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This special issue of Toxics, Cadmium (Cd) sources and toxicity, consists of one comprehensive
review [1], three epidemiologic investigations [2–4] and five laboratory-based investigations [5–9].

A review article highlights environmental exposure to Cd and its association with chronic kidney
disease (CKD) together with data from total diet studies (TDS) in which Cd was found to be present
in virtually all foodstuffs [1]. Consequently, foods that are frequently consumed in large quantities
such as rice, potatoes, wheat, leafy salad vegetables and other cereal crops are the most significant
dietary Cd source [1]. Cd levels found in human livers and kidneys are provided together with current
standards for tolerable intake, the urinary threshold of Cd and the utility of urinary Cd excretion as a
measure of body burden of Cd.

In a cross sectional study of 395 Thai subjects [2], an inverse association was observed between
urinary excretion of β2-microglobulin (β2MG) and estimated glomerular filtration rate (eGFR)
simultaneously with an increase in the prevalence odds of low GFR (eGFR < 60 mL/min/1.73 m2) in
subjects with an elevation of β2MG excretion, indicative of tubular dysfunction. Thus, a sign of Cd
toxicity (tubular dysfunction) was linked to GFR reduction, and an increased risk of CKD, defined as
eGFR < 60 mL/min/1.73 m2. These findings suggest that tubular pathology may have caused nephron
atrophy and GFR loss [10].

In a 26-year follow-up study of 7348 residents of the Jinzu River basin in Toyama, a highly polluted
area of Japan [3], a 1.49-fold increase in deaths from cancer was observed in women who showed,
26 years earlier, signs of Cd-related kidney pathologies, such as proteinuria and glycosuria. The specific
cancer types were uterus, kidney, kidney plus urinary tract. Paradoxically, in men, the risk of lung
cancer and the risk of dying from malignant disease were reduced.

In a Chinse cohort study of 429 women, moderate and high environmental Cd exposure levels
were associated with an early menarche [4]. Levels of environmental exposure as low, moderate or high
were based on rice Cd concentration of 0.07, 0.51 and 3.7 mg/kg, respectively. The age of menopause in
three areas did not differ. However, there were 1.3-and 3.7-fold increases in the likelihood of having
menarche at age below 13 years in respectively moderate- and high-Cd exposure areas, compared
with a low-exposure area. This Chinese finding is consistent with an early onset of puberty seen in
Cd-treated female rats [11], thereby suggesting Cd has estrogenic activity.

Effects of inhaled Cd on developing kidneys were examined in Wistar rats [5]. In this study, Cd
was administered to pregnant rats from gestation day 8 to day 20 via inhalation of CdCl2 aerosol
(17.43 mg/m3) for 2 hours per day. This procedure delivered a dose of 1.48 mg Cd2+/kg/day. Pregnant
rats inhaled normal saline aerosol served as controls. Kidneys from fetuses at gestation day 21
were examined for DNA binding activity of the transcription factor, hypoxia-inducible factor 1
(HIF-1). HIF-1 plays a critical role in the regulation of oxygen consumption, cell survival, growth
and development. HIF-1 from kidneys of fetuses of Cd-intoxicated dams showed impairment in
DNA-binding activity concomitant with reduced transcript levels for vascular endothelial growth
factor (VEGF), one of the HIF-1 regulated genes. However, a compensatory mechanism was apparent
as the VEGF protein abundance remained unchanged. These findings suggest potential effects of
inhaled Cd on developing kidneys.

Toxics 2019, 7, 25; doi:10.3390/toxics7020025 www.mdpi.com/journal/toxics1
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Effects of Cd on mature kidneys were examined in male Sprague-Dawley rats [6]. Kidney
injury, reflected respectively by 2.2-, 21.7-, and 6.1-fold increases in urinary protein, KIM-1 and β2MG
levels were induced after subcutaneous injections of CdCl2 (0.6 mg/kg) 5 days a week for 12 weeks.
Accompanied these urinary indictors of kidney effects were altered expression levels of microRNA
(miRNA) in kidney cortex; levels of 44 miRNAs were increased, while levels of another 54 miRNAs
were decreased. Thus kidney injury by Cd occurred concurrently with dysregulated miRNA expression
in the rat renal cortex. These findings implicated miRNA as mediators of Cd-induced kidney injury.

Effects of Cd on periodontal bone were investigated in male Sprague-Dawley rats, given daily
subcutaneous injections of Cd (0.6 mg/kg/day) 5 days a week for 12 weeks [7]. The distance between the
cementoenamel junction and the alveolar bone crest was greater in Cd-intoxicated rats than controls.
This was taken as evidence for Cd as a possible contributing factor to periodontal disease, thereby
explaining an association between elevated body content of Cd and an increased risk of periodontal
disease seen in the representative U.S. population.

Effects of Cd on mitochondria were examined in the INS-1 human pancreatic β-cell line [8].
Cd concentration ten-fold below the level causing cell death produced no effects on mitochondrial
function, assessed with the energy charge and the synthesis of adenosine triphosphate (ATP). This Cd
concentration, however, caused mitochondrial morphological change toward circularity, indicative of
fission. The increased circularity suggested mitochondrial adaptive response to low-level Cd. If cellular
Cd influx continues, impairment of this organelle may contribute to cellular dysfunction and decreased
viability of β-cells, as seen in diabetes.

Therapeutic actions of the anti-diabetic drug, metformin were examined in male Wistar rats given
Cd in drinking water (32.5 ppm) alone or Cd plus metformin (200 mg/kg/day) [9]. Cd treatment was
found to cause hyperinsulinemia, insulin resistance, adipocyte dysfunction, loss of hepatic insulin
sensitivity. Progressive accumulation of triglycerides was also seen in various tissues, while glycogen
deposits were diminished in liver, heart, and renal cortex, but was increased in the muscle. Metformin
showed a limited therapeutic efficiency on glucose tolerance and lipid accumulation that were induced
by Cd.

In summary, this collection of research articles provides an update of knowledge on adverse
effects of environmental Cd exposure, such as increased mortality from cancer, especially in women [3],
an early menarche onset [4] and an increased risk of chronic kidney disease [2]. Potential effects of
inhaled Cd on the development of kidneys in fetuses were evident in a study using pregnant Wistar
rats [5]. Work with Sprague-Dawley rats suggested that dysregulation of a range of miRNAs mediated
renal Cd toxicity [6] and that Cd contributed to periodontal disease [7]. An early effect of low-dose
Cd on mitochondria in human pancreatic β-cells was observed [8]. However, therapeutic efficiency
of metformin was not demonstrable when the drug was given to the Wistar rats with Cd-induced
metabolic derangements [9].
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Abstract: Cadmium (Cd) is a food-chain contaminant that has high rates of soil-to-plant transference.
This phenomenon makes dietary Cd intake unavoidable. Although long-term Cd intake impacts many
organ systems, the kidney has long been considered to be a critical target of its toxicity. This review
addresses how measurements of Cd intake levels and its effects on kidneys have traditionally
been made. These measurements underpin the derivation of our current toxicity threshold limit
and tolerable intake levels for Cd. The metal transporters that mediate absorption of Cd in the
gastrointestinal tract are summarized together with glomerular filtration of Cd and its sequestration
by the kidneys. The contribution of age differences, gender, and smoking status to Cd accumulation
in lungs, liver, and kidneys are highlighted. The basis for use of urinary Cd excretion to reflect
body burden is discussed together with the use of urinary N-acetyl-β-D-glucosaminidase (NAG)
and β2-microglobulin (β2-MG) levels to quantify its toxicity. The associations of Cd with the
development of chronic kidney disease and hypertension, reduced weight gain, and zinc reabsorption
are highlighted. In addition, the review addresses how urinary Cd threshold levels have been derived
from human population data and their utility as a warning sign of impending kidney malfunction.

Keywords: β2-microglobulin; body burden indicator; chronic kidney disease; dietary cadmium;
exposure assessment; glomerular filtration rate; hypertension; N-acetyl-β-D-glucosaminidase;
threshold limit; urine cadmium

1. Introduction

Cadmium (Cd) is a highly persistent environmental toxicant that exhibits higher rates of
soil-to-plant transfer than other toxic heavy metals, such as lead (Pb) and mercury (Hg), making
Cd a food-chain contaminant of great concern [1,2]. Further, Cd oxide (CdO), which is a highly
bioavailable form of Cd, is present in cigarette smoke and polluted air, contributing to elevated Cd
concentrations in blood, urine, and tissues of smokers, compared with non-smokers of similar age
and gender [3,4]. Historically, consumption of rice contaminated with Cd from zinc mining discharge
caused an outbreak of itai-itai disease that affected mostly women [5–7]. The hallmarks of itai-itai
disease include severe kidney damage, generalized osteoporosis, osteomalacia, and multiple bone
fractures [5–7].

To safeguard population health, safety limits of Cd in the environment and foodstuffs were
established [8,9]. A safety limit of 3 mg/kg is applied to soils that are used for producing food crops
for human consumption [9], while a 3 μg/L is applied to drinking water [8]. Safety limits, known
as maximally permissible concentrations (MPC), have also been established for certain food crops
and shellfish that are known as hyper-accumulators of Cd [9]. Currently, the MPC for potatoes is
0.1 mg/kg, while the MPC for rice is 0.4 mg/kg dry grain weight [9]. However, it is argued that MPC
for rice should be reduced to 0.2 mg/kg dry grain weight to prevent adverse effects, especially in
the populations that consume rice as a dominant energy (calorie) source [10]. This is typical of an
Asian diet, which contributes to higher blood and urinary Cd levels in most Asian populations, when

Toxics 2018, 6, 15; doi:10.3390/toxics6010015 www.mdpi.com/journal/toxics4
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compared with other populations [4]. Asian subpopulations have been found to have the highest mean
blood Cd among five ethnic groups studied in the U.S. National Health and Nutrition Examination
Survey (NHANES), 2011–2012 [11].

In addition, a safe dietary Cd intake guideline and a urinary Cd threshold limit have been
established by the Food and Agriculture Organization (FAO) and World Health Organization (WHO)
Joint Expert Committee on Food Additives and Contaminants [12,13]. Currently, the FAO/WHO
tolerable Cd intake level is 25 μg per kg body weight per month (0.83 μg/kg body weight/day
or 58 μg/day for a 70-kg person), while a urinary Cd threshold level is 5.24 μg/g creatinine [14].
A threshold level is defined as a urinary Cd level at which 5% or 10% of the general population
shows evidence of an adverse effect. The FAO/WHO tolerable intake level for Cd and the urinary
Cd threshold limit were based on lifetime dietary Cd intake limit of 2000 mg per person, and critical
kidney Cd concentration of 180–200 μg/g wet kidney weight [12,13].

It is increasingly apparent that adverse kidney effects occur at dietary Cd intake rates that are
lower than the FAO/WHO estimated figures [4]. Urinary Cd levels below the threshold limit of
5.24 μg/g creatinine have also been associated with numerous adverse health effects, including chronic
kidney disease (CKD) and type-2 diabetes, both of which are increasing in prevalence [4]. Further,
cumulative lifetime Cd intake of 1300 mg, not 2000 mg, may increase the risk of developing itai-itai
disease [10]. In light of these new data, the FAO/WHO-established safe intake guideline needs to be
reassessed, as does the urinary Cd threshold limit.

This review revisits aspects of dietary Cd intake and the effects on kidneys that underpin the
FAO/WHO derivation of current threshold limit and tolerable intake levels for Cd. It highlights
existing data on levels of Cd accumulation in human lungs, liver and kidneys that vary with age,
gender, smoking status, and the presence of diseases. The basis for use of daily urinary Cd excretion
rate to reflect total body content of Cd is discussed together with the biomarkers that have been used
to quantitate kidney effects of Cd, notably N-acetyl-β-D-glucosaminidase (NAG) and low molecular
weight proteins, such as β2-microglobulin (β2-MG). Data on urinary Cd threshold limits derived by
the benchmark dose (BMD) method are provided along with their intended use as a warning sign of
excessive Cd intake and adverse kidney effects.

2. Cadmium Sources and Intake Estimates

Total diet study (TDS) and food frequency questionnaires (FFQ) have been used to estimate Cd
intake rates in μg/day in an average consumer. The TDS is a food safety monitoring program, which
is conducted by food authority agencies such as the U.S. Food and Drug Administration (FDA), the
Food Standards of Australia and New Zealand (FSANZ), formerly known as the Australia and New
Zealand Food Authority (ANZFA), and the European Food Safety Agency (EFSA). It is known also as
the “market basket survey” because it involves collection of samples of foodstuffs from supermarkets
and retail stores for quantitation of various food additives, pesticide residues, contaminants, and
nutrients [14,15]. TDS provides a reasonable method to gauge the relative contribution of each food
item to total intake of Cd. As expected, staples that are consumed in large quantities with high
frequency contribute the most to total Cd intake. At present, TDS data are available for a limited
number of countries, including the United States (U.S.), Australia, Sweden, France, Chile, Spain, Serbia,
and Denmark, as reviewed in Satarug et al. [4]. Collectively, TDS data from these countries show that
dietary Cd intake levels for the average consumer vary between 8 and 25 μg/day with staples (rice,
potatoes, and wheat) forming 40–60% of total dietary Cd intake. Shellfish, crustaceans, mollusks, offal,
and spinach are additional Cd sources [4].

In a U.S. study, FFQ estimated a mean dietary Cd intake of 10.4 μg/day (range: 1.74–31.6 μg/day)
in women who participated in the Women’s Health Initiative [16–18]. In Spain, the mean for dietary
intake derived from FFQ was 29.87 μg/day (range: 20.41–41.04 μg/day) for postmenopausal women
and 25.29 μg/day (range: 18.62–35 μg/day) for premenopausal women [19,20]. In Japan, the mean Cd
intake that was estimated by the FFQ was 26.4 μg/day in one study [21]. In another Japanese study,
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covering 30 locations nationwide, Cd intake ranged from 12.5 to 70.5 μg/day [22]. The majority of
reported dietary Cd intake estimates are within the FAO/WHO tolerable level of 58μg/day for a 70-kg
person, with an exception for certain locations in Japan, where intake exceeded the FAO/WHO safe
intake guideline [22].

It is widely believed that the TDS method underestimates dietary Cd intake because the
distribution of Cd in foods is highly skewed. This skepticism extends to most contaminants that
reach foods through unpredictable processes. This problem is the likely cause of a failure to
demonstrate an association between estimated Cd intake and the incidence of bone effects and breast
cancer [17,19,20,23,24]. In striking contrast, urinary Cd excretion and blood Cd concentration correlate
with the risk of developing of many diseases, even if the exposure to Cd is low [4]. A limited utility of
TDS and FFQ data has led to an increased use of data from biomonitoring programs (Section 4).

3. An Overview of Cadmium Kinetics

Figure 1 provides an overview of Cd sources, uptake, transport, glomerular filtration, tubular
sequestration, and excretion. Cd enters the body through the lungs and gastrointestinal tract in
cigarette smoke, polluted air, and food. In cigarette smoke, Cd exists in oxide form (CdO), which is
generated as tobacco burns. Cd in plant food crops is mostly in complex with phytochelatin.

Dietary Cd is taken up by the same transporter systems that the body uses to acquire calcium, iron,
zinc, and manganese. These transporters may include divalent metal transporter1 (DMT1), Zrt- and
Irt-related protein 14 (ZIP14, a member zinc transporter family), the Ca2+-selective channel transient
receptor potential vanilloid6 (TRPV6), and human neutrophil gelatinase-associated lipocalin (hNGAL)
receptor [25–31]. Cd bound to peptides, small proteins, and phytochelatin may be directly absorbed
via transcytosis [30,31]. Cd of dietary origin is transported via the hepatic portal system to the liver,
where it induces the synthesis of a metal binding protein, metallothionein (MT), which has a small
mass (a molecular weight of 7 kDa) [32–35]. MT contains an unusually high molar content of cysteine
indispensable for metal binding [33]. Cd becomes tightly bound to MT, and the complex is denoted
as CdMT. Because Cd can exert toxicity as a free ion, CdMT is viewed as a detoxified form. Inhaled
Cd induces MT in lungs, and CdMT is formed in situ. CdMT is released into the systemic circulation
from enterocytes, liver, and lungs. Because liver cells do not take up the complex [32], CdMT from the
gastrointestinal tract may be transported directly to kidneys [36].

In the kidneys, Cd in complexes with proteins, including MT, undergo glomerular filtration and
may be taken up by the same receptors and transporter systems in cortical and distal tubules that are
involved in reabsorption of proteins and nutrients. These may include ZIP8, ZIP10, ZIP14, DMT1,
megalin, hNGAL receptor, TRPV5, and cysteine transporter. Previously, megalin and cubilin were
suggested to mediate endocytosis of filtered CdMT [37,38], but this system exhibits only low affinity
for CdMT. Thus the megalin and cubilin role in tubular CdMT uptake is questionable. To-date, the
mechanisms for tubular CdMT internalization remain unresolved.

Most excreted Cd is believed to have been filtered but not internalized by proximal tubules,
because Cd in urine is bound to MT [39]. However, some urinary excretion of CdMT may result from
re-entry of exosomes from proximal tubular cells into filtrate [32]. If this phenomenon is incorporated
into another parameter, the rate of net tubular sequestration of Cd (TSCd), then it follows that the
filtration rate of Cd (FCd) equals TSCd plus the excretion rate (ECd).

The extremely long half-life of Cd in the human body [40,41] suggests that the majority of Cd that
is taken from filtrate is retained indefinitely in tubular cells (a feature of cumulative toxicants). Because
the majority of circulating Cd is thought to be bound to albumin, the typical ultrafilterable fraction of
[Cd]p ([Cd]uf); consequently, the difference between [Cd] uf and ECd cannot be determined. Section 4
provides a further discussion on kinetics of Cd and interpretation of human urinary Cd excretion data.
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Figure 1. A schematic diagram showing cadmium uptake, transport and urinary excretion. Dietary Cd
is absorbed and transported via the hepatic portal system to the liver, where it induces the synthesis of
a specific metal binding protein, metallothionein (MT) to which Cd becomes tightly bound. MT-bound
Cd is denoted as CdMT. Inhaled Cd induces MT in lungs, and CdMT is formed. CdMT formed by
the enterocytes, liver and lungs enters the systemic circulation. Most cells, liver included, do not take
up CdMT due to a lack protein internalization mechanism. In the kidneys, Cd, and Cd-complexes,
including CdMT undergo glomerular filtration and either excretion or sequestration in proximal
tubules. Because Cd in urine is bound to MT, excreted Cd is believed to have been filtered but not
taken up by proximal tubules. Some urinary excretion of CdMT may result from re-entry of exosomes
from proximal tubular cells into filtrate. CdMT = Metallothionein-bound Cd; CdO = Cadmium oxide;
CdPN = Phytochelatin-bound MT; GSH = reduced glutathione; TRPV5 = Transient receptor potential
vanilloid6TRPV5; TRPV6 = Transient receptor potential vanilloid6; hNGAL = human neutrophil
gelatinase-associated lipocalin; ZIP = Zrt- and Irt-related protein of zinc transporter family; ZIP8 = Zrt-
and Irt-related protein 8; ZIP10 = Zrt- and Irt-related protein10; ZIP14 = Zrt- and Irt-related protein 14.

3.1. Gastrointestinal Absorption of Cadmium

Animal and in vitro studies suggest that the absorption of Cd in the gastrointestinal tract is
mediated by several transporter systems, which may include divalent metal transporter1, DMT1,
Zrt- and Irt-related protein (ZIP) of zinc transporter family, namely ZIP14, and the Ca2+-selective
channel, TRPV6 [25–31]. There is also evidence for absorption of dietary Cd by transcytosis mediated
by the human neutrophil gelatinase-associated lipocalin (hNGAL) receptor [31]. The divalent metal
transporter, DMT1 has the same high affinity for Cd as it does for iron (Km 0.5~1 μM) [25], and was
thus thought to be the principal transporter for Cd in the enterocyte [15,16]. However, this transporter
can only transport a free Cd ion, while Cd in food and intestinal environment is mostly bound to MT
or phytochelatin. Nevertheless there are several potential Cd transporters in enterocytes. The zinc
transporter, ZIP14, is highly expressed by the intestinal enterocytes [26,27], as is the Ca2+-selective
channel, TRPV6 [28,29]. The calcium binding protein, calbindin may be involved in cytoplasmic
transport of Cd, and further research is required to define the transport of Cd to the basolateral cell
surface, where it exits the enterocyte into the circulation.

Absorption rates for dietary Cd are influenced by the intake levels and body content of vital
metals and elements. Women of reproductive age and children take up more Cd from diet than men
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because of their low body iron stores and iron deficiency. In a study of 448 healthy, non-smoking
Norwegian women (aged 20–55 years, mean 38 years), those who had low body iron stores had
1.42-fold greater blood Cd (0.37 μg/L) than similarly aged women who had normal body iron
stores [42]. In the same study, there was an inverse correlation between body iron stores and blood Cd
and manganese and the prevalence of high levels of blood Cd and manganese was 26% in those with
iron deficiency [42]. A Korean population study reported that women (aged 19–49 years) with iron
deficiency had higher mean blood Cd level (1.53 μg/L) than those of the same age and normal body
iron status (1.03 μg/L) [43]. Higher dietary zinc intake levels were associated with lower Cd body
burden, as assessed by urinary Cd excretion levels [44].

3.2. Glomerular Filtration and Tubular Sequestration of Cadmium

Cd in the systemic circulation is concentrated in erythrocytes, and less than 10% is in the plasma,
where it is associated with albumin, amino acids, and glutathione or tightly bound to MT [32].

Protein bound form of Cd is not readily taken up by most cells. Renal tubular cells are an
exception because they are equipped for nutrient reabsorption, including virtually all of the proteins
in filtrate [45]. In a study that used a microinjection technique, approximately 70–90% of Cd was taken
up in the S1-segment of proximal tubules of the rat [46,47]. Uptake of Cd was reduced by a co-injection
of zinc or iron [46]. Inhibition of Cd uptake by high concentrations of zinc, iron, and calcium has been
demonstrated in another study, using perfused rabbit proximal tubules [47].

The zinc transporters ZIP8, ZIP10, and ZIP14 may mediate the tubular uptake of Cd [48–50].
Transgenic mice with three more copies of the ZIP8 gene accumulated twice as much Cd in the kidney
following oral Cd exposure. Elevated ZIP8 expression at the apical membrane of proximal tubular
cells accounted for their high sensitivity to Cd toxicity [48]. In mouse kidneys, ZIP8 and ZIP14 at the
apical membrane are suggested to mediate the reabsorption of Cd and manganese, especially in the S3
segment of proximal tubules [49]. ZIP10 may also mediate tubular reabsorption of Cd since this zinc
transporter is found in high abundance in renal cortical epithelial cells [50].

To-date, the molecular entities mediating the tubular uptake of CdMT have not been resolved
(reviewed in [51,52]). Nevertheless, CdMT is taken up and degraded by endosomal and lysosomal
protease enzyme systems in tubular cells with consequential release of toxic Cd ions into the cytoplasm.
DMT1 was localized to the endosome and the lysosome in rat kidneys, and this suggested that DMT1
might mediate the release of toxic Cd ions [53,54]. This role for DMT1 was later confirmed in an
experiment showing that the knockdown of DMT1 expression prevented CdMT-induced toxicity in
the proximal tubular cell culture model [55].

The potential for DMT1 in the release of toxic Cd ions also suggests that kidney Cd toxicity may be
magnified in iron deficiency state, the conditions in which DMT1 expression levels rise. The localization
of FPN1 in the basolateral membrane of proximal tubular cells raises the possibility of involvement of
FPN1in mediating Cd efflux. However, the high specificity of FPN1 for iron and cobalt not Cd [56],
and only a small fraction of CdMT present at the basolateral membrane suggest that the majority of
filtered Cd is retained in tubular cells. This retention may account for the long half-life of Cd in kidneys.
The average half-life in kidneys is 14 years. It ranged from 9 to 28 years in a Japanese study [40] and
was reported to be 45 years in a modeling study of Swedish kidney transplant donors [41]. The reasons
for the large variation in Cd half-life are not apparent.

3.3. Age-, Gender- and Organ-Differentiated Levels of Cadmium Accumulation

In this section, data on measured levels of Cd in human organs are provided in Table 1, which
includes data from two Japanese studies [57–64]. One was conducted on residents in an area without
Cd contamination [62], and the other was conducted on patients with itai-itai disease and controls [63].
In Table 2 are data on Cd accumulation levels in men and women that include 36 cases of itai-itai disease,
and there was only one male case of a total 36 cases [64]. This series exemplifies the preponderance of
itai-itai disease in women.
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Table 1. Age- and organ-differentiated levels of cadmium accumulation.

Country Age/Organs Cadmium (μg/g Wet Tissue Weight)

Sweden [57]

Age 0–9 10–29 30–39 40–59 60–79 80–99
Liver 0.7 0.6 0.6 0.8 1.0 0.6

Kidney 2.4 8.8 18.0 19.9 15.0 7.1
K/L ratios 3.4:1 15:1 30:1 25:1 15:1 11:1

Canada I [58]

Age 1–20 21–40 41–60 61–80 81–90
Liver 1.0 1.7 2.3 2.2 0.7

Kidney 5.4 26.3 41.8 16.4 6.8
K/L ratios 5.4:1 16:1 18:1 7.5:1 9.7:1

Canada II [59]

Age <10 10–19 20–29 30–39 40–49 50–59 60–69 70–79 >79
Liver 0.3 0.7 1.4 1.5 1.6 2.2 1.8 1.5 2.5

Kidney 4.5 5.2 6.8 18.9 41.2 44.2 32.7 23.6 22.8
K/L ratios 15:1 7.4:1 4.9:1 13:1 26:1 20:1 18:1 16:1 9:1

Australia [60]

Age 2–7 10–19 20–29 30–39 40–49 50–59 60–69 70–79 80–89
Lung 0.01 0.04 0.22 0.11 0.30 0.14 0.12 0.08 0.03
Liver 0.21 0.71 0.65 0.95 1.45 0.93 0.94 2.14 1.0

Kidney 1.63 5.44 9.80 17.8 25.0 22.1 21.6 31.7 8.6
K/L ratios 7.8:1 7.7:1 15:1 19:1 17:1 24:1 23:1 15:1 8.6:1

Greensland [61]

Age 19–29 30–39 40–49 50–59 60–69 70–79 80–89
Liver 1.4 2.0 1.7 0.8 1.6 2.6 1.6

Kidney 12.3 17.8 22.3 18.3 15.8 15.4 5.2
K/L ratios 8.8:1 8.9:1 13:1 23:1 9.9:1 5.9:1 3.3:1

Japan I [62]

Age 0–1 2–20 21–40 41–60 61–95
Liver 0.05 1.1 2.3 1.9 3.6

Kidney 0.61 8.4 33.3 69.8 52.3
K/L ratios 12:1 7.6:1 15:1 37:1 15:1

Japan II [63] a

Age 46–87 62–97
Liver 11.9 69.7

Cortex 87.3 36.0
Medulla 39.1 25.3

K/L ratios 7.3:1 0.5:1

K/L = Kidney cortex to liver Cd ratio; a = Data are from itai-itai disease patients (aged 62–97 years) and controls
(aged 46–87 years) [63].

Table 2. Gender differences in levels of cadmium accumulation.

Country Age/Organs
Cadmium Concentration (μg/g Wet Weight)

Males Females

N Mean Range N Mean Range

Australia [60]

Age (years) 43 37.05 2–89 18 42.11 3–86
Lung 43 0.11 0.001–1.15 18 0.17 0.001–1.45
Liver 43 0.78 0.10–3.23 18 1.36 0.18–3.95

Kidney 43 14.6 0.72–43.03 18 18.1 1.67–63.25

Japan III [64]

Itai-itai disease diagnosis

Age (years) 1 94 - 35 78.5 61–90
Liver 1 139.0 - 35 62.4 14.4–170.2

Kidney cortex 1 58.3 - 33 25.6 9.7–112.5
Kidney medulla 1 36.6 - 32 20.8 8.9–66.7

Pancreas 1 92.0 - 23 42.8 11.1–102.8
Thyroid 1 132.1 - 22 35.0 1.9–171.0

Heart 1 2.9 - 25 0.8 0.2–4.8
Muscle 1 16.1 - 25 8.5 3.5–14.6
Aorta 1 3.9 - 24 2.5 0.3–4.7
Bone 1 2.5 - 25 1.6 0.2–3.8

Japan III [64]

Residents of a non-polluted area

Age (years) 36 71.4 60–85 36 72.7 60–91
Liver 36 7.9 1.3–33.3 36 13.1 3.1–106.4

Kidney cortex 36 72.1 19.4–200 35 83.9 3.9–252.9
Kidney medulla 36 18.3 3.5–76.4 35 24.5 4.0–105.0

Pancreas 7 7.4 3.0–25.9 16 10.5 2.5–29.8
Thyroid 5 10.6 3.8–35 16 11.9 3.9–56.4

Heart 7 0.3 0.1–0.5 17 0.4 0.1–1.3
Muscle 7 1.2 0.3–3.2 16 2.2 0.8–12.4
Aorta 5 1.0 0.4–2.5 16 1.1 0.3–3.0
Bone 5 0.4 0.2–0.6 16 0.6 0.2–1.6
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3.3.1. Lower Kidney, Higher Liver Cadmium in Itai-Itai Disease Patients

Kidney Cd concentrations in itai-itai disease patients (aged 62–97 years) were dramatically lesser
than controls (aged 46–87 years) (Table 1). Kidney Cd concentrations in these patients were 2 times
lower than liver Cd levels; the mean of kidney cortex Cd was 36 μg/g wet weight, while the mean
of liver Cd was 69.7 μg/g wet weight. The low kidney and high liver Cd in itai-itai disease patients
provide strong evidence that diet was the dominant Cd source. Based on Cd content of rice grown in
an area, where itai-itai disease was endemic, Cd intake levels were estimated to be over 200 μg/day or
1300 mg over lifetime [10]. The relatively small difference between cortical and medullary Cd content
in elderly women with itai-itai disease provide also evidence for their nephron loss at these kidney
Cd below a “critical” concentration, discussed below. This is because Cd is reabsorbed primarily by
proximal tubules, and cortical Cd content would approach medullary Cd as proximal tubules are lost.

Of note, current Cd risk assessment was based on critical kidney Cd concentration of 180–200 μg/g
kidney cortex wet weight [13,14]. However, the mean kidney cortex Cd recorded for itai-itai disease
patients, 36 μg/g wet weight (range: 8–133), was far below the critical concentration. This observation
casts considerable doubt on the validity of these critical figures [65]. Because of nephron loss, Cd
kidney concentrations in people dying from kidney disease were markedly lower than persons dying
from other diseases [66].

As shown in Table 2, the mean liver Cd in Australian women was 1.74 fold higher than men [60].
Consistent with Australian data, the mean liver Cd in Japanese women in a low-Cd exposure group
was 1.66 fold higher than men. Fractionally, the difference between men and women in kidney cortex
content is smaller than the difference in hepatic content. A plausible interpretation is that women have
lower iron stores, and adjustments to increase intestinal iron absorption lead to increased absorption
and liver uptake of dietary Cd. Redistribution of hepatic Cd to the kidney may be sufficient to cause
a higher kidney content of Cd as well, but not so great as to obscure the origin of the increased
Cd burden.

3.3.2. Decline in Kidney Cadmium Content in Old Age

Excluding data from itai-itai disease patients, kidney Cd concentrations progressively increased
with age, reaching a peak by 40–60 years. Of note, kidney Cd concentrations were consistently lower
in the persons older than 60 years, compared to younger age groups. These data could be interpreted
to suggest rising Cd exposure in recent times. Most likely, however, these data reflect age-related
replacement of tubular cells by fibrosis, which is universal. The peak kidney cortex Cd level was
20, 22, 25, 42, 44, and 70 μg/g kidney cortex wet weight in Sweden, Greenland, Australia, Canada I,
Canada II, and Japanese I study series, respectively. The kidney to liver Cd ratio in each corresponding
kidney peak group was 25:1, 13:1, 17:1, 18:1, 20:1, and 37:1, respectively. This higher kidney Cd than
liver is attributable to a continuing Cd influx (dietary, endogenous reservoirs notably liver, pancreas)
to kidneys, as diagrammatically illustrated in Figure 1 and experimentally demonstrated [67,68].
In occupational exposure settings, inhaling relatively high-dose Cd in dust and fumes gave rise to high
Cd levels in both liver and kidney (liver Cd 42.3 μg/g wet weight vs. kidney Cd 110 μg/g wet weight)
in battery workers [69].

3.3.3. Origin of Cadmium in Kidneys

In the Swedish study, a half of total kidney Cd content (10 μg/g kidney cortex) was estimated to
come from food consumption, and the other half was attributed to cigarette smoking [57]. The majority
of subjects with high kidney Cd levels (>50 μg/g) were women [57]. In Australian study [60], the mean
kidney cortex Cd in high-lung Cd group was 6 μg/g ww higher than the medium-lung Cd group
of similar age. The mean kidney Cd in smokers was 5 μg/g ww higher than non-smokers in a large
British kidney only study [65]. Further, the mean kidney Cd was 9.7 μg/g ww higher in Australian
women with high-lung Cd, when compared to men with similarly high-lung Cd levels although this
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value did not reach statistical significance. These findings may suggest high pulmonary absorption
rates in women, and the redistribution of Cd from lungs to kidneys (Figure 1).

In a study of living kidney transplant donors in Sweden, the rate of kidney Cd accumulation
in non-smoker donors was 3.9 μg/g wet weight for every 10-year increase in age [70]. Smoking
contributes to an additional 3.7 μg/g wet weight per 10 years. The rate of kidney Cd accumulation in
Swedish non-smoker women with low iron stores (serum ferritin ≤ 20 μg/L) was 4.5 μg/g kidney wet
weight for every 10-year increase in age.

3.3.4. Urine, Blood and Kidney Cadmium: Data from Kidney Transplant Donors

In an attempt to explore the utility of urine Cd to reflect cumulative lifetime exposure,
Akerstrom et al. (2010) analyzed urinary Cd concentrations in relationship to the Cd levels in blood,
and kidney biopsies of 109 living kidney transplant donors in Sweden (mean age 51 years, mean kidney
Cd 12.9 μg/g wet weight) [71]. A urine-to-kidney Cd ratio of 1:60 was found to correspond to urinary
Cd of 0.42 μg/g creatinine and kidney Cd content of 25 μg/g wet weight. In an equivalent analysis
using Australian data, a lower urine-to-kidney Cd ratio of 1:20 was assumed because Australian
subjects were 10 years younger than the Swedish subjects [72]. A urinary Cd of 1.25 μg/g creatinine
corresponded to 25 μg/g Cd/g wet weight, a peak kidney Cd concentration [60]. Section 4 below
provides a further discussion on the utility of urinary a quantitative measure of lifetime Cd exposure
or intake.

4. Does Urine Cadmium Reflect Total Body Content of Cadmium?

Because TDS and FFQ data are of limited utility in health risk assessment of dietary Cd, there
is a paradigm shift to use biomonitoring programs instead of dietary Cd intake estimates (Section 2).
In most biomonitoring programs [73–77], single spot urine, and single blood samples are collected for
quantitation of various toxicants, which often include ubiquitous toxic heavy metals, namely Cd, Pb,
and Hg [73]. Other biologic specimens such as scalp hair and toe nails have sometimes been collected
and analysed, but Cd levels in these specimens other than urine have not been rigorously evaluated.
Their use remains questionable. Vacchi-Suzzi et al. (2016) have demonstrated good-to-excellent
temporal stability of Cd in single spot or first morning void samples, thereby suggesting that urine Cd is
suitable for use as a biomarker of long-term Cd exposure in epidemiologic research [78]. An adjustment
of spot urine samples for urine creatinine excretion has also been addressed. Adding to the debate on
use of urine Cd, this review highlights the fact that urinary Cd excretion can be best used to reflect
total body content of Cd. Some certain circumstances that might partially invalidate the assumption
for its use are also highlighted.

The utility of urine Cd to reflect total body content of Cd is well founded by Cd levels that
accumulated in human organs, notably livers and kidneys, such as those shown in Tables 1 and 2.
Kjellstrom and Nordberg (1978) developed the first Cd-toxicokinetics model, using Swedish autopsy
data [57,79]. The kinetics model of Cd describes relationships among various parameters that govern
the total body content of Cd. These include intake rate from oral and inhalational routes, absorption
rate, systemic uptake rate, tissue distribution, half-life, and elimination through bile and urine.
The original Kjellstrom and Nordberg model incorporated a single oral absorption rate of 5% for
both men and women, and a half-life of Cd in kidneys as 20–30 years. It also assumed that Cd in
kidneys comprises one-third of the total body content of Cd, and that 0.005% of the total body content
of Cd is excreted in urine per day [79,80]. These assumptions underestimate body burden of Cd. Liver
Cd content could be incorporated, given that combined liver and kidney Cd comprises two-thirds of
the total body content of Cd.

As more data and knowledge have become available, the Kjellstrom and Nordberg model
parameters have now been modified [36,81–85]. The usefulness of modified models has been
demonstrated [41,72,86–88]. For instance, modeling of the Cd concentrations in whole blood, plasma,
urine, and kidney cortex samples from Swedish kidney transplant donors [41], a calculated daily
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systemic Cd uptake was 0.0052 μg Cd/kg body weight in men, and 0.0073 μg Cd/kg body weight in
women. These systemic uptake rates correspond to an absorption rate between 1.7% and 2.5% in men
and 2.4% and 3.5% in women (a 40% higher than men). In another modeling work [72], it is predicted
that the dietary intake of Cd at current FAO/WHO tolerable monthly intake rate for 50 years will result
in urinary excretion of Cd 0.70–1.85 μg/g creatinine in men and 0.95–3.07 μg/g creatinine in women.
These urinary Cd levels have been associated with increased prevalence of CKD in the representative
U.S. population (Section 5.3) and other diseases, including liver inflammation, osteoporosis, macular
degeneration, hearing loss, depressive symptoms, obesity independent type 2 diabetes, cardiovascular
disease, heart disease, breast cancer, and lung cancer in men, reviewed in Satarug et al. [4].

Apparently, urinary Cd excretion is a function of total body content of Cd, nephron numbers,
tubular reabsorption capacity, the presence of other diseases, and other conditions, such as
hypertension. Urinary Cd excretion rate can thus reflect accurately the total Cd body burden
experienced by each individual person. However, interpretation of urinary Cd excretion rates should
be done with caution, especially when used to assess Cd body burden in the elderly, people with
diabetes, hypertension, and heavy smokers. Because of nephron loss, urinary Cd levels in these
subjects can be expected to be lower than similarly age persons, who do not have these conditions.
An effect of nephron loss on kidney Cd content is evident from a study that showed persons who died
from kidney disease had lower kidney Cd levels than those who died from other diseases [66].

5. Measurement of Effects of Cadmium on Kidneys

Both FAO/WHO, the European Food Safety Agency (EFSA) used kidney tubular effects as the
basis for derivation of safe intake levels and urinary Cd threshold limits [13,14,89,90]. Hence, kidney
tubular impairment became the most widely studied effect of Cd. This effect is relevant, given that
Cd uptake and accumulation in kidney tubular cells is the most extensive and the total amount of
Cd in kidneys constitutes one-third of the total body burden (Sections 3.3 and 4). Further, tubular
cells contain large number of mitochondria that make them heavily reliant on autophagy to maintain
homeostasis and highly susceptible to Cd-induced apoptosis [91–93]. In this section, conventional
urinary biomarkers for the assessment of kidney tubular effects are discussed together with urinary
Cd threshold levels for these effects. In addition, this section discusses chronic kidney disease (CKD)
and other kidney-related effects of Cd that have recently emerged from human population studies.

5.1. Biomarkers for Kidney Effects

A list of conventional urinary biomarkers that researchers have used to investigate tubular effects
of Cd is provided in Table 3. These biomarkers are N-acetyl-β-D-glucosaminidase (NAG), lysozyme,
total protein and albumin, β2-microglubin (β2-MG), α1-microglobulin (α1-MG), and kidney injury
molecule-1 (KIM-1) [94–106]. Urinary levels of these biomarkers were adjusted to urinary creatinine
excretion as most studies used single spot or void urine samples. Increased urinary excretion of
nutrients, such as glucose, amino acids, calcium, and phosphorus has also been used to reflect tubular
effect of Cd [107–109]. As indicated in Table 3, cut-off values of ≥100 mg/g creatinine were used for
urinary total protein and ≥30 mg/g creatinine for urinary albumin [98]. These urinary total protein
and albumin excretion levels are used also in CKD diagnosis [98]. Cut-off values for other markers,
especially NAG, vary widely, depending on study populations and Cd exposure levels (see Section 5.2).
Urinary NAG excretion is considered to be proportional to nephron numbers, as these enzymes mostly
originate from tubular epithelial cells, and are released upon cell injury [99,107–109]. In a United
Kingdom (U.K.) study, a dose–response relationship was observed between urinary Cd and NAG
levels [110]. Further, urinary Cd of 0.5 μg/g creatinine was associated with 2.6- and 3.6-fold increases
in the prevalence of urinary NAG >2 U/g creatinine, as compared with urinary Cd 0.3 and <0.5 μg/g
creatinine, respectively [110].

Urinary α1-MG, β2-MG, and retinol binding protein (RBP) are all low-molecular-weight proteins
that have traditionally been used to assess Cd tubular effects [6,99–101]. Another low-molecular-weight
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protein, namely cystatin C, has recently been evaluated in a rat model for suitability for use in Cd
toxicity assessment [111]. Of note, data from Swedish kidney transplant donors suggested that urinary
α1-MG excretion was a better marker than RBP or β2-MG, especially in persons with low urinary Cd
excretion levels [105]. In the same Swedish donors study, a positive correlation was seen between
kidney Cd concentrations and urinary α1-MG levels, while other biomarkers that were measured, such
as KIM-1, RBP, and β2-MG did not correlate with kidney Cd concentrations [105]. The mean urinary
α1-MG levels in study donors was 7.7 mg/g creatinine (range: 3.25–18.1), and the mean (range) kidney
Cd concentrations was 15.0 μg/g wet weight (range: 1.45–55.4) [105].

Table 3. Urinary biomarkers for assessment of kidney effects of cadmium.

Biomarkers Abnormal Values Interpretations

NAG >4 U/g creatinine Tubular injury, mortality [94–96].

Lysozyme >4 mg/g creatinine Tubular injury [97].

Total protein >100 mg/g creatinine Glomerular dysfunction, CKD [98].

Albumin >30 mg/g creatinine Glomerular dysfunction, CKD [98].

β2-MG ≥1000 μg/g creatinine Irreversible tubular dysfunction [6,99–101].

β2-MG ≥300 μg/g creatinine Mild tubular dysfunction, rapid GFR decline [102].

β2-MG ≥145 μg/g creatinine Increased risk of hypertension, compared with urinary β2MG
levels ≤84.5 μg/g creatinine [103].

α1-MG ≥400 μg/g creatinine Mild tubular dysfunction [104,105]

α1-MG ≥1500 μg/g creatinine Irreversible tubular dysfunction [6,104].

KIM-1 ≥1.6 mg/g creatinine in men,
≥2.4 mg/g creatinine in women

Kidney injury, urinary KIM-1 levels correlate with blood Cd
levels [106].

NAG = N-acetyl-β-D-glucosaminidase; β2-MG = β2-microglobulin; α1-MG = α1-microglobulin; KIM-1 = Kidney
injury molecule-1.

By virtue of its small mass (MW ~12 kDa), β2-MG is filtered completely, as internalized by
the proximal convoluted tubule through megalin-mediated endocytosis, and degraded [112–114].
Approximately 0.3% of filtered β2-MG is excreted in urine. Unlike NAG and lysozyme, β2-MG
is produced by most cells in the body. Thus, elevated urinary β2-MG levels may reflect increased
systemic β2-MG production or impaired tubular reabsorption [114]. In a sensitivity (renal toxicity)
and specificity (non-renal organ toxicity) evaluation in rats, urinary β2-MG detected glomerular injury
better than tubular damage [113]. Based on experimental data and clinical outcomes, it is suggested
that urinary β2-MG is a predictor of glomerular filtration rate (GFR), and a high urinary β2-MG
level could be interpreted to suggest primary glomerular pathologies, leading to protein load and
competition of the filtered proteins (β2-MG included) for tubular reabsorption [114].

With respect to Cd effects, urinary β2-MG levels ≥1000 μg/g creatinine are considered to indicate
severe and irreversible tubular impairment, while urinary β2-MG levels ≥300 μg/g creatinine are
indicative of mild effects. In a prospective study in China, urinary β2-MG levels remained elevated
(≥1000 μg/g creatinine) despite a reduction in urinary Cd levels from 11.6 to 9.0 μg/g creatinine over
8-year observation, while urinary albumin excretion recovered [115]. In line with Chinese study, a
three-year follow-up study in Korea also suggested the irreversibility of severe tubular impairment in
those who had urinary β2-MG levels exceeding 1000 μg/g creatinine [116].

5.2. Urinary Cd Threshold Levels

Currently, the benchmark dose (BMD) method has been used widely to derive a threshold or
critical urinary Cd concentration to replace a formerly used no observed adverse effect level (NOAEL)
or the lowest observe adverse effect level (LOAEL). Discussion on BMD method can be found in
the reports by Crump (1984), Gaylor et al. (1998) and Gainsberg (2012) [117–119]. A threshold for
tubular effects is defined as a urinary Cd level at which 5% or 10% of the population shows evidence
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of abnormal urinary excretion of tubular effect markers. All of the urinary Cd threshold levels shown
herein considered a 10% level of risk above background [120–125]. Using data from 790 Swedish
women, 53–64 years of age, urinary Cd 0.6–1.1 μg/g creatinine was derived as threshold levels for
tubular toxicity [120]. The urinary Cd levels of 0.6–1.2 μg/g creatinine (0.8–1.6 μg/day) in men and
1.2–3.6 μg/g creatinine (0.5–4.7 μg/day) in women were found to be threshold for tubular toxicity,
based on data from 828 Japanese subjects (410 men, 418 women), 40–59 years of age, who lived in areas
without apparent pollution [121].

Based on data from 547 men to 723 women, aged 50 years or older who were residents of a
high-Cd exposure area in Japan, urinary Cd levels of 2.1, 2.6 and 4.1 μg/g creatinine were derived as
threshold for abnormal urinary excretion of protein, β2-MG, and NAG in men. The corresponding
urinary Cd threshold levels in women were 1.5, 1.4, and 3.1 μg/g creatinine for protein, β2-MG, and
NAG, respectively [122]. In this study of residents in a high-Cd exposure area, urinary Cd, β2-MG,
and NAG levels were analysed as continuous variables, not being categorized by cut-off values [122].
In a Chinese study, urinary Cd of 0.57–1.84 μg/g creatinine was identified as threshold levels for
abnormal urinary β2-MG levels (≥1065 μg/g creatinine), while urinary Cd of 1.19–1.37 μg/g creatinine
was identified as threshold levels for abnormal urinary NAG levels (≥5.67 units/g creatinine) [123].
A study of 6103 residents in five high-Cd exposure areas in China, urinary Cd threshold level for a
permanent tubular effect (urine β2-MG levels ≥ 1000 μg/g creatinine) in men was 2 μg/g creatinine,
and 1.69 μg/g creatinine in women [124].

Based on data from occupationally exposed populations in China, urinary Cd threshold levels
for abnormal urinary excretion of NAG, β2-MG, and albumin were 2.7, 3.4, and 4.2 μg/g creatinine,
respectively [125]. The cut-off values used were 9.8 units/g creatinine, 187.6 μg/g creatinine, and
13.5 mg/g creatinine for NAG, β2-MG, and albumin levels, respectively. These urinary Cd threshold
levels in occupationally exposed subjects were slightly higher than in environmentally exposed
populations, but all were lower than the FAO/WHO figure. In the same study, a urinary Cd threshold
level for abnormally high urinary MT levels (≥388.8 ng/g creatinine) was 3.1 μg/g creatinine [125].

None of the urinary Cd threshold levels that were derived from environmental and occupational
exposure situations exceed the FAO/WHO established threshold of ≥5.24 μg/g creatinine. Thus, the
FAO/WHO figures do not offer health protection. Although Cd has been increasingly associated with
disease in tissues and organs other than kidneys [3,4], urinary threshold levels have been derived
mostly based on tubular effects. A wide diversity of Cd toxicity levels and toxicity targets requires that
urinary Cd threshold levels should be derived for the adverse effects of Cd in many other tissues, such
as bone, liver, and retina. In this way, the tissue/organ most sensitive to Cd can be identified, and this
organ should be considered as a critical target of Cd toxicity for the derivation of an evidence-based
threshold to provide sufficient protection.

5.3. Cadmium and Urine β2-MG: A Revisit

Elevated urinary β2-MG levels that have often been found in people with increased Cd body
burden have long been dismissed and have been deemed to not be of clinical relevance. It has further
been argued that associations between urinary Cd and commonly measured urinary biomarkers,
notably albumin and β2-MG do not reflect toxicity, but reverse causality [126]. In theory, albumin
in urine could interfere competitively with CdMT for tubular reabsorption, and thereby increase Cd
excretion. Albumin could also impede β2-MG reabsorption. If the patient has a renal disease that is
not related to Cd that is rapidly reducing GFR, then Cd excretion would be increased.

However, experimental and clinical outcome data suggest that high urine β2-MG levels could be
a result of glomerular pathologies, causing protein load and competition of the filtered proteins for
tubular reabsorption [112–114]. Supporting a potential connection between elevated Cd body burden
and GFR reduction is an association between higher blood Cd levels and lower eGFR values in adult
participants in NHANES 2007–2012 [127]. In addition, a Korean population study has shown that
blood Cd levels in the highest tertile were associated with 1.85 mL/min/1.73 m2 (95% CI: −3.55, −0.16)
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lower eGFR values, when compared with the lowest tertile [128]. A population-based prospective
study in Japan reported that there was a 79% increase in risk of having accelerated GFR decline
(10 mL/min/1.73 m2 over five-year observation period) in those who had urinary β2-MG levels
≥ 300 μg/g creatinine [102]. In a cross-sectional study, urinary β2-MG levels ≥ 145 μg/g creatinine
were associated with an increased risk of developing hypertension, as compared with urinary β2-MG
levels ≤ 84.5 μg/g creatinine [103].

5.4. Cadmium and Chronic Kidney Disease

Chronic kidney disease (CKD) is a cause of morbidity and mortality, and its prevalence is rising
worldwide [129,130]. CKD is defined as an estimated glomerular filtration rate (eGFR) that is below
60 mL/min/1.73 m2 or urinary albumin to creatinine ratio above 30 mg/g [129,130]. CKD is more
prevalent in people with hypertension; the CKD prevalence in 17,794 participants (aged ≥ 20 years) in
the U.S. NHANES 1999–2006 was 13.4%, 17.5%, 22%, and 27.5% in those with normal blood pressure,
prehypertension, undiagnosed hypertension, and diagnosed hypertension, respectively [131]. CKD
prevalence rate in normotensive participants of 13.4% exceeds the 5% acceptable disease prevalence in
the general population. In this NHANES 1999–2006 data, urinary Cd levels > 1 μg/L were associated
with 41–63% increases in the prevalence odds of CKD and albuminuria [132]. In a separate analysis,
blood Cd level of 0.6μg/L or higher showed also an association with risks of developing CKD and
albuminuria in NHANES 1999-2006 adult participants [133].

In a recent NHANES 2007–2012 cycle, the overall mean urine Cd level of 0.35 μg/L and mean
blood Cd of 0.51 μg/L were lower, when compared with the NHANES 1999–2006 [128]. Such reduction
in body burden of Cd in the U.S. population was attributable to a reduction in smoking prevalence, but
there was no evidence for a reduction in Cd intake from dietary sources. Despite a reduced population
mean urine and blood Cd levels, blood Cd levels > 0.53 μg/L were associated with two-fold increases
in prevalence of low GFR (OR 2.21, 95% CI 1.09–4.50) and albuminuria (OR 2.04, 95% CI 1.13–3.69) in
an analysis included a subset population (the NHANES 2011–2012) [134]. This was close to the blood
Cd level of 0.6 μg/L that was found to be associated with increased risks of developing CKD and
albuminuria in adult participants in the NHANES 1999–2006 [133].

Further, an additional increase in risk of albuminuria was seen in Cd-exposed subjects with low
zinc status (low serum zinc levels) as OR rose to 3.38 (95% CI, 1.39, 8.28), comparing with those who
had higher zinc status [134]. This raises the possibility that CKD results from an increased body burden
of Cd. These two conditions have been associated in two NHANES cycles and in cross-sectional studies
of other populations, including Korea and China [135,136]. It is also possible that increased urinary
Cd, which is the accepted indicator of body burden, may be a consequence of albuminuria or CKD,
rather than the cause. Albuminuria may cause also an increase loss of zinc through urine, resulting
in trace metal deficiency. Evidence for increased urinary zinc excretion in Cd-exposed subjects in the
absence of albuminuria would suggest that Cd can induce urinary loss of zinc whether albumin is
present in filtrate or not.

GFR falls if a disease causing albuminuria also destroys glomeruli, or if toxic substances destroy
tubular cells after reabsorption from filtrate. Blood pressure rises if GFR falls for any reason, and
GFR may fall as a consequence of damage due to hypertension. At a given rate of influx of Cd into
plasma from all sources, the plasma Cd concentration is likely to rise as GFR falls. Blood Cd levels
≥ 0.4 μg/L were associated with increased risk of hypertension in Caucasian women (OR 1.54, 95%
CI 1.08–2.19), and in Mexican–American women (OR 2.38, 95% CI 1.28–4.40) who participated in
the NHANES 1999–2006 [137]. Association between elevated Cd body burden and hypertension
development, especially in women, was also seen in Koran and Canadian population studies [138,139].
This would be expected as women are at risk of Cd toxicity due to enhanced Cd uptake (Section 3.1).

Hypertension in Thai women, who were environmentally exposed to Cd, has been associated with
increased urinary levels of 20-hydroxyeicosatetraenoic acid (20-HETE), which plays an indispensable
role in renal salt balance and blood pressure control [140]. Urinary 20-HETE levels above the
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median 469 pg/mL were associated with a 90% increase in prevalence odds of hypertension, a
four-time increase in odds of having higher urinary Cd levels, and a 53% increase in odds of
having higher urinary β2-MG levels [140]. These results link urinary 20-HETE levels to blood
pressure increases in Cd-exposed women, thereby providing a plausible mechanism for associated
hypertension development.

5.5. Cadmium and Reduced Weight Gain

The body content of Cd assessed by urinary and/or blood Cd levels showed an inverse association
with body mass index (BMI), central obesity, and risks of weight gain, and obesity in both children
and adults. These have consistently been observed across populations, including the U.S., Belgium,
Canada, Korea, and China [77,141–146]. In the U.S. NHANES 1999–2002 participants, an inverse
association between body burden (urinary Cd levels) and central obesity was noted [141], while an
inverse association between blood Cd and BMI was seen in the NHANES 2003–2010 participants [142].
The Canadian Health Survey 2007–2011 has reported that non-smokers with higher BMI had lower
blood and body content of Cd, as reflected by urinary Cd excretion [77]. In a Chinese study, urinary
Cd levels that were equivalent to or greater than 2.95 μg/g creatinine were associated with a reduced
risk of being overweight [146]. In a Korean study, higher blood Cd levels that were associated with
BMI in Korean men (40–70 years) with mean blood Cd of 1.7 μg/L, and mean urinary Cd of 2.13 μg/g
creatinine [145].

These observation of lower BMI and lower risk of overweight with higher levels of total body
content of Cd are consistent with a reduction in body weight after renal glucose reabsorption is
reduced by therapeutically administered sodium glucose cotransporter 2 (SGLT2) inhibitors [147,148].
This was an unexpected outcome from a therapeutic application of glucose reabsorption inhibitors
for management of hyperglycaemia or as anti-diabetic drugs [147,148]. This new class of anti-diabetic
drugs also show promise in weight reduction and blood pressure control [148,149]. A potential
effect of Cd on glucose reabsorption and its contribution to altered body weight homeostasis are
discussed below.

Glucose reabsorption in kidneys is mediated by SGLT2, localized to cortical proximal tubular cells,
where the bulk of calorie as glucose (an approximate of 160 to 180 gm) is reabsorbed and returned to
the systemic circulation daily, under normal physiological conditions [147,148]. An effect of Cd on
the activity and/or abundance to SGLT2 in the proximal tubules was deduced from an observation of
glycosuria in the subjects with high Cd body burden without hyperglycaemia [94,108]. In a Swedish
study, subjects with higher levels of Cd body burden were found to excrete higher levels of citrate,
3-hydroxyisovalerate, and 4-deoxy-erythronic acid, which are the biomarkers of mitochondria [150].
In this study, a positive association was seen also between urinary Cd and 8-oxo-deoxyguanosine, a
marker of increased systemic oxidative stress. Increased urinary citrate levels may be secondary to Cd
effect on tubular reabsorption of filtered citrate rather than the spill out of citrate and other organic
anions due to mitochondrial damage. This is because no correlation was seen between urinary citrate
and NAG levels.

Interestingly, a study of 168 Thai subjects in a high-Cd exposure area and 100 controls also
observed increases in urinary citrate levels with Cd, and the authors suggested that Cd may have a
direct effect on mitochondrial citrate metabolism because of the strength of an association between
urinary Cd and urinary citrate levels persisted after adjustment for age, smoking status, and severity
of tubular impairment, assessed by urine β2-MG levels [151]. Support of these Swedish and Thai
data included an effect of Cd on mitochondrial oxidative phosphorylation in tubular cells, causing a
reduction in ATP output [91], and a fall in the abundance of the Na/K-ATPase and its sodium transport
activity in tubular epithelial cells that were treated with Cd [52,152]
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5.6. Cadmium and Depressed Serum Zinc: Role for Impaired Zinc Reabsorption

Zinc is the second most abundant metal in the body, and the contribution of kidneys to zinc
homeostasis is well established [153]. However, there are limited studies that assessed Cd effects on
zinc homeostasis and tubular zinc reabsorption. A potential Cd effect on zinc homeostasis comes from
the Belgian study, including 959 men and 1018 women, aged 20–80 years, which observed depressed
serum zinc levels in those with elevated Cd body burden [154]. The depressed serum zinc levels
persisted even after subjects with occupational exposure to metals were excluded [154]. Likewise,
reduced serum zinc levels were found to be associated with higher blood Cd levels in another study
of 299 healthy Croatian men, 20–55 years of age [155]. Of note, women in the Belgian study were
found to have lower serum zinc (mean 12.6 μM, range 6.3–23.2 μM) than men (mean 13.1 μM, range
6.5–23.0 μM). A Thai study observed also lower mean serum zinc in women (18.4 μM), as compared to
men (21 μM). In this Thai study, lower fractional zinc reabsorption levels were associated with higher
Cd body burden, higher serum copper to zinc ratios, and higher tubular impairment levels, as assessed
by the urinary excretion of β2-MG [156].

In an Australian autopsy study, levels of zinc in liver and kidney cortex decrease with rising
age and Cd levels [157]. In this study, liver and kidney MT levels were not quantified. However,
a regression model analysis showed that a large fraction of zinc in kidney cortex was associated
with the MT pool [157]. In the liver, however, there was much less zinc in MT than in non-MT pool.
These findings are consistent with MT metamorphism, which explains the different zinc and copper
contents in MT molecules from different tissues and organs [33]. Australian data suggested that zinc
in kidney was mostly bound to MT, whereas the majority of zinc in liver was not associated with MT.

By immunohistochemistry, in human kidneys cortex MT-1/2 was found mostly in the cytoplasm
and nuclei of proximal tubular cells, and to a less extent in distal tubules, but not in the glomeruli, or
associated interstitial and vascular elements [158]. MT-1/2 was found in proximal and distal tubules
of rat kidneys [152]. Another form of MT (MT-3) was found to be expressed in high abundance in
human kidneys, especially in the distal tubule [159]. However, MT-3 is known to bind Cd less vividly
than MT-1/2. In primary culture of human proximal tubular cells, MT-1/2 was induced by as little
as 0.5 μM Cd [158]. A study in Thai subjects in high-Cd exposure area reported that MT transcript
levels in leucocytes increased with increasing blood and urinary Cd levels [160]. Further, the high
levels of MT transcript in leucocytes were associated with reduced urinary albumin and β2-MG levels,
suggesting a reduction in Cd toxicity as MT levels increased [160].

The influence of MT and Cd concentrations on kidney zinc and copper concentrations is suggested
by data from two additional Turkish population studies [161,162]. In one study, the AG and GG variants
of the MT2A gene promoter were associated with higher kidney cortex Cd levels than the AA variant,
but there were no differences in zinc or copper levels [161]. In the other study, the GG variant was
associated with higher blood Cd levels, but lower blood Zn levels, when compared with the AA and
AG variants [162]. In contrast, data from a large Japanese (Nagoya) study (749 men and 2025 women,
aged 39–75 years) observed no differences in serum MT, Cd, or zinc levels across the three MT2A
promoter variants (AA, GA, GG). Of interest, the GG variant was associated with an increased risk of
developing CKD or diabetes in Japanese subjects [163]. Collectively, these findings suggest a closer
link between Cd, MT, and zinc homeostasis than copper and further investigation is required to dissect
the link that may exist between MT, Cd, zinc, and the development of CKD and diabetes.

6. Conclusions

Currently, dietary Cd intake is estimated to be between 8 and 25 μg/day in various populations.
These are within the FAO/WHO tolerable intake level of 58 μg/day for a 70-kg person. Kidney cortical
Cd concentrations increase progressively with age, reaching a peak by 40–60 years. The recorded
peak kidney cortical Cd accumulation of 20–70 μg/g wet weight is also well below critical kidney Cd
concentrations of 180–200 μg/g kidney. However, population research data reviewed herein suggest
that Cd has adverse effects on kidneys at Cd intake rates and kidney Cd concentrations that are lower
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than these estimated figures. Elevated urinary excretion of a low-molecular weight protein β2-MG
and NAG, termed tubular proteinuria and enzymenuria, have been used to reflect kidney toxic effects
of Cd ever since the discovery of β2-MG in urine of Cd-exposed humans. Supporting an effect of Cd
on kidneys is an association between GFR reduction and increased urinary β2-MG levels.

Other possible kidney effects of Cd may include an inhibition of glucose reabsorption, and reduced
zinc reabsorption by the kidneys, thereby affecting energy and zinc homeostasis. These adverse effects
of Cd on the kidneys have been observed at urinary Cd levels below an established threshold limit
of urinary Cd of 5.24 μg/g creatinine. These observations cast considerable doubt on the validity of
current “tolerable” intake level for Cd and its “critical” kidney concentrations. There is an urgent need
to reassess the Cd toxicity threshold limit, as it currently does not afford the protection that it should to
prevent excessive Cd exposure and its adverse effects. Public health measures are needed to minimize
Cd contamination of the food-chain. Risk reduction measures are also required to reduce air pollution,
smoking, workplace exposure, and gastrointestinal absorption of Cd, especially for populations that
are deemed to be of increased risk of exposure from all sources.
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32. Sabolić, I.; Breljak, D.; Skarica, M.; Herak-Kramberger, C.M. Role of metallothionein in cadmium traffic and
toxicity in kidneys and other mammalian organs. Biometals 2010, 23, 897–926. [CrossRef] [PubMed]
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Abstract: The frequently observed association between kidney toxicity and long-term cadmium
(Cd) exposure has long been dismissed and deemed not to be of clinical relevance. However,
Cd exposure has now been associated with increased risk of developing chronic kidney disease
(CKD). We investigated the link that may exist between kidney Cd toxicity markers and clinical
kidney function measure such as estimated glomerular filtration rates (eGFR). We analyzed data
from 193 men to 202 women, aged 16−87 years [mean age 48.8 years], who lived in a low- and
high-Cd exposure areas in Thailand. The mean (range) urinary Cd level was 5.93 (0.05–57) μg/g
creatinine. The mean (range) for estimated GFR was 86.9 (19.6−137.8) mL/min/1.73 m2. Kidney
pathology reflected by urinary β2-microglobulin (β2-MG) levels ≥ 300 μg/g creatinine showed an
association with 5.32-fold increase in prevalence odds of CKD (p = 0.001), while urinary Cd levels
showed an association with a 2.98-fold greater odds of CKD prevalence (p = 0.037). In non-smoking
women, Cd in the highest urinary Cd quartile was associated with 18.3 mL/min/1.73 m2 lower eGFR
value, compared to the lowest quartile (p < 0.001). Evidence for Cd-induced kidney pathology could
thus be linked to GFR reduction, and CKD development in Cd-exposed people. These findings may
help prioritize efforts to reassess Cd exposure and its impact on population health, given the rising
prevalence of CKD globally.

Keywords: β2-microglobulin; cadmium; chronic kidney disease; clinical kidney function measure;
estimated glomerular filtration rate; N-acetyl-β-D-glucosaminidase; population health; tubular
dysfunction; toxicity threshold limit; urine protein

1. Introduction

Exposure to the heavy metal cadmium (Cd) is inevitable for most people as this metal is
present in foodstuffs, cigarette smoke and polluted air [1–4]. By total diet studies, staple foods
such as rice, potatoes, and wheat constitute 40–60% of total dietary Cd intake in the average
consumer in various populations [4]. In addition, offal, spinach, shellfish, crustacean and mollusks
constitute dietary Cd sources [4]. Cd oxide (CdO) in cigarette smoke and polluted air has relatively
high bioavailability. Consequently, most smokers show elevated Cd levels in their blood, urine,
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and tissues [1–4]. To-date, non-occupational Cd exposure has been associated with numerous chronic
diseases of continuously rising prevalence, notably type-2 diabetes [2–4]. However, the most frequently
reported Cd toxicity in non-occupationally exposed populations is related to kidneys, notably the
injury to the proximal tubular epithelial cells that reabsorb and concentrate Cd from the glomerular
filtrate [1–4]. Renal tubular cells are highly susceptible to Cd-induced apoptosis because of high
abundance of mitochondria and substantial reliance on autophagy to maintain homeostasis [5–7]. One
of the consequential results of the injury and death of renal tubular epithelial cells by Cd is a reduction
in tubular reabsorption capacity in Cd-exposed people, leading to loss of nutrients through urine,
notably glucose, amino acids, calcium, and zinc [8–11].

Urinary levels of N-acetyl-β-D-glucosaminidase (NAG) enzyme and the low molecular
weight protein β2-microglobulin (β2-MG) are often used to reflect Cd-induced kidney tubular
pathologies [12–15], while urinary Cd excretion is used as an indicator of cumulative long-term
exposure or body burden [16–18]. For example, elevated urinary β2-MG levels (≥283 μg/day)
were reported for subjects who excreted 3.05 μg of Cd per day [8]. In Japanese studies, urinary
Cd levels 1.6–4.6 μg/g creatinine were associated with urinary β2-MG levels ≥ 1000 μg/g creatinine,
an indicative of severe and irreversible tubular dysfunction [19,20]. However, these signs of Cd-related
tubular toxicity have not been considered to be clinically relevant.

Challenging the notion on a lack of clinical and health risk implications are data from the
representative of Korean population, and from two cycles of the U.S. National Health and Nutrition
Examination Surveys (NHANES) showing that Cd exposure may increase the risk of developing
chronic kidney disease (CKD) [21–24]. Dietary Cd intake has also been associated with CKD
development in Chinese population [25]. However, none of these studies has assessed glomerular
filtration rate (GFR) concurrently with kidney tubular pathology markers, notably urine NAG and
β2-MG. We hypothesize that GFR falls as the result of Cd destroys tubular cells after reabsorption
from filtrate. Hence, the present study investigated the potential link between Cd tubular toxicity and
CKD in Cd-exposed Thai subjects. We sought to evaluate an independent association between GFR
reduction and evidence of tubular pathologies in relation to urinary Cd levels, age, gender, body mass
index (BMI), and smoking.

2. Methods

2.1. Study Subjects

To represent chronic environmental exposure situations, we assembled a group of 395 subjects
from a low-Cd exposure area in Bangkok [26], and high-Cd exposure area in rural rice farming villages
in Mae Sot District, known to be an area with Cd contamination [12,27]. Subjects in neither low-Cd nor
high-Cd exposure group were occupationally exposed to metals. The Institutional Ethical Committee,
Chulalongkorn University Hospital, approved the Bangkok study protocol, while the Mae Sot Hospital
Ethical Committee approved the Mae Sot study protocol. All participants provided informed consent
prior to participation. For a low-Cd exposure group, inclusion criteria were apparently healthy.
Exclusion criteria were pregnancy, breast-feeding, history of metal work, a hospital record or diagnosis
by physician of CKD, heart disease, diabetes, anemia, or hyperlipidemia. For a high-Cd exposure
group, subjects were randomly selected from 13 villages with cadmium pollution in Mae Sot District,
Tak Province. There were cases of diagnosed CKD, hypertension, and osteoporosis as shown in Table 1.
Smoking, regular use of medications, education, occupation, family health history and anthropometric
data were obtained from questionnaires. Excluding those with incomplete data, 395 subjects (180 from
the Bangkok group, and 215 from the Mae Sot group) form study subjects in the present study.
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Table 1. Characteristic of study subjects.

Descriptors/Variables
All Subjects

n = 395
Men

n = 193
Women
n = 202

p Values

Age (years) 48.8 ± 14.0 47.4 ± 15.8 50.1 ± 12.0 0.024
BMI (kg/m2) 22.2 ± 3.8 22.0 ± 3.4 22.4 ± 4.1 0.387

Smoking prevalence (%) a 45.1 66.8 24.3 <0.001
Hypertension (%) b 21.7 24.2 19.3 0.240

eGFR (mL/min/1.73 m2) 86.9 ± 24.2 87.2 ± 25.0 86.6 ± 23.5 0.717
CKD prevalence (%) 12.7 13 12.4 0.863

Exposure indicators

Urinary creatinine (mg/dL) 100.2 ± 67.7 115.1 ± 71.7 85.8 ± 60.5 <0.001
Urinary Cd concentration (μg/L) 6.65 ± 10.70 7.48 ± 12.71 5.87 ± 8.29 0.930

Urinary Cd (μg/g creatinine) 5.93 ± 7.69 5.43 ± 7.60 6.41 ± 7.77 0.061
Urinary Cd >1 μg/g creatinine (%) c 55.9 53.4 58.4 0.312

Urinary Cd >5.24 μg/g creatinine (%) d 40.3 37.3 43.1 0.243

Renal pathology markers

β2-MG (mg/g creatinine) 2.68 ± 12.43 3.35 ± 13.87 2.04 ± 10.88 0.973
β2-MG ≥ 1 mg/g creatinine (%) e 14.2 17.1 11.4 0.104

NAG (Units/ g creatinine) 5.31 ± 4.26 4.98 ± 3.50 5.63 ± 4.86 0.103
Total protein (mg/g creatinine) 75.6 ± 142 74.7 ± 144 76.4 ± 141 0.200

Reported health status (%)

No disease 66.7 67.4 66.0 0.901
Anemia 6.2 4.7 7.6 0.221

Hypertension 15.5 16.3 14.7 0.796
Diabetes 2.8 3.2 2.5 0.763

Osteoporosis 3.1 0.5 5.6 0.004
Kidney disease 3.1 4.7 1.5 0.083
Urinary stones 1.6 1.6 1.5 1.000

Others 1.0 1.6 0.5 0.317

Numbers are arithmetic mean ± standard deviation (SD). eGFR is determined with CKD−EPI equation, and eGFR
< 60 mL/min/1.73 m2 is defined as CKD [28]. a Both current and ex-smokers are grouped together because of
a known long half-life of Cd in the body. b Hypertension was defined as systolic blood pressure ≥ 140 mmHg,
or diastolic blood pressure ≥ 90 mmHg, physician diagnosis, or prescription of anti-hypertensive medications.
c Tubular Cd toxicity threshold, established by the European Food Safety Agency [29]. d Tubular Cd toxicity
threshold, established by the FAO/WHO [30]. e Severe and irreversible tubular dysfunction [19,20].

2.2. Ascertainment of Long-Term Cadmium Exposure Levels

Assessment of long-term Cd exposure or body burden was based on creatinine-adjusted urinary
Cd concentrations. Urinary Cd is a suitable exposure marker to assess kidney effects since the majority
of Cd in urine is ultrafilterable, but not reabsorbed by kidney tubules [2]. The plasma Cd concentration
reflects Cd influx into blood circulation from external sources (diet and air) and internal reservoirs
(liver). Accordingly, urinary Cd excretion rate is proportional to plasma Cd concentrations, glomerular
filtration rates and tubular sequestration rates [2]. For the Bangkok group [26], the urinary Cd
concentrations were determined with the inductively-coupled plasma/mass spectrometry, calibrated
with multi-element standards (EM Science, EM Industries Inc., Newark, NJ, USA). Quality assurance
and control were conducted with simultaneous analysis of samples of the reference urine Lyphochek®

(Bio-Rad, Sydney, Australia), which contained low- and high-range Cd levels. The coefficient of
variation of 2.5% was obtained for Cd in the reference urine. Cd concentrations of urine samples
reported below the limit of detection (LOD) of 0.05 μg/L were assigned as the LOD divided by the
square root of 2. For the Mae Sot group [13], urinary Cd concentrations were determined with an
atomic absorption spectrophotometer (Shimadzu Model AA-6300, Kyoto, Japan). Urine standard
reference material No. 2670 (The National Institute of Standards, Washington, DC, USA) was used for
quality assurance and control purposes.
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2.3. Clinical Kidney Function Measure and Assessment of Tubular and Glomerular Integrity

Clinical kidney function measure was based on estimated glomerular filtration rate (eGFR),
calculated with the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [28].
Male eGFR = 141 × [serum creatinine ÷ 0.9]Y × 0.993age, where Y = −0.411 if serum
creatinine ≤ 0.9 mg/dL, Y= −1.209 if serum creatinine > 0.9 mg/dL. Female eGFR = 144 × [serum
creatinine÷0.7]Y × 0.993age, where Y= −0.329 if serum creatinine ≤ 0.7 mg/dL, Y= −1.209 if serum
creatinine > 0.7 mg/dL. CKD is defined as eGFR < 60 mL/min/1.73 m2, and CKD stages I, II, III, IV
and V correspond to eGFR 90–119, 60–89, 30–59, 15–29 and <15 mL/min/1.73 m2, respectively [28].

Assessment of tubular dysfunction was based on a reduction in tubular reabsorption activity,
reflected by an increase in urinary excretion rate of β2-MG [12–15]. Due to a small molecular weight,
β2-MG is filtered, reabsorbed by tubules, and approximately 0.3% of filtered β2-MG is excreted in
urine [2]. Assessment of tubular integrity was based on urinary excretion of the enzyme NAG [12–15]
and urinary NAG excretion is considered to be proportional to nephron numbers as this enzyme
originates mostly from tubular epithelial cells which is released upon cell injury [2]. For the Bangkok
group, the urinary β2-MG assay was based on the latex immunoagglutination method (LX test, Eiken
2MGII; Eiken and Shionogi Co., Tokyo, Japan), and the urinary NAG assay was based on an enzymatic
reaction and colorimetry. The urinary protein assay was based on turbidimetry (Roche/Hitachi
717, Boehringer Mannheim and Roche Diagnostics, Roche Diagnostics GmbH Mannheim, Germany).
The urinary and serum creatinine assay was based on the Jaffe’s reaction.

For Mae Sot group, the urinary β2-MG assay was based on an enzyme immunoassay (GLAZYME
β2 microglobulin-EIA test kit, Sanyo Chemical Industries, Ltd., Kyoto, Japan), while the urinary
NAG assayed was based on colorimetry (NAG test kit, Shionogi Pharmaceuticals, Sapporo, Japan).
The urinary protein assay was based on the Kingsbury-Clark method, while the urinary and serum
creatinine assay was based on the Jaffe’s reaction.

2.4. Statistical Analysis

The SPSS statistical package 17.0 (SPSS Inc., Chicago, IL, USA) was used to analyze data. We used
the Mann-Whitney U-test to compare two groups of subjects. The distribution of the variables was
examined for skewness and those showing right skewing were subjected to logarithmic transformation
before analysis, where required. One sample Kolmogorov-Smirnov test was used to detect a departure
from normal distribution of variables. We used the logistic regression analysis to estimate Prevalence
Odds Ratio (POR) for CKD, attributable to Cd exposure and kidney tubular pathologies. The univariate
analysis was used to estimate effect size of Cd exposure levels with adjustment for covariates and
urinary Cd quartiles × smoking × gender interactions. In addition, we used a multilinear regression
analysis to evaluate the strength of associations between eGFR and its predictors in subjects stratified
by gender, smoking status and Cd exposure levels. p values ≤ 0.05 for a two-tailed test was considered
to indicate statistical significance.

3. Results

3.1. Characteristics of Study Subjects

Of 395 study subjects, 202 were women and 193 were men. The mean age of women was 4 years
older than the mean age of men of 47.4 years (p = 0.024). Smoking was more prevalent in men than
women (66.8% vs. 24.3%) (p < 0.001). The mean (SD) values for eGFR were 86.9 (24.2) mL/min/1.78 m2

(range: 19.6–137.8). The CKD prevalence was 13% in men and 12.4% in women (p = 0.863), while
hypertension prevalence was 24.2% in men and 19.7% in women (p = 0.240).

The mean urinary creatinine concentrations in men was higher than women (p < 0.001). The mean
urinary Cd concentrations in men (7.48 μg/L) and women (5.87 μg/L) did not differ (p = 0.930).
The mean (SD) urinary Cd was 5.93 (7.69) μg/g creatinine (range: 0.05–57.57). The mean urinary Cd
tended to be higher in women than men, when data were adjusted for urine dilution by creatinine
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excretion (6.41 vs. 5.43 μg/g creatinine, p = 0.061). The prevalence of urinary Cd levels above 5.24 μg/g
creatinine was 40.3%, while more than half (55.9%) of the subjects had urinary Cd levels, exceeding
1 μg/g creatinine. The prevalence of severe and irreversible tubular dysfunction (urinary β2-MG levels
≥ 1000 μg/g creatinine) was 17.1% in men and 14. 2% in women (p = 0.104). Urinary β2-MG, NAG
and protein levels in men and women did not differ.

In all subjects, creatinine-adjusted urinary Cd levels showed a strong correlation with age
(Spearman rank’s correction coefficient (r) = 0.644, p = < 0.001), and this association between age and
urinary Cd levels persisted after stratification by smoking status (r = 0.627, p < 0.001 for non-smokers,
r = 0.540, p < 0.001 for smokers). There was an inverse correlation between urinary Cd levels and BMI
(r = −0.214, p < 0.005) in all subjects. After controlling for age, the association of urinary Cd levels and
BMI persisted in smokers only (r = −0.166, p = 0.027), while there was a tendency for an association in
non-smokers (r = −0.119, p = 0.081).

The prevalence rates of various diseases reported by participants differed in men and women
(Likelihood Chi-square 15.5, p = 0.03). Osteoporosis was more prevalent in women than men
(5.6% vs. 0.5%, p = 0.004). Kidney disease diagnosis tended to be higher in men than women
(4.7% vs. 1.5%, p = 0.083).

3.2. CKD Prevalence Associated with Tubular Dysfunction and Cadmium Exposure

By logistic regression analysis of CKD prevalence (Table 2), an increase in CKD prevalence odds
was found to be associated with age (p < 0.001), BMI (p = 0.001), tubular dysfunction (urinary β2-MG
levels ≥ 300 μg/g creatinine) (p = 0.001), urinary Cd (p = 0.037) and protein levels (p = 0.023). Elevated
β2-MG levels associated with the highest increase in CKD prevalence odds (POR 5.324, 95% CI: 2.035,
13.928), followed by urinary Cd levels (POR 2.978, 95% CI: 1.066, 8.317), urinary protein (POR 1.900,
95% CI: 1.093, 3.302), BMI (POR 1.188, 95% CI: 1.071, 1.318), and age (POR 1.119, 95%CI: 1.070, 1.170).
Urine NAG did not associate with CKD prevalence (p = 0.744).

Table 2. Increased prevalence odds of chronic kidney disease associated with cadmium and severity of
tubular dysfunction.

Independent Variables POR of CKD
95% CI for POR

p Values
Lower Upper

Gender 0.771 0.317 1.876 0.566
Age (years) 1.119 1.070 1.170 <0.001

BMI (kg/m2) 1.188 1.071 1.318 0.001
Smoking 1.002 0.378 2.661 0.996

Tubular dysfunction a 5.324 2.035 13.928 0.001
Log urine Cd (μg/g creatinine) 2.978 1.066 8.317 0.037

Log urine NAG (units/g creatinine) 1.340 0.231 7.770 0.744
Log urine protein (mg/g creatinine) 1.900 1.093 3.302 0.023

POR = Prevalence Odds Ratio. a Tubular dysfunction is defined as urinary β2-MG levels ≥ 300 μg/g
creatinine [19,20]. POR was derived from a logistic regression model analysis in which CKD (eGFR < 60
mL/min/1.73 m2) was a categorical dependent variable, while age, BMI, creatinine adjusted urinary Cd, NAG and
protein levels were continuous independent variables. Categorical independent variables were gender, smoking
status, and tubular dysfunction. p values ≤ 0.05 are considered to indicate statistical significant levels.

3.3. Effect Size Estimates

Table 3 provides results of a univariate analysis that quantified the variation in eGFR attributable
to various independent variables and their interactions. Factors and covariates in the first column
accounted for more than a half (67. 3%, p < 0.001) of the total eGFR variation. Age accounted for the
largest proportion (36.4%) of eGFR variability (p < 0.001), while BMI, Cd quartiles, and urine β2-MG
each accounted for 2.7% (p = 0.001), 5.1% (p < 0.001) and 3.3% (p < 0.001) in eGFR variation among
study subjects. Gender, smoking, urine NAG and protein did not contribute significantly to eGFR
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variation. There was a significant interaction between gender × smoking that contributed to 2.9%
(p = 0.011) of eGFR variation. There was a tendency for Cd quartiles × smoking interaction (0.8%,
p = 0.076).

Table 3. Univariate analysis of glomerular filtration rates.

Factors and Covariates Degree of Freedom
eGFR (mL/min/1.73 m2)

F p η2

Corrected Model 19 43.715 <0.001 0.689
Intercept 1 219.823 <0.001 0.370

Age (years) 1 214.578 <0.001 0.364
BMI (kg/m2) 1 10.484 0.001 0.027

Smoking 1 0.082 0.775 0.000
Gender 1 1.347 0.247 0.004

Log urine β2-MG (μg/g creatinine) 1 12.800 <0.001 0.033
Log urine NAG (units/g creatinine) 1 0.275 0.600 0.001
Log urine protein (mg/g creatinine) 1 2.405 0.122 0.006

Urinary Cd quartiles 3 6.765 <0.001 0.051
Gender × smoking 1 3.161 0.076 0.008

Urinary Cd quartiles × smoking 3 3.747 0.011 0.029
Urinary Cd quartiles × gender 3 0.890 0.446 0.007

Urinary Cd quartiles × gender × smoking 2 2.032 0.133 0.011
Error 375
Total 395

Corrected Total 394

Adjusted R2 = 0.673; η2 = eta squared. Adjusted R2 value describes the total eGFR variability attributable to all
factors and covariates. The η2 value describes the proportion of eGFR variability attributable to each factor/covariate.
eGFR in mL/min/1.73 m2 was a continuous dependent variable. Age, BMI, creatinine-adjusted urinary β2-MG,
NAG, and protein excretion levels were continuous independent variables. Gender, smoking status and Cd
exposure levels were categorical independent variables. p values ≤ 0.05 are considered to indicate statistical
significant levels. Quartiles 1, 2, 3, and 4 of Cd exposure levels correspond to urinary Cd; 0.05–0.50, 0.51–2.95,
2.96–8.80, 8.81–57.57 μg/g creatinine, respectively. The numbers of subjects in quartile 1, 2, 3 and 4 were 100, 101,
97, and 97, respectively.

Adjusted mean eGFR across urinary Cd quartiles 1, 2, 3 and 4 were shown separately for male
and female non-smokers (Figure 1), given a significant gender × smoking interaction (Table 3). eGFR
reduction was associated with urinary Cd levels in a dose-dependent manner in non-smoking women,
but not in men. The adjusted mean eGFR [SE] values for urinary Cd quartiles 1, 2, 3 and 4 in
non-smoking women were 97.6 [2.3], 95.8 [2.1], 82.9 [2.7], and 79.3 [2.5] mL/min/1.73 m2, respectively.
The adjusted mean eGFR [SE] in urinary quartile 4, 3 and 2 was 18.3 [3.5] (p < 0.001), 14.6 [3.6] (p = 0.005)
and 1.7 [2.9] (p = 1.000) mL/min/1.73 m2 lower than the adjusted mean eGFR in urinary Cd quartile
1, respectively. The total number of non-smoking women was 153 and the numbers (%) distribution
in urinary Cd quartiles 1, 2, 3 and 4 were 42 (27.5%), 49 (32%), 27 (17.6%), 35 (22.9%), respectively.
The total number of non-smoking men was 64 and the number (%) distribution in urinary Cd quartile
1, 2, 3 and 4 were 36 (56.3%), 16 (25%), 7 (10.9%), and 5 (7.8%), respectively. In non-smoker male
group, adjusted mean eGFR, the adjusted mean eGFR [SE] in urinary quartile 4, 3 and 2 was 20.7 [6.8]
(p = 0.193), 21.1 [7.1] (p = 0.251) and 19.5 [7.6] (p = 1.000) mL/min/1.73 m2 lower than the adjusted
mean eGFR in urinary Cd quartile 1, respectively.
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Figure 1. Cadmium-dose dependent reduction in glomerular filtration rates in non-smoking women.
Bars represent mean eGFR ± SE values for groups of subjects stratified according to the quartiles
of urinary Cd excretion levels. Urinary Cd levels in quartiles 1, 2, 3 and 4 are 0.05–0.50, 0.51–2.95,
2.96–8.80, 8.81–57.57 μg/g creatinine, and the corresponding numbers of subjects are 100, 101, 97 and
97, respectively. The mean eGFR values are adjusted for interactions and covariates as follows; age
48.79 years, BMI 22.21 kg/m2, urinary β2-MG 59.74 μg/g creatinine, NAG 4.29 units/g creatinine,
and protein excretion 24.98 mg/g creatinine. p values ≤ 0.05 indicate statistically significant difference
between adjusted mean eGFR in quartile 2, 3 and 4, compared with the urinary Cd quartile 1.

3.4. Evidence for Urinary Cd Threshold Level

Table 4 shows results of a multilinear regression, used to further explore associations of eGFR,
and kidney pathology markers. Age, BMI, gender, smoking, urinary Cd, β2-MG, NAG, and protein
levels accounted for 66.5% of the total eGFR variation among study subjects. Age showed the strongest
inverse association with eGFR (β = −0.548, p < 0.001), followed by urine Cd (β = −0.234, p < 0.001),
β2-MG (β = −0.178, p < 0.001) and BMI (β = −0.105, p = 0.001). There was a marginal association
between eGFR and female gender (β = 0.066, p = 0.051). Associations of eGFR and urinary NAG
(β = 0.004, p = 0.893) and protein levels (β = −0.037, p = 0.236) were not significant.

Table 4. Multilinear regression analysis of glomerular filtration rates.

Independent Variables

eGFR (mL/min/1.73 m2)

Standardized 95% CI for β
p Value

β coefficients Lower Upper

Age (years) −0.548 −1.084 −0.812 <0.001
BMI (kg/m2) −0.105 −1.068 −0.288 0.001

Gender 0.066 −0.017 6.435 0.051
Smoking −0.002 −3.543 3.397 0.967

Log urine Cd (μg/g creatinine) −0.234 −10.900 −4.976 <0.001
Log urine β2-MG (μg/g creatinine) −0.178 −4.773 −1.808 <0.001
Log urine NAG (units/g creatinine) 0.004 −5.042 5.780 0.893
Log urine protein (mg/g creatinine) −0.037 −2.982 0.736 0.236

Adjusted R2 = 0.665, p < 0.001. eGFR was a continuous dependent variable. Gender (male = 1, female = 2), smoking
(non-smoker = 1, smoker = 2) were categorical independent variables, while age, BMI, creatinine adjusted urinary
Cd, NAG and protein levels were continuous independent variables. p values ≤ 0.05 are considered to indicate
statistical significant levels.
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Figures 2–4 provide data for the strength (β) of associations of eGFR and kidney pathology
markers (urine β2-MG, NAG, and protein) across urinary Cd quartiles. In all subjects (Figure 2),
a strongly inverse association was seen between eGFR and β2-MG in both non-smokers (β = −0.486,
p < 0.001) and smokers (β = −0.619, p < 0.001). In unadjusted models, eGFR was not associated
with β2-MG in Cd exposure quartile 1 (β = 0.058, p = 0.570), but in quartile 2 (β = −0.295, p = 0.003),
quartile 3 (β = −0.545, p < 0.001) and quartile 4 (β = −0.650, p < 0.001). After adjustment for covariates
and interactions; the β coefficients (p values) of the eGFR and β2-MG association in Cd exposure
quartiles 1, 2, 3 and 4 were 0.013 (p = 0.897), −0.246 (p = 0.020), −0.547 (p < 0.001), and −0.685
(p < 0.001), respectively.

In all subjects (Figure 3), a marginally inverse association between eGFR and NAG was seen
in non-smokers (β = −0.189, p = 0.005), while a moderately inverse association was in smokers
(β = −0.396, p < 0.001). In unadjusted models, a marginally positive association between eGFR and
NAG was evident in urinary Cd quartile 1 (β = 0.206, p = 0.039), eGFR and NAG association was
absent in quartile 2 (β = −0.020, p = 0.845). A strongly inverse association was seen between eGFR and
NAG in quartile 3 (β = −0.471, p < 0.001), while a moderately inverse association existed in quartile
4 (β = −0.265, p = 0.009). After adjustment for covariates and interactions, the β coefficient (p value)
of eGFR and NAG association in Cd exposure quartiles 1, 2, 3 and 4 were 0.190 (p = 0.057), −0.061
(p = 0.546), −0.445 (p < 0.001), and −0.271, (p = 0.009), respectively.

In all subjects (Figure 4), a marginally positive association was seen between eGFR and urinary
protein in non-smokers (β = 0.144, p = 0.034), but a moderately inverse association was seen in smokers
(β = −0.280, p < 0.001). In unadjusted models, an association of eGFR and urine protein was not
present in urinary Cd quartile 1 (p = 0.629) and quartile 2 (p = 0.912), while a moderately inverse
association was evident in quartile 3 (β = −0.359, p < 0.001) and quartile 4 (β = −0.399, p < 0.001),
After adjustment for covariates and interactions, the β coefficients (p values) of eGFR and protein
associations in urinary Cd quartiles 1, 2, 3 and 4 were 0.062 (p = 0.565), 0.013 (p = 0.894), −0.350
(p < 0.001), and −0.413 (p < 0.001), respectively.

Figure 2. Scatterplots of kidney function measure vs. tubular dysfunction biomarker. The regression
lines of eGFR vs. urinary β2-MG levels are shown for groups of subjects according to smoking
status (A) and urinary Cd quartiles (B). The reference line in (A) is based on the CKD diagnosis,
eGFR < 60 mL/min/1.73 m2. The R2 values and the β coefficients shown in (A,B) are unadjusted.
Urinary Cd levels in quartiles 1, 2, 3 and 4 are 0.05–0.50, 0.51–2.95, 2.96–8.80, and 8.81–57.57 μg/g
creatinine, and the corresponding numbers of subjects are 100, 101, 97 and 97, respectively.
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Figure 3. Scatterplots of kidney function measure vs. tubular injury biomarker. The regression
lines of eGFR vs. urinary NAG levels are shown for groups of subjects according to smoking
status (A) and urinary Cd quartiles (B). The reference line in (A) is based on the CKD diagnosis,
eGFR < 60 mL/min/1.73 m2. The R2 values the β coefficients shown in (A,B) are unadjusted. Urinary
Cd levels in quartiles 1, 2, 3 and 4 are 0.05–0.50, 0.51–2.95, 2.96–8.80, and 8.81–57.57 μg/g creatinine,
and the corresponding numbers of subjects are 100, 101, 97 and 97, respectively.

Figure 4. Scatterplots of kidney function measure vs. glomerular damage biomarker. The regression
lines of eGFR vs. urinary protein levels are shown for subjects stratified according to smoking
status (A) and urinary Cd quartiles (B). The reference line in (A) is based on the CKD diagnosis,
eGFR < 60 mL/min/1.73 m2. The R2 values and the β coefficients shown in (A,B) are unadjusted.
Urinary Cd levels in quartiles 1, 2, 3 and 4 are 0.05–0.50, 0.51–2.95, 2.96–8.80, and 8.81–57.57 μg/g
creatinine, and the corresponding numbers of subjects are 100, 101, 97 and 97, respectively.

4. Discussion

Herein, we have observed for the first time an association of a 5.32-fold rise in CKD prevalence
odds and urinary β2-MG levels ≥ 300 μg/g creatinine in Thai subjects with chronic environmental
exposure to Cd. This independent association between elevated levels of urinary β2-MG and a
marked increase in odds of CKD prevalence suggests a vital role played by kidney tubular cells in
the pathogenesis and/or progression of CKD. Indeed, a tubular-glomerular connection is increasingly
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recognized [31] as is the evidence for β2-MG as marker of a range of kidney disease [32–34]. Our
finding concurs with experimental data and clinical outcomes that suggest urinary β2-MG is a predictor
of GFR reduction [32–34].

Supporting tubular-glomerular connection are data from a prospective cohort study in Japan
showing that a sign of tubular impairment (urine β2-MG levels ≥ 300 μg/g creatinine) was associated
with a 79% (95% CI: 1.07, 2.99) increase in the likelihood of having eGFR fall at high rates, i.e.,
10 mL/min/1.73 m2 over 5-year observation period [35]. In another cross-sectional study, a milder
tubular impairment (urine β2-MG levels ≥ 145 μg/g creatinine) was associated with an increase in
the prevalence odds for hypertension in Japanese subjects [36]. Results of these Japanese studies
underscored clinical values of urine β2-MG measurement, but Cd exposure levels experienced by
Japanese subjects in these two studies were not measured. Thus, it is unknown if these observed
outcomes (rapid GFR reduction and hypertension development) in subjects with high urine β2-MG
levels could be linked to Cd or other environmental factors.

Urinary Cd levels > 1 μg/L (>0.5 μg/g creatinine) were associated with a 48% increase in the risk
of CKD development (95% CI: 1.01, 2.17) in adult participants in the U.S. NHANES 1999–2006 cycle [21].
Consistent with the U.S. study is our finding of an association between elevated Cd body burden,
assessed by urinary Cd levels, and an increase in odds of CKD prevalence (2.98 fold). Multilinear
regression data indicated also that lower eGFR values were associated with higher urinary Cd levels.
Further, in an effect-size analysis, a dose-response between eGFR reduction and urinary Cd quartiles
was evident in non-smoking women. This may implicate dietary Cd intake in the pathogenesis of
CKD. Likewise, in a Chinese population study, cumulative Cd intake estimate was associated with a
4-fold increase in CKD prevalence (95% CI: 2.91, 5.63) [25].

An association of lower eGFR and higher blood Cd levels was noted in Korean population [37]
and the representative of the U.S. population (the U.S. NHANES, 2007–2012) [38]. In a Korean study,
blood Cd levels in the highest tertile were associated with 1.85 mL/min/1.73 m2 lower GFR values
(95% CI: −3.55, −0.16), compared with the lowest tertile [37]. However, it is noteworthy the majority
of Cd in blood is in red blood cells, which are not filtered (not present in glomerular filtrate) [2].
Consequently, it is impossible to attribute blood Cd to eGFR reduction and to Cd toxicity in the kidney
in the absence of data on kidney pathology. A 2.91-fold increase in CKD risk (95% CI: 1.76, 4.81) was
associated with blood Cd levels > 0.6 μg/L in the U.S. NHANES 1999–2006 adult participants [23].
Blood Cd levels > 0.53 μg/L were associated with an approximately two-fold increase in risk of CKD
development (95% CI: 1.09, 4.50) among adult participants in the NHANES 2011–2012 [22]. In the
Korean population study, elevated blood Cd levels, but not blood Pb or blood Hg, were associated
with CKD, especially in those with hypertension [24].

Currently, urinary Cd threshold limit for CKD is lacking. However, there are several urinary Cd
threshold limits that have been derived for kidney tubular toxicity using benchmark dose method [2,39].
In one study, urinary Cd 0.57–1.84 μg/g creatinine was identified as threshold levels for urinary β2-MG
levels ≥ 1065 μg/g creatinine [14]. As discussed above, it was evident that GFR and CKD both were
substantially associated with elevated urine β2-MG and that association of GFR and β2-MG was
minimal (or absent) in subjects with urinary Cd in quartile 1 (urinary Cd 0.05–0.50 μg/g creatinine).
In the absence of threshold limit for CKD and a continuously rising CKD prevalence worldwide, it is
argued that urinary Cd of 0.50 μg/g creatinine might be useful. Urinary Cd of 0.50 μg/g creatinine is
2-fold and 10-fold lower than the threshold level for kidney Cd toxicity, established by the European
Food Safety Agency [29] and the WHO/FAO [30], respectively. Urinary Cd levels < 1 μg/g creatinine
have been found to be associated with kidney pathologies in many previous studies [3,4]. In a study of
Swedish women, 53–64 years of age, urinary Cd of 0.67 μg/g and 0.8 μg/g creatinine were found to be
associated with markers of tubular impairment and glomerular dysfunction, respectively [40]. Urinary
Cd of 0.74 μg/g creatinine was associated with albuminuria in the Torres Strait (Australia) women
who had diabetes [41].
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5. Conclusions

For the first time, we have demonstrated that a clinical kidney function measure such as estimated
glomerular filtration rates could be linked to both Cd exposure and tubular toxicity in Cd-dose and
toxicity severity dependent manner. In addition, we have shown that a urinary Cd level as low as
0.50 μg/g creatinine might be used as a warning sign of excessive Cd intake, Cd toxic burden, kidney
pathologies and kidney function deterioration. Urinary Cd of 0.50 μg/g creatinine is 10-fold lower
than current threshold for kidney toxicity established by the FAO/WHO of 5.24 μg/g creatinine.
This established urinary Cd threshold level does not afford health protection. Consequently, there is
an urgent need to reassess Cd toxic burden and urinary Cd toxicity threshold limit that should prevent
human population from excessive Cd exposure, and CKD development.

6. Strengths and Limitations

The strengths of this study include the samples of men and women with homogeneous exposure
sources (i.e., none were occupationally exposed) together with a wide Cd-exposure range (urinary
Cd 0.05–58 μg/g creatinine) and a wide eGFR range (19.6–137.8 mL/min/1.73 m2) suitable for
dose-response relationship analysis. The high CKD prevalence of 12.7% in villages with varying
degrees contamination allowed recruitment of sufficient numbers of subjects with low GFR and CKD.
The community-based recruitment strategy minimized bias toward certain subpopulation groups,
frequently encountered in health center-based studies.

The limitations of this study were its small sample size and its cross-sectional design, which limited
an assessment of temporal relationships between variables or causal inference of Cd exposure. A wide
age range was another limitation as GFR falls with increasing age due to loss of nephrons [2]. GFR
could also fall due to tubular pathologies induced by Cd and other environmental nephrotoxicants.
Most subjects with high-Cd exposure were rice farmers, co-exposure to other nephrotoxicants in
pesticides might also be a possible confounder. Heavy smoking, and presence of disease notably
hypertension and diabetes were likely confounders. GFR may fall because of kidney damage due to
smoking. This was evident in Figure 2, where an additional effect of smoking on eGFR was suggested
by the increasing β slope in urinary Cd quartiles 3 and 4, relative to quartiles 1 and 2, given the higher
prevalence of smokers in urinary quartile 3 (35.4%) and quartile 4 (32%), compared to quartile 2 (20.2%)
and quartile 1 (12.4%).

GFR may also fall because of kidney damage due to hypertension, and because of nephron loss,
urinary excretion of NAG in heavy smokers, hypertensive and diabetic subjects could be lower than
expected. This was evident in Figure 3, where there was a marked drop in the β slope in quartile
4, compared with quartile 3. Such a drop in β slope could be interpreted to be resulted from loss of
tubular cells, leading to lower urinary NAG excretion levels than expected in quartile 4.

Urinary Cd concentrations were determined by two methods. For low-Cd exposure group, a high
sensitive and high specificity method, known as inductively-coupled plasma mass spectrometry, was
used. A less sensitive, but sufficiently high specificity assay with atomic absorption spectrophotometer
was used for high-Cd exposure group. However, data from quality control and assurance conduced
with standard urine specimens suggest that variation due to different methods was relatively small.
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Abstract: After 26 years, we followed up 7348 participants in a 1979–1984 health screening survey in
the Jinzu River basin, the heaviest cadmium-polluted area in Japan. We assessed the associations
of cadmium exposure levels and mortality from cancer and renal damage, indicated by records of
proteinuria and glucosuria in the original survey. Mortality risks (hazard ratios) were analyzed
using the Cox proportional hazards model, stratified by sex, after adjusting for age, smoking
status, and hypertension, as indicated in the original survey records. In men, the adjusted hazard
ratio for mortality from lung cancer was significantly lower in individuals residing in an area
of historically high cadmium exposure and in subjects with a historical record of proteinuria,
glucosuria, and glucoproteinuria. The risk of mortality from prostate cancer was borderline higher
in cadmium-exposed men. In women, historical cadmium exposure was not associated with an
increased risk of mortality from malignant neoplasms, but the adjusted hazard ratios for death from
total malignant neoplasms or from renal and uterine cancers were significantly higher in exposed
subjects with a historical record of proteinuria, glucosuria, and glucoproteinuria. These findings
suggest that women residing in cadmium-polluted areas who exhibit markers of renal damage may
be at risk of dying of cancer.

Keywords: cadmium; follow-up study; cause of death; mortality; environmental pollution; cancer

1. Introduction

Cadmium (Cd) compounds have been classified as human carcinogens by the International
Agency for Research on Cancer [1], leading to studies of mortality causes in Cd-exposed populations.
Nawrot et al. (2006) reported a significant association between Cd exposure and lung cancer risk in a
Belgian cohort, suggesting that aspiration of house dust containing contaminated soil particles may
be related to an increase in the incidence of lung cancer [2]. In male factory workers exposed to high
levels of Cd, increased incidences of prostate cancer were observed in Sweden [3] and the UK [4].
An increased breast cancer risk was reported in US women with higher urinary Cd levels [5] and in
Swedish women whose dietary Cd intake was high [6]. Akesson et al. (2008) reported that dietary Cd
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intake increased postmenopausal endometrial cancer incidence in a Swedish cohort [7]. In the general
American population, increased mortality from lung and pancreatic cancers in men, and from ovarian
and uterine cancers in women, were suggested to be associated with urinary Cd [8]. Also, a significant
association between Cd exposure and renal cancer has been reported [9].

In our previous study in residents of the Cd-exposed Jinzu River basin in Toyama, Japan [10],
the mortality risks for cancers of the colon and rectum, uterus, and kidney and urinary tract were
significantly higher in exposed women with glucoproteinuria. These findings suggested increased
cancer risks associated with renal damage induced by Cd exposure. The small sample, however,
precluded an analysis of mortality risks for specific cancers.

In this study, we investigated the associations between Cd exposure and mortality risks for
specific cancers, and analyzed mortality risks in Jinzu River basin residents with historical records of
renal damage (indicated by proteinuria, glucosuria, and glucoroteinuria).

2. Materials and Methods

2.1. Study Subjects

The Jinzu River basin, the largest and most Cd-polluted area in Japan, is an endemic area of
itai-itai disease, which is prevalent among older women and characterized by osteomalacia with
severe bone pain and renal tubular dysfunction [11,12]. Cd exposure in this area was divided
into five levels (no exposure and borderline, mild, moderate, and high exposure) based on the
contribution of contaminated Jinzu River water to irrigation water in each area. The prevalence
of itai-itai disease or glucoproteinuria in women aged over 50 years has previously been shown to be
associated with Cd exposure [13]. After the discovery of itai-itai disease, the Japanese government
conducted health screenings in six Cd-polluted areas, including the Jinzu River basin, to identify
residents with renal damage.

A total of 7348 participants (3363 men and 3985 women) in the 1979–1984 health screening survey
in Toyama, who constituted 97.6% of the 7531 residents aged over 50, were targeted in the present
follow-up survey. These participants lived in the Cd-polluted Jinzu River basin areas of Toyama City,
Fuchu, Ohsawano, and Yatsuo. Non-polluted sections of two towns and five cities were selected as
controls, and a total of 2098 residents (926 men and 1172 women) participated in the health screenings.
These controls were also used in the present survey. Table 1 shows the age distribution, smoking
status, and hypertension among the exposed and control subjects, obtained by questionnaire during
the original survey [14]. The participants in the exposed areas were divided into two groups: the renal
dysfunction group with proteinuria, glucosuria, and glucoproteinuria (807 men and 801 women), and
the healthy resident group with neither glucosuria nor proteinuria (2556 men and 3184 women).

After the first step of the baseline health screening test, urinary Cd and urinary
beta2-microglobulin (β2-MG) were measured in the subjects with proteinuria, glucosuria, and
glucoproteinuria. Table 2 shows medians with the 90–95th of urinary Cd and positive rate (%) of
urinary β2-MG in groups with different urinary findings: only glucosuria, only proteinuria, glucosuria
and proteinuria. The 95th percentiles of urinary Cd of all groups were more than 20 (μg/L), indicating
that the subjects with any urinary findings were highly exposed to Cd. In addition, the rates of
increased urinary β2-MG were more than 25% in all groups, except for the male glucosuria group.
Particularly in women, the β2-MG positive rate was high (36.5%), even in the glucosuria group. These
results suggest that not only groups with both glucosuria and proteinuria but also groups with only
glucosuria or proteinuria include subjects with renal tubular dysfunction induced by Cd.
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Table 1. Age distribution of prevalence of urinary findings: positive cases, smokers and cases with a
hypertensive history.

Sex Age
No (%)

Pro(+)/
Glu(+)(%)

Smoking
(%)

HT (%) No (%)
Pro(+)/

Glu(+)(%)
Smoking

(%)
HT (%)

Control Exposed

Men

50–59 383 (41.4) 67 (17.5) 267 (69.7) 80 (20.9) 1443 (42.9) 283 (19.6) 1028 (71.4) 242 (16.8)
60–69 318 (34.3) 66 (20.8) 186 (58.7) 79 (24.8) 1106 (32.9) 247 (22.3) 674 (61.2) 263 (23.8)
70–79 179 (19.3) 36 (20.1) 85 (47.5) 60 (33.5) 623 (18.5) 197 (31.6) 319 (51.4) 178 (28.6)
≥80 46 (5.0) 9 (19.6) 16 (34.8) 10 (21.7) 191 (5.7) 80 (41.9) 56 (29.8) 53 (27.7)
Total 926 (100.0) 178 (19.2) 554 (59.9) 229 (24.7) 3363 (100.0) 807 (24.0) 2077 (62.0) 736 (21.9)

Women

50–59 474 (40.4) 37 (7.8) 9 (1.9) 97 (20.5) 1613 (40.5) 152 (9.4) 94 (5.8) 254 (15.7)
60–69 372 (31.7) 41 (11.0) 8 (2.2) 102 (27.4) 1289 (32.3) 237 (18.4) 119 (9.3) 308 (23.9)
70–79 231 (19.7) 37 (16.0) 5 (2.2) 69 (29.9) 883 (22.2) 304 (34.4) 80 (9.1) 231 (26.2)
≥80 95 (8.1) 18 (18.9) 6 (6.4) 28 (29.5) 200 (5.0) 108 (54.0) 19 (9.6) 54 (27.0)
Total 1172 (100.0) 133 (11.3) 28 (2.4) 296 (25.3) 3985 (100.0) 801 (20.1) 312 (7.9) 847 (21.3)

Note, missing 1 control man, 13 exposed men, 4 control women and 11 exposed women from the smoking group,
Pro(+)/Glu(+): proteinuria, glucosuria, and glucoproteinuria, No: number of subjects, HT: hypertension history.

Table 2. Median and 90th and 95th percentiles of urinary Cd and positive rate (%) of urinary
β2-microglobuline (≥1 mg/dL) in groups with different urinary findings.

Sex Urinary Findings N
Urinary Cd (μg/L)

Urinary
β2-MG(+)

Median 90th per. 95th per. N %

Men

Glu(+) and Pro(−) 495 9.1 25.0 38.0 62 12.5
Pro(+) and Glu(−) 149 10.0 27.0 45.0 40 26.8
Pro(+) and Glu(+) 159 12.0 22.0 28.9 120 75.5

Pro(+)/Glu(+) 803 10.0 24.0 34.9 222 27.6

Women

Glu(+) and Pro(−) 395 8.5 20.0 28.0 145 36.7
Pro(+) and Glu(−) 136 8.5 19.2 37.7 34 25.0
Pro(+) and Glu(+) 267 7.7 17.9 22.0 242 90.6

Pro(+)/Glu(+) 793 8.3 19 22.9 421 53.1

Note, N: number of subjects, per.: percentile, β2-MG(+): beta2-microglobuline positive (≥1 mg/dL), Glu(+):
glucosuria, Pro(+): proteinuria, Pro(+)/Glu(+): proteinuria, glucosuria, and glucoproteinuria.

2.2. Follow-Up Survey

After obtaining permission to use family registry records for scientific purposes from the regional
Legal Affairs Bureau in June of 2005, we collected the registry records of all subjects from each city
office and determined their survival status (alive or dead) as of 30 November 2005. Dates and causes
of death were determined from vital statistics data after receiving permission from the Ministry of
Health and Labor to use vital statistics for research purposes on 12 August 2009. One hundred and
sixty-six subjects (1.7%; 133 exposed and 33 control subjects) were excluded because their status could
not be ascertained. A total of 5351 deaths were recorded in the exposed and control cohorts, and
causes of death for 5276 cases (98.5%) were determined from the records. Individual causes of death
were classified according to the Ninth Revised International Classification of Diseases (ICD 9) in the
1979–1994 survey and ICD 10 in the present survey.

2.3. Mortality Analysis

To determine the survival period of each subject, the date of the original health survey was
considered the starting point, and 30 November 2005 was considered the end of the follow-up period.
A total of 232 subjects, including 157 cases with unknown life status and 75 cases with unknown causes
of death, were excluded from the analysis. A mortality risk (hazard) analysis was conducted after
adjustment for age, smoking status during the original survey period, and history of hypertension,
using the Cox proportional hazards model stratified by sex. Hazard rates were compared between
exposed and control subjects, among exposed subjects with different exposure levels, and between
subjects with and without urinary findings (glucosuria or proteinuria) during the original survey
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period. The analyses were performed using SPSS software (Version 21.0, IBM, Armonk, NY, USA,
2012). p < 0.05 was considered statistically significant.

3. Results

3.1. Dose–Effect Relationships between Cd Exposure Levels and Prevalence of Proteinuria and/or Glucosuria

We used glucosuria and proteinuria as markers of renal damage induced by Cd, although
glucoproteinuria (combined glucosuria and proteinuria) is commonly used as the marker in
epidemiological surveys. Therefore, before the mortality analysis, we assessed the associations between
these markers and Cd exposure levels in both sexes using logistic regression after adjusting for age,
smoking status, and history of hypertension (Table 3). The adjusted odds ratios of having urinary
findings of proteinuria, glucosuria, and glucoproteinuria were significantly higher in the Cd-exposed
cohort than in the controls for both sexes. Also, the adjusted odds ratios were significantly higher
in men in the high-exposure group than in controls. In women, the odds ratio of having urinary
findings of proteinuria, glucosuria, and glucoproteinuria increased as the exposure level increased,
with significantly higher odds ratios in the mild-, moderate-, and high-exposure groups. These
findings suggest that proteinuria, glucosuria, and glucoproteinuria are biomarkers of Cd effects on
renal function in both sexes, but the association was higher in women.

Table 3. Prevalence of renal damage indicated by proteinuria, glucosuria, and glucoproteinuria and
Cd exposure.

Analysis Sex Exposure No
Pro(+)/

Glu(+) (%)
Odds
Ratio

(95%CI) p

Model 1 Men
Control 926 178 (19.2) 1.00
Exposed 3363 807 (24.0) 1.32 (1.10, 1.59) 0.003

Model 2 Men

Controls 926 178 (19.2) 1.00
Non/Boderline 1040 186 (17.9) 0.92 (0.74, 1.16) 0.501

Mild 1231 275 (22.3) 1.21 (0.98, 1.49) 0.085
Moderate 515 115 (22.3) 1.18 (0.90, 1.53) 0.236

High 577 231 (40.0) 2.83 (2.24, 3.59) 0.000

Model 1 Women
Control 1172 133 (11.3) 1.00
Exposed 3985 801 (20.1) 2.21 (1.80, 2.72) 0.000

Model 2 Women

Controls 1172 133 (11.3) 1.00
Non/Boderline 1228 148 (12.1) 1.13 (0.87, 1.47) 0.347

Mild 1508 258 (17.1) 1.82 (1.44, 2.30) 0.000
Moderate 580 129 (22.2) 2.67 (2.02, 3.54) 0.000

High 669 266 (39.8) 6.20 (4.81, 7.99) 0.000

Note, covariates of logistic analysis: age, HT (hypertension) history, smoking, No: number of subjects, Pro(+)/Glu(+):
proteinuria, glucosuria, and glucoproteinuria, CI: confident interval, p: p-value.

3.2. Comparisons of Cancer Mortality Among Areas with Different Cd Exposure Levels

Table 4 displays the adjusted hazard ratios for mortality from all and from specific malignant
neoplasms of all subjects in the Cd-polluted and control areas. No significant increase in the adjusted
hazard ratio was found for deaths from malignant neoplasms in either sex. In men, the highest
adjusted hazard ratio in the polluted area was observed for deaths from esophageal cancer (1.78), but
the increase was not statistically significant. There was no significant difference in mortality from any
type of cancer between men in the exposed and control areas. In women, however, the adjusted hazard
ratio for colorectal cancer deaths was significantly higher in exposed subjects than in controls, while
the hazard ratio for lung cancer deaths was lower with borderline significance.
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Table 4. Mortality risk ratios for malignant neoplasms of Cd-exposed subjects compared with controls.

Sex Cancer
D HR D HR 95%CI

Controls Exposed

(No = 926) (No = 3363)

Men

Total 174 1.00 653 0.98 0.8, 1.2
Esophagus 4 1.00 27 1.78 0.6, 5.1

Stomach 57 1.00 180 0.83 0.6, 1.1
Colon, rectum 16 1.00 64 1.05 0.6, 1.8

Liver 16 1.00 58 0.96 0.6, 1.7
Gallbladder 7 1.00 25 0.94 0.4, 2.2

Pancreas 9 1.00 41 1.15 0.6, 2.4
Lung 37 1.00 143 1.01 0.7, 1.5

Prostate 5 1.00 21 1.05 0.4, 2.8
Bladder 3 1.00 13 1.09 0.3, 3.8

Kidney/urinal tract 2 1.00 8 1.09 0.2, 5.1
(Kidney) 0 - 0 - -

Lymph/blood forming
organs 7 1.00 31 1.15 0.5, 2.6

(No = 1172) (No = 3985)

Women

Total 114 1.00 437 1.05 0.9, 1.3
Esophagus 0 - 4 - -

Stomach 33 1.00 98 0.83 0.6, 1.2
Colon, rectum 8 1.00 66 2.28 1.1, 4.8 *

Liver 5 1.00 27 1.43 0.5, 3.7
Gallbladder 8 1.00 46 1.62 0.8, 3.4

Pancreas 14 1.00 34 0.67 0.4, 1.3
Lung 19 1.00 44 0.63 0.4, 1.1
Breast 4 1.00 14 0.92 0.3, 2.8
Uterus 3 1.00 15 1.44 0.4, 5.0
Ovary 2 1.00 9 1.31 0.3, 6.1

Bladder 2 1.00 4 0.62 0.1, 3.4
Kidney and urinal tract 1 1.00 8 2.16 0.3, 17.4

(Kidney) 0 - 4 - -
Lymph/blood-forming

organs 5 1.00 27 1.39 0.5, 3.6

Note, No: number of subjects, D: number of deaths, HR: hazard ratio, CI: confident interval, *: p < 0.05.

To investigate the relationship between Cd exposure levels and cancer mortality, we divided
the subjects living in the Cd-polluted area into the four groups with different exposure levels
(none/borderline, mild, moderate, and high exposure) reported by Kawano (1996) [13] and analyzed
the hazard ratios in the mild-, moderate-, and high-exposure groups compared with those in the
none/borderline-exposure group after adjusting for effect-modifying factors (Tables 5 and 6). Men in
the high-exposure group had a lower adjusted hazard ratio for deaths from all malignant neoplasms
(borderline significance) and for lung cancer deaths. The adjusted hazard ratios for stomach cancer
deaths were significantly higher in the mild- and high-exposure groups, and higher (borderline
significance) in the moderate-exposure group (Table 5). In women, the only significantly lower hazard
ratio was observed for lung cancer deaths in the moderate-exposure group (Table 6).
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Table 5. Mortality risk ratios for cancer in three exposed male groups compared with men living in the
areas with borderline exposure in the Cd-exposed Jinzu River basin.

Mortality D HR D HR 95%CI D HR 95%CI D HR 95%CI

Exposure Levels Non/Border Mild Moderate High

No 1040 1231 515 577

Total 202 1.00 251 1.02 0.84, 1.23 107 1.12 0.88, 1.42 93 0.79 0.61, 1.01 #
Esophagus 13 1.00 9 0.62 0.26, 1.48 4 0.53 0.15, 1.90 1 0.16 0.02, 1.23

Stomach 39 1.00 76 1.58 1.06, 2.36 29 1.62 0.99, 2.64 36 1.61 1.00, 2.57 *
Colon, rectum 22 1.00 24 0.90 0.50, 1.62 10 1.02 0.48, 2.17 8 0.61 0.26, 1.45

Liver 20 1.00 20 0.82 0.44, 1.52 5 0.42 0.14, 1.23 13 1.08 0.52, 2.21
Gallbladder 8 1.00 6 0.58 0.20, 1.68 7 1.77 0.64, 4.90 4 0.79 0.24, 2.63

Pancreas 12 1.00 17 1.11 0.53, 2.32 7 1.19 0.47, 3.02 5 0.54 0.17, 1.67
Lung 50 1.00 58 0.96 0.65, 1.42 21 0.91 0.54, 1.52 14 0.53 0.29, 0.96 *

Prostate 7 1.00 6 0.79 0.25, 2.46 4 1.30 0.37, 4.63 4 0.79 0.20, 3.19
Bladder 5 1.00 4 0.63 0.17, 2.36 3 1.18 0.28, 4.95 1 0.34 0.04, 2.90

Kidney/urinal tract 2 1.00 3 2.22 0.23, 21.3 2 3.79 0.34, 41.9 1 1.56 0.10, 25.2
(Kidney) 0 - 0 - - 0 - - 0 - -

Lymph/blood-forming
organs 10 1.00 12 0.97 0.42, 2.25 5 1.00 0.34, 2.94 4 0.67 0.21, 2.16

Note, No: number of subjects, D: number of deaths, HR: hazard ratio, CI: confident interval, #: p < 0.1, *: p < 0.05.

Table 6. Mortality risk ratios for cancer in three exposed female groups compared with women living
in the areas with borderline exposure in the Cd-exposed Jinzu River basin.

Mortality D HR D HR 95%CI D HR 95%CI D HR 95%CI

Exposure levels Non/Border Mild Moderate High

No 1228 1508 580 669

Total 144 1.00 167 0.98 0.77, 1.23 56 0.84 0.61, 1.16 70 0.99 0.74, 1.34
Esophagus 1 1.00 1 - - 1 - - 1 - -

Stomach 32 1.00 33 0.91 0.55, 1.51 9 0.66 0.31, 1.40 24 1.50 0.87, 2.62
Colon, rectum 24 1.00 21 0.72 0.40, 1.30 10 0.91 0.43, 1.92 11 0.89 0.43, 1.84

Liver 7 1.00 13 1.90 0.67, 5.41 4 1.16 0.28, 4.85 3 0.73 0.14, 3.75
Gallbladder 11 1.00 21 1.43 0.64, 3.20 9 2.01 0.80, 5.07 5 1.07 0.36, 3.21

Pancreas 12 1.00 12 0.88 0.39, 2.01 4 0.59 0.17, 2.13 6 1.10 0.40, 2.99

Lung 19 1.00 19 0.90 0.47, 1.72 1 0.12 0.02, 0.90
* 5 0.48 0.16, 1.43

Breast 5 1.00 3 0.56 0.12, 2.49 5 2.32 0.62, 8.65 1 0.45 0.05, 4.02
Uterus 5 1.00 6 1.25 0.30, 5.25 1 0.66 0.07, 6.35 3 1.83 0.37, 9.14
Ovary 5 1.00 2 0.30 0.06, 1.53 1 0.40 0.05, 3.39 1 0.39 0.05, 3.36

Bladder 1 1.00 3 2.35 0.24, 22.8 0 - - 0 - -
Kidney/urinal tract 1 1.00 4 3.03 0.34, 27.2 2 4.10 0.37, 45.3 1 1.97 0.12, 31.7

(Kidney) 1 1.00 2 1.58 0.14, 1.75 0 - - 1 2.30 0.14, 38.2
Lymph/blood-forming

organs 9 1.00 8 0.70 0.27, 1.83 5 0.91 0.28, 2.97 5 1.07 0.36, 3.20

Note, No: number of subjects, D: number of deaths, HR: hazard ratio, CI: confident interval, *: p < 0.05.

3.3. Comparisons of Cancer Mortality between Exposed Residents with and without Cd-Induced Renal Damage

Renal effects, indicated by proteinuria, glucosuria, and glucoproteinuria, were associated with
higher exposure to Cd (Table 3), but it is possible that the glucosuria group included patients with Type
2 diabetes who are at risk of developing malignancies. Therefore, we excluded 10 subjects (five men
and five women) who showed increased fasting blood sugar more than 125 (mg/dL) in the second step
of the baseline health screening test from the subjects for the mortality analysis. Then, we calculated
the hazard ratios for subjects with urinary findings after adjustment, compared with ratios in subjects
without urinary findings in the Cd-polluted area (Table 7).

In men, the lower adjusted hazard ratio for deaths from total malignant neoplasms was not
significant, but the hazard ratio for lung cancer deaths was significantly lower in men with urinary
findings. In contrast, the adjusted hazard ratio for cancer deaths of the kidneys and urinal tract was
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2.39, but the increase in the hazard ratio was not significant in men. In women, adjusted hazard ratios
for deaths from total malignant neoplasms and kidney and urinary tract cancers, particularly kidney
cancer, were significantly higher in the Cd-exposed subjects with urinary findings. The hazard ratio
for deaths from uterine cancer was also significantly higher in the subjects with urinary findings.
The adjusted hazard ratio from pancreas cancer was higher (1.99), but its significance was borderline
(p = 0.093).

Table 7. Adjusted hazard ratios for cancer in subjects with proteinuria, glucosuria, and glucoproteinuria,
compared with subjects without urinary findings living in the exposed area.

Sex Cancer
D HR D HR 95%CI

No Findings Proteinuria and/or Glucosuria

(No = 2556) (No = 802)

Men

Total 522 1.00 130 0.87 0.71, 1.06
Esophagus 20 1.00 7 1.13 0.45, 2.86

Stomach 142 1.00 38 0.95 0.66, 1.37
Colon, rectum 53 1.00 10 0.73 0.37, 1.43

Liver 42 1.00 16 1.44 0.80, 2.59
Gall bladder 21 1.00 4 0.68 0.23, 1.98

Pancreas 33 1.00 8 0.91 0.42, 1.98
Lung 121 1.00 22 0.62 0.39, 0.98 *

Prostate 13 1.00 8 1.59 0.60, 4.25
Bladder 11 1.00 2 0.59 0.13, 2.71

Kidney/urinal tract 5 1.00 3 2.39 0.52, 10.9
(Kidney) 0 1.00 0 - -

Lymph/blood-forming
organs 24 1.00 7 1.02 0.44, 2.39

(No = 3184) (No = 796)

Women

Total 339 1.00 97 1.49 1.17, 1.89 *
Esophagus 2 1.00 2 1.82 0.15, 21.7

Stomach 77 1.00 21 1.19 0.71, 1.98
Colon, rectum 55 1.00 11 0.87 0.44, 1.70

Liver 24 1.00 3 0.60 0.14, 2.61
Gallbladder 36 1.00 10 1.75 0.84, 3.65

Pancreas 25 1.00 9 1.99 0.89, 4.44 #
Lung 35 1.00 9 1.40 0.65, 3.00
Breast 11 1.00 3 2.21 0.59, 8.28
Uterus 10 1.00 5 3.85 1.16, 12.8 *
Ovary 7 1.00 2 1.58 0.31, 8.02

Bladder 4 1.00 0 - -
Kidney and urinal tract 3 1.00 5 10.1 2.29, 44.5 *

(Kidney) 2 1.00 2 7.71 1.05, 56.8 *
Lymph/blood-forming

organs 20 1.00 6 1.98 0.77, 5.09

Note, No (urinary) findings: nether proteinuria nor glucosuria, No: number of subjects, D: number of deaths,
HR: hazard ratio, CI: confident interval, #: p < 0.1, *: p < 0.05.

4. Discussion

4.1. Cd Exposure and Cancer Mortality

In Cd-exposed women, the hazard ratio for deaths from colorectal cancer differed significantly
from that of controls, although no dose–response relationship was found between Cd exposure level
and hazard ratio for deaths from any malignant neoplasms. This lack of relationship suggests that
women living in the Cd-polluted Jinzu River basin area are not at a greater risk of dying of cancer.
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In men, the adjusted hazard ratios for stomach cancer deaths were significantly higher for subjects
exposed to mild, moderate, and high levels of Cd. No dose–response relationship, however, was found
between Cd exposure levels and risk of stomach cancer deaths. The hazard ratio for lung cancer deaths
was significantly lower in men exposed to high levels of Cd who had a historical record of proteinuria,
glucosuria, and glucoproteinuria, suggesting a possible inverse association between Cd exposure or
Cd-induced renal damage and lung cancer.

In our previous 22-year follow-up study in residents of another Cd-polluted area, the Kakehashi
River basin in Japan, no association was found between Cd exposure levels, as indicated by urinary Cd
content, and deaths from stomach and lung cancer in men. In women, however, hazard ratios for lung
cancer deaths were significantly lower in the subjects with urinary Cd ≥10 μg/g Cr than in subjects
with Cd <10 μg/g Cr [15]. These findings suggest an inverse association between Cd exposure and
lung cancer mortality, although the findings differed by sex.

Two meta-analyses of lung cancer risks associated with Cd exposure have been published,
but their findings were inconsistent. Nawrot et al. (2015) analyzed three cohort studies and reported
a significantly higher risk for lung cancer with environmental Cd exposure [16]. Chen et al. (2016)
included environmental and occupational exposures, and could not find significant associations
between Cd exposure and an increased risk of lung cancer [17].

4.2. Cd-Induced Renal Damage and Cancer Mortality

Renal tubular dysfunction is a characteristic symptom of chronic Cd poisoning and is indicated by
glucoproteinuria (both proteinuria and glucosuria). We previously found increased cancer mortality in
women with glucoproteinuria in the same cohort in the Jinzu river basin (Maruzeni et al. 2014). In the
present analysis, we used proteinuria and/or glucosuria as a marker of Cd-induced renal effects. Their
Cd exposure levels were remarkably high, with the 95th percentile urinary Cd ≥20 μg/L, suggesting
Cd exposure from environmental pollution. Because the 95th percentile of urinary Cd was reported to
be 3.50 μg/L in smokers aged ≥50 years old [18], this suggested that smoking alone, a major cause
of Cd exposure in the general population, cannot increase Cd exposure levels. The prevalence of
proteinuria, glucosuria, and glucoproteinuria increased as Cd exposure levels increased, suggesting
that either proteinuria or glucosuria can also serve as indicators of Cd-induced renal damage. However,
type 2 diabetes is a risk factor for developing cancers, and subjects with only glucosuria might include
patients with type 2 diabetes. Therefore, we deleted subjects at a risk of diabetes who showed fasted
blood sugar ≥125 (mg/dL) from the subjects with proteinuria, glucosuria, and glucoproteinuria and
analyzed their mortality risk ratios compared with the subjects without urinary findings.

In the present analysis, the mortality risk from malignant neoplasms in women was significantly
higher in Cd-exposed subjects who had a history of urinary findings of proteinuria, glucosuria, and
glucoproteinuria. Deaths from kidney and urinary tract cancers, including renal cancer, uterine
cancer, and pancreatic cancer, were observed in this cohort. These findings were not detected in our
previous analysis, which used glucoproteinuria as a biomarker of renal effects [10]. The different
results between our present and previous analysis suggest that in Cd-polluted areas, women who
present with proteinuria, glucosuria, and glucoproteinuria may be at higher risk of death from kidney
and urinary tract cancers, particularly renal cancer. In addition, we analyzed adjusted hazard ratios
for deaths from renal and urinary tract cancer in a model including two factors—renal damage and
exposure levels—in women. We found that only the renal damage factor was significantly associated
with mortality risk. This finding suggests that Cd-induced renal damage may be a risk factor for death
from renal cancer in women living in the Cd-polluted area.

Il’yasova and Schwartz (2005) performed a systematic review of studies on Cd exposure and
renal cancer, and reported an increased risk in large-scale epidemiological studies with data from four
countries [9]. Cd content in the kidney cortex is not an effective marker of Cd accumulation following
renal cellular damage [19], and other markers should be used to evaluate exposure levels in cancer
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patients. Therefore, an association between Cd exposure and renal cancer could not be concluded from
the findings in these clinical studies.

We reported an increased risk of mortality from uterine cancer in women with renal damage in
our previous study [10], confirming the positive association between Cd exposure and death from
uterine cancer observed in the present analysis. In the USA, increased mortality from uterine cancer
was reported to be associated with increasing urinary Cd levels in a study using data from the Third
National Health and Nutrition Examination Survey (NHANES III) [8]. These results suggest an
increased mortality risk from uterine cancer is associated with increasing Cd exposure.

In the same mortality study by Adams et al. (2012), significantly increased mortality from
pancreatic cancer associated with urinary Cd was reported in men [8]. In the meta-analysis of cohorts
with highly Cd-exposed workers, Schwartz and Reis (2000) indicated there was an increased risk
of pancreatic cancer with borderline significance (standardized mortality ratio = 166; p = 0.059) in
both sexes [20]. In the present study, increased mortality from prostatic cancer was also of borderline
significance, but only in women. A further follow-up study may be required to determine whether Cd
exposure influences the development of pancreatic cancers.

In men with historical records of proteinuria, glucosuria, and glucoproteinuria, the adjusted
hazard ratios for mortality from kidney and urinary tract cancers were higher, with borderline
significance. However, no death from kidney cancer was found in men with urinary findings;
thus, the effects of Cd-induced renal damage on renal cancer mortality may be limited in men.
In addition, the adjusted hazard ratio for prostate cancer deaths was higher, but its increase was
not significant. An increased prostate cancer risk has been reported in several follow-up surveys
in industrial workers in Europe [3,4,21]. In our study in the Kakehashi River basin as well as in
the present study, no association between renal damage and prostate cancer deaths was found [22].
This lack of association may be because the European studies measured the incidence of prostate
cancer, while we only measured mortality and because their cohorts had occupational exposure, while
the exposure in our study was environmental.

Mortality from lung cancer was significantly lower in Cd-exposed men with a historical record of
urinary findings. Since a lower risk of mortality from lung cancer was found in the dose–response
analysis, we performed additional calculations with an exposure factor and a renal-effect factor and
found that both factors were independently associated, with borderline significance, with decreased
mortality from lung cancer in men. In our previous study [10], we did not find differences in risk of
mortality from lung cancer in Cd-exposed men with glucoproteinuria. Therefore, we cannot conclude
that Cd-induced renal damage decreases the mortality risk from lung cancer.

4.3. Limitations

Our present study has several limitations that should be considered. Follow-up data from the
subjects included mortality from cancers but not their incidence. Therefore, we could not estimate
cancer risk, particularly for cancers with high survival rates, such as prostate, uterine, and breast
cancers. Stomach cancer can be found and treated at early stages, suggesting that its incidence may
be a more important indicator of risk than mortality. For renal cancer, however, mortality may be
an adequate risk indicator, because renal cancer is difficult to diagnose at an early stage, and most
cases are fatal.

Another limitation is that environmental Cd exposure levels were based on the contribution of
contaminated Jinzu River water [13], and not biological markers of Cd body burden, such as urinary
levels in each subject, which are more closely related to renal effects. In addition, we used historical
exposure levels from the baseline survey, and did not measure Cd exposure during the follow-up
period. Cd body burden, however, may not have significantly increased during the follow-up period,
because ingestion of Cd-polluted rice and river water was prohibited in the Jinzu River basin, and
residents are presumed to have had no additional Cd exposure during that period.
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We used proteinuria, glucosuria, and glucoproteinuria as markers of renal damage in this
analysis, but these urinary findings are not specific to renal tubular dysfunction. We first analyzed
the dose–response relationship between Cd exposure levels and the prevalence of proteinuria
and/or glucosuria to confirm that this marker indicated renal effects associated with Cd exposure.
Urinary Cd levels and urinary β2-MG positive rates of the subjects with proteinuria, glucosuria, and
glucoproteinuria were high enough to develop renal effects. Moreover, the subjects who showed
glucosuria (without proteinuria) and diabetic elevation of blood sugar in the second step of the
baseline health screening test were excluded from the mortality analysis to avoid confounding by
the presence of type 2 diabetes. After these modifications, we believe that proteinuria, glucosuria,
and glucoproteinuria can be used as markers of renal damage in these subjects living in a heavily
contaminated area to Cd in Japan.

5. Conclusions

Our findings suggest that women with renal damage associated with high Cd exposure levels
are at risk of mortality from malignant neoplasms, including renal and uterine cancers. Mortality risk
from pancreatic cancer may be increased in women with Cd-induced renal damage, but more studies
are required to confirm this hypothesis.
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Abstract: Cadmium exposure can cause several adverse health effects. Animal studies have also
shown that cadmium exposure can affect menarche or menopause. However, data is limited in
humans. We conducted a retrospective study to assess whether cadmium exposure was associated
with different ages of menarche and menopause in a Chinese population. A total of 429 women living
in control (n = 137) and two cadmium-polluted areas (n = 292) were included in this study. A total
of 223 and 206 subjects were included in the analysis for menarche and menopause, respectively.
The median menarche age of population living in the heavily cadmium-polluted area was significantly
younger than those in the control area (14.0 vs. 15.0, p < 0.01). Logistic regression showed that the
odds ratio (OR) of early occurrence of menarche (<13 years) in the population living in the heavily
polluted area and moderately polluted area was 3.7 (95% confidence interval (CI): 1.5–9.7) and
1.3 (95% CI: 0.7–2.6) compared with control, respectively. No significant difference was observed in
the age of menopause in the population of these three areas. In conclusion, our data indicated that
cadmium exposure may cause early menarche.

Keywords: cadmium; female; menarche; menopause

1. Introduction

Cadmium exposure has been shown to adversely affect the liver, kidney, cardiovascular system,
and bones. Cadmium also acts as an endocrine disruptor and affects reproduction system [1].
Animal studies have shown that cadmium exposure can cause an increase of uterine wet weight,
endometrial thickness, and endometrial stromal thickness in female rats [2]. Studies also indicated
that maternal exposure to cadmium can increase early delivery and lower birth weight [3,4]. However,
very little human data were available on the association between environmental level of cadmium
exposure and age of menarche and menopause [5]. In the present study, we examined the association
of cadmium exposure and menarche age and menopause age in a Chinese population.

2. Materials and Methods

2.1. Study Area and Population

A ChinaCad study was performed during 1997, which aimed to observe the influence of cadmium
exposure on renal dysfunction and osteoporosis [6]. The following three areas were included in the
present study: Nanbaixiang (‘moderate’ near Wenzhou, cadmium in rice = 0.51 mg/kg), Jiaoweibao
(‘heavy’ near Wenzhou, mean cadmium concentration in rice = 3.7 mg/kg), and a control area (40 km
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from Wenzhou, Cd concentration in rice = 0.07 mg/kg). There was a smelter in the heavily polluted
area that began production in 1961. The waste water was directly discharged into the river. Residents
living in the polluted areas used the polluted river water to irrigate their fields from 1961 to 1995.
The cadmium concentration in rice was 3.7 mg/kg in 1997. An area with similar nutrition and
socioeconomic factors and low cadmium exposure was selected as the control. All subjects gave their
informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee
of Fudan University.

A total of 488 women were included in this study. As the pollution started from 1961, we analyzed
the association between menarche age and cadmium exposure in subjects <47 years and the association
between menopause age and cadmium exposure in people that are 50–80 years old. A total of
429 women was finally included in this study, including 137 women in control area and 292 women in
two cadmium polluted areas. A total of 223 subjects was included in menarche study and 206 were
included in the menopause study. The information on menarche age and menopause age were obtained
through self-reporting by subjects.

2.2. Statistical Analysis

The data was analyzed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Quantitative data were
shown as means ± standard deviation or standard error and were analyzed by one-way analysis of
variance (ANOVA) or analysis of covariance (adjusted with exposure duration). An earlier age of
menarche was defined as age of <13 years old, while delayed menopause was defined as menopause
age of >51 years old. Logistic regression was used to show the risk of an abnormal menarche
age at different levels of cadmium exposure. p-values of less than 0.05 were considered to be
statistically significant.

3. Results

The median menarche age was 14 (11–16) in the heavily polluted area, 14 (11–18) in the moderately
polluted area, and 15 (12–17) in the control area. The mean age of menarche was 13.9 in heavily polluted
area, 14.4 in moderately polluted area, and 15.2 in control area (Figure 1), respectively. After adjusting
for the exposure duration, the mean age of menarche was 14.0 in the heavily polluted area, 14.4 in the
moderately polluted area, and 15.0 in the control area (Figure 2). The menarche age was approximately
one year younger for subjects in the heavily polluted area compared with the subjects in the control area.
The menarche age of subjects living in the heavily polluted area was significantly younger than those
in the control area (p < 0.001). An earlier onset of menarche was observed in 6.5%, 12.5%, and 21.1% of
subjects living in the control, moderately polluted area, and heavily polluted area, respectively.

Figure 1. The menarche age of women in control (n = 57), moderately (n = 89) and heavily (n = 77)
polluted areas.
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Logistic regression further showed that the odds ratio (OR) of early occurrence of menarche in
the population in the heavily polluted area was 3.7 (95% confidence interval (CI): 1.5–9.7) compared
with those people living in the control area (Figure 3). The population living in moderately polluted
area also had a high risk of early menarche, but this was not statistically significant (OR = 1.3, 95% CI:
0.7–2.6).

Figure 2. The menarche age of women in control (n = 57), moderately (n = 89) and heavily (n = 77)
polluted areas after adjusting with exposure duration.

Figure 3. The odds ratio (OR) of early occurrence of menarche and cadmium exposure (control (n = 57),
moderately (n = 89), and heavily (n = 77) polluted areas).

The menopausal age was 47.4, 47.5, and 47.0 in the women living in the heavily polluted area,
moderately polluted area, and control area, respectively. After adjustment for exposure duration,
the menopausal age was 47.3, 47.5, and 47.1, respectively. No significant differences were observed.
A delayed menopause was observed in 12.3%, 15.1%, and 17.6% of subjects living in the control,
moderately polluted, and heavily polluted areas, respectively.

4. Discussion

In the present study, we showed that high levels of cadmium exposure can induce early menarche.
The average menarche age was approximately one year younger in subjects in the heavily polluted
area compared with the subjects in the control area.

Previous data showed that the main contributors to dietary cadmium are rice, vegetables, and pork
in the Chinese diet [7,8]. For our populations, 80% of dietary cadmium is from rice because the
concentrations of cadmium in rice are high, which may be different from other general populations [7].
The dietary pattern of our population is similar to the traditional southern dietary pattern (high intake
of rice, vegetables, and pork) [7].

Many factors will affect the timing of pubertal onset, such as nutrition, obesity, and environmental
contaminants [9]. Heavy metal exposure is also a factor that may influence changes in the timing of
pubertal onset. Previous studies show that lead exposure is associated with later menarche [10,11].
Cadmium exposure results in uterine hyperplasia and early onset of puberty in female rats [1].
However, the effects of cadmium on menarche and menopause in humans have not been fully
investigated [12]. The age of menarche is younger than in the past [5]. It has been shown that
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endocrine disrupting chemicals may play a critical role in this phenomenon [11]. Our data further
confirmed that cadmium exposure is associated with the shift in age of menarche. A recent study
showed that a higher cadmium body burden (unadjusted urinary cadmium (UCd) > 0.4 μg/L) was
less likely to have attained menarche during two years follow-up [13]. The cadmium levels were lower
than the exposure in our study. In addition, the study did not show the association between adjusted
UCd (shown as μg/g crentinine) and menarche. Moreover, only 12 to 15-year-old girls were included
in that study. Further studies are needed. It has been shown that cadmium could be regarded as a
potent nonsteroidal estrogen [1]. Cadmium may mimic the effects of estradiol in promoting uterine
hyperplasia, development of mammary glands, and earlier menarche [1]. In addition, cadmium can
activate membrane-bound estrogen receptors [14] and enhance the activity of estrogen.

The association between cadmium exposure and age at menopause has not been clarified [5,15].
In the present study, we found that there were no significant differences in the timing of menopause
between subjects living in the control area and cadmium polluted areas. The prevalence of delayed
menopause was slightly increased in cadmium polluted areas compared with that in the control area.
Cadmium may mimic the effects of estradiol in delaying the occurrence of menopause.

There are several limitations in our study. First, we could not obtain the internal dose of cadmium,
including urinary cadmium (UCd) and blood cadmium (BCd), when the subjects were at menarche
or menopause. Second, the logistic model did not adjust for some confounders, such as nutritional
status or body weight when the subjects were young. Third, the population size was relatively small.
Further study with larger sample sizes should be performed.

In conclusion, our data indicated that cadmium exposure is associated with earlier menarche.
Cadmium exposure may slightly delay the age of menopause. Further studies are needed because
women are more susceptible to cadmium-induced health effects.
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Abstract: During embryonic development, some hypoxia occurs due to incipient vascularization.
Under hypoxic conditions, gene expression is mainly controlled by hypoxia-inducible factor 1
(HIF-1). The activity of this transcription factor can be altered by the exposure to a variety of
compounds; among them is cadmium (Cd), a nephrotoxic heavy metal capable of crossing the
placenta and reaching fetal kidneys. The goal of the study was to determine Cd effects on HIF-1 on
embryonic kidneys. Pregnant Wistar rats were exposed to a mist of isotonic saline solution or CdCl2
(DDel = 1.48 mg Cd/kg/day), from gestational day (GD) 8 to 20. Embryonic kidneys were obtained
on GD 21 for RNA and protein extraction. Results show that Cd exposure had no effect on HIF-1α and
prolyl hydroxylase 2 protein levels, but it reduced HIF-1 DNA-binding ability, which was confirmed
by a decrease in vascular endothelial growth factor (VEGF) mRNA levels. In contrast, the protein levels
of VEGF were not changed, which suggests the activation of additional regulatory mechanisms of
VEGF protein expression to ensure proper kidney development. In conclusion, Cd exposure decreases
HIF-1-binding activity, posing a risk on renal fetal development.

Keywords: cadmium; embryonic kidneys; HIF-1; intrauterine exposure

1. Introduction

Hypoxia plays an important role in various processes during fetal development, like placentation,
angiogenesis, and hematopoiesis [1]. Renal development is also driven by low partial oxygen pressure,
which in the rat initiates after the implantation and the apparition of the primitive streak, around
gestational day (GD) 8 or 9 [2]. Nephrogenesis and the growth and development of renal vasculature
occur simultaneously, which causes a disparity of oxygen demand and supply due to a low degree
of vascularization. This generates local low oxygen tension in early developmental stages, so it is
believed that hypoxia somehow regulates tissue maturation during these developmental stages [3].
Under hypoxic conditions, gene expression is primarily controlled by the hypoxia-inducible factor 1
(HIF-1). HIF-1 is a transcription factor composed by two subunits: 1α and 1β. Subunit 1β (also known
as aryl hydrocarbon receptor nuclear translocator (ARNT)) is stable at any oxygen concentration,
while subunit 1α is almost undetectable at normal oxygen concentrations because it is committed
to proteosomal degradation [4]. Proteosomal degradation of HIF-1α is modulated by the prolyl
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hydroxylases 1, 2, and 3 (PHD1, PHD2, and PHD3, respectively), which hydroxylate proline residues
402 and 564 [5]. Hydroxylated subunit 1α is then recognized by the von Hippel–Lindau protein (pVHL),
one of the components of the E3 ubiquitin ligase complex. This promotes its polyubiquitination
and later destruction by 26s proteasome [5]. In contrast, under hypoxia HIF-1α is stabilized and
translocates to the nucleus where it dimerizes with subunit 1β and activates target genes by binding to
hypoxia-responsive elements (HREs) in the promoter region [4].

HIF-1 is responsible for the activation of over 60 genes that encode for growth factors, glucose
transporters, transcription factors, erythropoietin, etc. In that manner, HIF-1 modulates oxygen
consumption, cell survival, anaerobic metabolism, growth and development, and cell proliferation
under hypoxic conditions [1,4].

During kidney development, HIF-1 appears to have important functions as well because it is
present in many developing structures. For instance, HIF-1α protein is present in the nuclei of epithelial
cells in ureteric buds in the medulla and cortex of human kidneys at gestational week 24. Moreover,
it is found in epithelial cells of branching ampullae and S-shaped bodies in the nephrogenic zone.
In rats and mice, HIF-1α is found predominantly in collecting ducts in the medulla, but rarely in
the cortex [3,5]. Vascular endothelial growth factor (VEGF) is one main target gene of HIF-1 [3], and an
essential molecule for normal renal development. For instance, the absence of the splicing isoforms
VEGF164 and VEGF188 in mice has been associated with defective capillary angiogenesis, arteriogenesis,
maturation of capillaries, development of glomerulosclerosis, and dilatation of proximal tubules and
loops of Henle [6]. In addition, blocking VEGF in mice at postnatal day (PND) 0 caused a reduction
on the number of nephrons and poor vascularity in the glomeruli [7]. Although the promoter region
of VEGF has also consensus sites for Sp1/Sp3, AP-2, Egr-1, and STAT-3, HIF-1 seems to be a major
determinant in the expression and secretion of VEGF during hypoxia [8]. These facts underline the
importance of HIF-1 for proper kidney development.

Cadmium (Cd), a naturally occurring heavy metal, is a well-known nephrotoxicant that is capable
of crossing the placenta to some extent and reaching the developing fetus [9,10]. Although a greater
amount of Cd accumulates in the fetal liver, it can also reach fetal kidneys [10–12], and therefore,
alter their development and cause damage.

A potential target for Cd toxicity during embryonic development is HIF-1. Several studies have
shown that Cd may exert opposing effects on the mRNA expression and protein levels of HIF-1α,
as well as on the ability of HIF-1 to bind to HREs in the promoter region of its target genes in several
cell lines [13–17]. These differing effects could be attributed to the concentrations of Cd used, the time
of exposure, and coexposure to a hypoxic stimulus. In animal models, those differences persist.
For instance, in oysters, Cd exposure decreased HIF-1α and PHD2 mRNA expression after postanoxic
recovery [18], while under normoxia this metal ion only decreased PHD2 mRNA expression [19].
In addition, in larval sheepshead minnow, cadmium reduced the hypoxia-induced mRNA expression
of erythropoietin, a gene target of HIF-1 [20].

In spite of its nephrotoxic properties and its ability to cross the placenta, the effects of Cd exposure
on embryonic kidneys are not well-investigated. Furthermore, the unavoidable exposure to this heavy
metal through diet, pollution, and cigarette smoke [21] during the reproductive life stages emphasizes
the importance of assessing the outcomes of the gestational exposure to Cd on this key regulator of
embryonic development.

Therefore, the purpose of this study was to determine the effect of the intrauterine exposure
of Wistar rats to Cd on HIF-1, its main regulator of protein stability, PHD2, and on its target gene,
VEGF, in embryonic kidneys. The results show that Cd reduces HIF-1 DNA-binding ability, which was
confirmed by a decrease in VEGF mRNA levels. However, VEGF protein levels were not altered,
which suggests the activation of a compensation mechanism for appropriate kidney development.
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2. Materials and Methods

2.1. Treatment of Animals and Tissue Collection

The Institutional Committee for the Care and Use of Laboratory Animals (Comité Interno para
el Cuidado y uso de los Animales de Laboratorio, CICUAL) from CINVESTAV approved all animal
procedures (protocol number: 041-13; approved date: 17 April 2013), and animal handling was
performed in accordance with their guidelines. The samples used in this study were obtained from
the animals employed in a previous study from our research group [12]. Briefly, pregnant Wistar
rats were randomly divided in two groups: control (CT) and Cd, with 6 rats each. From GD 8 until
GD 20, the rats from the CT group were exposed for 2 h/day to a mist of isotonic saline solution in
a 10 L whole-body chamber connected to an Aeroneb nebulizer (inExpose, SCIREQ, Inc., Montreal,
QC, Canada). Similarly, the rats from the Cd group were exposed by inhalation for 2 h/day to a mist
of a solution of 1 mg CdCl2/mL (Sigma-Aldrich Co., St. Louis, MO, USA). The nebulization was
controlled with the flexiWare software v.6.1. (SCIREQ, Inc., Montreal, QC, Canada, 2012) to obtain
a bias flow of 3 L/min, 10% nebulization rate (0.085 mL/min), and a nebulization cycle time of 1 s.
The dose concentration of the aerosol (CDose) and the delivered dose (DDel) achieved under these
conditions were 17.43 mg Cd2+/m3 and 1.48 mg Cd2+/kg/day, respectively. Cd exposure was applied
through inhalation because it is an environmentally relevant route considering the permanent human
exposure to this metal ion through air pollution and cigarette smoke [21]. Cadmium CDose, however,
is high compared with the Cd concentration found in the environment [21]. This decision was made
taking into consideration two aspects that could affect cadmium absorption: (1) the exposure period
was rather short (13 days) in contrast to human exposure, and (2) aerosol particles’ mass median
aerodynamic diameter (MMAD) was larger than previous studies (2.5–3 μm) [22–24].

On GD 21, the dams were anesthetized with isoflurane (Sofloran Vet; PISA Farmacéutica, Hidalgo,
Mexico) and the fetuses were obtained by caesarean section. The fetuses were kept in ice-cold
isotonic saline solution until they were weighed and their kidneys obtained. Both kidneys of two
different fetuses from each litter were homogenized independently in Trizol Reagent (Life Technologies,
Carlsbad, CA, USA) the same day of extraction and homogenates were kept at −20 ◦C overnight until
RNA extraction on the next morning.

The kidneys of the remaining fetuses were snap-frozen in liquid nitrogen and kept at −70 ◦C
until protein extraction.

2.2. HIF-1 DNA-Binding Assay

A Procarta® Transcription Factor Plex Kit (Affymetrix, Inc., Santa Clara, CA, USA) was used to
assess the activation of HIF-1. This assay is based on the Luminex® xMAP® Technology (Luminex
Corp., Austin, TX, USA) and it is designed to measure DNA binding of transcription factors in
nuclear extracts.

A pool of fetal kidneys from each litter was used to obtain nuclear extracts according to
manufacturer’s instructions. In addition, 96-well plates were prepared as indicated in the user’s
manual. Individual wells were loaded with 2 μg of nuclear extracts and each sample was run in
duplicate. The plate was read in a Bio-Plex® System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.3. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

As stated in Section 2.1, both kidneys from 2 fetuses from each litter were homogenized in Trizol
Reagent (Life Technologies, Carlsbad, CA, USA). Homogenates were kept at −20 ◦C for the night,
and on the next morning RNA extraction was performed according to manufacturer’s indications.
RNA integrity was assessed in 1.5% agarose gels electrophoresed at 90 V for 1 h and visualized with
UV light. RNA samples were stored at −70 ◦C until use. cDNA was synthesized from 3 μg of RNA
using the ImProm-II Reverse Transcription System Kit (Promega, Madison, WI, USA) according to the
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manufacturer’s instructions and stored at −20 ◦C until its use. Purity and concentration of RNA and
cDNA were evaluated using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA).

Quantitative PCR was performed using the StepOne Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) in 10 μL reactions containing: 5 μL of 2× mastermix with SYBR Green (Maxima
SYBR Green/ROX qPCR Master Mix kit; Fermentas, Waltham, MA, USA), 0.1 μL of each primer
solution (100 μM), 2.5 μg of cDNA and nuclease-free water to total 10 μL. Primer sequences used
to assess VEGF, PHD2, HIF-1α, and TATA-Binding Protein (TBP) expression are as follows: VEGF
5′-TTACTGCTGTACCTCCAC-3′ (sense), 5′-ACAGGACGGCTTGAAGATA-3′ (anti-sense); PHD2
5′-CCATGGTCGCCTGTTACCC-3′ (sense), 5′-CGTACCTTGTGGCGTATGCAG-3′ (antisense); HIF-1α
5′-CCTACTATGTCGCTTTCTTGG-3′ (sense), 5′-TGTATGGGAGCATTAACTTCAC-3′ (antisense); TBP
5′-CACCGTGAATCTTGGCTGTAAAC-3′ (sense), 5′-CGCAGTTGTTCGTGGCTCTC-3′ (antisense).
All primer sequences are published elsewhere [25–28]. Amplification was achieved according to the
following cycling protocol: enzyme activation for 10 min at 95 ◦C, followed by 40 cycles of 15 s at
95 ◦C, 30 s at 60 ◦C, and 30 s at 72 ◦C. In order to assess the product specificity, a melting-curve analysis
was performed.

Samples were normalized against TBP. The changes in expression relative to the CT group were
calculated with the 2−ΔΔCT method. All samples were amplified in duplicate. The results are presented
as mean fold changes of mRNA expression levels compared with controls, which were set to 1.0.

2.4. VEGF Enzyme-Linked Immunosorbent Assay (ELISA)

Protein levels of VEGF were quantified in total protein extracts obtained from a pool of fetal
kidneys from each litter. A commercial ELISA kit was used (RAB0512, Sigma-Aldrich Co., St. Louis,
MO, USA). Reconstitution and dilution of reagents, and plate preparation were performed according
to the manufacturer’s instructions. Twenty micrograms of total protein were used for each sample.
All samples were run in duplicate. The color intensity of the samples was measured at 450 nm
on a microplate reader (Infinite® F200, TECAN Group Ltd., Männedorf, Zürich, Switzerland).
The concentration of VEGF is expressed as pg/mg protein.

2.5. Western Blot

Aliquots of the protein extracts used for the quantification of VEGF were used to assess the protein
levels of PHD2 and HIF-1α.

Protein samples (30 μg/lane) were loaded onto 12% and 10% SDS-PAGE polyacrylamide gels
for PHD2 and HIF-1α detection, respectively, and run at 0.04 A for 2 h. Proteins were transferred
onto 0.45 μm pore-sized nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA) for 2 h
at 0.4 A for PHD2, and at 0.08 A for 16 h for HIF-1α. For PHD2, the membranes were blocked for
1 h at room temperature with 5% low-fat dry milk dissolved in 0.1% PBS-Tween 20, and for HIF-1α,
membranes were blocked for 1.5 h. Membranes were incubated overnight at 4 ◦C with rabbit primary
anti-PHD2 (4835, Cell Signaling Technology, Inc., Danvers, MA, USA; diluted 1:1000) or mouse primary
anti-HIF-1α antibodies (NB-100-105, Novus Biologicals, Littleton, CO, USA; diluted 1:500) in 0.1%
PBS-Tween 20. Blots were washed and incubated for 1 h at room temperature with goat anti-rabbit
secondary antibody (sc-2004, Santa Cruz Biotechnology, Inc., Dallas, TX, USA; diluted 1:10,000 in 0.1%
PBS-tween 20) or 1.5 h with the goat antimouse secondary antibody (sc-2005, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA; diluted 1:10,000 in 0.1% PBS-Tween 20). After washing, proteins were detected
by chemiluminescence (LuminataTM Forte, Millipore Corp., Burlington, MA, USA) using the LI-COR
C-DiGit scanner (LI-COR, Inc., Lincoln, NE, USA).

Densitometric analysis was performed using the Image Studio Lite Software v.5.0.21 (LI-COR,
Inc., Lincoln, NE, USA) using β-actin as a loading control.
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2.6. Statisticals

Statistical analyses were performed with the GraphPad Prism software version 7.0 for Windows
(GraphPad software, La Jolla, CA, USA). Means ± standard error of the mean (SEM) are shown.
Student’s t-test (unpaired, two-tailed) or Mann–Whitney U-test (unpaired, two-tailed) were performed
for parametric and nonparametric data, respectively. p ≤ 0.05 was considered statistically significant.

3. Results

3.1. Effect of Intrauterine Cadmium Exposure on DNA-Binding Ability of HIF-1 in Fetal Kidneys

Because HIF-1 is a transcription factor, its ability to bind specific sequences in the DNA is essential
for gene regulation. In this study, the activity of HIF-1 was evaluated with a multiplex assay in which
the samples showed higher fluorescence intensity when HIF-1 binding increased.

Cadmium exposure during gestation significantly reduced the ability of HIF-1 to bind DNA in
fetal kidneys by 44 ± 11% (Figure 1).

Figure 1. Hypoxia-inducible factor 1 (HIF-1) DNA-binding ability in nuclear extracts of kidneys of
control and cadmium-exposed fetuses. Two micrograms of nuclear extracts were used per sample.
Each sample was run in duplicate. The bars represent means ± SEM, n = 5. * p = 0.0307, Student’s
t-test.

3.2. Effect of Cadmium on the mRNA Expression of VEGF-A, PHD2, and HIF-1α in Fetal Kidneys

The mRNA expression of VEGF was assessed since it is an important target gene of HIF-1,
which has been associated with normal kidney development. Cadmium exposure significantly
decreased the expression of VEGF by 44 ± 7% in fetal kidneys compared with the CT group (Figure 2a).
However, Cd exposure did not alter the expression of HIF-1α or of PHD2, which promotes HIF-1α
degradation (Figure 2b,c).

Figure 2. mRNA expression of (a) vascular endothelial growth factor (VEGF) (* p = 0.0266, Mann–
Whitney U-test), (b) HIF-1α (p = 0.1379, Mann–Whitney U-test), and (c) PHD2 (p = 0.4083, Student’s
t-test) in kidneys of fetuses from control (CT) and cadmium (Cd) groups. Data were normalized with
TATA-Binding Protein (TBP) expression. Each sample was run in duplicate. The fold changes compared
to the CT group are plotted. Means ± SEM are shown, n = 9. NS, not statistically significant.
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3.3. Cadmium-Induced Changes of VEGF, PHD2, and HIF-1α Protein in Fetal Kidneys

To complement gene expression, protein levels of VEGF, PHD2, and HIF-1α were also
assessed. In contrast to expectation, VEGF protein levels in the kidneys of Cd-exposed fetuses
(759.2 ± 184.7 pg/mg total protein) did not differ from those of the control group (548.8 ± 98.9 pg/mg
total protein) (Figure 3a). Similarly, the densitometric analysis showed no difference in the relative
levels of PHD2 and HIF-1α of the CT and Cd groups (Figure 3b,c), which was in accordance with the
findings of their gene expression.

Figure 3. Protein levels of (a) VEGF (p = 0.3389, Student’s t-test), (b) PHD2 (p = 0.7702, Student’s
t-test), and (c) HIF-1α (p = 0.3476, Student’s t-test) in renal tissue from control and Cd-exposed
fetuses. (b,c) show representative blots of one of six samples from each group, and densitometry.
Band intensities were normalized to actin level. VEGF concentration was normalized to protein content.
Each sample was run in duplicate. Means ± SEM are shown, n = 6. NS, not statistically significant.

4. Discussion

The long-term exposure, even at low doses, of pregnant women to heavy metals capable of
accumulating in the body can generate irreversible outcomes in fetal growth and development [29].
Cd intoxication is a common danger for all organisms because of its continuing presence in polluted air
and tobacco smoke that, when inhaled by pregnant women, poses a serious threat to the woman and,
particularly, the developing fetus due to lack of (or minimal presence of) mechanisms of protection [29].

Because of this, it is important to characterize the effects of gestational exposure of Cd metal
ion and find its possible targets. As stated in the introduction section, one of them is HIF-1, one of
the main transcription factors that control the expression of several genes that are necessary for cell
survival and proliferation, and glucose metabolism [4] under hypoxic conditions, such as during
embryonic development.

The expression of its subunit 1α, as well as its activity, can be modified by the exposure to
several metal ions, like cobalt, nickel [14,30,31], and Cd. The aforementioned metal ions increase the
mRNA and/or protein levels of HIF-1α, as well as the ability of HIF-1 to bind to its HREs. For Cd,
however, conflicting results have been obtained. Several studies in cell lines, as well as animal
models, have shown that Cd increases HIF-1α protein levels and HIF-1 activity, as reflected by a rise
in VEGF transcription [16,32]. Nevertheless, in HEK293 and Hep3B cells under a hypoxic stimulus,
Cd decreased the ability of HIF-1 to bind DNA [13,15,17] because of increased proteasomal degradation
of subunit 1α [13].
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In the light of these observations, the goal of the study was to assess the effects of Cd exposure on
HIF-1 in kidney tissue during a highly vulnerable stage, namely, gestational development.

The effectiveness of the parameters of exposure (described in Section 2.1) was evaluated by
measuring the content of this metal ion in dam and fetal organs such as lungs, liver, kidneys, placentae,
and fetal kidneys. The cadmium burden on those organs was significantly greater than in the
control group [12], demonstrating an effective absorption and distribution of Cd in the dam, and,
more importantly, showing that this transition metal ion crosses the placenta and reaches developing
kidneys. Moreover, dam organs did not show any changes in relative weight, and mothers did not
present signs of overt toxicity [12], suggesting that all changes observed in fetal kidneys were direct
effects of Cd.

This study presents evidence that gestational exposure to Cd decreases HIF-1 DNA-binding
ability in embryonic kidneys without altering the mRNA or protein levels of its subunit 1α, which is in
accordance with the lack of change in PHD2 mRNA and protein levels.

So far, the mechanism by which Cd could be exerting its inhibitory effect on HIF-1 activity
without modifying HIF-1α protein levels has not been elucidated. However, Kubis et al. [33]
reported a cytoplasmic accumulation of the subunit 1α in a skeletal muscle primary culture from New
Zealand rabbits exposed to Cd and subjected to hypo-(3% O2) and hyperoxic (42% O2) conditions.
This caused a decrease of the translocation of HIF-1α to the nucleus and lower mRNA levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), one of HIF-1’s target genes. The authors attributed
the lower nuclear import and, therefore, DNA-binding ability to a higher association of subunit
1α to heat shock protein 90 (Hsp90). Hsp90 is a chaperone that prevents the aggregation of un-
or misfolded proteins produced under stress situations [34]. Additionally, it takes part in von
Hippel–Lindau-independent regulation of HIF-1. Under normoxic conditions, Hsp90 binds to the
basic helix-loop-helix-Per-ARNT-Sim (bHLHL-PAS) domain found in subunit 1α, which stabilizes the
protein and prevents it from being degraded, but keeps the subunit in an inactive state. Under hypoxic
conditions, the binding loses its strength, allowing the nuclear translocation of the subunit and further
binding to its HREs [34–36].

In this study, we assessed neither Hsp90 levels nor its binding to subunit 1α in embryonic kidneys,
but previous reports indicate that basal levels of this protein in newborn kidneys from both humans
and rats (PND 1) is higher than in adult kidneys [37,38]. In fetal kidneys, Hsp90 is expressed in the
parietal epithelium of Bowman’s capsule, podocytes, blastema, S-shaped bodies, proximal convoluted
and straight tubules, as well as collecting ducts [37,38]. Furthermore, several studies associated Cd
exposure with increased Hsp90 levels. For instance, Leghorn chick embryos exposed in ovo to Cd for
24 h had higher protein levels of Hsp24, Hsp70, and Hsp90 than those in the control group [39]. Similar
increases were found in renal tissue from rat [40], duck [41], carp [42], and the proximal tubule cell line,
NRK-52E exposed to Cd [43]. More importantly, a study showed that increasing doses of Cd (0.5–4 mg
Cd2+/kg, i.p.) resulted in a dose-dependent increase in the level of association between Hsp90 and
one of its substrates, the glucocorticoid receptor, in liver cytosolic extracts [44]. Putting these findings
together, it is plausible that Cd increases the degree of association between subunit 1α and Hsp90
by a process (still to be identified) without altering the protein levels of 1α subunit, thus leading to a
cytoplasmic accumulation of the subunit and lower DNA-binding ability of HIF-1. This hypothesis
needs to be tested in our model of exposure by determining HIF-1α nuclear and cytoplasmic levels,
as well as its association to HSP90.

Another possible explanation relies on the fact that HIF-1 requires copper to bind its HREs
because it promotes complexation of HIF-1α with its cofactor p300 through inhibition of the factor
inhibiting HIF-1 (FIH-1) [45]. It has been shown that Cd exposure decreases the maternal transfer
of micronutrients such as iron, zinc, and copper, thus altering their burden in several organs [46,47].
This raises the possibility that HIF-1 activity may be decreased by a lower copper content in fetal
kidneys, as previously reported [48]. This speculation requires, of course, further experimental
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confirmation since contrasting effects have been found on this matter [46,48,49], probably due to dose,
route, length, and period of exposure.

Consistent with a lower HIF-1 DNA-binding ability, VEGF mRNA levels were significantly
reduced by Cd exposure, which confirms a reduced activity of this transcription factor. This Cd-induced
effect was previously reported by Gheorghescu et al. [50]. The authors showed that the exposure of
chick embryos from the Ross strain to a 50 μM Cd acetate solution decreased VEGF-A mRNA expression
in extraembryonic membranes 1 h post-treatment [50]. In contrast to the mRNA levels, VEGF-A protein
expression was not modified by Cd exposure. This difference could be due to pleiotropic regulation
of this growth factor. At the translational level, VEGF is regulated by internal ribosome entry sites,
upstream open reading frames, alternative initiation codons, micro-RNAs, riboswitches, and RNA
G-quadruplex structures [51]. This is understandable considering the importance of this molecule for
angiogenesis and vasculogenesis and, therefore, fetal development. Thus, it is possible that the rate
of protein translation was increased or post-translational modifications of VEGF affected by any of
those mechanisms to compensate the lowered mRNA levels induced by Cd. Nevertheless, further
corroboration is needed.

It is noteworthy that the present study serves as a first approach to try to elucidate molecular
targets of cadmium in developing organisms; hence, it is important to do further assessments that will
help to understand more clearly the detrimental effects (not only renal) of this transition metal after
gestational exposure. This should include the evaluation of the relative expression of other HIF-1 target
genes, as well as their protein levels and the degree of their functionality, if possible. The expression
of miRNAs should also be evaluated, since they participate in the post-transcriptional regulation of
gene expression and might have an important role during renal (and embryonic overall) development.
In addition, an alternative approach could include the use of cellular models from embryonic origin
to confirm these findings and evaluate a possible mechanism by which cadmium is impairing HIF-1
DNA-binding, as well as other molecular targets.

5. Conclusions

The results of this study show that Cd in utero exposure impairs HIF-1 DNA-binding activity
in developing kidneys, by a mechanism that is independent of HIF-1α protein levels and needs
to be identified. This observation is in accordance with previous reports. In addition, reduced
transcriptional activity of HIF-1 was confirmed by lower VEGF mRNA levels although protein levels
remained unchanged. This finding suggests the existence of alternative compensatory mechanisms
to maintain adequate protein levels of this key molecule and thus ensure proper fetal development.
Nevertheless, it is important to study further possible outcomes of decreased HIF-1 activity, as well as
other mechanisms of Cd toxicity targeting HIF-1, because embryonic development is highly vulnerable,
and any alteration during this stage can lead to developmental defects later in life.
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Abstract: Cadmium (Cd) is a nephrotoxic environmental pollutant that causes a generalized
dysfunction of the proximal tubule characterized by polyuria and proteinuria. Even though the
effects of Cd on the kidney have been well-characterized, the molecular mechanisms underlying
these effects have not been fully elucidated. MicroRNAs (miRNAs) are small non-coding RNAs that
regulate cellular and physiologic function by modulating gene expression at the post-transcriptional
level. The goal of the present study was to determine if Cd affects renal cortex miRNA expression
in a well-established animal model of Cd-induced kidney injury. Male Sprague-Dawley rats were
treated with subcutaneous injections of either isotonic saline or CdCl2 (0.6 mg/kg) 5 days a week
for 12 weeks. The 12-week Cd-treatment protocol resulted in kidney injury as determined by the
development of polyuria and proteinuria, and a significant increase in the urinary biomarkers
Kim-1, β2 microglobulin and cystatin C. Total RNA was isolated from the renal cortex of the
saline control and Cd treated animals, and differentially expressed miRNAs were identified using
μParafloTM microRNA microarray analysis. The microarray results demonstrated that the expression
of 44 miRNAs were significantly increased and 54 miRNAs were significantly decreased in the Cd
treatment group versus the saline control (t-test, p ≤ 0.05, N = 6 per group). miR-21-5p, miR-34a-5p,
miR-146b-5p, miR-149-3p, miR-224-5p, miR-451-5p, miR-1949, miR-3084a-3p, and miR-3084c-3p
demonstrated more abundant expression and a significant two-fold or greater increased expression in
the Cd-treatment group versus the saline control group. miR-193b-3p, miR-455-3p, and miR-342-3p
demonstrated more abundant expression and a significant two-fold or greater decreased expression
in the Cd-treatment group versus the saline control group. Real-time PCR validation demonstrated
(1) a significant (t-test, p ≤ 0.05, N = 6 per group) increase in expression in the Cd-treated
group for miR-21-5p (2.7-fold), miR-34a-5p (10.8-fold), miR-146b-5p (2-fold), miR-224-5p (10.2-fold),
miR-3084a-3p (2.4-fold), and miR-3084c-3p (3.3-fold) and (2) a significant (t-test, p ≤ 0.05, N = 6
per group) 52% decrease in miR-455-3p expression in the Cd-treatment group. These findings
demonstrate that Cd significantly alters the miRNA expression profile in the renal cortex and raises
the possibility that dysregulated miRNA expression may play a role in the pathophysiology of
Cd-induced kidney injury. In addition, these findings raise the possibility that Cd-dysregulated
miRNAs might be used as urinary biomarkers of Cd exposure or Cd-induced kidney injury.

Keywords: cadmium; microRNAs; nephrotoxicity; biomarkers
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1. Introduction

The nephrotoxic heavy metal cadmium (Cd) is a Group 1 carcinogen and currently ranked 7th
on the 2017 Agency for Toxic Substances and Disease Registry (ATSDR) and EPA list of hazardous
substances [1]. Industrial activities have resulted in increases in the concentrations of Cd in the
environment. Human exposure can occur by inhalation in the workplace, the ingestion of contaminated
food and water, and smoking tobacco [2]. Circulating Cd that is bound to low-molecular-weight
proteins or thiol compounds is filtered at the glomerulus and taken up by proximal tubule epithelial
cells, and chronic low-level human exposure to Cd results in proximal tubule accumulation [3]. When a
critical Cd threshold of 150–200 μg/g wet weight (equivalent to 450–600 μg/g dry weight) is reached,
toxic injury can occur, which is manifested by a generalized reabsorptive dysfunction resulting in
polyuria and low-molecular-weight proteinuria [4,5].

While the toxic effects of Cd on the proximal tubule are well documented, the molecular
mechanisms associated with Cd-induced kidney injury have not been fully elucidated. Prior to causing
cell death, Cd has been shown to induce oxidative stress, promote cytoskeletal reorganization, disrupt
cadherin-dependent cell–cell adhesion, decrease transepithelial electrical resistance, activate various
cellular signaling pathways, and induce endoplasmic reticulum stress and autophagy in proximal
tubule epithelial cells [6,7]. Even though Cd can affect a wide variety of cellular processes, it is not well
established how novel regulators such as microRNAs (miRNAs) might be involved in Cd-induced
proximal tubule epithelial cellular injury.

MicroRNAs are evolutionarily conserved small (20–25 nt) non-protein coding RNAs that inhibit
gene expression at the post-transcriptional level by blocking mRNA translation or promoting mRNA
degradation within a cell [8,9]. These non-protein coding miRNAs can have a major impact on
cellular function, as a single miRNA can interact with hundreds of different protein-coding mRNAs,
and a single protein-coding mRNA can be affected by multiple miRNAs [10,11]. MicroRNAs are
known to be involved in kidney development, kidney homeostasis, and the pathophysiology of
kidney disease [12–16]. There is also evidence that dysregulated miRNA expression is associated with
kidney injury in both rodent and human studies, and that miRNAs have the potential to serve as
urinary biomarkers of kidney injury [14,16–20]. However, there is a lack of information concerning
the role of miRNAs in Cd-induced nephrotoxicity. The purpose of this research study was to use a
well-established sub-chronic animal model to determine if Cd-induced nephrotoxicity is associated
with dysregulated miRNA expression in the renal cortex [21].

2. Material and Methods

2.1. Animal Protocol

The animal protocol used for these studies is a well-established and well-characterized sub-chronic
treatment protocol for producing Cd-induced nephrotoxicity in the rat [21]. The animal research was
conducted in compliance with the United States NIH Guide for the Care and Use of Laboratory Animals
(National Research Council of the National Academies, 2011), and all studies were approved by the
Institutional Animal Care and Use Committee of Midwestern University. Adult male Sprague-Dawley
rats weighing 250–300 g were purchased from Envigo (Indianapolis, IN, USA). The rats were housed
socially with two rats per plastic cage, and the animals were maintained on a 12/12 h light/dark cycle.
For the Cd treatment group, animals (N = 6) received daily (Monday–Friday) subcutaneous injections
of CdCl2 at a Cd dose of 0.6 mg (5.36 μmoles)/kg in 0.25–0.35 mL isotonic saline for 12 weeks, while the
vehicle control animals (N = 6) received daily injections of isotonic saline. At the end of the 12-week
treatment protocol, animals were placed in individual metabolic cages for 24 h to collect urine samples.
Animals were allowed free access to water and food ad libitum, with the exception that food was
restricted when the animals were in the metabolic cages. Before the start of the dosing regimen, the Cd
concentration in the stock solution was confirmed by Chemical Solutions, Inc. (Harrisburg, PA, USA)
using the technique of inductively coupled plasma mass spectrometry as previously described [22].
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At the end of the protocol, the animals were anesthetized with ketamine/xylazine (67/7 mg/kg) by
intraperitoneal injection and euthanized by exsanguination and pneumothorax while under anesthesia.
Prior to exsanguination and pneumothorax, the kidneys were removed and processed for RNA
isolation as described below.

2.2. Biomarker Determination

The 24 h urine was collected and portioned into 0.5–1.0 mL aliquots. The aliquots were frozen
at −80 ◦C and later assayed for protein, creatinine, and the biomarkers of interest. In some cases,
prior to freezing, the urine aliquots were stabilized in proprietary buffers and other reagents that
are recommended for MAGPIX-based assays that were used for some of the analyses. The urinary
levels of cystatin C, Kim-1, and β2 microglobulin were determined by microsphere-based Luminex
xMAP technology using the MagPix xPONENT 4.1 equipment (Luminex Corp., Austin, TX, USA) The
Multiplex technology allows for the determination of multiple analytes in a single sample and provides
much greater sensitivities and dynamic ranges than commonly used ELISAs. This technique is similar
to the assay that has been used to determine urinary levels of Kim-1 in our previous studies [21,23,24].
Urinary levels of creatinine were determined using a previously described colorimetric method [25].
Urinary protein levels were determined using the Bradford Coomassie blue assay as previously
described (Thermo Fisher Scientific, Waltham, MA, USA) [21]. With the dosing protocol used in
these studies, Cd-treated animals tended to gain less weight than control animals [21]. Accordingly,
all urinary parameters were expressed as units excreted per kg body weight per 24 h.

2.3. RNA Isolation

Renal cortices were removed and snap frozen in liquid nitrogen. Frozen tissues were placed in
pre-chilled (−80 ◦C) RNAlater®-ICE Frozen Tissue Transition Solution (Invitrogen by Thermo Fisher
Scientific) and stored at −80 ◦C until samples were processed for RNA isolation. Total RNA was
isolated from the tissues using the mirVana™ miRNA Isolation Kit (Invitrogen by Thermo Fisher
Scientific) following the manufacturer’s recommended protocol. The integrity of the RNA samples was
evaluated using a Thermo Scientific™ NanoDrop™ 2000 spectrophotometer, (Thermo Fisher Scientific)
and by examining 28S and 18S ribosomal RNA bands using denaturing agarose gel electrophoresis
and ethidium bromide staining.

2.4. μParafloTM MicroRNA Microarray Assay

Microarray analysis for rat miRNAs (Sanger miRBase release 21) was performed using μParaflo™
microfluidic chip technology (LC Sciences, Houston, TX, USA). Total RNA (1 μg) from Cd-treated and
saline control rats (N = 6 per group) was 3′-extended with a poly(A) tail, and an oligonucleotide was
then ligated to the poly(A) tail for subsequent fluorescent dye staining. Hybridization was performed
overnight on a μParaflo™ microfluidic chip using a microcirculation pump (Atactic Technologies,
Houston, TX, USA) [26,27]. The microfluidic chip contained 761 unique detection probes made by in
situ synthesis using Photogenerated Reagent (PGR) chemistry, and the probes consisted of a chemically
modified nucleotide segment complementary to a target miRNA from miRbase (http://mirbase.org) or
control RNA with a polyethylene glycol spacer segment. The hybridization melting temperatures were
balanced by chemical modifications of the detection probes. Hybridization was performed using 100 μL
of 6x SSPE buffer (0.90 M NaCl, 60 mM Na2HPO4, 6 mM EDTA, pH 6.8) containing 25% formamide at
40 ◦C. After RNA hybridization, tag-conjugating Alexa Fluor® 647 dye was circulated through the
microfluidic chip for dye staining. Fluorescence images were collected using a laser scanner (GenePix
4000B, Molecular Devices, San Jose, CA, USA) and digitized using Array-Pro image analysis software
(Version 4.0, Media Cybernetics, Rockville, MD, USA, 1981). Data were analyzed by first subtracting the
background and then normalizing the signals using a LOWESS filter (locally weighted regression) [28].
Statistical analysis was performed by LC Sciences using an unpaired t test (N = 6 per group, p ≤ 0.05).
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2.5. MicroRNA Real-Time PCR

The cDNA template for PCR was prepared using 10 ng of total RNA sample and the TaqMan®

Advanced miRNA cDNA Synthesis kit (Thermo Fisher Scientific) following the manufacturer’s
recommended protocol. MicroRNA expression in the samples was assessed using TaqMan®

Advanced miRNA assays and an Applied Biosystems QuantStudio 5 real-time PCR system. Selected
miRNAs that demonstrated a statistically significant (p ≤ 0.05) altered expression using μParaflo™
microRNA microarray were validated using the following TaqMan® Advanced miRNA assays:
miR-21-5p (rno481342_mir), miR-34a-5p (rno481304_mir), miR-146b-5p (rno480941_mir), miR-224-5p
(rno481010_mir), miR-3084a-3p (rno481040_mir), miR-3084c-3p (rno481313_mir), and miR-455-3p
(rno481396_mir). As an endogenous control, miR-26a-5p (hsa477995_mir) was used since this miRNA
was abundantly expressed in the rat renal cortex and the expression levels were not affected with Cd
treatment. As an additional validation of the μParaflo™ microRNA microarray assay, the expression
of miR-423-5p (rno481159_mir) was examined by real-time PCR since the expression of this miRNA
was not significantly altered with Cd treatment. The fold change in miRNA expression between saline
control and Cd-treated samples was determined using the comparative CT method as previously
described using QuantStudio™ Design Analysis Software (Version 1.4, Applied Biosystems by Thermo
Fisher Scientific, Carlsbad, CA, USA, 2016) [29,30]. Statistical analysis was performed on the 2−ΔCT

values using an unpaired t-test (N = 6 per group, p ≤ 0.05) with GraphPad Prism software (Version 7.00,
GraphPad Software Inc., La Jolla, CA, USA, 2016).

3. Results

3.1. Cd-Induced Kidney Injury in a Sub-Chronic Rat Model

The 12-week sub-chronic Cd-treatment protocol resulted in kidney injury. In the Cd-treated
animals, there was a significant 4-fold increase in the 24 h urine volume (Figure 1A) and a significant
2.2-fold increase in the 24 h urinary protein excretion (Figure 1B), with no significant change in the
urinary creatinine excretion (Figure 1C). There was also a significant 21.7-fold increase in urinary Kim-1
(Figure 1D), a significant 6.1-fold increase in urinary β2 microglobulin (Figure 1E), and a significant
7.4-fold increase in urinary cystatin C (Figure 1F). These changes in urinary parameters and biomarkers
were essentially identical to reported recent studies from the Prozialeck laboratory [21,23,24,31].

3.2. μParaflo™ MicroRNA Microarray

To determine if Cd alters the miRNA profile in the renal cortex of 12-week Cd-treated rats,
the miRNA expression profile between Cd-treated and saline control rats was compared using
μParaflo™ microRNA microarray analysis. As shown in the heat map in Figure 2, the expression
of 54 miRNAs were significantly decreased in the Cd-treated group versus the saline control group,
while the expression of 44 miRNAs were significantly increased. More detailed information concerning
the miRNAs demonstrating significantly increased expression or decreased expression is shown
in Tables 1 and 2, respectively. miR-21-5p, miR-34a-5p, miR-146b-5p, miR-149-3p, miR-224-5p,
miR-451-5p, miR-1949, miR-3084a-3p, and miR-3084c-3p demonstrated more abundant expression and
a two-fold or greater significant increase in expression with Cd treatment. miR-193b-3p, miR-455-3p,
and miR-342-3p demonstrated more abundant expression and a two-fold or greater significant
decreased expression with Cd treatment.
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Figure 1. Assessment of Cd-induced nephrotoxicity in a 12-week sub-chronic rat model. Male
Sprague-Dawley rats received daily subcutaneous injections of Cd (0.6 mg/kg/day) 5-days a week
for 12 weeks, while the controls received injections of isotonic saline. (A) Urine volume; (B) urinary
protein; (C) urinary creatinine; (D) urinary Kim-1; (E) urinary β2 microglobulin; (F) urinary cystatin
C. The data are mean ± SEM; an asterisk (*) indicates statistical significance from the saline control
(N = 6 per group, unpaired t-test, p ≤ 0.05).

3.3. Real-Time PCR Validation

Real-time PCR was used to validate the expression of selected miRNAs that demonstrated more
abundant expression and demonstrated a two-fold or greater change in expression as determined by
the μParaflo™ microRNA microarray analysis. As shown in Figure 3, real-time PCR demonstrated a
significant increase in the Cd-treated group for the following miRNAs: a 2.7-fold increase in miR-21-5p
(Figure 3A), a 10.8-fold increase in miR-34a-5p (Figure 3B), a 2-fold increase in miR-146b-5p (Figure 3C),
a 10.2-fold increase in miR-224-5p (Figure 3D), a 2.4-fold increase in miR-3084a-3p (Figure 3E), and a
3.3-fold increase in miR-3084c-3p (Figure 3F). By contrast, real-time PCR validation demonstrated a
significant 52% decrease in miR-455-3p expression in the Cd-treatment group (Figure 3G). As a control,
we also examined the expression of a miRNA (miR-423-5p) that did not demonstrate altered expression
in the Cd-treatment group versus the saline control group according to the microarray analysis, and
real-time PCR analysis confirmed there was no significant difference in the expression of miR-423-5p
between the saline control and Cd-treatment group (Figure 3H).
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Figure 2. Effects of Cd on miRNA expression in the rat renal cortex. Microarray heat map demonstrating
significant differences in the expression of miRNAs in the renal cortex of Cd-treated (0.6 mg/kg/day,
5 days per week for 12 weeks) male Sprague-Dawley rats versus saline controls. Cadmium significantly
decreased the expression of 54 miRNAs and increased the expression of 44 miRNAs (N = 6 per group,
unpaired t-test, p ≤ 0.05).
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Table 1. MicroRNAs with significantly increased expression in the renal cortex of Cd-treated rats as
determined by μParaflo™ microRNA microarray analysis.

MicroRNA p-Value
Control Mean

(RFS *)
Cadmium Mean

(RFS *)
Log 2

(Cadmium/Control)

miR-3084a-3p 1.05 × 10−6 1019 3016 1.57
miR-34a-5p 4.57 × 10−6 99 612 2.62
miR-1949 1.10 × 10−5 41 326 2.98

miR-224-5p 3.75 × 10−5 12 390 5.06
miR-222-3p 3.00 × 10−4 622 1127 0.86
miR-221-3p 3.95 × 10−4 968 1643 0.76

miR-146b-5p 8.79 × 10−4 200 558 1.48
miR-210-5p 1.81 × 10−3 1140 1740 0.61
miR-20a-5p 1.87 × 10−3 1179 1756 0.58

miR-146a-5p 2.89 × 10−3 3840 5884 0.62
miR-3084c-3p 4.34 × 10−3 1174 3419 1.54
miR-92a-3p 6.52 × 10−3 1083 1926 0.83
miR-21-5p 6.98 × 10−3 10,943 22,388 1.03

miR-466b-2-3p 7.25 × 10−3 2101 3143 0.58
miR-320-3p 1.18 × 10−2 1377 1882 0.45
miR-15b-5p 1.29 × 10−2 1032 1647 0.67
miR-466c-3p 1.29 × 10−2 3427 5220 0.61
miR-214-3p 1.64 × 10−2 1582 2094 0.40
miR-483-5p 1.74 × 10−2 711 1184 0.74
miR-149-3p 1.78 × 10−2 1573 3796 1.27

let-7i-5p 2.67 × 10−2 3498 4619 0.40
miR-762 2.84 × 10−2 915 1702 0.90

miR-466d 3.47 × 10−2 370 675 0.87
miR-346 3.57 × 10−2 315 440 0.48

miR-17-5p 3.60 × 10−2 877 1269 0.53
miR-451-5p 3.63 × 10−2 552 1177 1.09
miR-92b-3p 3.81 × 10−2 471 759 0.69
miR-466c-5p 3.83 × 10−2 229 389 0.76
miR-32-3p 4.07 × 10−2 622 1144 0.88

Statistically significant transcripts with low signals (signal < 500)

miR-138-5p 4.00 × 10−4 43 140 1.71
miR-130b-3p 7.36 × 10−4 12 59 2.25
miR-187-3p 3.82 × 10−3 84 242 1.53
miR-155-5p 6.57 × 10−3 33 197 2.57

miR-1839-3p 7.09 × 10−3 293 417 0.51
miR-187-5p 8.23 × 10−3 66 114 0.79
miR-132-3p 9.57 × 10−3 59 189 1.66
miR-34a-3p 1.08 × 10−2 7 24 1.86
miR-452-3p 1.71 × 10−2 5 27 2.36
miR-511-5p 1.99 × 10−2 36 90 1.32
miR-758-5p 2.08 × 10−2 203 281 0.47

miR-487b-5p 2.13 × 10−2 29 69 1.22
miR-327 2.19 × 10−2 28 51 0.84
miR-504 4.10 × 10−2 98 136 0.47

miR-6332 4.30 × 10−2 16 28 0.82

* Relative fluorescent signal.
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Table 2. MicroRNAs with significantly decreased expression in the renal cortex of Cd-treated rats as
determined by μParaflo™ microRNA microarray analysis.

MicroRNA p-Value
Control Mean

(RFS *)
Cadmium Mean

(RFS *)
Log 2

(Cadmium/Control)

miR-193b-3p 2.29 × 10−5 445 137 −1.70
miR-185-5p 2.81 × 10−5 1150 628 −0.87
miR-455-3p 2.06 × 10−4 764 258 −1.57
miR-195-5p 4.76 × 10−4 4374 3035 −0.53
miR-200a-3p 2.31 × 10−3 5998 3725 −0.69
miR-101b-3p 2.56 × 10−3 465 285 −0.71
miR-194-5p 2.72 × 10−3 13,390 7697 −0.80
miR-99a-5p 2.79 × 10−3 5468 3596 −0.60
miR-505-3p 3.59 × 10−3 539 371 −0.54
miR-342-3p 4.25 × 10−3 1871 845 −1.15
miR-203a-3p 5.21 × 10−3 1327 730 −0.86
miR-378a-3p 6.43 × 10−3 2576 1616 −0.67
miR-378a-5p 6.67 × 10−3 416 233 −0.83
miR-140-5p 7.56 × 10−3 403 228 −0.82
miR-378b 9.43 × 10−3 1985 1298 −0.61

miR-103-3p 1.73 × 10−2 2717 2000 −0.44
miR-107-3p 1.74 × 10−2 2781 2052 −0.44
miR-192-5p 2.31 × 10−2 13,962 11,183 −0.32
miR-152-3p 2.98 × 10−2 971 683 −0.51
miR-100-5p 3.39 × 10−2 2133 1318 −0.70
miR-30a-3p 3.73 × 10−2 837 552 −0.60
miR-30a-5p 3.81 × 10−2 15,805 12,197 −0.37
miR-22-5p 3.84 × 10−2 939 812 −0.21

miR-30b-5p 3.93 × 10−2 14,704 11,704 −0.33
miR-196b-5p 4.03 × 10−2 464 318 −0.54
miR-489-3p 4.21 × 10−2 485 311 −0.64
miR-30e-5p 4.68 × 10−2 10,074 6429 −0.65

Statistically significant transcripts with low signals (signal < 500)

miR-203b-3p 6.03 × 10−5 146 31 −2.25
miR-192-3p 7.66 × 10−5 299 105 −1.50
miR-193a-3p 2.05 × 10−4 328 104 −1.65
miR-455-5p 3.55 × 10−4 70 17 −2.05

miR-184 6.06 × 10−4 27 5 −2.52
miR-375-3p 7.44 × 10−4 39 11 −1.86
miR-345-5p 1.04 × 10−3 183 103 −0.82
miR-29b-5p 2.03 × 10−3 148 78 −0.92
miR-301a-3p 3.09 × 10−3 122 60 −1.03
miR-3559-5p 5.48 × 10−3 298 161 −0.89
miR-582-5p 9.16 × 10−3 165 99 −0.73
miR-345-3p 9.25 × 10−3 58 36 −0.70
miR-24-1-5p 1.07 × 10−2 98 53 −0.88
miR-29c-5p 1.07 × 10−2 274 161 −0.77
miR-24-2-5p 1.12 × 10−2 276 181 −0.61
miR-10b-3p 1.54 × 10−2 200 121 −0.72
miR-3068-5p 1.86 × 10−2 162 113 −0.52
miR-200a-5p 1.87 × 10−2 133 73 −0.86
miR-201-5p 2.26 × 10−2 67 33 −1.00
miR-141-3p 2.41 × 10−2 171 83 −1.05
miR-194-3p 2.63 × 10−2 83 44 −0.92
miR-324-5p 2.73 × 10−2 243 180 −0.43
miR-26b-3p 3.38 × 10−2 27 10 −1.47
miR-193a-5p 3.45 × 10−2 20 5 −2.12
miR-3585-5p 3.50 × 10−2 67 34 −0.98

let-7e-3p 4.06 × 10−2 47 23 −1.00
miR-103-1-5p 4.71 × 10−2 32 22 −0.52

* Relative fluorescent signal.
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Figure 3. Real-time PCR validation of Cd-dysregulated miRNAs. TaqMan® Advanced miRNA
assays were used to validate selected Cd-dysregulated miRNAs. (A) miR-21-5p; (B) miR-34a-5p;
(C) miR-146b-5p; (D) miR-224-5p; (E) miR-3084a-3p; (F) miR-3084c-3p; (G) miR-455-3p; (H) miR-423-5p.
The comparative CT method was used to determine the fold change (±SEM), and an asterisk (*)
indicates a statistically significant change in expression in the Cd-treated group versus the saline
control (N = 6 per group, unpaired t-test, p ≤ 0.05).

4. Discussion

The purpose of this research was to determine if Cd-induced nephrotoxicity is associated with
dysregulated miRNA expression in the renal cortex. As a research model of Cd-induced nephrotoxicity,
we used a well-characterized sub-chronic in vivo research model in which male Sprague-Dawley rats
received daily subcutaneous injections of CdCl2 (0.6 mg/kg/day, 5 days per week for 12 weeks) [21].
The Cd-induced damage to the proximal tubule was confirmed by demonstrating polyuria and proteinuria
in the Cd-treatment group versus the saline control group [21]. The fact that the 12-week Cd-treated
animals developed polyuria and proteinuria without a significant change in creatinine excretion supports
the fact that the Cd-induced kidney injury is at the level of the proximal tubule [5,6,21,24,31,32]. Some of
the urinary biomarkers that have been used to monitor kidney injury include Kim-1, β2 microglobulin,
and cystatin C [21,31,33–36]. All three of these urinary biomarkers have previously been shown to be
elevated in the animal model of Cd-induced kidney injury used for this study, and consistent with these
previous findings, all three biomarkers were significantly increased in our study [21,31].

The microarray results demonstrated a significant increase in the expression of 44 miRNAs in the
renal cortices from the Cd-treated animals versus the saline control group. miR-21-5p, miR-34a-5p,
miR-146b-5p, miR-149-3p, miR-224-5p, miR-451-5p, miR-1949, miR-3084a-3p, and miR-3084c-3p were
more abundantly expressed and demonstrated a two-fold or greater increased expression in the
Cd-treatment group. We used real-time PCR to confirm the increased expression of miR-21-5p, miR-34a-5p,
mir-146b-5p, miR-224-5p, miR-3084a-3p, and miR-3084c-3p in the renal cortices from Cd-treated animals
versus the saline controls. The elevated level of some of these miRNAs have also been demonstrated
in other models of kidney injury. Previous research demonstrated increased expression of miR-21 in
the kidneys of mice with ischemia/reperfusion injury or gentamicin-induced kidney injury, and miR-21
levels were also increased in the urine of patients with acute kidney injury versus healthy patients [37].
The cellular effects of elevated miR-21 on proximal tubule epithelial cells may be both protective and/or
damaging as miR-21 has been shown to limit damage resulting from reactive oxygen species and affect
apoptosis and fibrosis [20,38,39]. Several rodent studies have demonstrated that drug-induced kidney
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injury is associated with increased expression of p53-responsive miR-34a, and this miRNA has been shown
to suppress autophagy in tubular epithelial cells in a mouse model of ischemia/reperfusion-induced acute
kidney injury [40–43]. The expression of miR-146-5p was shown to be increased with fibrosis in a mouse
model of folic-acid-induced kidney injury, and in mouse models of ischemia/reperfusion injury and
unilateral urethral obstruction-induced fibrosis [44]. Additionally, miR-146-5p expression was increased
in human renal cortices with documented severe kidney injury or fibrosis [44]. Although not directly
linked to kidney injury, upregulation of miR-149-3p may decrease clonogenicity and induce apoptosis by
targeting polo-like kinase 1 (PLK1) [45]. Additionally, miR-149-3p inhibits the proliferation, migration,
and invasion of bladder cancer cells by targeting the S100A4 protein, which is involved with cellular
differentiation, motility, and regulating transcription [46]. Upregulation of miR-224-5p has been found to
occur as part of the protective adaptive response of hepatocytes during acetaminophen-induced toxicity,
and this upregulation of miR-224-5p was associated with suppression of drug metabolizing enzyme
levels [47]. Using a streptozotocin-induced diabetic rat model, Mohan et al. demonstrated the utility of
urinary exosomal miR-451-5p as an early biomarker of diabetes-associated nephropathy, and the elevated
levels of miR-451-5p appeared to be protective against kidney fibrosis [48]. Increased expression of
miR-1949 was previously shown in injured kidney tissue in a rat model of deep hypothermic circulatory
arrest [49]. Previous research demonstrated increased expression of miR-3084-3p in the renal cortices
of mice treated with 177Lu-octreotate, and this radionuclide therapy used for treating neuroendocrine
tumors is known to cause renal toxicity at the level of the proximal tubule [50,51].

Although it did not meet the criteria of two-fold or greater increased expression, miR-320-3p
demonstrated significantly increased expression in the Cd-treatment group. Previous research has
identified β-catenin mRNA as a target of miR-320 [52]. This is relevant because our research group
demonstrated using both in vitro and in vivo research models that prior to inducing cell death,
Cd disrupts cadherin-dependent cell–cell adhesions with a resulting loss of cadherin and β-catenin at
cell–cell contacts [6,53–57].

The microarray results demonstrated significantly decreased expression of 54 miRNAs in the
renal cortices from the Cd-treated group versus the saline control group, and miR-193b-3p, miR-455-3p,
and miR-342-3p demonstrated a more abundant expression level and a two-fold or greater decreased
expression in the Cd-treatment group versus the saline control group. As shown here, the decreased
expression of miR-455-3p in the renal cortices from Cd-treatment animals was confirmed by real-time
PCR. Fabbri et al. treated HepG2 human hepatoma cells with 10 μM Cd for 24 h and reported
decreased expression of 12 miRNAs, including members of the let-7 family (let-7a, let-7b, let-7e,
and let-7g) and miR-455-3p [58]. The microarray results presented here also demonstrated decreased
expression of let-7e-3p, and both the microarray and real-time PCR validation from our study
demonstrated decreased expression of miR-455-3p. The top pathways that were identified to be
affected by the altered miRNA expression profile in the Cd-treated HepG2 cells were focal adhesion
and the MAPK signaling pathway, and members of the let-7 miRNA family are known to serve a tumor
suppressor role [58,59]. Another study used lentiviruses to silence β-catenin in gastric cancer cell
lines and found the dysregulated expression of a number of miRNAs including increased expression
of miR-210 and decreased expression of miR-455-3p [60]. Both miR-210-5p and miR-455-3p were
also dysregulated in our study, and we have previously shown that Cd alters β-catenin sub-cellular
localization and activity in NRK-52E rat proximal tubule epithelial cells and causes a loss of β-catenin
at cell–cell contacts [6,53–57]. miRNA-193b-3p was found to be downregulated in the renal cortices
from Cd-treated animals, and downregulation of this miRNA has been shown to promote autophagy
and cell survival in mouse motor neuron-like cells [61]. Additionally, downregulated miR-342-3p
expression is part of a shared dysregulated miRNA expression profile in both mutated non-invasive
follicular thyroid neoplasms with papillary-like nuclear features (NIFTPs) and infiltrative and invasive
follicular variants of papillary thyroid carcinomas (FVPTCs); and in contrast to wild type NIFTPs,
this dysregulated miRNA expression profile is predicted to promote an invasive-like phenotype by
altering cell adhesion and cell migration pathways [62].
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It is important to note that the sub-chronic animal model of Cd-induced kidney injury that was
employed for the present studies is similar to protocols that have been used by other investigators [24].
With this sub-chronic Cd-treatment protocol, the classic symptoms of polyuria and proteinuria without
a change in creatinine excretion appear after 9–10 weeks of the Cd-dosing protocol. Even after 12 weeks,
the level of injury in the proximal tubule is relatively mild; as a result, this animal model is useful
for identifying cellular alterations and biomarkers at early stages of Cd-induced proximal tubule
injury prior to overt dysfunction. The fact that changes in miRNA expression are quite pronounced at
12 weeks, when the level of injury is mild, suggests that the changes in miRNA expression represent
early events in the pathophysiology of Cd-induced kidney injury. More detailed time course studies,
beyond the scope of this report, will be needed to clarify this issue. An important consideration for this
research is the tissue source of the Cd-dysregulated miRNAs, as the renal cortices were obtained from
non-perfused animals. In our experience with this animal model, there is limited blood associated
with the isolated renal cortices compared to the amount of renal tissue. However, to confirm the renal
source of the miRNAs, future studies will be performed using in situ hybridization.

5. Conclusions

The results of these studies demonstrate that Cd-induced nephrotoxicity is associated with
dysregulated miRNA expression in the rat renal cortex. These dysregulated miRNAs may serve a
protective role and/or promote injury of the Cd-exposed proximal tubule epithelial cells. Identifying
the mRNA targets of these dysregulated miRNAs and the associated cellular signaling pathways may
help to identify novel therapeutic strategies for preventing and treating kidney disease. In addition to
blocking gene expression at the post-transcriptional level, these Cd-dysregulated miRNAs may also
serve as useful non-invasive urinary biomarkers of Cd exposure or Cd-induced kidney injury. Future
studies from our research group will determine if the expression of these miRNAs are dysregulated
in the renal cortex prior to the Cd-induced kidney injury that is seen after 12 weeks of Cd treatment
(0.6 mg/kg/day, 5 days per week), and can be used as non-invasive urinary biomarkers of Cd-induced
kidney injury. Finally, we will utilize bioinformatics and an in vitro research model to determine
the mRNA targets and cellular effects of these dysregulated miRNAs through the use of both
miRNA mimics and inhibitors. These studies will provide useful information regarding the molecular
mechanisms of Cd-induced damage to proximal tubule epithelial cells, and will determine if miRNAs
can be used as early non-invasive biomarkers of Cd-induced damage to the proximal tubule.
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Abstract: Cadmium (Cd) is an environmental contaminant that damages the kidney, the liver, and bones.
Some epidemiological studies showed associations between Cd exposure and periodontal disease.
The purpose of this study was to examine the relationship between Cd exposure and periodontal
disease in experimental animals. Male Sprague/Dawley rats were given daily subcutaneous injections
of Cd (0.6 mg/kg/day) for up to 12 weeks. The animals were euthanized, and their mandibles
and maxillae were evaluated for levels of periodontal bone by measuring the distance from the
cementoenamel junction (CEJ) to the alveolar bone crest (ABC) of the molar roots. After 12 weeks
of Cd exposure in animals, there was a significantly greater distance between the CEJ and ABC in
the palatal aspect of the maxillary molars and the lingual aspect of the mandibular molars when
compared with controls (p < 0.0001). This study shows that Cd has significant, time-dependent effects
on periodontal bone in an animal model of Cd exposure. These findings support the possibility of Cd
being a contributing factor to the development of periodontal disease in humans.

Keywords: cadmium; periodontal disease; periodontitis; alveolar bone; osteotoxicity; one health

1. Introduction

The World Health Organization recognizes that chronic diseases often share common associations.
For example, factors such as diet, lack of physical activity, environmental exposures, and tobacco use
are associated with various health problems [1]. Chronic periodontitis is an oral disease that attacks
the supporting structures of the teeth (gingiva and jaw bone). Besides affecting oral health, periodontal
disease is associated with many other chronic health conditions, including cardiovascular disease
and diabetes [2]. Periodontitis is an inflammatory process in response to dental plaque bacteria that
activates the innate and adaptive immune responses [3]. It affects approximately 47% of the United
States (US) population over 30 years old [4].

The use of tobacco products is a major factor in oral disease, with a dose-related and cumulative
relationship with the severity of periodontitis [5]. Smoking was also shown to create a dysbiosis of the
oral bacterial flora, favoring more pathogenic bacteria [6].

Of the many toxic components that make up tobacco smoke, the metal cadmium (Cd) is notable
in that it is a group 1 carcinogen with toxic effects in lung, liver, testicular, kidney, and bone tissues [7].
Cd is a universally present and naturally occurring environmental contaminant found in a wide
variety of common types of food, such as spinach, sunflower seeds, beef liver, and peanuts [8,9].
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Diet is a major source of Cd exposure, especially for people living in areas with high levels of Cd
contamination [10]. In vivo, Cd exhibits complex toxicokinetics, complicating efforts to understand
the mechanisms of Cd toxicity [11,12]. Cd can be absorbed from the lung or the gastrointestinal
(GI) tract, before being quickly distributed to the liver where it becomes sequestered upon binding to
metallothionein. However, as hepatocytes die from either Cd-induced injury, or general cell turnover,
the Cd can redistribute to other tissues, especially the kidney, but also to pancreas and bone. As a result
of its tendency to be sequestered in tissues, the half-life for the elimination of Cd from the body is
estimated to be as high as 30 years [13]. It is also important to note that blood levels of Cd are usually
only elevated during acute, relatively high-level exposure. As Cd accumulates in tissues, blood levels
tend to fall. Little or no cadmium is excreted in the urine until the epithelial cells of the proximal
tubule are injured by Cd [11,12]. The kidney is considered the primary target organ of Cd toxicity,
with concentrations reaching the highest levels in the renal cortex over time. While Cd is known to
cause hypercalciuria via renal injury, and lead to osteoporosis via indirect means, Cd also has direct
osteotoxic effects on bone tissue, resulting in enhanced bone resorption [14,15]. Biomarkers for bone
formation and resorption, such as serum osteocalcin and urinary cross-linked N-telopeptide of type
I collagen, were significantly correlated with Cd exposure in a population in Thailand with high
dietary Cd intake [16]. Cd having direct and indirect effects on bone formation is significant to the
current study because women with osteoporosis are more likely to exhibit periodontal bone loss [17],
a hallmark of periodontitis. Cd exposure is also associated with diabetes mellitus and altered metabolic
hormone homeostasis [9].

Blood and urinary Cd levels are associated with periodontal disease in the US [18] and South
Korea [19,20]. Actual tooth Cd content was higher in a group of patients with periodontal disease [21].
However, other studies did not find significant associations between blood Cd levels and periodontal
disease in South Korea [22] or Poland [23]. In addition, the statistical analysis and methodology used
by Arora et al. [18] to conclude that a link exists between Cd and periodontal disease were called into
question [24].

Because the literature shows contradictory results as to whether Cd exposure is associated with
periodontal disease, the goal of the current study was to determine if Cd affects periodontal alveolar
bone in a well-established animal model of chronic Cd exposure in rats.

2. Materials and Methods

2.1. Animal Studies

The jaw samples used in the presented study were harvested from rats that were treated with
Cd in a series of studies of renal toxicity and urinary biomarkers [25]. All animal studies were
conducted in compliance with the United Sates National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals (National Research Council of National Academies 2011), and were
approved by the Institutional Animal Care and Use Committee of Midwestern University. Adult male
Sprague/Dawley rats weighing 250–300 g (Envigo, Indianapolis, IN, USA) were housed socially (two
rats per plastic cage) on a 12 h/12 h light/dark cycle. Animals in the Cd treatment group (N = 5–10)
received daily (Monday–Friday) subcutaneous injections of CdCl2 at a dose of 0.6 mg (5.36 μmol)/kg
in 0.24–0.35 mL isotonic saline for up to 12 weeks. Control group animals (N = 5–10) received daily
injections of the saline vehicle only. Animals were euthanized at 6, 9, and 12 weeks, and the tissues
were harvested.

2.2. Collection and Preparation of Jaw Samples

Jaws were harvested after animals were anesthetized with an intraperitoneal injection of
ketamine/xylazine (67/7 mg/kg) and the kidneys removed. The carcasses were decapitated, and then,
the jaws were harvested. Dental scissors (HuFriedy SCGCP) were used to cut through the mandibular
symphysis along the floor of the oral cavity lateral to the base of the tongue, and then, through the
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ramus of the mandible. Buccal musculature and soft tissue were dissected by cutting through the
fornix of the buccal vestibule anteriorly. A similar dissection was carried out on the opposite side.
The maxillae were harvested by cutting through the palate posterior to the maxillary molars, continuing
anteriorly through the fornix of the maxillary vestibule, cutting through the zygomatic process,
and across the pre-maxilla through the maxillary incisor teeth. The maxillae were then separated
into halves by cutting through the mid-palatal suture. The jaw samples were then placed in labeled
containers, and stored in a −80 ◦C freezer.

Frozen jaw samples (N = 5–10 per treatment group at each time point) were brought to room
temperature, defleshed by boiling in water for 7 min to 10 min, manually debrided of soft tissue with
periodontal instruments, and then soaked overnight in 5% sodium hypochlorite. The following day,
the samples were again carefully debrided of any remaining soft tissue, rinsed, and placed in
3% hydrogen peroxide overnight. Afterward, they were again cleaned, rinsed, and then stained
with 1% methylene blue for 1 min, before being rinsed and dried to demarcate the cementoenamel
junction (CEJ).

2.3. Morphometric Analysis of Periodontal Bone Levels

Rat jaw segments were affixed to glass microscope slides using soft wax, and viewed using a Nikon
E400 microscope with a 2× objective lens, and digital images were captured using an Evolution MP
digital air-cooled color camera with the Image Pro Plus image acquisition software (Version 6.1,
MediaCybernetics, Rockville, MD, USA, 2006).

To quantify periodontal bone levels, Image Pro Plus image analysis software was utilized.
The distance from the CEJ to the alveolar bone crest (ABC) was measured along the main body of
each root of each molar (Figure 1). For each molar segment, three values for each first molar root were
recorded, and two for each second and third molar (total of seven for each segment). Measurements
were taken from the right and left maxillary buccal, maxillary palatal, and mandibular lingual molar
segments (six segments per animal).

Figure 1. Representative image of a mandibular right lingual molar segment showing measurements
from the cementoenamel junction (CEJ) to the alveolar bone crest (ABC) in a rat molar sample.
(Mesial measure of first molar not shown).

2.4. Statistical Analysis

Data were analyzed using the Graph Pad Prism statistical program (Version 6.1, La Jolla,
CA, USA, 2006). Mean values of the distance from the CEJ to the ABC (mm) for each molar root
were evaluated for the saline control versus the Cd-treated animals at the six-week and 12-week
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time points, using a two-way analysis of variance (ANOVA). If significant differences were detected,
a post-hoc Tukey’s test was then used to compare values from the time-matched control with the
Cd-treated animals. Furthermore, mean measurements from the pooled maxillary buccal, maxillary
palatal, and mandibular lingual measurements were also compared. For all analyses, p ≤ 0.05 was
considered as statistically significant.

3. Results

Cd was associated with a time-dependent decrease in periodontal bone levels in an animal
model of long-term Cd exposure. The animals tolerated the daily subcutaneous injections of Cd
very well, and no animal died or was removed from the study early due to an excessive loss (>20%) of
body weight.

Twelve-week samples included two cohorts of experimental and control animals (N = 6 + 4)
whereas the six-week sample included only one cohort (N = 5), accounting for the difference in sample
size (Table 1).

Mandibular buccal values were not measured because of their proximity to the external oblique
ridge and the ascending ramus to the alveolar bone. Nine-week samples were not included because
they were not readable. A protracted time (>9 months) in freezer storage prior to processing resulted
in the teeth being loose in their alveolar housing, and measurements were not reliable (Table 1).

After 12 weeks of Cd exposure to the experimental animals, there was a significantly greater
distance between the cementoenamel junction (CEJ) and the alveolar bone crest (signifying poorer
periodontal bone levels) at the palatal aspect of the maxillary molars and the lingual aspect of the
mandibular molars when compared with saline-treated control animals (p < 0.0001) (Figure 2 and
Table 2). A time-dependent change was shown with the maxillary palatal aspect from a comparison
of the six-week and 12-week experimental groups (p < 0.0001). In the mandibular lingual aspect
comparison of the six-week and 12-week experimental groups, the difference was nearly significant
(p = 0.053).

Table 1. Animals examined at each time point.

Treatment Week 6 Week 9 Week 12a Week 12b

N control 5 5 * 6 4 **
N experimental 5 5 * 6 4 **

* Due to a processing error these samples were not analyzed. ** Cohort contained six rats to start. Two were
harvested for a histologic study.

Table 2. Mean measurements from pooled maxillary buccal, maxillary palatal, and mandibular
lingual values.

Segment Treatment
6-Week Mean (mm)

N = 5 Per Group
SD

12-Week Mean (mm)
N = 10 Per Group

SD

Maxilla/Buccal
Control 0.404 ±0.134 0.398 ±0.151

Cd-treated 0.431 ±0.127 0.441 ±0.168

Maxilla/Palatal
Control 0.531 ±0.171 0.527 ±0.180

Cd-treated 0.558 ±0.216 0.645 * p < 0.0001, # p < 0.0001 ±0.235

Mandible/Lingual
Control 0.820 ±0.273 0.785 ±0.269

Cd-treated 0.803 ±0.316 0.858 * p < 0.0001, # p = 0.053 ±0.290

All values the distance in mm from the cementoenamel junction (CEJ) to the alveolar bone crest (ABC). * The p-value
comparing the same week-matched control with the Cd-treated sample. # The p-value comparing the six-week
sample with the 12-week sample of the same treatment.
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Representative drawing of mandibular lingual segments, showing the molar root identifiers.
CEJ to ABC distance in buccal maxilla in

the six week control versus Cd treated rats (N = 5)
CEJ to ABC distance in buccal maxilla in

the 12 week control versus Cd treated rats (N = 10)

CEJ to ABC distance in palatal maxilla in
the six week control versus Cd treated rats (N = 5)

CEJ to ABC distance in palatal maxilla in
the 12 week control versus Cd treated rats (N = 10)

CEJ to ABC distance in lingual mandible in
the six week control versus Cd treated rats (N = 5)

CEJ to ABC distance in lingual mandible in
the 12 week control versus Cd treated rats (N = 10)

Figure 2. Graphs comparing the CEJ-to-ABC distances in Cd-treated (0.6 mg/kg/day) animals and
saline-treated control animals for individual molar roots. An asterisk (*) indicates significant differences
between matching control values, as determined by two-way analysis of variance (ANOVA), followed
by Tukey’s post-hoc multiple comparison tests; data are given as mean ± SD; N = 5–10.

4. Discussion

The literature shows a number of studies relating the prevalence of periodontal disease to
an exposure to environmental Cd [18–20,22,23], with varying methodologies and conclusions.
Arora [18] used a partial-mouth method detailed in the Third National Health and Nutrition
Examination Survey (NHANES III) [26]. Han [19], Won [20], and Kim [22] used a partial-mouth method
from the Community Periodontal Index of Treatment Needs (CPITN) [27]. Herman [23] utilized the
CPITN method; however, it was not specified whether a full-mouth or partial-mouth method was used,
and their threshold for periodontitis was not identified. Furthermore, the partial-mouth methodology
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was shown to underestimate the prevalence of disease [28,29], and this potentially affected their
outcomes in an unknown way.

This is the first published study examining the effect of Cd on periodontal changes in a controlled
animal study. Previously, copper (copper sulfate) exposure in drinking water was investigated in
experimental hamsters. That study showed that dietary copper improved periodontal bone levels,
particularly in males [30].

The results presented in this study showed that animals given daily doses of Cd (0.6 mg/kg/day)
for up to 12 weeks had significant, time-dependent changes of periodontal bone levels, as measured
by the CEJ-to-ABC distance. This particular dosing protocol was chosen as it was widely used in
studies examining the effects of cadmium on organs such as the kidney, the liver, the pancreas,
and bones [12,25,31,32]. This protocol can be used to reproducibly induce various levels of cadmium
toxicity, from mild levels at six weeks to severe levels at 12 weeks. In addition, the patterns of Cd
distribution and toxicity with this model were comparable to those with chronic oral exposure [11].
Most importantly, since this protocol was used extensively, and is widely accepted as a standard in the
Cd field [33–36], it allows for the comparison and interpretation of results across different studies.

Several direct and indirect mechanisms may be responsible for the apparent effects of Cd
on periodontal bone levels. Cd exerts direct osteotoxic effects on bone tissue, as well as having
indirect effects on bone metabolism and changes in blood calcium regulatory hormones, including
parathyroid hormone levels in humans [15]. Numerous studies in the experimental animal and
in vitro literature show that Cd in very low doses has direct osteotoxic effects, causing osteoblasts
and osteoblast precursor cells to undergo degeneration, while increasing osteoclast formation or
activity [14]. In a tissue culture of mouse calvaria osteoblasts, exposure to Cd was found to stimulate
a release of calcium from the tissue culture [37,38]. In an earlier study, calcium release from a similar
culture was found to be mediated by the production of prostaglandin E2 [39], a potent cytokine for
bone resorption. In a study of a peripheral blood mononuclear cell (PBMC) culture, low doses of Cd
stimulated the expression of messenger RNA (mRNA) for interleukin 1 (IL-1) and tumor necrosis factor
alpha (TNFα), and also of IL-6 at higher doses [40,41], all of which are inflammatory mediators related
to periodontitis and periodontal bone loss. In a subsequent study of PBMC cultures and Cd exposure,
bacterial antigens of Salmonella enteritidis had an immune-modulatory effect on inflammatory mediator
expression [42], suggesting that a bacterial challenge coupled with Cd exposure will differentially
affect an immunological response to either challenge. These same pro-inflammatory mediators are
also associated with cardiovascular disease and diabetes [2].

Another potential mechanism of Cd-induced bone changes may result from Cd-induced renal
injury or dysfunction, directly affecting blood calcium levels and subsequent bone metabolism [43].
The animal model of Cd exposure used in this study (0.6 mg/kg/day) was developed to examine
the nephrotoxic effects of Cd, with sensitive urinary biomarkers of renal injury, such as kidney injury
molecule-1 (Kim-1) and cystatin C, beginning to appear around the fourth week, followed by overt
and progressive renal dysfunction starting around the ninth week [25]. It is interesting to note that the
change in periodontal bone levels reported here became statistically significant after the time point
when overt renal toxicity would be apparent (e.g., after the ninth week). This indicates that some of
the Cd effects on the periodontium may be due to indirect effects on whole-body calcium levels due to
renal dysfunction.

There are specific aspects of Cd toxicodynamics that need to be taken into consideration when
examining the studies showing [18–20] or not showing [22,23] associations between measures of Cd
exposure (e.g., blood or urinary Cd) and periodontal disease, namely the source of the sample to
determine Cd exposure. Cd is a cumulative toxin with blood or urine levels typically reflecting recent
or short-term exposures. This would suggest that the Cd effects on the periodontium occur over time.
Elevated urinary Cd levels may also be the result of proximal tubule epithelial cell death, and are not
necessarily due to recent exposures, especially in older individuals [12].
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When comparing experimental animal models of Cd poisoning and human exposures, it is
also important to consider the sources of Cd exposure. Some authors convincingly argued that
an overlooked source of human Cd exposure, as related to periodontal disease, is the use of intraoral
dental alloys [44]. Human teeth were shown to be a site of Cd accumulation, and presumably,
a source of exposure to adjacent alveolar bone. In a study of both smokers and non-smokers with
periodontal disease, tooth Cd levels were ten-fold or higher when compared with teeth from patients
who did not have periodontal disease [21]. Therefore, the possibility exists that Cd is absorbed
into teeth from dental restorations or tobacco smoke, and may have direct effects on neighboring
periodontal bone.

This study is currently limited to male Sprague/Dawley rats. Morphometric studies investigating
periodontal bone changes with other experimental studies (not involving Cd) showed a gender
difference in responses [30,45], and Cd also showed gender-specific changes in bone responses in
humans [16]. Future studies should examine the effects of Cd on periodontal bone loss in both male
and female animals.

There was a significantly greater distance between the CEJ and the ABC (signifying poorer
periodontal bone levels) when comparing the 12-week Cd-exposed animals with the saline-treated
controls (p < 0.0001) at the palatal aspect of the maxillary molars, and the lingual aspect of the
mandibular molars. This was not observed after six weeks (Table 2). It is worth noting that bone levels
for the 12-week maxillary buccal Cd-treated animals did not reach a level of statistical significance when
compared with controls. The anatomy of the periodontal bone at the alveolar crest is somewhat thicker
on the buccal aspect of the maxilla than in the other sites, and may explain the results reported here.
This difference between buccal and palatal or lingual changes was reported in other morphometric
experimental studies (not involving Cd) in rats and mice [45–47]. The pattern of bone changes in the
six-week and 12-week experimental groups were remarkably uniform, with a consistent level of bone
crest for each tooth and/or root, and no significant changes in interproximal bone levels were observed.
(e.g., see Figure 2 diagram between root identifiers 2–3, 4–5, 10–11, and 12–13). When comparing
the maxillary palatal six-week to 12-week experimental groups, there was a significant difference
(p < 0.0001). When comparing the mandibular lingual six-week to 12-week experimental groups,
the difference was nearly significant (p = 0.053). As we replicate the study and increase the N values,
we anticipate that the data will show more significant differences (Table 2).

While the results in this study show the effects of experimental Cd exposure on periodontal
bone levels, the findings do not address the etiology of Cd-induced periodontal bone changes.
Further study is needed to identify the mechanism(s) responsible for Cd-mediated periodontal
bone loss, as well as the effects age, gender, systemic disease (e.g., diabetes and cardiovascular
disease), and local factors (e.g., bacterial challenge, smoking, or toxicity from dental restorations) have
on the Cd–periodontium interaction.
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Abstract: The impact of chronic cadmium exposure and slow accumulation on the occurrence
and development of diabetes is controversial for human populations. Islets of Langerhans play
a prominent role in the etiology of the disease, including by their ability to secrete insulin. Conversion
of glucose increase into insulin secretion involves mitochondria. A rat model of pancreatic β-cells
was exposed to largely sub-lethal levels of cadmium cations applied for the longest possible time.
Cadmium entered cells at concentrations far below those inducing cell death and accumulated by
factors reaching several hundred folds the basal level. The mitochondria reorganized in response
to the challenge by favoring fission as measured by increased circularity at cadmium levels already
ten-fold below the median lethal dose. However, the energy charge and respiratory flux devoted
to adenosine triphosphate synthesis were only affected at the onset of cellular death. The present
data indicate that mitochondria participate in the adaptation of β-cells to even a moderate cadmium
burden without losing functionality, but their impairment in the long run may contribute to cellular
dysfunction, when viability and β-cells mass are affected as observed in diabetes.

Keywords: mitochondrial network; image analysis; mitochondrial morphology; bioenergetics;
sub-lethal exposure; toxicological mechanism; cadmium

1. Introduction

As a widespread contaminant found in the environment, the metal cadmium and its toxicity
remain the subject of continuous studies with different approaches. Indeed, low background cadmium
contamination in soils, usually below 0.5 ppm, is contributed by dispersion from various sources,
such as mining and refining of other metals, waste disposal, and the dispersal of phosphate
fertilizers. Increased environmental impact occurs at some particular sites, such as smelters and
waste incinerators [1]. Cadmium dispersion contaminates crops with cadmium passing through the
food chain up to farming animals and human populations. Hence, food is a considerable source of
cadmium exposure for humans. Recommendations have been issued and continue to be updated
by regulatory bodies to minimize the health effect of cadmium contamination of food and drinking
water [2,3]. But a major difficulty of the topic is that biological targets of cadmium are numerous [4],
and the mechanisms of action of the Cd2+ cation, the only ionic state of biological relevance, can be
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complex [5,6]. Biochemically, this is mainly due to the electropolarity and the size of Cd2+ which enable
a range of molecular interactions [6,7].

In animals and at the organ level, kidneys, liver, and the skeleton are well-established sites of
deposition with cadmium-induced damage or functional impairment [8]. But other organs may also
be affected by cadmium exposure [9] and the functional consequences are often difficult to delineate,
particularly at low levels of exposure. A case in point is pancreas. It is a site where cadmium can
be found [10], in the endocrine compartment, and even in populations without particularly high
exposure [11]. Thus, the causative link between cadmium exposure and prevalence of type II diabetes
is difficult to establish for human populations [12–14]. As an alternative to the screening of human
populations, animal studies may bring illuminating information forth, but too many of them implement
unduly high cadmium doses and inappropriate modes of exposure that do not help clarifying the
debate [15].

Yet, for the above recalled biochemical reasons, cadmium may well be interfering with the
function of the endocrine pancreas, and with insulin production in particular. The later process
is the specialized function of β-cells enclosed in islets of Langerhans in response to circulating
glucose concentrations. The general model (e.g., [16]) leads from glucose uptake to secretion of insulin
granules with increased glycolysis and adenosine triphosphate (ATP) production, closure of potassium
channels at the plasma membrane, calcium uptake, and stimulated exocytosis. Most, if not all, steps
of this complex mechanism may be sensitive to the presence of cadmium, but which is/are the most
susceptible remains unclear. This questioning is particularly worth considering when interest is focused
on low levels of exposure [8,15,17], as is the most prevalent situation for human populations nowadays
and for which mechanistic insight is expected to provide means for educated intervention modalities.

Previous work has targeted mitochondria as key organelles converting chemical (glucose)
into electrical (membrane depolarization) signals via ATP in β-cells [16]. This segment lies in the
upper region of the insulin secretion cellular process, and it is thus expected to have downstream
consequences if deficient. Short term (24 h) and relatively high cadmium concentration exposure
(above the median lethal dose at more than 5 μM) induced apoptosis of the β-cells rodent model
RIN-m5F with dysfunction of mitochondria [18] as could be predicted [19,20]. However, the specific
impact of doses of cadmium largely below the onset of cell death on the mitochondria of β-cells
has never been reported in details. The present work is an attempt to make up for this gap by
exploring the morphological and functional changes occurring to mitochondria of INS-1 cells as
a function of the longest possible time of exposure to largely sub-lethal concentrations of the Cd2+

cation. We tried to separate cellular events occurring either largely before or upon cell death. It thus
appeared that mitochondria do sense moderate levels of cadmium, but cells can cope with such
a challenge, and functional consequences are only observed when cells begin to die.

2. Materials and Methods

2.1. Cells and Treatments

INS-1 is a pancreatic β-cell line which was isolated from X-ray induced rat insulinoma [21].
It was obtained from the Department of Genetic Medicine and Development, University of Geneva
Medical Center (Switzerland). They were maintained in RPMI 1640 medium containing 2 g/L glucose,
supplemented with 10% foetal bovine serum (FBS), antibiotics (1% of penicillin (10,000 U/mL) and
streptomycin (10 mg/mL)), 50 μM 2 mercaptoethanol, 1 mM sodium pyruvate and 2 mM Glutamine
(complete medium) and grown in a humidified incubator with 5% CO2 at 37 ◦C.

A CdCl2 solution (250 μM) in PBS was added to the medium at appropriate volumes to
achieve the intended end concentrations after cell adhesion. Seeding was at 1.5 × 105 cells/mL
and growth occurred either in complete medium (control) or in complete medium containing the
required concentration of CdCl2. Incubation was for 72 or 96 h with regular medium replacement at
37 ◦C, 5% CO2.
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2.2. Viability Measurements

To assess viability, INS-1 cells were exposed to CdCl2 in the complete culture medium at different
concentrations in the [0–20] μM range for 72 h. At the end of the treatment, cells were washed with
PBS and brought in suspension by incubation with 0.25% trypsin/EDTA in PBS without calcium and
magnesium. Cells were pelleted at 150× g for 5 min, the pellet was rinsed with PBS, and suspended
at 106 cells/mL in 50 mM HEPES, 0.7 M NaCl, 12.5 mM CaCl2, pH 7.4. The suspension was labeled
with Fluoprobe 488-annexin V (Interchim) then 1 μg/mL propidium iodide (PI) for 15 min at room
temperature in the dark. The stained cells were detected by flow cytometry with a LSR Fortessa™ cell
analyzer (Becton Dickinson, Le Pont de Claix, France) using the 488 nm sapphire laser and 532 nm
compass laser for Fluoprobe 488 and PI, respectively. The corresponding fluorescence emission was
measured with a 525/50 nm and 585/15 nm band-pass filters, respectively. Live cells are not labeled in
this assay, whereas preapoptotic ones bind annexin V, necrotic ones accumulate PI, and doubly labeled
cells are the dead ones. As an alternative method to the above labeling of cells, viability was also
measured with the Cell Titer 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison,
WI, USA) in 96 well plates until adherence, then cadmium was added at different concentrations as
explained above. The number of cells able to reduce the MTS tetrazolium compound was determined
by recording the absorbance at 490 nm with a multi-well plate reader (Clariostar, BMG Labtech,
Ortenberg, Germany).

2.3. Immunofluorescence Measurements

In immunofluorescence (IF) experiments, INS-1 cells were inoculated at 5000 cells/well on culture
slides with detachable culture chambers (Falcon/Corning) until adherence. They were treated with
different concentrations of CdCl2 for 96 h as described above. In wells in which mitochondria were
labeled without nuclear staining, the cell-permeable fluorescent probe MitoTracker Red CMXRos
(ThermoFisher, Illkirch, France) was added at 200 nM for 30 min at 37 ◦C. Cells were fixed in fresh
4% paraformaldehyde for 10 min at ambient temperature, washed twice with PBS, then cells were
permeabilized using 0.2% Triton X-100 in PBS for 15 min, rinsed thrice, and blocked with PBS-Tween
(1 mg/mL) BSA 5% (PBS-T BSA) for 1 h at 37 ◦C. Mitochondria were alternatively labeled with the
primary antibody (D6D9 Rabbit mAb, Cell Signaling Technology, Danvers, MA, USA) raised in rabbit
against mitochondrial aconitase (the product of the ACO2 gene) as an alternative to MitoTracker
staining. The mAb was diluted 200 fold in PBS-T BSA and cells were incubated overnight at 4 ◦C.
The cells were then rinsed thrice with PBS, and the primary antibody was reacted for 4 h at room
temperature in the dark with the labeled secondary one (goat anti rabbit secondary antibody Hylite
Fluor® 488, Anaspec–Eurogentec, Angers, France) diluted 200 fold in PBS-T BSA. Before the end of
the latter incubation, nuclear staining was performed with PI (1 mg/mL) for 20 min at 4 ◦C. Culture
chambers were removed, and slides were mounted and sealed before microscopic observation.

A Leica TCS SP8 inverted laser scanning confocal microscope (Leica Microsystems, Wetzlar,
Germany) equipped with a 40× Oil immersion objective was used to collect images. Laser excitation
was 488 nm for Hylite Fluor 488, 552 nm for MitoTracker Red CMXRos and PI, with fluorescence
emission at 500–550 nm, 575–630 nm, and 605–685 nm, respectively. The Mitotracker probe was used
to cross check the images recorded by labeling aconitase: both sets of images qualitatively agreed and,
since the latter were of better quality than the former, only wells in which aconitase was detected were
analyzed in details. Several fields were recorded for each slide and quantitative analysis with the Image
J (imagej.nih.gov) and Volocity (Improvision, Perkin-Elmer, Courtaboeuf, France) computer programs
was carried out on all of them as follows. In a first step, tophat filtering was applied to the images
recorded with the mitochondrial channel (aconitase fluorescence) in Image J to remove noise and to
obtain a precise definition of the mitochondrial morphology. The filtered images were then analyzed
with the Volocity software which provides morphological parameters like perimeter, area, skeletal
length and diameter for each identified object. Each analyzed Cd-treatment group corresponded to
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tens of cells, and hundreds or thousands of mitochondrial objects. From these data, the circularity
shape factor was calculated, as Equation (1).

circularity shape factor = 4π × mean area/(mean perimeter)2 (1)

2.4. ATP Measurements

To measure the cellular content in adenosine nucleotides, cells were rinsed with PBS after the
cadmium treatment as described above. Cellular perchlorate extracts were prepared with 750 μL of
cold 2.5% (w:v) HClO4-EDTA 6.25 mM. The recovered mixture was strongly mixed and centrifuged at
12,000× g for 5 min at 4 ◦C. The supernatant was neutralized at pH 7 with MOPS-KOH buffer 0.3 M
and centrifuged 2 min at 12,000× g. Aliquots (75 μL) of the supernatant were then mixed with 15 μL of
HCl 1 M and 35 μL of 28 mM pyrophosphate buffer pH 5.75. Thirty μl of the mixture were analyzed on
a Polaris 5 C18-A, Agilent S (250 × 4.6 mm) column equilibrated in pyrophosphate buffer pH 5.75 at
1 mL/min. The retention times of ATP, adenosine diphosphate (ADP) and adenosine monophosphate
(AMP) are approximately 6, 7 and 12 min, respectively, as determined by UV absorption at 254 nm.

2.5. Respiration Rates

The oxygen consumption rates of INS-1 cells were measured with a temperature-controlled
Hansatech oxygraph equipped with a Clark electrode and monitored with the oxygraph software.
For measurements with glucose stimulation, harvested cells were suspended in Krebs-Ringer
Bicarbonate HEPES buffer (KRBH: NaCl 125 mM, CaCl2 1 mM, MgSO4 1.2 mM, KCl 4.74 mM, NaHCO3

5 mM, BSA 0.1%, pH 7.4) with 2.8 or 16.7 mM of glucose at ca. 4 × 106 cells/mL. These glucose
concentrations were chosen at the lower and higher ends of the sigmoid response of β-cells to glucose.
Cellular respiration was measured and, when required, 1 μg/mL oligomycin was added. The fraction
of O2 consumption used for producing ATP was calculated as Equation (2).

fraction of O2 consumption = (basal − oligomycin)/basal (2)

2.6. Other Measurements

To estimate the level of oxidative species present inside cells at the end of the exposure period to
cadmium, INS-1 cells were grown and treated with CdCl2 as above (Section 2.1) for 96 h, harvested
and rinsed with PBS (1 mL/0.5 × 106 cells). Dihydroethidium (DHE) at the final concentration of 5 μM
was added to the cell suspension which was then incubated 30 min in the dark at 37 ◦C, and cells
were analyzed for fluorescence with a LSR Fortessa™ cell analyzer (Becton Dickinson, Le Pont de
Claix, France).

To measure the concentration of cadmium inside cells, the latter were harvested, rinsed and dry
pellets were kept at −80 ◦C before measurements. The latter were carried out by Inductively-coupled
plasma-mass spectrometry (ICP-MS) as described in details elsewhere [22]. An aliquot of the cell
preparation was lysed and the protein concentration was measured with the bicinchoninic acid method
(Uptima–Interchim) to calibrate the results.

2.7. Statistical Analysis

The implemented statistical tests were adjusted to the design of the different experiments,
the nature of the measured parameters, and the kind of comparison to be made. The Kruskal–Wallis test
or One Way Analysis of Variance, depending on the data distributions, were applied to the parameters
tested to vary with the cadmium exposure group. For microscopic image analysis, the Dunn’s test was
used to compare each group to the one which was not exposed to cadmium. The difference of rank
means, the Q test statistic, and the p < 0.05 status were recorded.
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3. Results

3.1. Effects of Cadmium on INS-1 Cells

3.1.1. Viability of INS-1 Cells upon Long-Term Exposure to Cadmium

Since the aim of the present study is to probe the sensitivity of the INS-1 cell line upon long-term
exposure to sub-lethal concentrations of cadmium, these β-cells were kept for the maximal amount of
time in culture in the presence of cadmium before analysis. It was observed that a given batch of cells
could not sustain growth for more than ca. 4 days before reaching high density for those not exposed or
dying for the most exposed ones, i.e., without applying the stress associated with passage in suspension.
Hence, 4 days was the time limit set for the following experiments. The analysis of viability after 72 h
indicated that the proportion of viable cells was not significantly altered below 2.5 μM (Figure 1).
By further keeping cells for an additional day in the presence of cadmium, the decreasing fraction of
viable cells as a function of the cadmium concentration was measured by the ability of cells to reduce
a tetrazolium compound. The median lethal dose was calculated at 5.0 μM with a standard error of
1.35 in several experiments.

Figure 1. Viability of INS-1 cells in the presence of cadmium. The fractions of viable and death
committed cells after 72 h of cadmium exposure were measured by flow cytometry after FluoProbe
488-Annexin V and PI labeling. Only above 2.5 μM was the fraction of viable cells significantly altered.
* ANOVA test for live cells p < 0.05 vs. 0 μM Cd2+ (n = 4).

From the above, it was decided that only cadmium concentrations well below the median lethal
dose would be worth considering in an effort to mimic chronic low-level exposure. Therefore, further
data were obtained by exposing cells to concentrations up to 2 or 2.5 μM, for 96 and 72 h, respectively,
these upper points being taken as limits corresponding to the onset of cell death, of less than 15% in
each case.

3.1.2. Cadmium Uptake

Despite the sub-lethal cadmium concentrations used in the experimental setup defined in
Section 3.1.1, cadmium did enter and accumulated inside cells in a dose-dependent way (Figure 2).
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Figure 2. Cadmium uptake by INS-1 cells. The amount of cadmium in washed cells was measured
by inductively-coupled plasma-mass spectrometry (ICP-MS) after 72 h of cadmium exposure and
normalized to the protein concentration. * ANOVA test, p < 0.001 vs. 0 μM Cd2+ (n = 3).

3.2. Organization of the Mitochondrial Network and Impact of Long-Term Cadmium Exposure

3.2.1. Microscopic Examination of Mitochondria

The visualization of mitochondria by immunofluorescence staining showed that the aspect of
the mitochondrial network changed after exposure of cells to doses of cadmium for 96 h (Figure 3).
The continuous interconnected reticulum seen for non-exposed cells was gradually transformed into
a set of discrete and isolated organelles. The strings of mitochondria disappeared fully at the highest
cadmium concentration of 2 μM.

Figure 3. Selected images showing the effect of sub-lethal doses of cadmium on INS-1 cells
mitochondria. Mitochondrial morphology was followed by staining a mitochondrial protein of the
matrix, aconitase (green). The nucleus was stained by PI (red). INS-1 cells were treated for 96 h with
(a) 0 and (b) 2 μM CdCl2. Scale bars 10 μm.

3.2.2. Quantitative Analysis of the Mitochondrial Network

The microscopic images were treated as described in the Material and Methods section.
Two parameters, circularity and skeletal length, were selected for analysis, and the results of
comparisons between cadmium treatment groups and control INS-1 cells are shown in Figure 4.
Exposure of cells to 0.1 μM cadmium did not produce patterns that were significantly different from
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those of untreated cells. However, at 0.5 μM cadmium and above the shape parameters were different
as compared to the non-treated group. It can be noted that the differences in Figure 4 appear more
clearly for circularity, which is a relative value involving two parameters derived from similarly treated
images (see Section 2.3), than for the skeletal length which is an absolute value that strongly depends
on the way the images were filtered.

Figure 4. Box Plots showing the distribution of circularity (a) and skeletal lengths (b) of the mitochondrial
network after 96 h of exposure to cadmium. * Kruskal–Wallis test p < 0.05 for the indicated groups
compared to the reference one (0). The boundaries are the 25th and 75th percentiles and the median and
error bars are plotted.

3.3. Functional Analysis of Mitochondria

3.3.1. ATP Production by INS-1 Cells after Long Term Exposure to Moderate Levels of Cadmium

One of the main functions of mitochondria is to convert energy in the form of ATP. It was thus of
interest to examine whether the reorganization of the mitochondrial network observed in Section 3.2
translated into any change in the production of ATP.

The ATP/(ADP + AMP) ratio under standard growth conditions (Figure 5a) was found to decrease
in a dose-dependent way, and the difference between the control group of unexposed cells and exposed
ones reached statistical significance at 2.5 μM CdCl2. Islets of Langerhans produce insulin in response
to variations of glucose concentrations, and mitochondria are responsible for increased ATP production
under these conditions. The latter was thus measured in response to increased glucose concentrations
(Figure 5b). High (16.7 mM) glucose concentrations increased the ATP load of the cells as expected
by a factor of approximately 50% on average as compared to low (2.7 mM) glucose concentrations.
But when comparing among the cadmium treatment groups, no statistical differences were found
between the energy charges of these cells.

3.3.2. Oxygen Consumption of INS-1 Cells after Long Term Exposure to Moderate Levels of Cadmium

As above for nucleotide measurements, the respiration rates were first recorded for intact cells
in the complete growth medium. The basal respiration rate was compared with that of the same
cells in the presence of oligomycin that inhibits the proton channel of the F0F1 complex V. From these
data it is possible to calculate the fraction of oxygen consumption used to produce mitochondrial
ATP (see Section 2.5). The plot of the results in Figure 6a shows that this fraction did not vary
with the cadmium treatment below concentrations triggering cell death. Accordingly, the level of
oxidative species within similarly treated cells did not change as a function of the cadmium dose as
determined by reaction with dihydroethidium (see Section 2.6). The same procedure was applied
to cells that were incubated in serum-free medium with either low (2.8 mM) or high (16.7 mM)
glucose. As expected, respiration rates with high glucose concentrations were higher than with low
concentrations, and the use of oligomycin enabled to determine which fraction of O2 consumption
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was used for ATP synthesis. The ratio of these fractions directed to ATP under high glucose and low
glucose was calculated at each cadmium concentration (Figure 6b). This ratio, which is a proxy of the
coupling between glucose increase and ATP production, was found to increase in a dose-dependent
way up to 1 μM, but it decreased significantly at 2.5 μM when compared to the other groups.

Figure 5. ATP/(ADP + AMP) ratios in INS-1 cells exposed to cadmium. (a) INS-1 cells were exposed to
the indicated concentrations of cadmium for 72 h in the complete growth medium, and the cellular
concentrations of nucleotides were measured as described in Section 2.4. A t-test was applied to
compare each group to the non-exposed one. * p = 0.02, n = 9 for each group; (b) After the cadmium
treatment, cells were pre-incubated for 1 h in KRBH buffer supplemented with 2.8 mM glucose,
and then for another hour in the same medium (black bars) and with 16.7 mM glucose (grey bars);
n = 7 for each group.

Figure 6. Respiration of INS-1 cells after 72 h-exposure to CdCl2. (a) Respiration rates were measured
as described in Section 2.5 and the slope ratios [(basal – oligomycin)/basal] were calculated for
each cadmium treatment group (n = 3); (b) The same experiment was carried out in KRBH buffer
supplemented with either 16.7 or 2.8 mM glucose (n = 3–5). The ratio of the values obtained for each
series are plotted. * One-way Anova p values of 0.013 (1 μM) and 0.002 (2.5 μM) as compared to the
control group.

4. Discussion

Considering all the data together, it appears that some characteristics of the INS-1 cell line are
sensitive to sub-lethal cadmium concentrations for several generations largely before any sign of
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significant cellular death is detected. Under the implemented conditions, whereas the decrease of
viability becomes significant only largely above 1 μM (Figure 1), the amount of cadmium accumulated
over 3 days exceeds the control value by an approximate factor of 300 already at this concentration,
and this factor further increases at higher concentrations (Figure 2). β-cells are very specialized in that
they almost exclusively convert glucose input above the basal cellular needs into insulin production
and secretion [16]. Hence mitochondria represent a first sub-cellular hub downstream of glucose
absorption to generate potassium channel inhibition at the plasma membrane via increased ATP.

The prolonged exposure to sub-lethal concentrations of cadmium and the associated increase
of accumulated cadmium can be correlated with a reorganization of the mitochondrial network
(Figures 3 and 4). The change of mitochondrial morphology is characterized by increasingly fragmented
and perinuclear mitochondria when the cadmium dose increases. Since the size of the individual
mitochondria does not seem to notably change with application of cadmium, at the level of resolution
afforded by the method we implemented to detect them, it may be proposed that the mitochondrial
fusion-fission equilibrium is disturbed in favor of fission. Fragmented mitochondria have often
been associated with impaired function [23], including in β-cells [24]. They are also observed in
β-cells of Type 2 diabetic patients [25], together with altered amounts of selected mitochondrial
proteins, decreased energy charge, and depolarized mitochondrial membranes. Post-fission isolated
mitochondria may have a variable polarization status, but those that cannot repolarized are directed to
mitophagy and loss of function [26]. Thus, the change of mitochondrial morphology that was clearly
detected by the circularity parameter at the chronic concentration of 0.5 μM CdCl2 and above (Figure 4)
might have been expected to lead to impaired ability of the organelles to produce ATP in response to
increased glucose.

But the apparent change of mitochondrial fusion-fission dynamics is differentially paralleled by
functional consequences. The decreasing trend of the energetic charge, estimated by the ATP/(ADP + AMP)
ratio as a function of cadmium exposure, is statistically significant only at the onset of cell death,
i.e., at a 3 day-dose of 2.5 μM (Figure 5a). This result indicates that the rate of ATP production may
decrease at relatively high cadmium doses, or its use is increased to counter the effects of the cadmium
burden, or both. The decreasing trend of Figure 5a is observed when cells are steadily growing in
the conventional growth medium containing ca. 11 mM (2 g/L) glucose. Under these conditions
the O2 respiration rates devoted to ATP production do not change (Figure 6a). This suggests that the
decrease of the energetic charge observed in Figure 5a is due to increased ATP consumption or a small
decoupling of the mitochondria in the 2.5 μM Cd-group. The relatively high respiration flow that is
not used for ATP synthesis (ca. 50% in Figure 6a) is noteworthy, and it has already been noticed in
β-cells models [27].

But, when glucose is decreased to 2.8 mM in minimal medium, the energy charge decreases and the
difference between the 2.5 μM Cd-group and non-exposed cells cancels out. Similarly, the response to
increased glucose does not change for all cadmium-treatment groups (Figure 5b). However, the stability
of the energy charge among the different cadmium groups contrasts with the O2 consumption devoted
to ATP production which first increases as a function of cadmium exposure to reach significance at
1 μM, and then partly collapses at 2.5 μM (Figure 6b), i.e., at the onset of cell death. This phenomenon
indicates that challenged cells increase the electron flow to maintain an adjusted response to increasing
glucose at sub-lethal cadmium doses, but that cadmium concentrations such as 2.5 μM triggering cell
death change this response and no longer request reallocation of the fraction of O2 consumption used
to produce ATP (Figure 6b) to respond to increasing glucose (Figure 5b).

Changes of mitochondrial morphology and function in β-cells have already been correlated
with apoptosis [28,29]. But changes in morphology are not straightforwardly related to changes in
glucose-stimulated insulin secretion [30]. Since β-cells can be replenished, the functional consequences
of their apoptosis should occur when the β-cells mass is decreased together with insulin production [31].
The dynamics of β-cells turnover endow these cells with an efficient compensatory mechanism in
line with loss of β-cells mass being a relatively late development in diabetes, of Type 2 in particular.
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In a parallel way in the present study, no significant effects on the monitored parameters were observed
by applying 0.1 μM cadmium for 3 or 4 days. Only a slight tendency was sometimes noticed (energetic
charge, O2 consumption upon glucose challenge) that eventually could become significant at higher
cadmium concentrations. In this respect, mitochondrial dysfunction cannot be considered as an early
sign of cadmium poisoning of β-cells, and any biomarker related to mitochondrial integrity is unlikely
to provide a reliable and sensitive probe of mild exposure to cadmium.

These data are another illustration of one of the ways cells try to adapt to an environmental
stress [32]. It is likely that the implemented molecular changes triggered by the increasing cadmium
load (Figure 2) are numerous, but they do not translate into modified phenotypic traits up to relatively
high concentrations (≥0.5 μM). This can be compared to the situation encountered with populations
exposed to environmental cadmium. They usually do not exhibit early health problems, but their
chronic exposure is expected to impact molecular networks [5,33] hence contributing to morbidity and
association with the development of various diseases [4].

But long-life provision of cadmium to pancreatic β-cells is likely to eventually lead to dysfunction,
including of their mitochondria. The data reported herein apply to a simple cell model that has been
exposed for a relatively short time as compared to the conditions that apply to long-lived animals,
humans in particular. This is an obvious and important limitation of this work. However, the data
suggest that non-invasive detection of cadmium in islets of Langerhans may provide a useful marker
for subjects at risk of developing diabetes. Methods to detect cadmium in vivo are developing [34],
and they may eventually become instrumental to probe the highly variable cadmium content of human
islets [11], to be correlated with the likeliness of developing diabetes. Future work should analyze
insulin secretion under the presently implemented conditions, but this single endpoint depends
on additional steps lying downstream of mitochondria in the currently accepted mechanism of
glucose-stimulated insulin secretion. They include plasma membrane depolarization, calcium signaling,
and granules loading for instance, all events that may be sensitive to cadmium exposure, even at low
concentrations. Surface receptors may also be sensitive to external cadmium and modulate the β-cells’
response to increased glucose concentrations. In addition, since Cd accumulates, other intra-cellular
targets may influence the overall function of these cells. Also, in line with the results reported here,
the sensitivity of the mitochondrial fusion-fission proteins to the presence of cadmium should be
probed. Available data indicate that a 2-way relationship between mitochondrial network dynamics
and sensitivity to cadmium should be expected [35–37] along previously delineated mechanisms [5].
Furthermore, the consequences of low-level exposure of mammals to cadmium should be analyzed
in details for glucose homeostasis beyond available data. This has been underway with a rat model
which demonstrated that females and neonates of these laboratory animals are at risk of pre-diabetic
symptoms under different modalities of chronic low level exposure to cadmium [22,38].
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Abstract: Previous studies have proposed that cadmium (Cd) is a metabolic disruptor, which is
associated with insulin resistance, metabolic syndrome, and diabetes. This metal is not considered
by international agencies for the study of metabolic diseases. In this study, we investigate the effect
of metformin on Cd-exposed Wistar rats at a lowest-observed-adverse-effect level (LOAEL) dose
(32.5 ppm) in drinking water. Metabolic complications in the rats exposed to Cd were dysglycemia,
insulin resistance, dyslipidemia, dyslipoproteinemia, and imbalance in triglyceride and glycogen
storage in the liver, muscle, heart, kidney, and adipose tissue. Meanwhile, rats treated orally with
a No-observable-adverse-effect level (NOAEL) dose of metformin (200 mg/kg/day) showed mild
improvement on serum lipids, but not on glucose tolerance; in tissues, glycogen storage was improved,
but lipid storage was ineffective. In conclusion, metformin as a first-line pharmacological therapy
must take into consideration the origin and duration of metabolic disruption, because in this work the
NOAEL dose of metformin (200 mg/kg/day) showed a limited efficiency in the metabolic disruption
caused by chronic Cd exposure.

Keywords: metformin; cadmium toxicity; metabolic disruptor; metabolic syndrome

1. Introduction

Cadmium (Cd) is a transition metal that represents a health risk, being classified as one of the top
five most hazardous environmental contaminants by the Agency for Toxic Substances and Disease
Registry [1]. Human exposure to Cd occurs mainly through inhalation or ingestion, and its absorption
depends on the particle size, concentration, time-exposure, and competitivity with biometals such as
iron, calcium, or zinc. Cigarette smoking is considered to be the most significant source of human
exposure to Cd [2–5]. In humans and other mammals, Cd can damage several organs and tissues,
including the kidneys, liver, lung, pancreas, testis, placenta, brain, and bone, but the kidneys and liver
are the two primary target organs [5–8]. Damage to tissues is accompanied by a variable degree of
injury because of inflammation and oxidative stress [9–13]. Likewise, Cd is referred to as a heavy
metal that causes endocrine disruption [14–16], and recently as a metabolic disruptor because it has
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been described as a risk factor for the developing of insulin resistance, metabolic syndrome, obesity,
and diabetes; however, the international agencies for the study of metabolic diseases have not yet
considered these issues officially [17–20].

According to world sanitary statistics in 2014 emitted by the World Health Organization (WHO),
there are almost 387 million diagnosed cases of type 2 diabetes mellitus (T2DM), but it is estimated that
178 million remain undiagnosed and this is expected to reach 592 million in 2035, which will contribute
to health expenses of approximately $245 billion in the U.S. alone. Correspondingly, diabetes has
been intimately linked to obesity and overweight problems, which represent a third of the worldwide
population. Because of its extremely high prevalence, obesity has a significant socioeconomic impact
of approximately $190 billion/year in the U.S. [21–24]. Obesity and T2DM belong to a very complex
group of genetic and epigenetic diseases with a socio-environmental influence known as chronic
non-communicable diseases, that have a common background: metabolic disturbances or metabolic
syndrome associated with dysglycemia, dyslipidemia, dyslipoproteinemia, and arterial hypertension,
as well as hormone imbalance of insulin, leptin, adiponectin, and resistin, which affect other hormonal
axes, contributing to alterations of triglycerides and glycogen in several tissues [25–27].

The first line of pharmacological therapy for metabolic disorders is metformin (1,1-dimethyl
biguanide) because it can control each complication associated with metabolic syndrome in variable
degrees. With approximately 50 years of accumulated global clinical experience, metformin is generally
regarded as safe [28]. Metformin has demonstrated its efficiency in lowering blood glucose levels,
reducing mild weight problems in people with a high body mass index (BMI), improving insulin
sensitivity and insulin secretion, and modulating multiple incretin axis components, all of which
have only a minimal risk of hypoglycemia, and regulating triglyceride and cholesterol levels [29,30].
Recently, metformin has been confirmed by the American Diabetes Association and the European
Association for the Study of Diabetes as a pharmacological therapy [31,32]. However, the dosage is a
sensitive issue because the diabetic patients can consume up to 2000 mg per day, in two to three divided
doses. In this sense, the adaptation of therapeutical doses has been studied in animal models, such as
rats, in order to understand the toxicological effects. The hypoglycemic effects with a no observable
adverse effect level (NOAEL) were 200 mg/kg/day. Meanwhile, a dose of ≥600 mg/kg/day observed
adverse findings including an increased incidence of minimal necrosis, inflammation, and metabolic
acidosis (increased serum lactate and beta-hydroxybutyric acid and decreased serum bicarbonate
and urine pH); a dose of ≥900 mg/kg/day resulted in moribundity/mortality and clinical signs
of toxicity [33]. Although the therapeutical dose has been deeply studied, the exact mechanism of
action for metformin is still not completely understood, but it is known that in various tissues and
organs, it improves glucose metabolism via activation of the ubiquitously expressed AMP-activated
protein kinase (AMPK) [17,34]. The AMPK is a Ser/Thr protein kinase that acts as a sensor of the
cellular energy status and modulates metabolic pathways of carbohydrates and lipids via the inhibition
of enzymes involved in gluconeogenesis and glycogen synthesis. Thus, overproduction of glucose
from the liver is controlled by means of decreasing the phosphorylation of essential substrates for
glucose output, reducing cAMP and glucagon action, as well as AMPK activation in a fasting state and
inhibiting fatty acid synthesis, while mitochondrial oxidative phosphorylation is stimulated [35,36].

Therefore, due to a LOAEL dose of Cd causes metabolic disruptions such as insulin resistance,
dyslipidemia, dysglycemia, and metabolic syndrome. The aim of this work was to investigate, in Wistar
rats, the effect of a NOAEL dose of metformin on the homeostasis of carbohydrates and lipid in serum
and tissues after a chronic Cd exposition.

2. Material and Methods

2.1. Animals and Treatments

One hundred male Wistar rats, weighing 70 to 80 g, obtained from the Claude Bernard vivarium
of the Universidad Autónoma de Puebla, Mexico were housed in polycarbonate boxes with a sawdust
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bed and maintained under temperature-controlled (19–26 ◦C), 12-h light–dark cycles, with free access
to food and water. The animals were conditioned with a standard diet until reaching 100 g. Once the
rats reached this weight, they were randomly divided into two groups: “Control” (standard diet
Labdiet 5001 and water ad libitum, n = 50) and “Cadmium” (standard 5001 Labdiet diet with drinking
water containing 32.5 ppm of Cd ad libitum, n = 50). At the end of the third month, 10 “Control” rats and
10 rats from the “Cadmium” group were sacrificed to ensure the metabolic disruption. The cadmium
group was then divided into two subgroups: “Cadmium” alone subgroup (n = 20), and the “Cd +
Metformin” subgroup (standard 5001 Labdiet diet, drinking water containing 32.5 ppm of Cd ad
libitum and Metformin treatment 200 mg/kg/day; oral via; n = 20). The control group also was divided
into control (standard 5001 Labdiet diet, drinking water free Cd; n = 20) and Metformin (standard
5001 Labdiet diet, drinking water free Cd and Metformin treatment 200 mg/kg/day; oral via; n = 20)
groups. All groups were kept under these conditions for two more months. The metformin dose
used was chosen based on previous reports of a no observable adverse effect level (NOAEL) and the
effective dose (ED50) as hypoglycemic and hypolipidemic [25,33]. Just prior to each cohort time (3, 4,
and 5 months), the rats received an oral glucose load (TOG), equivalent to 1.75 g of glucose/kg weight.
The rats were anesthetized intraperitoneally with xylazine/ketamine (20/137 mg/kg) and under
anesthesia, whole blood (500 μL) was drawn via cardiac puncture at 0, 30, 60, and 90 min. The serum
was then separated by centrifugation and stored at −70 ◦C, and after, tissues (liver, biceps femoris
muscle, heart, kidney, and retroventral adipose tissue) were immediately removed and thoroughly
perfused with cold saline and stored at −70 ◦C until the analysis. Each procedure was performed
according to the National Institute of Health’s guide for the care and use of Laboratory Animals
and the Guide for the Care and Use of Laboratory Animals of the Mexican Council for Animal
Care NOM-062-ZOO-1999, European Convention for the Protection of Vertebrate Animals Used for
Experimental and other Scientific Purposes, Guiding Principles in the Use of Animals in Toxicology,
and it was approved by the Institutional Committee for the Care and Use of Animals on 10 November
2015. Every effort was made to minimize the number of animals used and to ensure minimal pain
and/or discomfort.

2.2. Animal Zoometry

Weight, fat percentage, and size of the rats were monitored weekly. The weight was measured
using a digital balance (Torrey, City of Mexico, State of MEX, Mexico; model: LPCR-20/40) and the
size of each animal was obtained by measuring the length from the base of the tail to the tip of the nose.
The abdomen diameter was estimated using the diaphragm zone as an upper limit and the fold of the
legs as the bottom limit. The body mass index (BMI) was calculated using the formula weight/size2

and fat percentage was calculated according to the Lee index for rodent models, with the formula: %
fat = [(weight in g (0.33))/size in cm] × 100 [37].

2.3. Biochemical Assays in Serum

From the serum obtained at time 0 min after 4–5 h fasting, the concentrations of glucose, lactate,
total lipids, triglycerides, cholesterol, low-density lipoprotein cholesterol (LDL), and high-density
lipoprotein cholesterol (HDL) were determined using spectrophotometry with commercial kits and
an automatic analyzer AutoKemII (KONTROLab, Company, Morelia, MICH, Mexico). The level of
very low-density lipoprotein (VLDL) was obtained using the Friedenwald equation [38]. Free fatty
acid (FFA) concentration was determined according to the method described by Brunk and Swanson
(1981), in a Perkin Elmer EZ150 model Lambda (Tres Cantos, MAD, Spain) spectrophotometer at
620 nm wavelength [39]. Lipoprotein sub-fractions were characterized using a polyacrylamide gel
disc electrophoresis, as described by Rainwater et al. [40]. Three gradients of different pore size were
prepared to allow for the separation of pre-beta (VLDL1 and VLDL2), beta (LDL I, II, IIIA, IIIB, IVA,
and IVB) and alpha (HDL2a, 2b, 3a, 3b, and 3c) sub-fractions. To determine the different levels of
lipoprotein sub-fractions, a densitometric analysis of the discs was performed in the polyacrylamide
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gel and then the area under the curve was quantified by using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.4. Insulin Resistance Analysis

Plasma insulin concentrations were determined using an ELISA immunoassay (Diagnostica
Internacional Company, Guadalajara, JAL, Mexico), with the resulting antibody–antigen complex
assessed at 415 nm in a Stat fax 2600 plate reader (WinerLab Group, ROS, Argentina). Insulin resistance
using homeostasis model assessment insulin resistance (HOMA-IR), insulin resistance adipocyte
dysfunction (IDA-IR), and insulin sensitivity using hepatic insulin sensitivity (HIS) was evaluated
using mathematical models according to the report by Treviño et al. [37].

2.5. Glycogen and Triglycerides Content in Tissues

Biopsies from tissues (liver, heart, renal cortex, renal medulla, and retroventral adipose) were
homogenized at 100 mg in 800 μL of isotonic saline solution (ISS) to assess triglyceride content, whereas
a second dilution was made only for adipose tissue, in which the homogenate was diluted 1:2 with
ISS and the protocol for the triglyceride kit described by the manufacturer was followed. For the
determination of glycogen, we followed the technique described by Bennett et al., from 150 mg of each
tissue homogenized with 2 mL of perchloric acid [41].

2.6. Statistical Analysis

The results are expressed as a mean ± standard error of the mean (SEM) before beginning the
metformin treatment (3 months). The statistical difference between the control and the cadmium
group was determined by using a Student unpaired t-test with a significance level of p ≤ 0.05. Results
obtained after 4 and 5 months of treatments were analyzed by using a one-way ANOVA test and
Bonferroni post hoc test, considering p ≤ 0.05 as statistically significant.

3. Results

3.1. Morphometry, Lipids and Carbohydrates in Serum and Tissues after 3 Months of Cd Exposure

The chronic Cd exposure in a lowest observed adverse effect level dosage (LOAEL, 32.5 ppm)
after 3 months produced zoometry modifications that increased weight (29%), abdominal perimeter
(22%), body mass index (45%), and percentage of fat (15%). The lipid profile showed a similar
result by significantly increasing total lipids (32%) and triglycerides (138%) in serum. Although the
total cholesterol showed no difference, the VLDL and LDL fractions increased by 42% and 98%,
respectively. Meanwhile, the HDL fraction showed a significant decrease of 45% (Table 1). The analysis
of subfractions (Figure 1) showed an increase in V1 (35%) and V2 (26%), as well as LDL I, II, IIIa, IIIb,
IVa, and IVb subfractions of 12%, 12%, 13%, 20%, 26%, and 23%, respectively. Exclusively, the HDL3c
subfraction increased by 31% in comparison to the control group (Figure 1). Dyslipidemia from Cd
exposure also affects triglycerides stored in different tissues, increasing significantly in the liver (39%),
muscle (198%), heart (78%), renal cortex (112%), renal medulla (54%) and retroventral adipose (27%).

On the other hand, the carbohydrate homeostasis was also affected, fasting glucose and
postprandial glucose after a load of 1.75 g/kg showed significant increases, which corresponded
to 106%, 125% (30′ post-load), 193% (60′ post-load), and 210% (90′ post-load); likewise, the lactate level
was augmented by 28%. However, in some tissues, glycogen deposits were significantly diminished:
in the liver (36%), heart (37%), and renal cortex (53%), while the muscle showed an increase of
107%. The glycogen content in the renal medulla and retroventral adipose showed no difference
(Table 1). The zoometric, metabolic, and biochemical changes observed in the rats of the Cd group
were in concordance with significant hyperinsulinemia (75%), the development of insulin resistance
demonstrated by HOMA-IR (216%), and insulin resistance adipocyte dysfunction (IDA-IR; 557%),
as well as a significant loss of hepatic insulin sensitivity (HIS; 72%) (Table 1).
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Table 1. Metabolic disturbances caused by cadmium exposure.

Measurements
Control Cadmium Metabolite mg/100 mg of

Tissue

Control Cadmium
n = 30 n = 50 n = 10 n = 10

Morphometric panel: Triglycerides:
Weight (g) 341 ± 3.4 439.2 ± 8.1 * Liver 16.2 ± 0.7 22.5 ± 1 *
Abdominal perimeter (cm) 18.4 ± 0.1 22.4 ± 0.2 * Muscle 3.36 ± 0.2 10.0 ± 0.3 *
Body mass index 0.93 ± 0.02 1.35 ± 0.05 * Heart 5.06 ± 0.3 9 ± 0.2 *
% Body fat 35.9 ± 0.1 41.3 ± 0.5 * Renal cortex 5.98 ± 0.4 12.7 ± 0.6 *

Lipidic panel (mg/dL): Renal medulla 7.46 ± 0.3 11.5 ± 0.7 *

Total lipids 184 ± 12 243 ± 5.1 * Rv Adipose 51.2 ± 1.4 64.8 ± 1.6 *

FFA 2.18 ± 0.03 5.18 ± 1.1 *
Triglycerides 64.4 ± 2.5 106.8 ± 3.1 * Glycogen:

Total Cholesterol 103.1 ± 7.5 103.4 ± 6 Liver 4.2 ± 0.4 2.9 ± 0.3 *

Cholesterol fraction: Muscle 0.3 ± 0.03 0.62 ± 0.1 *

VLDL 13.5 ± 1.5 19.2 ± 1.2 * Heart 0.9 ± 0.05 0.57 ± 0.8 *
LDL 24.2 ± 4 47.9 ± 3.1 * Renal cortex 1.2 ± 0.2 0.57 ± 0.11 *
HDL 65.4 ± 2 36.3 ± 1.5 * Renal medulla 0.56 ± 0.2 0.51 ± 0.6

Carbohydrate panel: Rv. Adipose 0.55 ± 0.03 0.48 ± 0.01

Lactate (mmol/L) 7.3 ± 0.7 9.4 ± 0.5 * Insulin resistance panel:
Fasting glucose (mg/dL) 80 ± 3.2 165 ± 5 * Insulin (μUI/mL) 12 ± 3.1 21 ± 4.5 *
‡ Glucose 30 min (mg/dL) 107.1 ± 2.9 241 ± 8.1 * HOMA-IR 0.44 ± 0.05 1.39 ± 0.19 *
‡ Glucose 60 min (mg/dL) 90.6 ± 3.4 265 ± 7 * IDA-IR 0.07 ± 0.03 0.46 ± 0.15 *
‡ Glucose 90 min (mg/dL) 81.2 ± 3 251.5 ± 4.2 * HIS 18.8 ± 3.5 5.2 ± 2.2 *

The biochemical and morphometric results shown are the average of 80 separate experimental animals ± SEM.
Meanwhile, the metabolite/100 mg of tissue results shown are 20 separate experimental animals ± SEM. (*) Indicates
significant differences from the control group with p ≤ 0.05 using a Student t-test. (‡) values obtained after a load
glucose 1.75 g/kg. FFA = free fatty acid; VLDL = very low-density lipoprotein; LDL = low-density lipoprotein;
HDL = high-density lipoprotein; Rv Adipose = retroventral adipose. HOMA-IR = homeostasis model assessment
insulin resistance; IDA-IR = Insulin resistance adipocyte dysfunction; HIS = Hepatic insulin sensitivity.

*
*

*

*
* * *

*

*

VLDL LDL HDL

Figure 1. Disturbances caused by cadmium exposition on subfractions of lipoproteins. The results
shown are the average of ten separate experimental animals ± SEM. (*) Indicates significant differences
from the control group with p ≤ 0.05 using a Student t-test.

3.2. Metformin Treatment on the Metabolic Disruption Caused by Cd Exposure

The metformin group after 1 and 2 months of administration did not show differences in
the zoometry and serum parameters in relation to the control group. The Cd group remained
altered after the fourth month of exposition in zoometric and biochemical parameters (Table 2).
Meanwhile, the Cd + metformin group (1 month of treatment) showed an improvement of zoometric
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parameters, such as weight, abdominal perimeter, and BMI; however, there was now a complete
regulation in the percentage of fat, which remained 6% above the control group (Table 2). The lipid
biomarkers also showed a slight improvement without reaching the values of the control group, where
total lipids, FFA, and triglycerides remained high at 24%, 79%, and 66%, respectively. However, the
lipoproteins VLDL, LDL, and HDL improved. According to the total fractions, the subfractions of
VLDL (V1 and V2) showed no differences compared with control group, while the subfractions of
LDL I to IVa (25%, 20%, 12%, 8%, and 18%) and the HDL 3a–3c (17%, 14%, and 30%) (Figure 2) were
significantly diminished. All subfractions of the Cd + metformin group showed improvement in
relation to the Cd group. Triglycerides in the tissues of the Cd + metformin group showed a significant
reduction compared to the Cd group, except for the adipose tissue. However, when the Cd + metformin
group was compared with the control group, triglycerides remained high in the liver (18%), muscle
(201%), heart (87%), renal cortex (89%), renal medulla (100%), and retroventral adipose tissue (55%)
(Figure 3B). The metformin group did not show differences of stored triglycerides in tissues versus the
control group.

Table 2. Zoometric and metabolic evaluation after 1 month of metformin treatment.

Measurements
Control Metformin Cadmium Cd + Metformin
n = 10 n = 10 n = 10 n = 10

Morphometric panel:
Weight (g) 401.6 ± 7.9 380.2 ±15.3 470 ± 6.3 * 418 ± 10 �
Abdominal perimeter (cm) 20.8 ± 0.1 19.4 ± 0.6 24.2 ± 0.7 * 21.1 ± 0.4 �
Body mass index 1.1 ± 0.04 1.0 ± 0.02 1.4 ± 0.01 * 1.1 ± 0.03 �
% Body fat 37.8 ± 0.3 35.7 ± 1.6 42.1 ± 0.1 * 40.0 ± 0.3 *�
Lipid panel (mg/dL):
Total lipids 187.2 ± 9.6 180.1 ± 3.3 253.6 ± 4.5 * 232 ± 6.1 *�
FFA 2.85 ± 0.2 3.01 ± 0.2 6.49 ± 0.1 * 5.1 ± 0.1 *�
Triglycerides 56 ± 6 51 ± 2 112.3 ± 4.5 * 93.1 ± 3.5 *�
Total Cholesterol 111.9 ± 5.6 107.9 ± 4.9 108.1 ± 6.7 84.9 ± 5.7 * �
Cholesterol fraction
VLDL 16 ± 1.6 18 ± 0.9 21.2 ± 0.9 * 18.2 ± 1 *�
LDL 36 ± 3.5 40 ± 6.1 54.8 ± 1.7 * 26 ± 2.1 *�
HDL 59.9 ± 2.6 49.9 ± 7.2 32.1 ± 2.5 * 40.7 ± 3.1 *�
Carbohydrate panel:
Lactate (mmol/L) 7.3 ± 0.7 7.5 ± 0.2 8.55 ± 0.3 * 8.2 ± 0.1 �
Fasting glucose (mg/dL) 80.0 ± 6.3 76.0 ± 4.8 135 ± 4.1 * 79.7 ± 4.3 �
Glucose 30 min (mg/dL) 107.1 ± 3.8 97.7 ± 5.2 238 ± 6.7 * 154.4 ± 5.4 *�
Glucose 60 min (mg/dL) 90.6 ± 4.3 88.4 ± 7.1 250 ± 9.4 * 160.4 ± 3.8 *�
Glucose 90 min (mg/dL) 81.2 ± 5.0 73.9 ± 9.4 235 ± 8.8 * 142.2 ± 6.1 *�
Insulin resistance panel:
Insulin (μUI/mL) 10 ± 3.4 9.8 ± 4.8 19 ± 2.4 * 27 ± 4.9 *
HOMA-IR 0.44 ± 0.03 0.40 ± 0.08 1.42 ± 0.19 * 0.88 ± 0.21 *�
IDA-IR 0.02 ± 0.02 0.02 ± 0.01 0.54 ± 0.12 * 0.35 ± 0.11 *
HIS 22.5 ± 5.19 20.1 ± 3.3 7.01 ± 3.8 * 8.3 ± 2.2 *

The results shown are the average of 10 separate experimental animals ± SEM. (*) Indicates significant differences
from the control group p ≤ 0.05. (�) Indicate significant decreases with respect to the cadmium group. (�) indicates
significant increases with respect to the cadmium group p ≤ 0.05 using a one-way ANOVA test with a Bonferroni
post hoc test.
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Figure 2. Metformin effect on lipoprotein subfractions. (A) One month with the different treatments.
(B) Two months with the different treatments. The results shown are the average of ten separate
experimental animals ± SEM. (*) Indicates significant differences from the control group. (�) Indicates
significant decreases with respect to the cadmium group. (�) Indicates significant increases with respect
to the cadmium group p ≤ 0.05 using an ANOVA test with a Bonferroni post hoc test.

In relation to the glucose homeostasis, Cd exposure affected the oral glucose tolerance and
glycogen concentration while decreasing it in the tissues (except in muscle; Figure 3A). Metformin
administration did not affect lactate level, the oral glucose tolerance and increased the glycogen level
in the liver, muscle, and heart. Also, metformin co-administered with Cd mild improved the oral
glucose tolerance. In this regard, lactate and fasting glucose did not show differences in relation to the
control group (Table 2), although glucose remained elevated postprandially, with 44% (30′ post-load),
77% (60′ post-load), and 75% (90′ post-load). Moreover, the glycogen level in the liver and retroventral
adipose tissue was no different in comparison with the control group but was higher in muscles (134%),
heart (60%), renal cortex (32%), and renal medulla (92%) (Figure 3A). Compared to the control group,
both the Cd group (90%) and the Cd + metformin group (170%) presented hyperinsulinemia, although,
in the Cd + metformin group, HOMA-IR and ADA-IR improved, although not as much as in the
control group, and HIS remained the same (Table 2).
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Figure 3. Glycogen and triglyceride concentration in tissues at one month with the different treatments:
(A) glycogen, and (B) triglycerides. The results shown are the average of ten separate experimental
animals ± SEM. (*) Indicates significant differences from the control group. (�) Indicates significant
decreases with respect to the cadmium group. (�) Indicates significant increases with respect to the
cadmium group p ≤ 0.05 using an ANOVA test with a Bonferroni post hoc test.

After five months, rats exposed to Cd presented a greater metabolic disorder, showing evidence of
zoometric worsening as well as lipid and glucose homeostasis in both serum and tissues, with a marked
development of insulin resistance and loss of hepatic insulin sensitivity. In contrast, animals exposed
to Cd and treated with metformin for two months showed zoometric parameters like the control group,
except for the percentage of the body fat (5% greater). The panel of lipids showed incomplete recovery
because the levels of total lipids remained increased (44%), FFA (69%), triglyceride (125%), and VLDL
(141%), while HDL remained low (35%) (Table 3). Cholesterol subfractions of the metformin-treated
group exhibited levels like the control group in V2 but not in V1 (28%, high), in LDL I to IVa but not in
IVb (44%, high), as well as HDL2b, 3a, and 3b, but not in 2a and 3c (24% and 23%, high) (Figure 2B).
The triglyceride deposits in rats administrated with metformin alone showed a tendency to increase;
in this group, the heart observed a significant difference. With regard to the group co-treated with Cd
and metformin, it showed overstoring in the liver (91%), in the muscle (384%), heart (176%), and renal
cortex and medulla (451% and 369%), and retroventral adipose (21%) (Figure 4B).
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Table 3. Zoometric and metabolic evaluation after 2 months of metformin treatment.

Measurements
Control Metformin Cadmium Cd + Metformin
n = 10 n = 10 n = 10 n = 10

Morphometric panel:
Weight (g) 434.3 ± 6.2 420.9 ± 12.8 502.6 ± 9.5 * 442.6 ± 10.5 �
Abdominal perimeter (cm) 22.1 ± 0.6 20.7 ± 0.9 26.2 ± 0.5 * 22.9 ± 0.6 �
Body mass index 1.1 ± 0.04 1.0 ± 0.08 1.5 ± 0.03 * 1.2 ± 0.03 �
% Body fat 38.8 ± 0.3 36.2 ± 1.1 43.1 ± 0.1 * 40.8 ± 0.3 *�
Lipid panel (mg/dL):
Total lipids 180 ± 13 178 ± 9 270 ± 6.1 * 259 ± 4.5 *
FFA 3.49 ± 0.12 3.98 ± 0.6 6.8 ± 0.16 * 5.9 ± 0.2 *�
Triglycerides 50.5 ± 5.8 47.7 ± 5.1 121.7 ± 2.1 * 113.6 ± 3.1 *�
Total Cholesterol 102.2 ± 10.8 98.5 ± 6.7 112.9 ± 5.2 102.6 ± 3.2
Cholesterol fraction
VLDL 10.1 ± 1.8 10.1 ± 1.8 24.9 ± 1.2 * 24.3 ± 1.2 *
LDL 39 ± 7 41 ± 3 59.5 ± 2.7 * 43.5 ± 4.7 �
HDL 53.1 ± 2 50.9 ± 3 28.5 ± 2.4 * 34.8 ± 1.4 *�
Carbohydrate panel:
Lactate (mmol/L) 8.2 ± 0.5 9.1 ± 1.3 11.3 ± 0.4 * 10.1 ± 0.3 *�
Fasting glucose (mg/dL) 72.9 ± 4 67.7 ± 7 139.5 ± 4.2 * 85 ± 5.9 *�
Glucose 30 min (mg/dL) 93.1 ± 0.6 85.3 ± 4.9 157.4 ± 14.4 * 108.3 ± 6.0 *�
Glucose 60 min (mg/dL) 98.2 ± 3.0 104.4 ± 5.5 171.3 ± 8.7 * 117.0 ± 5.3 *�
Glucose 90 min (mg/dL) 90.0 ± 5.0 98.0 ± 7.3 164 ± 6.3 * 116.2 ± 4.8 *�
Insulin resistance panel:
Insulin (μUI/mL) 11 ± 1.8 14 ± 2.9 25 ± 3.2 * 34.7 ± 4.1 *�
HOMA-IR 0.47 ± 0.03 0.50 ± 0.1 1.69 ± 0.2 * 1.21 ± 0.23 *
IDA-IR 0.02 ± 0.01 0.03 ± 0.01 0.63 ± 0.17 * 0.51 ± 0.2 *
HIS 22.4 ± 4.7 24.7 ± 5.1 6.02 ± 1.9 * 6.10 ± 2.1 *

The results shown are the average of 10 separate experimental animals ± SEM. (*) Indicates significant differences
from the control group p ≤ 0.05. (�) Indicates significant decreases with respect to the cadmium group. (�) Indicates
significant increases with respect to the cadmium group p ≤ 0.05 using a one-way ANOVA test with a Bonferroni
post hoc test.

Regarding glycogen, the metformin treatment itself increased levels in the liver, muscle, renal
cortex, and heart, but the heart increase was not significant. Meanwhile, in rats Cd-exposed
co-administered with metformin glycogen improved the content in the liver (6%), muscle (157%), heart
(48%), and renal medulla (12%), but not in the renal cortex, where it diminished (36%) (Figure 4A).
Likewise, lactate and the oral glucose tolerance showed improvement after metformin treatment,
although it remained slightly elevated (0′, 17%; 30′, 16%; 90′, 19%; 90′, 29%). Hyperinsulinemia was
also observed (216%), in concordance with insulin resistance by HOMA (157%) and IDA-IR (2450%),
both greater than the control group, while hepatic insulin sensitivity fell (73%) (Table 3).
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Figure 4. Metformin effect on lipoprotein subfractions. (A) Two months with the different treatments.
(B) Two months with the different treatments. The results shown are the average of 10 separate
experimental animals ± SEM. (*) Indicates significant differences with values above the control group.
(�) Indicates significant decreases with respect to the cadmium group. (�) Indicates significant increases
with respect to the cadmium group p ≤ 0.05 using an ANOVA test with a Bonferroni post hoc test.

4. Discussion

In this paper, we studied the role of metformin after a metabolic disruption caused by exposure
to Cd. Previously, we demonstrated that a LOAEL dose of Cd in drinking water produces a metabolic
toxicity that is characterized by insulin resistance in multiple peripheral tissues, increasing insulin
release with hyperglycemia and lipid metabolism alterations [37]. Although Cd toxicology has been
extensively discussed, associating its toxic effects with inflammation, oxidative stress, and genotoxicity
processes [2,42], the metabolic toxicity is not considered, and thus, the associated mechanism is
poorly studied. The literature is somewhat contradictory in relation to Cd exposure and metabolic
complications in lipids, glucose, overweight, obesity, and diabetes [43–46]. The results obtained in this
work show clearly that a chronic exposition to a Cd LOAEL dose produces the metabolic disorders
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mentioned above. In addition to the metabolic changes, our results demonstrate new evidence of the
progressive accumulation of triglycerides in different tissues and disturbances on glycogen deposits.

In humans, exposure to Cd has been related to hyperglycemia, impaired fasting glucose, and a
positive correlation in patients with type 2 diabetes mellitus in a dose-dependent manner related to
the kind and time of exposure [47–49]. In animal models, the hyperglycemia produced by Cd has
been related with significant increases in the hepatic transporter GLUT2, carbohydrate regulatory
element binding protein (ChREBP), and mRNAs of glucokinase and pyruvate kinase [50], as well
as by a downregulation of the expression of the glucose transporter GLUT4 in both muscle and
adipocytes. These changes lead to a limited glycolysis, increases in the glycogenolysis, and the
enzymatic activation of the gluconeogenesis pathway, which could explain the lactate increase and
the poor glycogen storage observed in this and other works with rats exposed to cadmium [51–55].
It is well known that hyperglycemia is normally compensated with hyperinsulinemia as an adaptive
response from the pancreas to restore glucose homeostasis, which is often linked to progressive insulin
resistance, a key factor in the feedback between the liver and adipose tissue in relation to triglyceride
storage. However, a limited number of works have shown the insulin resistance in relation to Cd
exposure [37,56,57].

Hepatic insulin resistance, or low insulin sensitivity, favors lipogenesis, and thus the increase
of novo synthesis of triglycerides and a higher secretion of VLDL type V1 and V2 (triglyceride-rich
lipoproteins, TRLs), as was observed in our results [57–59]. VLDL carry triglycerides, increasing
its accumulation in peripheral tissues (Table 1). Mechanisms associated with insulin resistance in
adipose tissue, provoke an erroneous triglyceride storage, and thus an over-flux of FFA toward all
peripheral tissues, the liver being the most affected such that more VLDL of type V1 is synthesized.
These events produce a redundant cycle in which high levels of TLR and FFA in serum can be
observed. TRLs induce small LDL formation that could contribute to atherosclerosis development
and cardiovascular disease. Small LDL subfractions, corresponding to LDL-IIIa, IIIb, IVa, and IVb, are
increased in the Cd-exposed rats [60–62]. TLRs could also alter HDL subfractions, where the HDL3c
subfraction is particularly susceptible to Cd exposure. Under normal conditions, HDL3c acts as an
anti-oxidant against LDL oxidation and has anti-thrombotic, anti-inflammatory, and anti-apoptotic
activity; however, during insulin resistance, the small HDL formation is promoted, producing a
triglyceride-rich HDL3c subfraction, thus modifying its activity [63–65]. Complementarily, it must also
be considered that Cd accumulation could be a decisive factor in metabolic toxicity. In this regard,
the cadmium ion (Cd2+) gets into the cells by different transporters such as the type 1 divalent metal
transporter (DMT-1), zinc importer proteins (ZIP’s), and voltage-gated calcium channels (VGCC) [3].
It has recently been demonstrated that not only does Cd2+ act as a substrate for the organic cation
transporter 2 (OCT2) in a dose-dependent manner, but it also upregulates its expression and maximum
transport rate (Vmax), which might serve as a mechanism for Cd accumulation [10,66].

On the other hand, once Cd has caused a metabolic disruption, we began metformin treatment
under the hypothesis that the drug is effective in metabolic control in a NOAEL dose (based on
the mortality, biochemical, and body weight effects), regardless of the origin of the metabolic
dysregulation, for example, hypercaloric diets consumption, energetic imbalances, neuroendocrinal
disorders, and pharmacological and no-pharmacological supplementation, or in this case, by cadmium
exposition. The metformin administration in rats without metabolic disorders does not show important
biochemical changes in serum, but the drug positively modified the glycogen stored, as will be
discussed later. In rats exposed to Cd and treated with a NOAEL dose of metformin, blood glucose
levels are lowered and insulin resistance is ameliorated. Moreover, metformin elicits additional
benefits, including improvement of lipid profiles, prevention of vascular complications, and lowering
of the potential for hypoglycemia. Considering that metformin uses organic cation transporters
(OCT1, OCT2, and OCT3) as an influx into the cells [29,30]. Rats that received one and two months of
metformin treatment, including Cd exposure, showed a reduction in weight, abdominal perimeter, BMI,
and percentage of body fat (Tables 2 and 3), which are results that were consistent with other works in
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both humans and Wistar rats that present metabolic complications by means other different to cadmium
exposure [25,36]. These findings agree with the fact that metformin increases the AMP-activated
protein kinase (AMPK), which is a “metabolic master switch”; its activation inhibits energy-consuming
pathways and stimulates ATP-producing catabolic pathways [17]. In addition, AMPK activation can
inhibit fatty acid synthesis by inhibition of acetyl-CoA carboxylase 1 and 2 and malonyl-CoA content
reduction [17,67]. In this regard, a NOAEL dose of metformin is not completely effective because
tissues showed a mild decrease in triglyceride storage after one month. However, in the second month,
in tissues such as muscle, heart, and kidney, the triglyceride content increased (steatosis multi-tissue),
even more than for the Cd group, although the liver observed a minimal recovery. The steatosis
is a phenomenon common that is observed in an excess of metabolic needs or a limited rate of
energy obtained via lipids (low lipid oxidation). Also, steatosis can generate lipotoxicity by lipotoxic
intermediates, such as ceramide and acylcarnitine, and is promoted by triglyceride mobilization into
VLDL (Figures 3 and 4), as shown by the lipid profile.

In relation to the serum lipid profile in rats exposed to Cd, after the treatment with metformin,
a moderate improvement was observed in triglycerides, cholesterol, and the VLDL, LDL, and HDL
fractions, but not at the level of the control group (Tables 2 and 3). Changes in cholesterol fractions also
imply modifications of each subfraction (Figure 2). We observed that metformin had a limited action on
lipid regulation because only the first month of treatment showed regulation, but in the second month,
V1 and V2 subfractions followed the same pattern as the Cd group, suggesting a liver response to
process lipidic clearance. However, almost all LDL subfractions were maintained in the control group,
except for LDL-IVb, which is considered small, dense, and highly atherogenic [62]. It is interesting
that the co-administration of cadmium and metformin treatment over-increases only this subfraction.
The HDL showed a similar pattern because large and small subfractions were regulated, except
for HDL3c, which is related to a poor glycemic control and an increase in the atherogenic risk [64].
The lipoprotein improvement is attributable to a lower insulin resistance and an enhancement of
hepatic sensibility that is well recognized in metformin treatment [29,30,68,69]. However, in the
presence of Cd, the time of metformin administration was probably insufficient because the hepatic
sensibility was not completely restored, and the resistance was not eradicated, which explains the high
FFA level coming from adipose tissue.

Additionally, a lower blood glucose was observed in both fasting and 1.75 g post-load of
glucose/kg (Tables 2 and 3). Several mechanisms have been proposed to explain this action as a
reduction of hepatic gluconeogenesis mediated by AMPK activation that inhibits the PKA pathway,
diminishes the hepatic uptake of gluconeogenic substrates, and activates glycolysis [70–72]. At the
muscle level, AMPK activation can also increase glucose consumption, optimizing energy expenditure
and production, and participates in the transition glycolytic to oxidation of fatty acids [17]. In addition,
the metformin treatment can improve the insulin action on the glycogenic pathway, as was observed
in both groups, the metformin alone and Cd-metformin co-treated groups, in which glycogen
concentration increased even more than the control group in almost all tissues analyzed [73,74].
Although the role of gluconeogenesis as a source of hepatic glucose overproduction and as a target of
metformin action are well described, less is known about the role of changes in glycogen. However, our
results suggest an increased activity of the glycogenic enzyme phosphoglucomutase and the decreased
activity of glycogenolytic enzyme glycogen phosphorylase by the treatment, because glycogen
phosphorylase is a rate-limiting enzyme of glycogenolysis and is regulated by phosphorylation
and by the allosteric binding of AMP, ATP, glucose-6-phosphate, and glucose. Additionally, an effect
observed in the group co-administered with Cd and metformin had a lactate increase (Tables 1 and 2).
This was probably the result of an activity decrease of glucose 6-phosphatase and glucose 6-phosphate
dehydrogenase, which had as a consequence an uncoupling of oxidative phosphorylation and the cycle
of Krebs, which suppresses the lactate uptake, generating a high hepatic lactate production. This is a
strong indicator of a low uptake of postprandial glucose [75–77]. The therapeutic doses of metformin
usually cause little to no increase in basal and postprandial blood lactate levels (less than 1–2 mmol/L)
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but impair the hepatic metabolism. Also, a poor renal function by Cd accumulation associated with a
metabolic kidney disruption could reduce lactate clearance [28].

Another important finding with the co-administration of Cd and metformin was hyperinsulinemia
(Tables 1 and 2). It is recognized that metformin helps to restore the response to insulin, but not in
insulin secretion [29,30]. However, the rats exposed to Cd develop an impaired insulinemic response.
Some mechanisms for this have been proposed, such as insulin receptor impairment, low insulin
receptor affinity by occupancy or negative cooperation, and a reduction in the number of receptors.
Our results strongly suggest that Cd sensitize to the β-cells, producing a sustained hyperfunction
and metformin would act on non-canonical pathways leading to the high insulin secretion [37]. It
is probable that Cd exposure additional to metformin administration alters the ATP/ADP ratio that
is permissive for K channel closure and enhanced insulin secretion being more susceptible in the
presence of higher glucose concentration at the basal and postprandial [78]. An elevation in the total
cellular NADH/NAD ratio also has been shown to promote insulin exocytosis [79]. The insulin release
is correlated with an increase of intracellular Ca2+, in which Cd+2 has been correlated. Changes in
ΔΨm are promoted by both glucose and metformin, which also met the set criteria as a potential factor
important in insulin release [80].

In summary, is very important to consider the origin and duration of metabolic disruption for
therapeutic management because Cd exposure has demonstrated metabolic toxicity in carbohydrates
and lipids pathways, as well as serious alterations of insulin resistance in multiple tissues.
Therefore, the treatment must consider intracell disorders, such as modifications in glycogen and
triglycerides storage, as well as dysglycemia and dyslipidemia, particularly in subfractions of small
LDL and HDL. In this sense, the treatment with a NOAEL dose of metformin in co-administration
with Cd was limited with regard to metabolic regulation, and in the chronicity, which was
counter-productive in relation to lipids storage in non-adipose tissue. However, the increase in dosage
could bring unexpected consequences, such as morbidity, mortality, and clinical signs of toxicity, in
addition to increasing metabolic acidosis (due to lactate and beta-hydroxybutyric acid). Although a
NOAEL metformin dose was more effective in the carbohydrates’ homeostasis, the associated metabolic
pathways must be further studied and understood for establishing the therapeutic management in
relation to the dosage and time of administration, selected on the basis of the metabolic disruption
origin because the dose used in this work was demonstrated to be efficient in metabolic disorders
from hypercaloric diet consumption, but not in cadmium exposition. Finally, the dosage selected
must prevent clinical, metabolic, and toxicological complications since metformin is the first line of
treatment for diabetes, obesity, overweight, insulin resistance, and other metabolic complications.
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