treated with 
40 mg/L for 6 weeks [39] 

Interleukin-1 
beta (IL-1β) 

Macrophages, microglia, 
B-cells, monocytes, fibroblasts 
and dendritic cells [51] 

Pro-inflammatory mediator of 
innate immune response, critical 
for activation of macrophages and 
microglia, maturation of B-cell, 
stimulation of T-cells and 
activation of natural killer cells [51] 

↔  Secretion by murine macrophages 
treated with 0.1 µM Cd [54] 
↑ secretion (3-fold) by murine 
macrophages treated with 10 µM Cd [54] 
↓ mRNA expression but 
↑ release in primary alveolar 
macrophages after Cd exposure [55] 

Interleukin-10 
(IL-10) 

T-cells, monocytes, stimulated 
macrophages, subsets of 
dendritic cells, some granulocytes, 
epithelial cells and tumor cells [56] 

Anti-inflammatory action by 
inhibiting the release of 
proinflammatory mediators [57] 

↓ secretion by murine macrophages 
treated with 0.1 µM and 10 µM Cd [54] 

Interleukin-17 
(IL-17) 

T-helper cells, mast cells, 
macrophages and eosinophils [51] 

Pro-inflammatory cytokine 
involved in recruitment of 
intracellular adaptor proteins and 
downstream activation of 
NF-κB [58] 

↑ mRNA levels with in protein 
product concentrations in 
spleen of rats [59] 

Tumor necrosis 
factor-alpha 

(TNF-α) 

Activated macrophages in response 
to injurious stimuli [57] 

Pro-inflammatory mediator of 
local and systemic inflammation 
by amplifying and prolonging 
inflammatory response by 
activating cells to release 
cytokines and mediators [57] 

↑ significant release in heart of male 
rats treated with 5 mg/kg b.w. 
for 4 weeks [53] 
↑ levels in plasma of rats treated with 
40 mg/L for 6 weeks [39] 
↓ mRNA expression but  
↑ release in primary alveolar 
macrophages after Cd exposure [55] 

Transforming 
growth factor-beta 

(TGF-β) 

Widely distributed including epithelial, 
endothelial, hematopoietic, 
neuronal and connective tissue cells [60] 

Pro-fibrotic cytokine crucial in 
cell growth, apoptosis, 
differentiation, proliferation, 
migration, extracellular matrix 
production, immune regulation, 
wound healing and 
inflammation [60] 

↔  mRNA levels in human bronchial 
cells treated with 10 µM Cd while 
↓ mRNA levels in human bronchial 
cells treated with 20 µM Cd 
↑ mRNA levels of receptors in human 
bronchial cells treated with 
10 and 20 µM Cd [61] 
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cytokines at the site of damage. This activation promotes macrophage relocaliza-
tion to and activation at the site of damage followed by a signaling cascade to 
augment macrophage activation and recruitment to the site in an effort to re-
solve the damage and terminate the inflammatory response. Chronic activation 
of NF-κB accompanied with prolonged macrophage activation has been asso-
ciated with disease pathogenesis [63] [64] [65]. Hence, disruption of NF-κB 
function is critical to numerous disease pathogenesis. The most canonical path-
way observed for activation of NF-κB is induced in response to cellular stresses 
and stimuli. Metal-induced ROS is also known to activate NF-κB due to its re-
dox-sensitivity transactivating various genes involved in inflammatory response 
[66] [67] [68]. During an inflammatory response, activation of NF-κB antago-
nizes apoptosis involving the suppression of the Jun N-terminal kinase (JNK) 
cascade [69]. Several studies have confirmed that Cd activates the inflammatory 
response by upregulating the NF-κB protein and downregulating an-
ti-inflammatory protein expression [12] [19] [54]. A study showed that Cd-treated 
(5 mg/kg b.w. for 4 weeks) rats had significantly increased the protein levels of 
NF-κB subunit compared to the control group [53]. It is intriguing that activated 
NF-κB signaling is known to cross-talk with the unfolded protein response 
(UPR) in Cd-induced apoptosis [70]. Moreover, it was demonstrated that low 
dose Cd (4 µM) stimulated the activation of the JNK pathway while inhibiting 
the NF-κB pathway significantly playing an essential role in the survival of 
Cd-exposed human renal glomerular endothelial cells (HRGECs) [71]. Taken 
together, this demonstrates the role of activation or inactivation of NF-κB in de-
termining the survival of the cell mediated by cross talk with the JNK pathway. 

3.2. Cadmium-Induced Cytokine Release 

IL-8 is a key mediating chemoattractant in recruitment of neutrophils in acute 
inflammation. It is has been established that NF-κB is one of the crucial factors 
that regulate the gene expression of IL-8 [72]. Cd has been identified as a strong 
activator of IL-8 in an NF-κB-independent but Erk1/2-dependent pathway, a 
mitogen-activated protein kinases (MAPKs) cascade often involved in proin-
flammatory signaling, in vitro in lung epithelial cells and in vivo in mouse lungs 
[50]. In this study, exposure of human airway epithelial cells to Cd (2 µM and 5 
µM) promotes a unique inflammatory cytokine response consisting of IL-8 but 
not IL-1β or TNF-α. Interestingly, the outcomes of this study show that Cd can 
induce unique signature inflammatory responses consisting of IL-8 and IL-6 but 
not IL-1β or TNF-α, which is conserved in vitro and in vivo [50]. Additionally, 
the immunomodulatory potential of Cd was shown in murine RAW 264.7 ma-
crophages such that Cd (10 µM) highly upregulated the expression of interleu-
kin, IL-1β and chemokine, CXCL1 and down regulated the anti-inflammatory 
cytokines IL-6 and IL-10 [54]. This may explain the elevated risk of chronic in-
flammation by long term Cd exposure following bacterial infection.  

Djokic et al. noted that administration of a sublethal dose of Cd (1 mg/kg b.w. 
for 48 h) differentially decreases the levels of mRNA for IL-1β, TNF-α and IL-6 

https://doi.org/10.4236/odem.2019.74012


S. C. Das, H. A. Al-Naemi 
 

 

DOI: 10.4236/odem.2019.74012 153 Occupational Diseases and Environmental Medicine 
 

on peripheral blood polymorphonuclear (PMN) cells of rats [73]. In this study, 
an increase in plasma levels of TNF-α indicated a systemic inflammation which 
may be result of Cd-injured tissues. Furthermore to the pro-inflammatory effects 
of Cd, it has been illustrated that Cd activates granulocytes and primes them for 
oxidative activity. A later study by Djokic et al., reported differential effects of a 
single sub-lethal Cd dose (1 mg/kg b.w.) on rat PMN cell biology [74]. While 
there was a limited effect of high dose Cd on the spontaneous production of 
TNF-α despite an increase in the basal mRNA level, there seemed a tendency for 
decreased spontaneous production of IL-6 with a decrease in mRNA levels. In 
contrast to the decrease of mRNA expression of TNF-α and IL-6, that of IL-1β 
increased. The authors highlight that the differential effects on the production of 
a specific inflammatory cytokine can be attributed to the differences in Cd doses.  

A suggested proinflammatory target of Cd in the spleen is IL-17 as evidenced 
by dose-dependent increase in IL-17 mRNA expression [59]. A study examining 
the impact of Cd at 5 and 50 ppm on the immune reactivity of the gut in rats 
showed an increase in the levels of IL-17 hinting towards intestinal inflamma-
tion that was suggested to originate from cytokine-producing infiltrated leuko-
cytes [75]. In the same study, elevated levels of TNF-α at 5 ppm and IL-1β at 
both doses was reported. The elevations in these cytokines are characteristic in-
nate proinflammatory reactions to Cd intake in rats. The effect of oral exposure 
of Cd (5 ppm and 50 ppm) on the immunity of the skin presented a 
dose-dependent oxidative stress and resulted in inflammation with an elevation 
in production of IL-1β, IL-6 and TNF-α in the epidermis [76].  

A considerable amount of published literature into the pro-inflammatory ef-
fect of Cd reported the production and upregulation of IL-6, TNF-α and IL-1β in 
vivo and in vitro. A traditional marker of inflammation, IL-6, is an important 
pro-inflammatory cytokine that promotes inducing acute phase proteins and 
may also mediate the transition from acute to chronic inflammation [55]. TNF-α 
is a cytokine produced by activated macrophages in response to injurious stimu-
li. IL-1 β is expressed by a wide range of cells that play a role in the activation of 
NF-κB cascade and hence the induction of pro-inflammatory cytokines and 
chemokines [51]. The production of these above-mentioned cytokines might 
play a role in amplifying the inflammatory process in the tissue undergoing 
oxidative stress (Figure 1). Interestingly, with the accumulating reports of the 
pro-inflammatory effects of Cd, there is also a contradiction in evidences re-
garding its immunomodulatory effect. In the context of chronic inflammation, 
an in vivo study testing the effect of low dose intra-articular Cd injection on in-
duced arthritis rat joints showed that Cd-injection improved arthritis in the 
joints by reducing inflammation [77]. Results show a reduction of IL-6 produc-
tion by synergistic action between IL-17 and TNF-α with no induction of local 
inflammation and limited deposition of Cd in the liver suggesting a safe 
risk/benefit ratio without inducing toxic effects on other organs [77]. Further to 
this study, it was demonstrated that the anti-inflammatory effect of Cd on the 
synoviocytes was reversed by the presence of zinc that competes with Cd for the 

https://doi.org/10.4236/odem.2019.74012


S. C. Das, H. A. Al-Naemi 
 

 

DOI: 10.4236/odem.2019.74012 154 Occupational Diseases and Environmental Medicine 
 

non-selective transporter, ZIP-8 [78]. An early human study suggested that Cd 
may hold anti-inflammatory properties such that the metal suppresses inflam-
mation by downregulating pro-inflammatory genes and thereby inhibiting infil-
tration into the vessel wall [79] [80]. It has also been shown that Cd significantly 
inhibited the production of TNF-α and IFN-γ [80] [81]. A suggested mechanism 
is by dysregulating the gene expression of these cytokines caused by interfering 
with cellular signaling [81]. A key point to the differential effects of Cd is the use 
of different doses and biological systems that may have different response me-
chanisms to overcome the Cd load. 

4. Cadmium-Induced Tissue Injury 

Cells undergoing prolonged oxidative stress and inflammation may consequent-
ly lead to tissue injury [46]. Various studies have reported Cd-induced tissue in-
jury in different organ systems evaluated by histopathological techniques. As 
mentioned previously, major targets of Cd toxicity are the liver and kidneys. A 
study examining the structural changes in adult rat liver following chronic sub-
cutaneous Cd treatment (2.5 mg/kg b.w. and 5 mg/kg b.w. for 45 days) reported 
biochemical, histopathological and histochemical aberrations to the liver [82]. 
The authors reported displaced lesions varying from hydropic degeneration to 
cellular necrosis and dilatation and congestion of majority of the portal vein 
radicals. Additionally, the extent of damage seemed to be time and dose-dependent. 
Promisingly, mild recovery was reported in specimens examined one month af-
ter Cd withdrawal manifested by significant increase in the number of binuc-
leated cells and von Kupffer cells hyperplasia which phagocytosed the necrotic 
debris [82]. However, the degenerative changes such as pyknosis, karyolysis and 
single cell hepatocyte necrosis were still noticeably apparent. In another study, a 
histopathological evaluation of biopsied liver of male Wistar rats treated with Cd 
at a higher dose (50 mg/kg b.w.) for 12 weeks showed alteration in hepatocellu-
lar integrity including hepatocellular degeneration, portal vein dilation and fi-
brotic changes relative to the control group [41].  

A multi-organ investigative study by El-Refaiy and Eissa reported severe his-
topathological changes in the hepatic, renal, lung and testicular tissues of rats 
treated with 3 mg Cd/kg b.w. for 2 months [83]. These histopathological changes 
were accompanied with substantial changes in the levels of biomarkers of oxida-
tive stress, activities and levels of antioxidant enzymes. Liver damage was indi-
cated by loss of normal hepatic architecture with fatty droplets, focal necrosis 
with infiltration of inflammatory cells, pyknotic nuclei, karyolysis, proliferation 
of Kupffer cells and bile ductless. Also, collagen fibers were reported to be in-
creased in between hepatocytes, around the central vein and in the portal region 
[83]. These hepatocellular alterations could be a consequence of formation of 
highly reactive radicals and subsequent Cd-induced lipid peroxidation. In the 
same study, glomerular and tubular changes inducing nephrotoxicity-shrinking 
and degeneration of the glomeruli and pyknosis and vacuolation of cytoplasm of 
tubules, multiple foci hemorrhage and congestion of blood vessels- were ob-
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served in the Cd treated rats. These lesions was accompanied with increased col-
lagen fibers in the glomerular tuft, in between the renal tubules and around 
blood vessels. Another study reported glomerular swelling and focal tubular de-
generation in kidneys of mice treated with a sub-chronic dose of 50 µg Cd/mL in 
drinking water for 8 weeks [84]. The Cd-induced nephrotoxicity is understood 
to be mediated through the Cd-MT complex when it is uptaken by the renal 
proximal tubule resulting in tubular dysfunction promoting oxidative stress and 
genotoxicity [22].  

In the same study by El-Refaiy and Eissa, other organs showing histopatho-
logical alterations after systemic Cd exposure are lungs and testicular tissue. It 
was reported that the lung tissue showed severe inflammation indicated by ag-
gregation of lymphocyte infiltration including edema, thickening of interalveolar 
septa, enlargement of some air space, dilatation and congestion of pulmonary 
vein [83]. These changes was hypothesized to be a result of underlying 
Cd-induced oxidative stress [32] [83]. Damages to testicular tissues in the form 
of degeneration of spermatogenic cells, edema, hemorrhage, congestion and 
multifocal regions with ischemic necrosis was observed along with increased 
collagen fibers [83]. Studies reviewing the mechanisms by which Cd inflicts 
damage on the reproductive system showed that Cd can alter cell adhesion, in-
duce oxidative stress and apoptosis, mimic ionic and molecular components and 
damage DNA consequently affecting the cell cycle [16] [17]. Histologically, these 
damages were indicated by disruption of blood-testis barrier, abnormal sperm 
morphology accompanied with disrupted blood-epididymal barrier, damaged 
endothelium in follicular blood vessels and necrosis in both testicular and ova-
rian tissues [16] [32] [85].  

In bones, Cd exposure alters bone mineral density, histology and biomechan-
ical properties. A study by Chen et al. reported severe damages to the proximal 
tibia of male Sprague Dawley rats treated with 1.5 mg Cd/kg b.w. for 12 weeks 
inducing Itai-itai-like syndrome [86]. Authors reported a 20% - 50% decrease in 
bone mineral density along with 30% - 60% decrease in bone biomechanical 
property. Previously, Cd-induced bone damage was thought to be mediated 
through renal dysfunction such that primary damage is done to the kidneys and 
damage to the bones is a secondary effect [87]. However, in this study, the au-
thors suggest that Cd intoxication can have a direct impact on the bone such that 
renal dysfunction and altered bone formation and reabsorption is caused simul-
taneously in relation to the dose of Cd exposure [86]. Another study showed 
histopathological alteration in bone marrow of albino Wistar rats treated with 15 
mg Cd/kg b.w. manifested as an increase in adipocytes in bone marrow and de-
crease in the cellular portion [88]. These changes were attributed to the direct 
action of Cd on the bone cells thereby decreasing bone formation and increasing 
bone resorption [88] [89]. 

In 2010, Messner and Bernhard reviewed the molecular and biological me-
chanisms by which Cd affects the cardiovascular system thereby concluding the 
relevance of Cd as a novel and independent risk factor for cardiovascular pa-
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thologies [80]. In a study, male Wistar rats treated with 0.44 mg Cd/kg b.w. 
every alternate day for 15 days found significant increase in the amount of Cd 
deposited in the heart (4 µg/g) and an increase in the levels of biomarkers of or-
gan damage [90]. Histopathological analysis showed profound degeneration 
along with capillary dilatation, vascular congestion and necrosis of the myocar-
dial fibers. This was further supported by the depletion of collagen fiber in car-
diac tissue sections stained with picrosirius red indicating fibrosis in cardiac tis-
sues. Also reported in the study was the crosslinking of myofibrillar collagen fi-
bers forming an irregular branching pattern and complicated matrix network 
[90]. In addition to the cardiac tissues, Cd alters the aorta’s histological integrity 
as evidenced by the induction of hypertrophic aortic wall remodeling by hyper-
plasia of smooth muscle cells, increased collagen deposition, decreased elastin 
and increased aortic medial wall matrix metalloproteinases [91]. Another study 
evaluating the histopathological changes in the heart of male albino rats treated 
with 200 mg/L Cd for 8 weeks reported focal hyaline degeneration and perivas-
cular fibrosis with narrowed lumen of cardiac blood vessels after 4 weeks, hya-
line degeneration with focal areas of coagulative necrosis and interstitial fibrosis 
in the left ventricle after 8 weeks [92]. The results of these studies showed that 
Cd mediates tissue damage in the cardiovascular system by generating ROS in-
ducing oxidative stress and inhibiting the expression of and depleting vital anti-
oxidant enzymes [90] [91] [92].  

An examination of effects of oral Cd exposure (5 ppm and 50 ppm for 
30-days) on skin immune reactivity by Tucovic et al. reported oxidative stress at 
both Cd doses, dose-dependent structural changes in the skin (dilation of seba-
ceous follicles, formation of vascular spaces, hyperkeratosis and hyper granulo-
sis) and increased incidence of neutrophils and activated mast cells [76]. In-
gested Cd was also shown to have an impact on the gastrointestinal tract histo-
logically revealed as shorter and thicker villi with visible fusion of some villi and 
top-side necrosis [75]. Dose-dependent prominence of goblet-cell like vacuoles 
and infiltration of inflammatory cells was observed consisting mainly of lym-
phocytes [75]. 

The studies presented thus far demonstrates that Cd exposure at different 
doses ranging from 0.44 mg/kg b.w. up to 200 mg/kg b.w. targets multiple organ 
systems by inducing systemic oxidative stress, tissue inflammation and conse-
quently tissue damage. The extent of damage to the tissue (such as altered histo-
logical architecture, fibrosis, necrosis, apoptosis) as a result of Cd exposure is 
dependent on the dose and duration of exposure. 

5. Conclusion 

Cadmium is a xenobiotic with rising concern to public health due to its ability to 
inflict damage on different organ systems depending on dose, route of exposure 
and duration of exposure. Various pathologies have been associated with 
Cd-induced oxidative stress that interacts with the inflammatory response either 
as a primary mechanism or a secondary mechanism (Figure 3). In both  
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Figure 3. Illustration summarizing the impact of cadmium toxicity leading to mul-
ti-organ tissue injury (Created by biorender.com). 
 
scenarios, there are two key steps that involve inflammation namely, the activa-
tion of NF-κB and the release of cytokines. While accumulating literature shows 
variable extent of pro-inflammatory response at the level of gene expression and 
production to Cd exposure, some studies have also shown the opposite. It is 
worth noting that these contradictions can be attributed to the biological system, 
exposure route and dose used in the different experimental setups. Taken to-
gether, these studies support the notion that Cd is associated with oxidative 
stress and inflammation leading to multi-organ tissue injury in the body. Cur-
rently, the role of NF-κB is being widely reviewed as a common player in in-
flammation and oxidative stress [68] [93] [94]. Perhaps further research target-
ing signals upstream of NF-κB could help understand the role of Cd toxicity and 
prevent the inflicting of damages to the tissue while preventing the overwhelm-
ing of the oxidative stress and inflammatory response.  
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