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Abstract

The toxicity of cadmium is influenced by several factors among which is the interaction with other metals. The
other metals in question co-exist with cadmium as particulate matters in air, water and soil. Exposure of man to
cadmium via any of the sources just mentioned means exposure to the co-pollutants as well. Hence this study
investigated the effects of iron, lead, zinc, copper, manganese, nickel and chromium which have been reported
as co-pollutants of river waters with cadmium, on cadmium-induced chronic kidney disease, osteomalacia and
anaemia. Male Wistar albino rats were co-treated with cadmium and the above heavy metals individually and
combined at doses found in Warri river, as drinking water daily for 90 days. The control group received heavy
metal-free water as drinking water. Zinc reduced the extent of kidney damage and associated anaemia and
osteodystrophy caused by cadmium. Iron and nickel reduced the ability of cadmium to cause anaemia in rats
besides reduction in kidney cadmium burden. Lead exacerbated hemotoxic effects of cadmium. The findings
from this study suggest that nephro- and haemotoxicity of cadmium can be enhanced or impaired depending on
which of these metals it co-exists with as pollutants.

Keywords: Osteomalacia, Kidney failure, Haemoglobin, Cadmium

Introduction

The environment in which we claim to “live” in has become a huge reservoir of toxic metals with human health
under constant risk of deterioration due to increasing chronic exposure of such metals that adversely affect the
quality of life of people (1). Comprehensive and continuous monitoring of the Warri river between 1986 and
1991 showed that the levels of cadmium and other heavy metals were above the maximum allowable limits set
by the World Health Organisation (2). Despite environmental and health concerns caused by heavy metals, there
is continued exposure in aquatic and terrestrial environments, and is even increasing in some parts of the world,
particularly in less developed countries (1,3).

One such heavy metal with a high toxicity found in the earth’s crust is cadmium, which is released to the
biosphere from both natural processes (such as volcanic emissions and weathering of rocks) and anthropogenic
activities (smelting of other metals, burning of fossil fuels and the use of phosphate and sewage sludge
fertilizers) (4). Cadmium intoxication has been reported to be nephrotoxic, hepatotoxic, neurotoxic, genotoxic,
carcinogenic, teratogenic (5,6), and impairs vitamin D metabolism in the kidney (7), which coupled with
calcium malabsorption produces osteomalacia and/or osteoporosis (8). The most extreme example of this
process is itai-itai disease in Japan, which combines severe pain from osteomalacia with osteoporosis, renal
tubular dysfunction, anemia, and calcium malabsorption (9,10).

Although there have been previous studies on cadmium based on the level in the Warri river (11-13), it is
worthy to note that cadmium does not exist in isolation but there is continuous interaction with other factors
which may affect its toxicity. In all likelihood, cadmium being a divalent cation is accumulated by transport
mechanisms similar for essential and heavy metals (14). This study was therefore aimed at determining the
individual and combined interaction of the heavy metals found in Warri River on cadmium induced-chronic
kidney damage, osteomalacia and associated anaemia in rats.

Materials and Methods

Animals

Fifty albino rats (Wistar strain) weighing between 100-120g, obtained from Biochemistry Department,
University of Benin, were used for this study. Rats were housed in the Department of Biochemistry Animal
House under standard laboratory conditions (12-hour light/dark cycle, 22-28°C) and veterinary management.
They were allowed free access to standard food (growers mash from Bendel Feed and Flour Mill, Ewu, Edo
State) and water, and allowed to acclimatize to laboratory conditions for four weeks. All animal experiments
were performed in adherence to the NIH animal guidelines.

Chemicals: Cadmium chloride and manganese chloride (Kermel, France); chromium (111) chloride and nickel
sulphate (LobaChemie, Mumbai, India); copper (I1) sulfate, iron (I1) sulphate, lead (1) acetate and zinc sulfate

*Corresponding Author's E-mail: orinamhe.agbadua@uniben.edu
152



Agbadua et al.

(Guangdong Guanghua Sci-Tech Co., Ltd, Guangdong, China) were used as sources of heavy metals in the
study.

Experimental Design and Treatment

At the end of acclimatization, the rats were re-weighed and thereafter separated into ten groups of 5 rats each as
shown below and the treatment in each group lasted for a period of 90 days: Group | (control group) received
heavy metal free water as drinking water. Group Il received a solution equivalent to 0.229mg cadmium per litre
of distilled water as drinking water. Group 111 received a solution equivalent to 0.229mg cadmium and 1.900mg
of iron (Fe) per litre of distilled water as drinking water. Group IV received a solution equivalent to 0.229mg of
cadmium and 1.081mg of lead (Pb) per litre of distilled water as drinking water. Group V received a solution
equivalent to 0.229mg of cadmium and 0.505mg of zinc (Zn) per litre of distilled water as drinking water.
Group VI received a solution equivalent to 0.229mg of cadmium and 0.187mg of copper (Cu) dissolved per litre
of distilled water as drinking water. Group VII received a solution equivalent to 0.229mg of cadmium and
0.101mg of manganese (Mn) per litre of distilled water as drinking water. Group VIII received a solution
equivalent to 0.229mg of cadmium and 0.534mg of chromium (Cr) per litre of distilled water as drinking water.
Group IX received a solution equivalent to 0.229mg of cadmium and 0.964mg of nickel (Ni) per litre of distilled
water as drinking water. Group X received a solution equivalent to 0.229mg of cadmium, 1.900mg of iron,
1.081mg of lead, 0.505mg of zinc, 0.187mg of copper, 0.101mg of manganese, 0.534mg of chromium and
0.964mg of nickel per litre of distilled water as drinking water. Rats in each group received 42.86ml per kg body
weight of the appropriate solution daily by gavage throughout the duration of treatment to ensure daily minimal
water consumption, with the solutions also kept in the water trough. At the end of the treatment period, each rat
was weighed and then anaesthetized in a chloroform fume saturated jar. While under anesthesia, each rat’s
abdominal and thoracic region was opened and exsanguinated by heart puncture using a hypodermic syringe and
needle, and blood samples were collected for biochemical and hematology (RBC, Hg and HCT) assays. Samples
of the tibia and kidney were also collected for cadmium load estimation.

Biochemical analysis

Serum calcium, phosphorus, urea, creatinine and alkaline phosphatase activity were estimated according to the
instructions stipulated in Randox diagnostic kit while sodium, potassium, chloride and bicarbonate levels were
estimated by following the instruction of Teco diagnostic kit colorimetrically using a visible spectrophotometer
(Model 721G Searchtech Instruments, England). Red blood cell count, haemoglobin and haematocrit were
measured using automated haematology analyzers (Sysmex America Inc, USA). The cadmium load in the
kidney and bones were measured using an atomic absorption spectrophotometer (BUCK Scientific, Model
210VGP) (15).

Statistical analysis

All data were expressed as means + standard deviation. Differences between means of various results were
assessed for statistical significance by analysis of variance (ANOVA), followed by Dunnett’s t—test. A p-value <
0.05 was considered to indicate statistical significance.

Results

Kidney function indices

Serum electrolyte (sodium, potassium, chloride and bicarbonate), urea and creatinine levels in the various
experimental groups are shown in table 2.

Table 2: Kidney function parameters of rats after 90 days drinking water treatment

Group Sodium Potassium Chloride Bicarbonate Urea Creatinine
(mEg/L) (mEqg/L) (mEg/L) (mmol/L) (mg/dl) (mg/dl)
Control 96.95 + 3.53% 4.40 +0.79° 59.08 + 2.53% 30.48 £ 2.92° 34.11 + 3.62° 0.53 + 0.05°
Cd 100.00 + 4.58° 4.70 +0.32° 71.36 + 2.54° 30.00 + 1.38% 48.60 + 4.00° 0.66 +0.05°
Cd + Fe 108.15 + 2.29™ 5.96 + 0.73% 79.66 + 4.64° 31.74 + 1.00° 49.27 +7.14° 0.68 + 0.05°
Cd + Pb 103.66 + 2.16° 6.37 +0.26™ 78.46 + 4.05" 30.92 + 0.99° 4357 +4.17° 0.58 + 0.04%
Cd +2Zn 100.56 + 3.80° 6.42 + 0.60 77.37 + 4.48™ 31.69 +1.03° 44.19 + 2.82° 0.54 +0.07°
Cd+Cu 101.01 + 4.66° 6.32 + 0.64 74.97 + 3.76" 30.00 + 2.32° 47.27 +2.93° 0.64 + 0.04°
Cd + Mn 103.73 + 1.45° 6.67 +0.10° 65.95 + 3.36™ 30.53 £ 0.74% 47.13 £ 2.67° 0.73+0.07°
Cd+Cr 103.00 + 2.20° 6.23 +0.18™ 65.70 + 4.96™ 30.68 + 1.10° 44.14 + 5.48° 0.65 + 0.05°
Cd + Ni 99.09 + 3.63% 5.68 + 0.58° 72.08 + 1.78" 31.38+0.73% 40.63 + 6.13° 0.67 £ 0.05°
All metals 111.25 + 4.47° 5.85 + 0.50° 69.07 + 2.53™ 29.66 + 2.15% 44.22 + 4.50° 0.66 + 0.07°

Values are expressed in mean = SD (n =5)
Values in the same column bearing no superscript common vary significantly (P < 0.05).
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Relative to the control group, there was a significant increase in the levels of serum urea, creatinine and sodium
in rats given cadmium tainted drinking water. Co-treatment with cadmium and iron resulted in potassium and
chloride levels significantly higher than rats given cadmium tainted drinking water. Co-administration of
cadmium with lead, copper, zinc, nickel and chromium resulted in significant increase in potassium levels and
non-significant differences in other electrolytes relative to the cadmium only treated group with a marked
decrease in creatinine and urea in rats co-treated with zinc, and significant decrease observed in urea levels of
rats co-treated with nickel. Co-administration of cadmium and manganese produced the highest creatinine and
potassium levels although only the latter significantly higher than the cadmium. Drinking water containing all
the heavy metals led to a significant increase in sodium levels when compared to other treatment groups and a
significant increase in potassium when compared to cadmium only group. There was no significant difference
observed in the serum bicarbonate levels across the groups.
Osteomalacia indices

The effects of the treatment on the level of serum calcium, phosphorus and alkaline phosphatase activity is
shown in table 3.

Table 3: Biochemical indices of osteomalacia in rats after 90 days drinking water treatment

Group Calcium Phosphorus Alkaline phosphatase (U/I)
(mg/dl) (mg/dl)
Control 9.30 +0.10° 3.90+0.1° 50.89 + 2.86°
Cd 9.23+0.15° 3.07 £ 0.06° 57.83 + 1.25°
Cd + Fe 9.10 + 0.10° 3.13+0.31° 44.22 +3.31°
Cd +Pb 9.23 + 0.06° 3.47 + 0.46% 50.24 + 4.37%
Cd + Zn 9.43+0.12° 3.73+0.12° 46.79 + 4.28%
Cd+Cu 8.83 +0.12° 3.53 +0.32%® 49.55 + 2.72°
Cd + Mn 9.20 +0.10° 3.57 £ 0.32%® 56.45 + 4.00°
Cd + Cr 9.20 + 0.10° 3.70+0.1° 64.04 + 7.83™
Cd + Ni 9.00 +0.10° 3.33+0.15° 68.14 + 3.44°
All heavy metals 9.23 + 0.06 3.43+0.25 60.59 + 4.65"

Values are expressed in mean + SD (n=4)
Values in the same column bearing no superscript common vary significantly (P < 0.05).

While the reduction in level of calcium and the increase in ALP activities were non-significant in rats given
cadmium tainted drinking water compared to the control, there was a significant decrease in serum phosphorus
levels in the cadmium only group. Co-treatment of cadmium with iron, lead, manganese, nickel and all the
heavy metals produced no significant difference in these parameters when compared to rats administered
cadmium only. Calcium levels were the highest and alkaline phosphatase levels the lowest in rats given zinc and
cadmium tainted drinking water with phosphorus levels significantly higher than rats given cadmium tainted
drinking water. Co-administration of cadmium and copper led to calcium levels significantly lower than other
treated groups.

Haematology

Red blood cell (RBC) count, haemoglobin (Hb) and haematocrit (HCT) levels in the various groups at the end of
the treatment is shown in table 4.
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Table 4: Red blood cell count, haemoglobin and haematocrit of rats after 90 days drinking water treatment

Group Red Blood cells Haemoglobin Haematocrit

X u g 0

(x 10%ul) (g/dl) (%)
Control 9.10 + 0.49° 15.05 + 0.82% 48.25 + 2.76°
Cd 8.84 +0.19° 14.37 + 0.70® 47.20 £ 1.81%
Cd + Fe 8.71+0.19° 15.48 + 0.63% 48.88 + 1.45°
Cd +Pb 8.15 + 0.68° 13.30 + 0.61° 43.23 +2.41°
Cd + Zn 9.01 +0.36° 14.13 + 0.46%° 45.30 + 2.30%
Cd+Cu 8.65 +0.10° 13.93 + 0.92%® 44.18 + 2.69%
Cd + Mn 8.57 +0.39° 13.33+0.82° 4350 + 2.67°
Cd+Cr 8.42+0.12° 13.88 + 0.71%® 43.60 + 1.54°
Cd + Ni 8.96 + 0.50° 16.10 + 0.85° 47.88 +2.38%
All heavy metals 9.05 + 0.60° 15.23 + 1.24% 46.65 + 3.25°

Values are expressed in mean + SD (n=4)
Values in the same column bearing no superscript common vary significantly (P < 0.05).

There was no significant difference observed in the red blood cell (RBC) count among the treated groups.
Treatment with cadmium resulted in decreased Hb and HCT concentration. Co-treatment of cadmium with iron
and nickel led to an increase in Hb and HCT levels. Co-administration of lead, copper, manganese and
chromium with cadmium led to a decrease in the level of these parameters with rats given cadmium and lead
tainted drinking water having the lowest RBC, Hb and HCT among all the treatment groups.
Cadmium load

Table 5 shows the organ (kidney and bone) cadmium load of the rats in the various groups at the end of the
treatment.

Table 5: Organ cadmium load of rats after 90 days drinking water treatment

Group Kidney* (ug/g) Bone** (ug/g)
Control 0.037 £ 0.016% 0.00
Cd 0.339 + 0.032" 0.02
Cd + Fe 0.176 + 0.027° 0.02
Cd +Pb 0.251 + 0.034° 0.02
Cd + Zn 0.252 + 0.038" 0.00
Cd + Cu 0.276 + 0.024° 0.02
Cd + Mn 0.256 + 0.027° 0.02
Cd+Cr 0.394 + 0.025" 0.02
Cd + Ni 0.238 + 0.021° 0.00
All heavy metals 0.183 + 0.022° 0.00

Values are expressed in mean + SD
Values in the same column bearing no superscript common vary significantly (P < 0.05).
*n=3 **n=1

Rats given heavy metal free water had the least amount of cadmium in the kidneys when compared to other
treatment groups. Co-administration of cadmium and chromium had no significant difference in the cadmium
load compared to rats given cadmium only tainted water, with both groups having the highest kidney cadmium
load compared to all other heavy metal treated groups. Rats in the control group, cadmium and zinc co-treated
group, cadmium and nickel co-treated group and given all the heavy metals had no cadmium in the bone after
the treatment period.

Discussion

Cadmium intoxication has been reported to lead to chronic kidney failure by numerous reports (16,17,18).
Cadmium can accumulate in many organs including the kidney, liver, pancreas and testes and adversely affect
the functions of these organs. The chief organ of toxic impact in the human is the kidney, with about 30% of
body cadmium is deposited in the kidney tubule region (19,20). Results presented in table 2 showed that
cadmium administration at the concentration found in Warri River caused kidney failure at the end of the
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treatment period which is in agreement with previous studies (21). Various transporters are responsible for the
uptake of cadmium and subsequent deposition (19,22), and this was confirmed by the cadmium load in the
kidney of rats given cadmium tainted drinking water.

The major transporters responsible for the absorption of non-heme iron are divalent metal transporter 1 (DMT1)
and ferroportin 1 (FPN1) (23). Results from various in vivo and in vitro experiments indicate that both DMT1
and FPN1 are also involved in cadmium transport (24-26) thus, the two minerals compete with each other for
uptake (24,27). The cadmium load in the kidney of rats given iron and cadmium drinking water was
significantly lower when compared to those that received cadmium tainted water only. Co-treatment with iron
and cadmium led to a more pronounced kidney damage despite the low levels of cadmium found in the kidney.
The increase in kidney damage could be attributed high concentration of iron above maximum permissible
limits, with reported nephrotoxicity associated with iron at high concentrations (28).

Exposure to dietary Zn intake has an important effect on Cd absorption, accumulation and toxicity (29). The Zn
status of the body is important in relation to development of Cd toxicity. ZIP proteins have been showed to play
a pivotal role in zinc transport across the cellular membrane in the intestine and proximal tubules (30) and
studies demonstrated that knockdown of these transporters resulted in significantly reduced cadmium uptake,
thus emphasizing the relationship in the uptake of both metals (31-33). The study into the function of zinc
transporters on cadmium transport by Barbier and colleagues showed that cadmium uptake could be inhibited by
nearly thirty percent in distal convoluted tubules (DCT) by co-injection with a small amount of zinc ion, but no
inhibition was observed in proximal tubules (PT) (34). Although zinc transporters are expressed in both DCT
and PT, cadmium may have a higher affinity for other transporters in PT segments, the uptake of which might
not be inhibited by zinc ions. This can explain the reduction in kidney cadmium load in rats given zinc and
cadmium tainted rats with cadmium entry into the kidneys via the PT a possible reason why the cadmium load
was not further reduced in this group. Co-treatment with zinc and cadmium significantly reduced blood urea and
creatinine levels observed in rats given cadmium only. This corroborates reports on the study by El-Sayed et al.
(35) who studied the protective effect of zinc against cadmium toxicity on pregnant rats and their fetuses. The
result is also in agreement with previous work on zinc on cadmium nephrotoxicity (36-38).

The same observations in the kidney cadmium load were discovered after co-treatment with nickel. The
combined effect of Nickel-Cadmium is less toxic than cadmium alone, suggesting antagonism between these
toxicants in the tissues of rats (39). The levels of Ni which was almost 50 x the maximum permissible limit
might explain why the levels of the kidney parameters were not further reduced. The bicarbonate level across
the treatment groups although non-significantly different showed that co-administration of zinc and nickel with
cadmium led to increased levels thus suggesting that these metals aided in balancing the metabolic acidosis that
occurred as a result of sodium and potassium imbalance. It can therefore further confirm that nickel and zinc
possibly reduced kidney damage associated with cadmium.

Co-administration of cadmium and chromium had no significant difference in the cadmium load compared to
treatment with cadmium only, suggesting that chromium did not disrupt the uptake and deposition of cadmium
in the kidneys, and thus explains why no significant difference was observed in the kidney function biochemical
indices when compared to rats given cadmium tainted drinking water only. It is well established that cadmium
competes with other metals for transport-mediated entry into the cell. Divalent metal-ion transported-1 (DMT1),
not only plays a crucial role in iron homeostasis, but also can mediate transport of essential and toxic divalent
metals such as Zn®*, Mn*, Pb?*, Cd** and Cu®* (19), and this might explain the non-significant effects of co-
treatment with copper and lead on cadmium-induced nephrotoxicity.

Kidney cadmium load showed a decreased uptake of cadmium in rats co-treated with manganese which agrees
with findings that the rate of gastrointestinal absorption of cadmium is decreased by supplementation of the
drinking water with a ‘non-toxic’ dose of Mn®* as observed in male rats (39). Co-treatment with manganese and
cadmium produced levels of potassium and creatinine significantly higher than treatment with cadmium only,
thus suggesting increased nephrotoxicity associated with manganese. This finding could be explained by study
of Atessahin et al.(40) who concluded that administration of low dose of Mn?* produced amelioration in
biochemical indices of nephrotoxicity with high dose of Mn?" causing an opposite effect on nephrotoxicity
induced by gentamicin. Impaired calcium and vitamin D metabolism coupled with kidney failure results in bone
disorders such as osteoporosis and/or osteomalacia has been implicated in cadmium intoxication (19).
Biochemical abnormalities associated with osteomalacia include hypocalcemia, hypophosphatemia, decreased
serum 25-hydroxy vitamin D levels coupled with increased parathyroid hormone (PTH) levels and alkaline
phosphatase (ALP) activities (41,42). Zinc is required for the growth, development and maintenance of healthy
bones (43) Co-treatment with zinc reversed the biochemical abnormalities caused by cadmium and subsequently
reversed the bone cadmium load present in cadmium only treated rats. This is in agreement with previous
studies of zinc supplementation on cadmium (44,45). Copper influences bone formation, skeletal
mineralization, and the integrity of the connective tissue (46). Copper playing similar roles as zinc in proper
bone development should have shown similar changes as zinc but however reduced calcium levels were
observed in rats given copper and cadmium co-treatment. Estimation of vitamin D and PTH levels might aid in
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explaining this discrepancy as phosphorus levels and ALP activities conformed with results obtained with zinc
co-treatment.

No significant effect of lead, iron, manganese and nickel was observed on cadmium-induced osteomalacia.
While no significant change was observed in calcium levels of rats given cadmium and chromium, a significant
increase in phosphorus levels was observed when compared with cadmium only group. However, this group had
a significant increase in serum ALP activities when compared to the other groups. Since the levels of calcium
and phosphorus are well within the levels of the control, it is suggestive that the increased ALP activity might be
due to chromium-cadmium hepatotoxicity with chromium playing a protective role in bone impairment. While
determining the levels of vitamin D and PTH would have aided in determining the individual and general effects
of these metals, these analyses were not done due to the unavailability of the techniques (ELISA, RIA or HPLC)
required for determining these compounds. Hypophosphatemia and hypocalcemia are due to secondary
hyperparathyroidism while increased serum alkaline phosphatase or bone specific alkaline phosphatase activity
is classically associated with osteomalacia due to vitamin D deficiency (47), and thus the levels of phosphorus,
calcium and ALP are indicative of hyperparathyroidism and vitamin D deficiency.

Anaemia, considered with a decrease in either one or more of red blood cell (RBC) count, haemoglobin (Hb)
and haematocrit (HCT), has been associated with chronic kidney disease. Cadmium interacts with iron
metabolism and absorption, decreases the hemoglobin and hematocrit concentration, leading to anaemia. This
corroborates previous studies on cadmium intoxication on anaemia status (48-50). In rats, iron supplementation
corrects the anemia caused by cadmium exposure (51). Thus, co-treatment with cadmium and iron led to an
increase in Hb and HCT levels even beyond the control. This corroborates reports that anemia associated with
cadmium is as a result of low iron, and thus iron supplementation corrects this (48). Nickel co-treatment also
increased the levels of these parameters which agrees with previous reports (52,53). No significant difference
was observed with co-treatment with zinc (54). Co-administration of lead, copper, manganese and chromium
with cadmium led to a decrease in the level of these parameters. This is in agreement with (54,55) with rats
given cadmium and lead tainted drinking water having the lowest RBC, Hb and HCT among all the treatment
groups. The effects of cadmium are thus suggested to be magnified by interaction with other toxic metals such
as lead.

The combination of all the metals in the drinking water resulted in a greater electrolyte imbalance thus
suggesting a greater kidney damage which however cannot be attributed to cadmium alone as most of the other
heavy metals present were also above their limits. The cadmium load in rats given drinking water containing all
the metals was significantly low in the kidney and absent in the bones thus suggesting competition in the uptake
of these metals. Biochemical indices for assessment of osteomalacia and anaemia suggest an interplay of metals
that reduced and those that increased the effects of cadmium.

Thus, ingesting cadmium at the concentration found in the Warri river will lead to chronic kidney damage,
osteomalacia and anaemia. It is however noteworthy that cadmium rarely exists alone but its toxicity is affected
by the interaction with various factors such as the heavy metals and their concentration as present in the Warri
river. While the overall effect of these metals led to pronounced Kidney damage, decreased toxicity was
observed in anaemia and bone disorders. However, the river will still be toxic to fishes and inhabitants around
the river using it as a source of water, and the fish a source of food, based on the results obtained.

References

1. Jaishankar M, Tseten T, Naresh A, Mathew BB & Beeregowda K, Toxicity, mechanism and health
effects of some heavy metals, Interdiscip Toxicol, 7 (2014) 60.

2. Egborge ABM, Water Pollution in Nigeria - Biodiversity and Chemistry of Warri River. (Ben Miller
Books Nigeria Limited, Warri), 1994, 69.

3. Tchounwou PB, Yedjou CG, Patlolla AK & Sutton DJ, Heavy Metals Toxicity and the Environment,
EXS, 101 (2012) 133.

4. Kabir E R, Sheikh Z & Khan TTS, Impact of cadmium exposure on human health with a focus on
Bangladesh. EJTS. 2014 (2014) 1.

5. Nawrot TS, Staessen JA, Roels HA, Munters E, Cuypers A, Richart T, Ruttens A, Smeets K, Clijsters
H & Vangronsveld J, Cadmium exposure in the population: from health risks to strategies of
prevention, Biometals, 23 (2010) 769.

6. Bishak YK, Payahoo L, Osatdrahimi A & Nourazarian A, Mechanism of cadmium carcinogenicity in
the gastrointestinal tract, Asian Pac J Cancer Prev, 16 (2015) 9.

7. Kjellstrom T, Mechanism and epidemiology of bone effects of cadmium, IARC Sci Publ, 118 (1992)
301.

8. Nordberg GF, Nogawa K, Nordberg M & Friberg L, Cadmium: In Handbook of the Toxicology of
Metals, edited by Nordberg GF, Fowler BF, Nordberg M and Friberg L (Elsevier, Amsterdam, The
Netherlands), 2007, 445

157



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Agbadua et al.

Ogawa T, Kobayashi E, Okubo Y, Suwazono Y, Kido T & Nogawa K, Relationship among prevalence
of patients with Itai-Itai disease, prevalence of abnormal urinary findings, and cadmium concentrations
in rice of individual hamlets in the Jinzu River basin, Toyama prefecture of Japan, Int J Environ Health
Res, 14 (2004) 243.

Inaba T, Kobayashi E, Suwazono Y, Uetani M, Oishi M, Nakagawa H & Nogawa K, Estimation of
cumulative cadmium intake causing Itai-lItai disease, Toxicol Lett, 159 (2005) 192.

Asagba SO, Alterations in activities of tissue enzymes in oral cadmium toxicity. Nig. J. Sci. Environ. 6
(2007) 91.

Asagba SO & Obi FO, Effect of cadmium on kidney and liver cell membrane integrity and antioxidant
enzyme status: implications for Warri River cadmium level. Trop. J. Environ. Sci. Health. 3 (2000) 33.
Eriyamremu GE, Asagba SO, Onyeneke EC & Adaikpoh MA, Changes in carboxypeptidase A,
dipeptidase and Na'/K*-ATPase activities in the intestine of rats orally exposed to different doses of
cadmium, Biometals, 18 (2005) 1.

Sarkar A, Ravindran G & Krishnamurthy V, A brief review on the effect of cadmium toxicity: from
cellular to organ level, 1JBTR, 3 (2013) 17.

Hernandez OM, Fraga JMG, Jimenez Al, Jimenez F & Arias JJ, Determination of the mineral content
by atomic absorption spectrophotometer, J Food Chem, 93 (2004) 449.

Kim NH, Hyun YY, Lee K, Chang Y, Rhu S, Oh K & Ahn C, Environmental Heavy Metal Exposure
and Chronic Kidney Disease in the General Population, J Korean Med Sci, 30 (2015) 272.

Karimi MM, Sani MJ, Mahmudabadi AZ, Sani AJ & Khatibi SR, Effect of acute toxicity of cadmium
in mice kidney cells, Iran J Toxicol, 6 (2012) 691.

Gonick HC, Nephrotoxicity of cadmium and lead, Indian J Med Res, 128 (2008) 335.

Yang H & Shu Y, Cadmium Transporters in the kidney and Cadmium-induced Nephrotoxicity, Int J
Mol Sci, 16, (2015) 1484.

Bernhoft RA, Cadmium toxicity and treatment: Review Article. The Science World Journal, (Hindawi
Publishing Corporation), 2013.

Abnosi MH & Golami S, Cadmium chloride treatment of rat significantly impairs membrane integrity
of mesenchymal stem cells via electrolyte imbalance and lipid peroxidation, a possible explanation of
Cd related osteoporosis, Iran J Basic Med Sci, 20 (2017) 280.

Illing AC, Shawki A, Cunningham CL & Mackenzie B, Substrate profile and metal-ion selectivity of
human divalent metal-ion transporter-1. J. Biol. Chem. 287 (2012) 30485.

Andrews NC & Schmidt PJ, Iron homeostasis, Ann Rev Physiol, 69 (2007) 69.

Bannon DI, Abounader R, Lees PS & Bressler JP, Effect of DMT1 knockdown on iron, cadmium, and
lead uptake in Caco-2 cells, Am J Physiol Cell Physiol, 284 (2003) 44.

Kim DW, Kim KY, Choi BS, Youn P, Ryu DY, Klaassen CD & Park JD, Regulation of metal
transporters by dietary iron, and the relationship between body iron levels and cadmium uptake, Arch
Toxicol, 81 (2007) 327.

Ryu DY, Lee SJ, Park DW, Choi BS, Klaassen CD & Park JD, Dietary iron regulates intestinal
cadmium absorption through iron transporters in rats, Toxicol Lett, 152 (2004) 19.

Park JD, Cherrington NJ & Klaassen CD, Intestinal absorption of cadmium is associated with divalent
metal transporter 1 in rats, Toxicol Sci, 68 (2002) 288.

Zager RA, Johnson AC & Hanson SY, Parenteral iron nephrotoxicity: potential mechanisms and
consequences, Kidney Int, 66 (2004) 144.

Brzéska MM & Moniuszko-Jakoniuk J, Interaction between cadmium and zinc in the organism, Food
Chem Toxicol, 39 (2001) 967.

Jenkitkasemwong S, Wang CY, Mackenzie B & Knutson MD, Physiologic implications of metal-ion
transport by ZIP14 and ZIP8, Biometals, 25 (2012) 643.

Fujishiro H, Yano Y, Takada Y, Tanihara M & Himeno S, Roles of ZIP8, ZIP14, and DMT1 in
transport of cadmium and manganese in mouse kidney proximal tubule cells, Metallomics, 4 (2013)
700.

Martin P, Boulukos KE, Poggi MC & Pognonec P, Long-term extracellular signal-related kinase
activation following cadmium intoxication is negatively regulated by a protein kinase C-dependent
pathway affecting cadmium transport, FEBS J, 276 (2009) 1667.

Fujishiro H, Ohashi T, Takuma M & Himeno S, Suppression of ZIP8 expression is a common feature
of cadmium-resistant and manganese-resistant RBL-2H3 cells, Metallomics, 5 (2013) 437.

Barbier O, Jacquillet G, Tauc M, Poujeol P & Cougnon M, Acute study of interaction among cadmium,
calcium, and zinc transport along the rat nephron in vivo, Am J Physiol Renal Physiol, 287 (2004)
1067.

158



35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,
46.
47.
48.
49.

50.
51

52.

53.

54.

55.

Agbadua et al.

El-Sayed A, Salem SM, El-Garhy AA, Rahman ZA & Kandil AM, Protective effect of zinc against
cadmium toxicity on pregnant rats and their fetuses at morphological, physiological and molecular
level, Afr J Biotechnol, 12 (2013) 2110.

Messaoudi IEL, Heni J, Hammouda F, Said K & Kerkeni A, Protective effects of selenium, zinc or
their combination on cadmium induced oxidative stress in rat kidney, Biol. Trace Elem. Res, 130
(2009) 152.

Dreosti H, Zinc and the gene, Mutat Res, 475 (2001) 161.

Novelli ELB, Hernandes RT, Novelli Filho JLVB & Barbosa LL, Differential/combined effect of water
contamination with cadmium and nickel on tissues of rats, Environ Pollu, 103 (1998) 295.

Sarhan MJ, Roels H, Lauwerys R, Reyners H & Gianfelicide RE, Influence of manganese on the
gastrointestinal absorption of cadmium in rats, J Appl Toxicol, 6 (1986) 313.

Atessahin A, Karahan I, Yilmaz S, Ceribasi AO & Princci |, The effect of manganese chloride on
gentamicin-induced nephrotoxicity in rats, Pharmacol Res, 48 (2003) 637.

Vaishich MH & Koch VH, Hypophosphatemic rickets: results of a long-term follow-up, Pediatr
Nephrol, 21 (2006) 230.

Lee J & Vasikaran S, Current Recommendations for Laboratory Testing and Use of Bone Turnover
Markers in Management of Osteoporosis, Ann Lab Med 32 (2012) 105.

Oner G, Bhaumick B & Bala RM, Effect of zinc deficiency on serum somatomedin levels and skeletal
growth in young rats, Endocrinology, 114 (1984) 1860.

Brzdska MM, Galazyn-Sidorczuk M, Roszczenko A, Jurczuk M, Majewska K & Moniuszko-Jaconiuk
J, Beneficial effect of zinc supplementation on biomechanical properties of femoral distal end and
femoral diaphysis of male rats chronically exposed to cadmium, Chem. Biol. Interact, 171 (2009) 312.
Yamaguchi M & Yamaguchi R, Action of zinc on bone metabolism in rats: increases in alkaline
phosphatase activity and DNA content, Biochem Pharmacol, 35 (1986) 773.

Palacios C, The Role of Nutrients in Bone Health, from A to Z, Crit Rev Food Sci Nutr, 46 (2006) 621.
Holick MF, Vitamin D deficiency, N Engl J Med, 357 (2007) 266.

Peraza MA, Ayala-Fierro F, Barber DS, Casarez E & Rael LT, Effect of micronutrients on metal
toxicity, Environ Health Perspect, 106 (1998) 203.

Flora SJS, Mittal M & Mehta A, Heavy metal induced oxidative stress & its possible reversal by
chelation therapy, Indian J Med Res, 128 (2008) 501.

Horiguchi H, Anemia Induced by Cadmium Intoxication, Jpn J Hyg, 62 (2007) 888.

Petering HG, Murthy L & Cerklewski FL, Role of nutrition in heavy metal toxicity. In: Biochemical
Effects of Environmental Pollutants, edited by Lee SD (Arbor Science, Ann, Arbor, Ml), 1977, 365.
Moosavi MJ & Shamushaki VAJ, Effect of Sub-Acute Exposure to Nickel on Hematological and
Biochemical Indices in Gold Fish (Carassius auratus), J Clin Toxicol, 5 (2015) 228.

Nielsen FH, Myron DR, Givand SH, Zimmerman TJ & Ollerich DA, Nickel deficiency in rats, J Nutr,
105 (1975) 1620.

Turgut S, Polat A, Inan M, Turgut G, Emmungil G, Bican M, Karakus TY & Genc O, Interaction
Between Anemia and Blood Levels of Iron, Zinc, Copper, Cadmium and Lead in Children, Indian J
Pediatr, 74 (2007) 827.

Indravathi G, Kuran KK, Bhuvaneswari DC, Manganese Induced Hematological Alterations in Albino
Rats: Reversal Effect of Alpha-Tocopherol, IJIRSET, 3 (2014) 14988.

159



