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Abstract
Cadmium (Cd) is a toxic heavy metal that is widespread in the environment due to the substantial anthropogenic inputs from 
the agriculture and industrial sectors. The toxic impact of Cd adversely affects human health and is linked with endocrine 
disruption, carcinogenicity, diabetes-related diseases, and metabolic disorder. One of the main characterizations of Cd is 
bioaccumulation where its half-life reaches 40 years with an unknown biological role. Several organs were found to be tar-
gets for Cd accumulation such as the liver, kidneys, and adipose tissue. Adipose tissue (AT) is a dynamic organ that plays a 
significant role in the body’s homeostasis through the maintenance of energy storage. Another vital function for AT is the 
secretion of adipokines which provides a metabolic cross-talk with the whole body’s organs. Cd is found to adversely impact 
the function of AT. This includes the disruption of adipogenesis, lipogenesis, and lipolysis. As a consequence, dysfunctional 
AT has disruptive patterns of adipokines secretions. The main adipokines produced from AT are leptin and adiponectin. 
Both were found to be significantly declined under the Cd exposure. Additionally, adipose tissue macrophages can produce 
either anti-inflammatory markers or pro-inflammatory markers depending on the local AT condition. Cadmium exposure 
was reported to upregulate pro-inflammatory markers and downregulate anti-inflammatory markers. However, the exact 
mechanisms of Cd’s adverse role on AT structure, function, and secretion patterns of adipokines are not totally clarified. 
Therefore, in this review, we present the current findings related to Cd detrimental effects on adipose tissues.

Keywords  Cadmium · Environmental toxicants · Heavy metals · Adipose tissue · Adipocyte dysfunction · Metabolic 
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Introduction

Rapid urbanization and intensive industrialization have 
caused an increase in the contamination level of environ-
mental toxicants. The sector of environmental toxicants is 
very diverse which includes but are not limited to organic 
and inorganic chemicals, xenobiotics, pesticides, and heavy 
metals (Bhunia 2017). Over the past years, environmental 
toxicants gained more attention from researchers due to the 
adverse effects on the health of living organisms. Heavy 
metals are environmental toxicants that can be found natu-
rally in the Earth’s crust. Thus, weathering of metal rocks, 

volcanic eruption, atmospheric deposition, and leaching into 
soil and groundwater are natural sources of heavy metals 
(Cimboláková et al. 2020). While fertilizer usage, irrigation, 
industrial emission, fossil fuel combustion, smelting, and 
mining are the main anthropogenic sources of heavy metals 
contamination (Violante et al. 2010). The increased contami-
nation level of heavy metals is associated with high rates of 
their transportation and mobilization caused by heavy indus-
trial inputs (Baran and Tarnawski 2015; Xie et al. 2019).

One of the main hazardous heavy metals is cadmium (Cd) 
that is widespread in the environment and listed the seventh 
rank in the priority list of toxic pollutants by the Agency 
for Toxic Substances and Disease Registry  (ATSDR 2019). 
Among the scientific community Cd toxicity is well docu-
mented and its toxic impact includes endocrine disruption, 
carcinogenicity, diabetes-related diseases, and metabolic 
disorder (Garcia-Morales et al. 1994; Iavicoli et al. 2009; 
Matović et al. 2011; Jiménez-Ortega et al. 2012; Han et al. 
2015; Tinkov et al. 2017; Nasiadek et al. 2018; Lauretta 
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et al. 2019; Cimboláková et al. 2020; Buha et al. 2020). 
Cadmium has no biological role in the body and its excretion 
from the body is very slow since  the estimated half-life, in 
humans, is about 40 years (Tucker 2011; Young et al. 2019). 
Cadmium-contaminated food and water in addition to smok-
ing are the main routes of Cd exposure (Fatima et al. 2019). 
For example, the usage of fertilizers that contain Cd and 
Cd-contaminated water in agriculture are the main attributes 
that cause terrestrial food to be exposed to Cd (Ali et al. 
2019; Sabir et al. 2019). Common types of food such as 
cereals, bread, leafy vegetables, nuts, wild mushrooms, rice, 
and cocoa powder are potential sources of Cd contamina-
tion (COWI A/S 2003; Tchounwou et al. 2012; Kim et al. 
2018). Moreover, Cd is among the most accumulated metals 
in the soil which impacts not only food plants but also the 
groundwater, especially in the areas of active anthropogenic 
inputs (Xie et al. 2019; Luo et al. 2020). Besides terrestrial 
food, aquatic food is also a major source of Cd exposure. 
Cadmium is found to be distributed within the particulate 
matter and the sediments which are the main sources of Cd 
exposure for the aquatic organisms (Kay 1985). As a con-
sequence, the elevated Cd level in the marine environment 
has undesirable effects on marine animals since they are 
susceptible to Cd bioaccumulation (Dallinger et al. 1987; 
COWI A/S 2003; Safety 2011; Chunhabundit 2016). Food is 
a major source of the body’s nutrition and energy, thus when 
consuming Cd-contaminated food, vital biological processes 
may get affected.

The ingested Cd targets several major organs in the body 
including the liver and kidneys which primarily exhibit 
high rate of Cd accumulation rates (Jacobo-Estrada et al. 
2017; Genchi et al. 2020). In addition to that, it has been 
recently found that Cd also accumulates in adipose tissue 
which opens a door for more research. Adipose tissue (AT) 
is known as an energy reservoir and endocrine organ that 
contributes actively to systemic energy homeostasis (Prins 
2002; Coelho et al. 2013). It secretes adipokines or hor-
mones and cytokines that act in paracrine, autocrine, and 
endocrine manners (Funahashi et al. 2004; Akingbemi 2013; 
Stansfield et al. 2014). Besides the secretion function, AT 
cross-talks and regulates other body organs, metabolism, 
immunity, reproduction, and cardiovascular functions (Coe-
lho et al. 2013; Kwon and Pessin 2013). Accordingly, the 
endocrine function of AT is regulated significantly by the 
nutritional status that is linked to the role of AT in energy 
storage (Prins 2002; Kwon and Pessin 2013). The main adi-
pokines produced by AT are adiponectin and leptin with 
multiple roles such as regulation of inflammation and energy 
homeostasis (Fantuzzi 2005). Several studies reported that 
metal toxicity including Cd negatively affects adipokine 
secretion (Levy et al. 2000; Kawakami et al. 2012; Ceja-
Galicia et al. 2017; Renu et al. 2018; Rizzetti et al. 2019; 
Wang et al. 2021). As a consequence, metabolic disruption, 

local and systemic inflammation may induce and antagonize 
the body’s homeostasis. These contributions suggest that 
AT is more complex than initially thought with multiple 
unique features.

The dynamic nature of the AT can be reflected by the 
different types of AT (i.e. white, brown, and beige) and its 
heterogeneity which provides the adaptive capacity under 
different physiological conditions. In the toxicological con-
text, white adipose tissue  has the feature of sequestering 
harmful toxicants and pollutants to limit its impact on other 
organs (Mustieles and Arrebola 2020). Thus, AT provides an 
advantageous role in assessing toxicants’ acute and chronic 
exposure effects and helps investigate early markers for 
chronic diseases such as metabolic syndrome or diabetes 
mellitus. This review aims to present an overview of the 
potential effects of Cd exposure on AT function and sum-
marize the detrimental result of these effects.

Adipose Tissue and Cadmium 
Bioaccumulation

Adipose tissue is classified into two types: white adipose tis-
sue and brown adipose tissue. Their distribution throughout 
the body is determined by several factors such as nutritional 
status and environmental temperature (Fantuzzi and Braun-
schweig 2014). For this review, white adipose tissue (WAT) 
will be the main focus and will be discussed in detail. White 
adipose tissue comprises the largest part of AT and it is 
known for its critical role in energy storage, insulin sensitiv-
ity, and endocrine communication (Fantuzzi 2005; Frühbeck 
and Gómez-Ambrosi 2013; Choe et al. 2016). Morphologi-
cally, WAT has unilocular adipocytes that contain a large 
central lipid droplet besides the nucleus and mitochondria 
(Richard et al. 2000; Frühbeck and Gómez-Ambrosi 2013). 
Also, it is composed of special loose connective tissue that 
contains different cell types including adipocytes, stromal 
vascular fraction, blood vessels, preadipocytes, fibroblasts, 
and lymph nodes that include immune cell types (Frühbeck 
and Gómez-Ambrosi 2013; Henriques et al. 2019). This spe-
cial structure allows AT to function as a storage reservoir, 
endocrine organ, and cushion for internal organs. Moreover, 
regional fat distribution throughout the body is associated 
with several inner organs such as the liver, kidney, and heart 
which could be used as an indicator for various metabolic 
alterations (Frühbeck and Gómez-Ambrosi 2013).

Adipose tissue regulates long-term storage and excess 
energy accumulation and releases through lipogenesis and 
lipolysis (Booth et al. 2016). These processes are highly 
dependent on hormonal, metabolic, and nutritional fac-
tors determined by the body’s demands and health status 
(Fantuzzi and Braunschweig 2014). Under physiological 
conditions, the triglycerides (TGs) are synthesized from 
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excess carbohydrates or lipids as a form of energy stored via 
lipogenesis as summarized in (Fig. 1). To meet the energy 
demand of the body, TGs are released via lipolysis and gen-
erates glycerol and FFAs from TGs with the help of hor-
mone-sensitive lipase (HSL) (Richard et al. 2000; Fantuzzi 
and Braunschweig 2014; Vegiopoulos et al. 2017).

In addition to storage, AT secretes and produces hor-
mones known as adipokines that have endocrine and parac-
rine effects. They target different organs including the AT 
itself, liver, brain, vessels, bones, and muscles (Ouchi et al. 
2011; Fasshauer and Blüher 2015; Freitas Lima et al. 2015; 
Francisco et al. 2017). These adipokines include adiponec-
tin, leptin, resistin, tumor necrosis factor-alpha (TNF-α), 
interleukin 6 (IL-6), monocyte chemotactic protein-1 (MCP-
1), and others. Thus, they play functional roles in appetite-
satiety balance, glucose tolerance, energy expenditure, 
insulin resistance sensitivity, and both local and systemic 
inflammation (Fantuzzi 2005; Booth et al. 2016; Mancuso 
2016; Stern et al. 2016).

The secretory status of the AT depends on the changes of 
the cellular composition including structure, number, and 
the depot site alterations (Ouchi et al. 2011). Changes in 
adipose cell numbers (hyperplasia), shape, or size (hyper-
trophy) are hallmarks of AT dysfunction (Pellegrinelli 
et al. 2016). Lipodystrophy and fat loss occur either due 
to decreased adipocyte number or declined adipocyte size 
(Kahn et al. 2019). These changes are linked with abnormal 
secretion of adipokines, systemic and local inflammatory 
conditions. As well as several metabolic processes such as 
glucose intolerance, insulin resistance, and hyperlipidemia 
(Choe et al. 2016; Schoettl et al. 2018; Henriques et al. 2019; 
Recinella et al. 2020).

Adipose tissue is found to be a target of Cd accumula-
tion. Exposure to Cd can occur through inhalation of smoke 

and food ingestion. After Cd enters the body, it binds to 
albumin and erythrocytes in the blood and migrates into the 
body’s organs and tissues (Tchounwou et al. 2012; Fatima 
et al. 2019; Tinkov et al. 2021). The main mechanism of 
Cd transportation and accumulation is facilitated by metal-
lothionein (MT) protein. The binding affinity between MT 
and metal ions was found to be the highest with Cd due to 
the presence of the thiol group (-SH); MT can concentrate 
up to 3.000-fold (Patrick 2003; Genchi et al. 2020). One of 
the main targets of Cd is the liver, where MT is primarily 
produced. Then, Cd-MT complexes are released from the 
liver into the kidney and transferred to other tissues (Patrick 
2003). Several studies measured Cd levels under different 
exposure conditions (acute, chronic, low dose, and high 
dose) and reported that tissues of the liver and kidneys are 
the main targets for Cd accumulation and toxicity (Toman 
et al. 2009; Lech and Sadlik 2017; Borowska et al. 2017; Fay 
et al. 2018). However,  AT is known to be the main reservoir 
of lipophilic toxicants which can form lipophilic complex 
with heavy metals including Cd (Lauretta et al. 2019).

In 2010, Kawakami et al. used adult male mice to inves-
tigate the accumulation of repeated Cd doses of 0,5,10 
and 20 μmol/kg body weight in AT. They reported that Cd 
accumulation occurs in a dose-dependent response. At the 
highest dose (20 μmol/kg), the Cd concentration in AT was 
0.404 μg/kg and at the lowest dose (5 μmol/kg) Cd concen-
tration was 0.114 μg/kg. On the other hand, Echeverría et al. 
(2019) explored the Cd accumulation in AT of adult humans. 
Their study reported that Cd in AT had a mean concentra-
tion of 12.66 μg/kg body weight. Certain parameters were 
found to be correlated with high Cd concentration in AT 
such as smoking, age, body mass index, and the types of 
food consumed (Echeverría et al. 2019). Moreover, a recent 
study examined Cd accumulation in the human body and 
reported that Cd accumulates in AT (Egger et al. 2019). 
Their findings reported median Cd concentrations of 32 and 
42 μg/kg in breast adipose tissue and waist adipose tissue, 
respectively. This suggests that AT has the potential to be 
the biggest Cd pool since it occupies a large part of the body. 
To the best of our knowledge, the exact mechanism of Cd 
accumulation in AT is not yet fully understood.

Cadmium and Adipose Tissue Dysfunction

The alterations of AT structure and its cellular composition 
lead to the impairment of its normal physiological functions 
such as energy imbalance, abnormal secretions, and immune 
cell infiltration (Trim et al. 2018). Adipose tissue is known 
for its plasticity that makes it adaptive to accumulate the 
surplus of energy in the form of triglycerides (Badimon and 
Cubedo 2017; Martínez-Fernández et al. 2018). However, 
under metal toxicity, AT function can be disrupted and 

Fig. 1   Overview of lipogenesis in AT Triglycerides (TGs) are syn-
thesized from excess carbohydrates or lipids as a form of energy 
stored in AT. Lipogenesis in AT can be divided into three steps. First, 
dietary lipids are taken up from the circulation in the form of free 
fatty acids (FFAs) with the help of lipoprotein lipase (LPL). Second, 
glucose is taken up with the aid of GLUT4 and converted to glyc-
erol (G-3-P) by adipocytes to help in the esterification of fatty acids 
(FAs). Finally, the FAs are esterified into triglycerides. (Created using 
BioRender.com)
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linked to the development of metabolic disorders (Planchart 
et al. 2018; Gao et al. 2019; Rizzetti et al. 2019).

Adipogenesis is an essential process that includes the 
maturation of preadipocyte to adipocyte. The healthy growth 
of adipocytes is related to nutritional intake and energy stor-
age demand with features of well-vascularized adipocyte 
and minimal degree of inflammation (Vishvanath and Gupta 
2019; Orsso et al. 2020). Adipogenic key markers for AT 
differentiation are CCAAT/enhancer-binding protein (C/
EBP) and Peroxisome proliferator-activated receptor-gamma 
(PPAR- γ). Adipose tissue dysfunction is associated with 
disruption of adipogenesis and impairment of adipocytes 
differentiation capacity. In this context, a toxicological study 
claimed that Cd-treated WAT exhibited a pattern of reduc-
tion in the expression level of both C/EBP and PPAR- γ 
(Kawakami et al. 2010). This also is in accordance with 
another study, which reported that Cd exposure significantly 
decreased the mRNA expression level of PPAR- γ in Cd-
treated WAT (Kawakami et al. 2013). Moreover, differen-
tiation of 3T3-L1 preadipocytes found to be inhibited by 
Cd through the suppression of expression level of both C/
EBP and PPAR- γ (Lee et al. 2012). Taken together, these 
data suggest that Cd influences adipogenesis which disturbs 
both processes of lipid accumulation and adipocytes growth 
(Fig. 2). This adversely affects the main storage function 
of AT, and consequently, metabolic processes and systemic 
signaling.

In line with that, histopathological studies demonstrated 
the effects of Cd on AT. Kawakami et al. (2010) reported 
a significant decrease in mice AT weight and adipocytes 
size after Cd treatment in a dose-dependent manner. More 
exploration was done by the same team, to study the effect 
of acute Cd exposure in MT- null mice and found that, 
adipocytes size was significantly reduced (Kawakami et al. 
2013). In agreement with these results, a recent study 
reported that mice exposed to Cd for 8 weeks exhibited a 
significant reduction in both body weight and adipocytes 
size (Prabhu et al. 2020). However, an earlier study that 
examined the Cd effect on AT using a rat model, reported 
no changes in both body weight and adipocyte size (Fick-
ová et al. 2003). Similarly, Treviño et al (2015) reported 
that Cd administration of 120 days neither had an impact 
on rats’ body weight nor the AT size. It is worth noting that 
studies that explored Cd effect using rat models reported 
no changes in both body weight and adipocyte size. How-
ever, other parameters were found to be adversely affected 
such as circulating lipid profile and insulin receptors 
(Table 1). From the above, we can conclude that Cd at 
different exposure conditions has the potential to induce 
a toxic impact on AT main storage function. This impact 
can be observed as an impairment of gene expression of 
adipogenesis markers (C/EBP and PPAR- γ), circulating 
lipid profile, and AT structure that provide the required 

functional capacity and plasticity features of AT. Although 
the above-listed studies explored the effect of Cd on AT 
structure but, there is a lack of consistency with the out-
comes due to differences in dose, duration, speices and 
experimental design. Moreover, histopathological research 
is needed to provide a better understanding of exact AT 
structural changes and the involved mechanisms under dif-
ferent Cd exposure conditions.

The structural changes resulted from Cd toxicity are asso-
ciated with the presence of local inflammation in AT and are 
marked by several inflammatory and adipokines secretions 
besides leukocyte infiltration (Booth et al. 2016; Greeven-
broek et al. 2016; Kahn et al. 2019). Taking into considera-
tion the wide distribution of the AT throughout the body, 
the changes in AT microenvironment may play a role in the 
systemic inflammation as well (Martínez-Fernández et al. 
2018). To evaluate the impact of Cd on AT dysfunction, 
adipokines expression levels are measured as indicators of 
inflammation and metabolic disorder (Frühbeck and Gómez-
Ambrosi 2013; Fasshauer and Blüher 2015; Freitas Lima 
et al. 2015; Unamuno et al. 2018). The main adipokines 

Fig. 2   Overview of Cd adverse effects on adipogenesis When preadi-
pocytes reach the commitment phase before differentiation, it acti-
vates the key regulators of adipogenesis PPAR- γ and C/EBP⍺ and β 
at the early stage of differentiation. While at the late stage of differen-
tiation, mature adipocytes express a couple of markers such as: leptin, 
adiponectin and perilipin besides the early markers. Under Cd expo-
sure, the key regulators in the early stage exhibit pattern of reduction 
in their expression which adversely affects the process of lipid accu-
mulation, rate of adipocytes differentiation and the expression level of 
maturation markers. Consequently, decrease in the size of adipocyte. 
(Created using BioRender.com)
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namely adiponectin and leptin, and their interaction with 
IL-6, TNF- α, MCP-1 will be discussed further below.

Cadmium and Adiponectin

Adiponectin is a hormone produced and secreted mainly 
by adipocytes with anti-inflammatory, anti-apoptotic, and 
insulin-sensitizing effects (Fasshauer and Blüher 2015; 
Achari and Jain 2017; Tumminia et al. 2019). The level 
of adiponectin in the circulation has a positive correla-
tion with HDL cholesterol and a negative correlation with 
inflammatory markers (Krakoff et al. 2003; Novotny et al. 
2012; Frühbeck et al. 2017). Thus, adiponectin downregula-
tion and pro-inflammatory molecules upregulation leads to 
homeostasis disturbance and promote metabolic dysfunction 
(Yamauchi et al. 2007; Murdolo et al. 2013; Upadhyaya et al. 

2014; Tumminia et al. 2019). The anti-inflammatory role of 
adiponectin was demonstrated when adiponectin-knockout 
mice developed an inflammatory response (Mancuso 2016). 
This role is achieved by promoting the polarization of mac-
rophages towards anti-inflammatory phenotype (Mandal 
et al. 2011). Moreover, in adipocytes, adiponectin enhances 
both healthy expansion and lipid storage and prevents the 
risk of ectopic fat accumulation where TGs are stored out-
side the AT (Stern et al. 2016). Few studies investigated the 
Cd effect on adiponectin expression and reported that the 
mRNA expression level of adiponectin in AT had a signifi-
cant decrease under Cd acute exposure condition (Kawakami 
et al. 2010). Furthermore, in MT-null mice, exposure to dif-
ferent Cd doses (5, 10, and 20 μM), significantly decreased 
adiponectin expression level (Kawakami et al. 2013). These 
results are consistent with data collected from in vivo studies 

Table 1   The effect of different Cd exposure conditions on AT function and structure

Arrows indication: ↑ increasing, ↓ decreasing, ↔ no change

Model Dose and duration Exposure method Observations References

Male wister rats 9.7 mg/l to 6 weeks Dissolved in drinking water Adipocytes size: ↔
Body weight: ↔
AT insulin receptor: ↓

Ficková et al. (2003)

Male Sprague–Dawley rats 2 mg/kg to 4 days Subcutaneous injection Body weight: ↔ GLUT4 
expression in AT:↓

Han et al. (2003)

Male Slc:ICR mice 0, 10, 20, and 30 molCd/kg 
bw to

2 weeks

Subcutaneous injection Body weight:
- at low doses: ↔
- at high doses: ↓
WAT weight:
- at high doses: ↓
Adipocytes size:
- at high doses: ↓
Adipose PPARγ2 expres-

sion: ↓
Adipose C/EBPα expres-

sion: ↓
Adiponectin expression: ↓

Kawakami et al. (2010)

Male wister rats 50 and 100 ppm Cd to
7 weeks

Dissolved in drinking water Plasma TGs: ↑
Plasma LDL + VLDL: ↑

Afolabi et al. (2012)

MT-null mice 0, 0.5 and 0.75 mg Cd/kg 
bw to

7 days

Subcutaneous injection Body weight:
- at higher dose: ↓
WAT weight:
- at higher dose: ↓
Adipose PPARγ2 expres-

sion: ↓
Adipose C/EBPα expres-

sion: ↓
WAT macrophages: ↑
WAT MCP-1 expression: ↑
Leptin expression: ↓
Perilipin expression: ↓

Kawakami et al. (2013)

Male wister rats 32.5 ppm Cd to 60, 90 and 
120 days

Dissolved in drinking water Body weight: ↔
Adipocytes size: ↔
Circulating FFAs, TGs, LDL 

and VLDL: ↑

Treviño et al. (2015)

ICR mice 100 ppm CdCl2 to 8 weeks Dissolved in drinking water Body weight: ↓
Adipocytes size: ↓

Prabhu et al. (2020)
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after treatment with arsenic and mercury exposure (Rizzetti 
et al. 2019; Farkhondeh et al. 2019). These changes in adi-
ponectin under unhealthy conditions, make its low expres-
sion a potential marker for AT dysfunction.

Adiponectin and TNF-α has a similar globular domain but 
different sequences and they exhibit opposite effects (Fan-
tuzzi 2005). It was demonstrated that adiponectin knockout 
mice expressed a high mRNA level of TNF-α in AT and a 
high level of TNF protein in the blood (Maeda et al. 2002; 
Ouchi et al. 2011). Interestingly, when these mice were 
treated with adiponectin, TNF-α levels were restored within 
the normal range. Hence, in the case of inflammation, the 
pattern of TNF-α upregulation and adiponectin downregula-
tion are quite common (Novotny et al. 2012).

Another pro-inflammatory adipokine is the IL-6 which 
has cross-talk with adiponectin as well. The production of 
adiponectin could be inhibited by IL-6 (White and Stephens 
2011; Upadhyaya et al. 2014). One of the suggested mecha-
nisms of IL-6 action on adiponectin is through the activation 
of NF-κB pathway (Brasier 2010; Liu et al. 2017). On the 
other hand, the anti-inflammatory activity of adiponectin 
inhibits the production of IL-6 by the induction of inter-
leukin 10 (IL-10) which is an anti-inflammatory cytokine 
(Mancuso 2016). Thus, the upregulation of IL-6 along with 
downregulation of adiponectin leads to insulin signaling 
impairment which promotes metabolic dysfunction (Mur-
dolo et al. 2013).

The activity of adiponectin is mediated through its two 
receptors: adiponectin receptor 1 (Adipo-R1) and adiponec-
tin receptor 2 (Adipo-R2) (Ye and Scherer 2013). Adipo-
R1 is widely expressed in muscle and Adipo-R2 is mainly 
expressed in the liver and both help regulating glucose 
metabolism and insulin sensitivity (Ceddia et al. 2005; Fran-
cisco et al. 2017). Adiponectin modulates the activation of 
AMP Kinase and activates PPARs which enhance glucose 
uptake and oxidation of fatty acids (Sharma et al. 2016). 
Several findings showed that Cd activates NF-κB path-
way which leads to the upregulation of pro-inflammatory 
cytokines such as IL-6 and TNF-α (Freitas and Fernandes 
2011; Zhang et al. 2016, 2021; Hossein-Khannazer et al. 
2020). The upregulation of Il-6 and TNF-α was found to be 
adversely affects both PPARγ and adiponectin activities (Ye 
2008; Upadhyaya et al. 2014). As mentioned earlier, adi-
ponectin plays a role in preventing ectopic fat accumulation 
by enhancing the storage of lipids (Stern et al. 2016). Thus, 
any dysfunction in the receptors of adiponectin or the adi-
ponectin expression level could affect both fat and glucose 
homeostasis. One of the essential proteins in the process of 
glucose uptake is the insulin-responsive glucose transporter 
(GLUT4) which is selectively expressed in AT and mus-
cles (Stein and Litman 2015; Brodsky 2016). Induction of 
GLUT4 by insulin stimulates the glucose uptake; thus, the 
reduction of GLUT4 expression in AT alters its function 

and affects the insulin signaling which leads to impairment 
of glucose homeostasis (Olson 2012). It has been found 
that, under subacute Cd exposure, Cd-treated rats showed 
a significant reduction in GLUT4 mRNA and GLUT4 Pro-
tien levels in adipocytes (Han et al. 2003). To investigate 
the adiponectin effects, dysfunctional 3T3-L1 adipocytes 
(with low expression level of AdipoR2, GLUT4, and high 
inflammation) was treated with adiponectin (Pandey et al. 
2019). As a result, adiponectin treatment showed an advan-
tageous effect in enhancing glucose homeostasis and reduc-
ing inflammation. This is mediated via the key signaling 
molecule of adiponectin signals transduction (APPL-1) that 
regulates AMPK phosphorylation (Pandey et al. 2019). Alto-
gether, this reflects the importance and the beneficial role of 
adiponectin in the maintenance of glucose homeostasis and 
fat storage function.

Cadmium and Leptin

Leptin is one of the main adipokines that is expressed and 
secreted by AT with a molecular weight of 16 kDa and is 
known for its pro-inflammatory properties (Myers 2003). 
The main functions of leptin include regulation of food 
intake, lipid metabolism, energy expenditure, and glucose 
homeostasis (Considine 2004; Martínez-Sánchez 2020). The 
concentration of circulating leptin is proportional to the AT 
size; it is linked with energy storage as well as nutritional 
status (Frederich et al. 1995; Considine et al. 1996; Mar-
tínez-Sánchez 2020). It has been found that in humans, the 
lipo-dystrophic phenotype is similar to the leptin-deficient 
phenotype (Oral et al. 2002). Moreover, the failed attempt of 
adipocytes transplantation from ob/ob mice (leptin-deficient) 
to a lipodystrophic strain of mice with aim of treating the 
metabolic disturbance; emphasized the critical role of AT-
derived leptin (Friedman 2002). In this context, the results 
of Kawakami et al. (2010, 2012, 2013) highlighted that Cd 
exposure induces a reduction in adipocyte size which is 
accompanied by a decrease in the expression level of lep-
tin. Another study by Levy et al. (2000) reported that leptin 
expression level was reduced under the Cd exposure in a 
dose-dependent manner. However, the study did not evaluate 
the Cd effect on adipocyte histopathology. This promotes the 
hypothesis of Cd lipodystrophic effect on adipocytes, which 
requires continuous efforts to be studied.

In terms of leptin receptors, there are multiple isoforms 
that can be classified as short and long secreted isoforms 
(Myers and Greenwald-Yarnell 2013). The long isoform 
(ObRb) is a fully active receptor attributed to the presence 
of the binding domains that are required for the main signal-
ing pathway (JAK/STAT) of leptin (Harris 2014). It has been 
found that mice with ObRb deficiency exhibited similar phe-
notypes of leptin-deficient mice as well as mice that lacked 
all short isoforms (Myers and Greenwald-Yarnell 2013). 
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This indicates the important role of ObRb in leptin activi-
ties. The target sites of leptin action are mainly in the central 
nervous system, then in lower expression level in the periph-
eral tissues including AT (Wrann and Rosen 2012; Martínez-
Sánchez 2020). All isoforms of leptin receptors have been 
demonstrated in AT and their location was found to be in 
the cell membrane and the cytoplasmic vesicle (Martínez-
Sánchez 2020). The direct effect of leptin on AT was con-
firmed in 1997 when adipocytes were treated with leptin 
through the activation of the JAK/STAT pathway (Siegrist-
Kaiser et al. 1997). Also, leptin receptors were found to be 
in all AT components, such as macrophage and endothelial 
cells, which suggests autocrine and paracrine actions for 
leptin besides its primary endocrine action (Bornstein et al. 
2000; Martínez-Sánchez 2020). Another vital process that 
involves leptin is glucose homeostasis. In the case of insulin 
increment, leptin secretion is stimulated from AT to regu-
late insulin levels. The disturbance of this insulin regulation 
process by leptin contributes to developing insulin resistance 
which leads to diabetes mellitus (Inui et al. 2012). Under 
chronic Cd treatment, it has been reported that the insu-
lin receptors of adipocytes exhibited significant reduction 
compared to the control (Ficková et al. 2003). This could 
be linked with the similar effect of Cd on leptin secretion 
which may be associated with the induction of AT-insulin 
resistance. Although the above-listed data show the adverse 
impact of Cd on adipocyte function that is related to leptin 
activity, yet more studies are required to provide a clear and 
better understanding.

Cadmium and Adipose Tissue Macrophages (ATMs)

As mentioned earlier, AT is not only composed of adipocytes 
but also contains endothelial cells, fibroblasts, and immune 
cells, which contribute to AT homeostasis. ATMs are the 
most abundant type of immune cells in AT that maintains 
homeostasis by clearing the dead adipocytes in healthy con-
ditions (Catrysse and van Loo 2018). Another function of 
ATMs is lipid buffering during lipolysis. They get recruited 
to the AT and exhibit an anti-inflammatory phenotype (M2) 
to uptake the released lipids; this prevents the increment of 
plasma FFA (Catrysse and van Loo 2018). Classically, mac-
rophages are divided into M1 (pro-inflammatory) and M2 
(anti-inflammatory) which have different markers, activa-
tors, and functions (Bai and Sun 2015). Cytokines released 
and produced by M1 are TNF-α, IL-6, IL-12, IL-23, and 
IL-1β while M2 produces IL-10, IL-4, and TGF-β cytokines 
(Li et al. 2020). Normally, the exhibited phenotype of resi-
dent macrophages is M2 macrophages and it expresses M2 
markers (Chait and den Hartigh 2020). It has been reported 
that the shift of macrophages’ phenotype from M2 to M1 is 
induced by MCP-1 that recruits the inflammatory cells (Li 
et al. 2020). In the situation of AT macrophage infiltration, 

TNF-α and IL-6 are mostly produced (Guzik et al. 2017). 
These pro-inflammatory cytokines were found to be upreg-
ulated by Cd while the anti-inflammatory cytokine IL-10 
is significantly downregulated by Cd (Salama et al. 2019). 
These cytokines are known to activate nuclear factor kappa 
B (NF-κB) signaling which activates the transcription 
of proteins and inflammatory factors that are involved in 
inflammatory pathways (Matafome and Seiça 2017). A study 
by Freitas & Fernandes (2011) found that Cd significantly 
activated NF-κB signaling as well as the induction of TNF-
α, and IL-6 releasing in monocytes.

Another function of ATMs is the production of adipokine 
known as resistin. It has a molecular weight of 12.5 kDa and 
has a pro-inflammatory effect (Kyrou et al. 2017). Recently, 
its receptor in humans has been identified to be CAP1 which 
mediates its pro-inflammatory effect (Lee et al. 2014). These 
effects include activation of NF-κB and inhibition of AMPK 
signaling which leads to impairment of insulin homeostasis 
(Farkhondeh et al. 2020). Moreover, it has been reported 
that resistin upregulates MCP-1 expression (Fantuzzi 2005) 
as well as increases the expression level of TNF-α and IL-6 
(Kyrou et al. 2017). In terms of lipid storage, a fundamen-
tal function of AT, TNF-α was found to suppress PPARγ 
activity which causes downregulation of the main enzymes 
involved in esterification and fatty acid uptake and decreased 
expression level of adiponectin (Mancuso 2016; Matafome 
and Seiça 2017). Collectively, the reports cited above indi-
cate the pro-inflammatory effects of macrophages shifted 
phenotype (M1) on adipokine secretion and AT dysfunc-
tion. A recent in vitro study exploring the effect of Cd on 
macrophages and mast cells reported that in a time-depend-
ent manner the secretion level of TNF-α was significantly 
increased in Cd-treated cells (García‐Mendoza et al. 2019). 
Moreover, Cd was found to downregulate the anti-inflam-
matory adipokine, IL-10, at both mRNA and protein levels 
(Choudhury et al. 2021). These studies represent the investi-
gation of Cd effects based on the secretion pattern of adipo-
cytokines that is related to or produced by ATMs and used as 
markers for its function. Nevertheless, few studies explored 
the Cd effect on ATMs specifically. Thus, more histopatho-
logical, metabolic, and molecular studies are required to get 
a better understanding of Cd direct impact on ATMs. This 
is important since the ATMs activation state and metabolic 
phenotype are related to inflammation development and 
metabolic disorders.

Cadmium and Dysfunctional AT Signaling

Critical processes such as lipolysis and lipogenesis were 
found to be adversely affected by Cd exposure. As men-
tioned, these processes are dependent on hormonal, nutri-
tional, and metabolic factors. This includes insulin, food 
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intake, and both glucose and FFA circulating levels as main 
factors. AT responds to the systemic signals in fed condition 
to start lipogenesis. Under Cd exposure, the whole circulat-
ing lipid profile is changing since the levels of FFAs, TGs, 
LDL, VLDL is increasing while HDL is decreasing (Olise-
kodiaka et al. 2012; Treviño et al. 2015). After food intake, 
the glucose level is increasing which stimulates the produc-
tion of insulin. When insulin is produced, it activates the 
GLUT4 in AT to uptake the glucose. However, Cd reduces 
the expression of GLUT4 which consequently impairs glu-
cose uptake.

Another important function for the activated insulin is the 
stimulation of leptin production. As reported, Cd reduces 
leptin expression despite the increases in insulin production. 
This could be explained by the reduction of insulin receptors 
in AT (Ficková et al. 2003) which impairs the insulin signal-
ing with AT and adversely affects the production of leptin. 
According to the mathematical homeostasis model assess-
ment (HOMA-IR), insulin resistance is highly elevated in 
the case of Cd exposure in peripheral tissues (Treviño et al. 
2015). This is consistent with the results of the insulin resist-
ance adipocytes dysfunction index (IDA-IR) that reported 
a significant increment of insulin resistance for Cd-treated 
AT (Treviño et al. 2015). Similarly, a recent study found 
that elevated Cd level in AT of smoker participants is posi-
tively related to the increased level of both HOMA-IR and 
insulin (Salcedo-Bellido et al. 2021). Although adiponectin 
is produced by AT and is known to have insulin-sensitizing 
action as well as facilitate fatty acid oxidation, its expres-
sion is downregulated by Cd. As a result, its contribution to 
reduce insulin resistance or facilitate the oxidation of fatty 
acids is limited. Also, insulin activates LPL to facilitate the 
process of FFAs uptake from circulation to be converted 
into TGs in AT. However, due to the impairment of glucose 
uptake, the amount of glycerol becomes insufficient for the 
FFAs esterification.

In the fasting state, AT responds to the systemic demand 
for energy and releases TGs as FFAs and glycerol. This is 
done through the protein kinase A which stimulates HSL 
activation and perilipin phosphorylation. Perilipin is a 
critical protein that coats lipid droplets and prevents TGs 
hydrolysis (Sztalryd and Brasaemle 2017). Once perilipin 
is phosphorylated, adipose triglyceride lipase (ATGL) is 
activated and releases both FFAs and glycerol. In the case 
of Cd exposure, perilipin expression is downregulated which 
means the gatekeeper of TGs is dysfunctional (Kawakami 
et al. 2013). Subsequently, the unhealthy storage will be 
reflected by the increment of FFAs in the circulation and 
plasma lipid profile alteration.

Furthermore, both PPAR-γ and C/EBP-α are key regula-
tors of AT vital processes. For example, C/EBPα was found 
to be involved in the transactivation of GLUT4 promotor 
and insulin receptors (White and Stephens 2010). Also, it 

is a transcriptional activator of leptin promotor (Kang et al. 
2014; van der Krieken et al. 2015). Moreover, PPAR-γ is 
known as a regulator of genes involved in the lipoproteins 
metabolism (Tyagi et al. 2011). Also, it has a direct effect 
on the modulation of HSL transcription (White and Ste-
phens 2010). Additionally, it has a role in the induction of 
adiponectin in adipocytes and promoting insulin sensitivity 
(Akingbemi 2013). These roles can be impaired in the case 
of Cd exposure since its disruptive effect on their expression 
level has been confirmed.

To summarize what has been stated (Fig. 3), Cd affects 
the main functions of AT which is lipid homeostasis fol-
lowed by adipokines secretion. Disrupting both lipogenesis 
and lipolysis induces metabolic dysfunction as well as sign-
aling impairment. As a consequence, systemic homeostasis 
undergoes deficiency and the risk of developing the meta-
bolic disorder is highly likely to occur.

Conclusion

Despite the evidence from research that suggests toxic 
effects of Cd on biological activities, the area of Cd impact 
on AT is not well explored yet. Adipose tissue has a vital 
role in the maintenance of systemic homeostasis and meta-
bolic flow. Indicators of a functional AT are lipid storage 
and adipokines secretion, and Cd adversely affects these 
two functions. Several factors contribute to the Cd-induced 
effects such as the exposure duration, exposure dose, tissue 
status, and body responses, which make the study of Cd 
challenging. Also, AT heterogeneity makes the response to 
Cd vary from one depot to another. However, the risk of AT 
dysfunction is high since it leads to metabolic alterations and 
consequently metabolic-related diseases. Thus, forthcom-
ing studies are needed to optimize realistic doses that are 
equivalent to the environmental exposure for both animals 
and humans.

In the scope of the available data, Cd was found to be 
accumulated in AT with a non-neglectable role in AT dys-
function. Induction of pathological changes by affecting 
AT size and the induction of metabolic disorder through 
impairment of adipokines secretions lead to disruption 
of insulin homeostasis as well as recruitment of mac-
rophages. Further studies are required to focus on under-
standing the mechanisms involved in the process of Cd 
accumulation in AT that caused AT dysfunction. Under-
standing the complex matrix of AT components and their 
interaction with different physiological conditions has the 
potential for enhancing the tracking of health problems. 
Therefore, besides the optimization of Cd doses, future 
studies should be comprehensively designed to involve 
all fields from molecular, histopathology to physiology. 
This will help to provide reliable monitoring of Cd-related 
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effects and the degree of AT dysfunction can be confi-
dently addressed. Unfortunately, Cd contamination can 
affect most living forms and easily transport through the 
food chain to affect a large variety of living organisms. 
Although there are efforts to limit Cd exposure, the toxic-
ity of Cd is still remarkably dangerous. Hence, the knowl-
edge presented and discussed in this review should provide 
a comprehensive account of Cd adverse impact on AT and 
more understanding of AT as a vital organ and its response 
towards Cd exposure.
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