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Abstract 

Hexavalent chromium raises high concern because of its wide industrial 

applications and reported toxicity. Long-term (135 days) oral exposure of Wistar rats 

to chromium in the form of K2Cr2O7 (exposed group~20mg/kg/day) led to a decrease 

in thymus mass and thymocytes’ number and caused structural and functional changes 

in the lymph nodes and spleen, namely lymphoreticular hyperplasia and plasmocytic 

macrophage transformation. Programmed cell death was increased in both thymocytes 

and splenocytes and decreased in lymphocytes  in the T-zones of spleen and lymph 

nodes. Moreover, Cr (VI) administration decreased myeloid cells’ and neutrophils’ 

number, while it increased lymphoid and erythroid cells’ number in bone marrow. Cr 

(VI) immune system effects seem to be related to oxidative stress induction, as 

depicted by the increased levels of diene conjugates and malondialdehyde in the 

spleen and liver and by the decreased activity of catalase and superoxide dismutase in 

rats’ erythrocytes. In addition, exposure to Cr (VI) decreased copper, nickel and iron 

concentrations in blood and liver, while Cr levels in blood, spleen and liver were 

increased, as expected. The observed changes in the series of immunological 

parameters studied contribute to the the development of new approaches for the 

prevention of low level Cr exposure toxicity.  
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Introduction 
 

It is known that the immune system can be suppressed leading to agent-

induced secondary immunodeficiency after exposure to certain toxicants (Hartung and 

Corsini, 2013; Hartung 2016; Hultman, 2007; Tsiaoussis et al., 2019). Many different 

inorganic elements, chromium (Cr) being one of them, may act as toxicants. Among 

chromium compounds, hexavalent chromium [Cr (VI)] is of particular interest as it is 

widely used in different industries (in metal, leather, textile, chemical, paint, 

pharmaceutical, etc.). Furthermore, Cr (VI) markedly accumulates in the body and 

causes toxic effects at a wide range of concentrations (ECHA, 2015; EFSA, 2014; 

Holmes et al., 2008). It has been characterized as carcinogenic to humans (Group I) 

by the International Agency for Research on Cancer (IARC, 2012). Hence, 

applications of Cr (VI) in commercial products have been restricted under Regulation 

(EC) 1907/2006 in the European Union.  

Apart from occupational exposure and exposure from commercial products, 

food and water are the important sources for the majority of toxic metals for humans, 

including Cr as well (González-Weller et al., 2013; Renieri et al., 2019; Taghizadeh et 

al., 2017). It is worth acknowledging however, that real life exposure scenarios 

concern exposures to multiple stressors, which can be challenging to study (Docea et 

al., 2018; Hernández & Tsatsakis, 2017; Kostoff, Goumenou, & Tsatsakis, 2018; A. 

Tsatsakis, Goumenou, Liesivuori, Dekant, & Hernández, 2019; A M Tsatsakis et al., 

2017; Aristidis M. Tsatsakis, Docea, & Tsitsimpikou, 2016). The highest 

concentrations of chromium in food are found in mushrooms, oysters, liver, brewer’s 

yeast, and black pepper while low contents are reported for meat, fruits, grain, and 

vegetables (González-Weller et al., 2013). Chromium in its normal oxidation state in 

biological tissues which is Cr (III) is an essential mineral believed to be a component 



of the glucose tolerance factor with a role in the carbohydrate metabolism involved in 

cardiovascular risk and the metabolic syndrome (Hummel et al., 2007). Chromium 

toxicity is closely associated with its oxidation state, where hexavalent compounds are 

about 10–100 times more toxic than the trivalent ones, when administered orally 

(Soares et al., 2010). Trivalent forms of Cr (which are mainly present in food) have a 

low toxicity (Reilly, 2002). Concerning the risks that the presence of Cr (VI) in food 

and drinking water pose to public health, the European Food Safety Authority (EFSA) 

reported a No-Observed-Adverse-Effect-Level (NOAEL) of 7.8 mg Cr (VI)/kg b.w. 

per day and a Lowest-Observed-Adverse-Effect-Level (LOAEL) of 15.7 mg Cr 

(VI)/kg b.w. per day (EFSA, 2014). Furthermore, the Agency for Toxic Substances 

and Disease Registry (ATSDR) following animal studies, noted an oral Minimal Risk 

Level (MRL) of 0.005 mg/kg b.w. per day for intermediate exposure and 

nonneoplastic effects (ASTDR, 2012). 

Cr (VI) introduced into the organism through the oral route, is reduced to Cr 

(III), thus giving rise to free radicals which are mainly implicated in Cr (VI) induced 

toxicity (ASTDR, 2012; EFSA, 2014; Shrivastava et al., 2002). Several animal 

studies, investigating various Cr (VI) oral toxicity endpoints, revealed that among 

major targets of Cr (VI) compounds are the immune system (Bucher, 2007), liver and 

kidneys, as well as the hematological system and the gastrointestinal tract (Vihol et 

al., 2012).  Moreover, immunotoxicity of Cr (VI) has been reported through dermal 

exposure as well, following direct contact with the skin which causes a systemic 

reaction of the immune system (ASTDR, 2012; Shrivastava et al., 2002). 

Cr (VI) effects on the immune system involve morphological and functional 

damage to its organs such as thymus, spleen lymph nodes, and bone marrow 

(Hultman, 2007). Immunologically active tissues can serve as toxicity biomarkers 



because of the early reaction of the immune system following exposure to organic or 

inorganic chemicals (Chaturvedi et al., 2011). The most commonly investigated 

morphological endpoint of the immune system is the determination of the morpho-

functional alterations in the lymphoid tissue after long-term exposure to different 

toxicants of organic and inorganic origin (Holmes et al., 2008).  

Hence, the aim of the present work was to perform a comprehensive in vivo 

assessment of chronic effects of Cr (VI) on the morphological, immunological and 

oxidative stress parameters in Wistar rats’ spleen and lymph nodes. 

 

1. Materials and methods 

2.1. Study design 

 Experimental studies were conducted in 280 healthy pubertal male Wistar rats 

(250-300 g) maintained on a standard diet. Animals were randomized into 2 groups, 

exposed, (n=210) and control (unexposed) group, (n=70). The exposed group received 

the following treatments for either 45, 90 or 135 consecutive days: potassium 

dichromate (K2Cr2O7, Scientific-Production Enterprise "Polykhim", St. Petersburg, 

Russia) dissolved in drinking water, while the control group was receiving only 

drinking water and was kept under the same standard conditions (i.e. room 

temperature of 22°C, 50-60% humidity and 12 h night:12 h day photoperiod) as the 

exposed group during the entire experiment. Water and food was given ad libitum to 

both groups. The choice of dose, method of administration and the duration of the 

experiment were substantiated by previous studies (Utenin, 2002) and available 

literature (ASTDR, 2012). Based on rat daily average drinking water intake of 15-16 

ml (Bucher, 2007) that contained 4-6 mg of the potassium dichromate dissolved, 

average Cr (VI) intake in exposed group approximately corresponded to 



20mg/kg/day. On days 45 (n=72), 90 (n=68) or 135 (n=70) of the experiment, the 

animals from exposed group were sacrificed using an overdose of ketamine and the 

parameters described below were evaluated at all time points. All animals from 

control group were sacrificed at the end of the experiment (135th day). The work is 

approved by the expert examination of the Orenburg State Medical University Ethics 

Committee (protocol №9, 14.05.08). 

2.2. Immunological parameters 

On day 45, 90 and 135 of the experiment, rats’ thymus mass and spleen mass 

along with number of thymus, spleen and bone marrow nuclear cells were 

determined; spleen and bone marrow cellular composition was assessed in accordance 

with the laboratory methods of experimental animal studies (Volchegorskij et al., 

2000).  

Blood was collected in test tubes ("Venosafe", Belgium) without EDTA, 

maintained 30 minutes and then centrifuged within 15 minutes at 1500 rpm. For 

preparation of the homogenate the tissue sample (1 g) was homogenized in 5 ml of the 

phosphatic buffer and protein content was assessed according to the method (Lowry, 

1951).  

Immunophenotyping of splenocytes was examined using monoclonal antibodies 

(“eBioscience”, USA) against CD3, CD4, CD8 receptors. Percentage of CD3+, 

CD4+, CD8+ spleen lymphocytes was defined using the flow cytometer “FACS 

Canto II” with two lasers (“Becton Dickinson”, USA). Cell cycle and apoptosis of 

splenocytes were assessed using the DNA fluorochrome staining method, followed by 

the cytofluorometry using the flow cytometer FACS Calibur (Sibirijak et al., 2008).  

The effect of Cr (VI) on the splenocytes’ cytokine production (IL-4, IL-6, IL-10, and 

IFNγ) (pg/ml) was also studied in the supernatants of splenocytes’ cultures with and 



without stimulation with concanavalin A (ConA) using the enzyme-linked 

immunosorbent assay technique (ELISA) (Bender MedSystems, Austria), which was 

finally measured using a spectrophotometer at 450 nm (Multiskan, Labsystems, 

Finland).  

 

2.3. Morphological parameters 

 Morphological investigations were conducted in 15 randomly selected rats of the 

Cr(VI) exposed group and in 9 rats of the control group on days 45, 90 and 135, 

respectively, using general morphometric and histological methods of investigation. 

Conducting morphological studies on 15 experimental and 9 control rats was justified 

by the fact that in each stage of the experiment (45, 90, 135 days) 5 animals were 

taken. This allowed us to produce 100 histological sections from each rat (500 

sections for each stage, 1500 sections in total). Such a number of objects (histo-slices) 

ensured morphometry and statistical processing of quantitative data. 

Tissue fixation was made using 10% neutral formalin solution. Paraffin sections 

were stained with Mayer`s hematoxylin and eosin (H&E). Morphometric studies were 

performed by ocular micrometer. In order to determine the pro-apoptotic protein p53 

expression levels and the anti-apoptotic Bcl-2 protein levels, the avidin-biotin-

peroxidase method was used as previously described (Geyer, 1973). Proteins’ 

expression levels were expressed as the amount of positively stained cells per 1000 

cells (permille) (Geyer, 1973).  

Comparative analysis of the areas occupied by the germinal center and the peri-

arterial sheath (in µm) in rats’ spleen was performed in exposed and control animals. 

Area measurements were performed in the H&E stained paraffin-embedded slides of 



spleen obtained from the three Cr (VI) exposed groups in three different time points 

post dichromate administration and from the control group.  

 

2.4.   Parameters of oxidative stress 

Superoxide dismutases (SOD) activity was determined by adrenaline auto-

oxidation in the alkaline environment. Oxidation speed of adrenaline was estimated 

based on kinetics of optical density change at 347 nm (Sirota, 1999). 

Determination of catalase activity was carried out by a kinetic 

spectrophotometric method of direct registration of decomposition of a substrate of 

the enzyme - hydrogen peroxide. The amount of the enzyme was enough to cause 

falling of optical density from 0.45 to 0.4 in 17 seconds per unit of activity of a 

catalase (Zuck, 1963). 

Concentration of malondialdehyde (MDA) homogenates of liver and spleen was 

determined via the 2-thiobarbituric acid (TBA) test (Himreaktivsnab, Russia) 

(Volchegorsky et al., 2000). 

Concentration of the diene conjugates (DC) in liver and spleen homogenates 

was determined by a maximum of lipid solution absorption characteristic of DC, in 

system isopropanol-heptane (1:1) at 233 nm (Volchegorsky et al., 2000). 

2.5.   Microelements analysis 

Microelements, i.e. iron (Fe), cooper (Cu), zinc (Zn), Cr and nickel (Ni)) 

content in blood, liver and spleen tissues was determined by atomic absorption 

spectroscopy using the spectrophotometer "KBAHT-2A" (company «LLC Korchek», 

Russia). To study the changes in the elemental composition caused by Cr intake: 

blood, liver, spleen of the experimental animals were isolated and frozen at –20 °C. 

Sample preparation of the selected samples was performed by dry ashing, followed by 



dissolving the residue in a mixture of nitric and trichloroacetic acids. Selected blood 

samples, not less than 1 ml, and organs, not less than 5 g, were placed in a crucible 

and dried for 1.5 hours at a temperature of 110 ºС in a drying cabinet, then for 1.5 

hours at a temperature of 250 ºС. After that, ammonium sulfate was added to the 

sample and at a temperature of 450-500 °C the sample was reduced to ashes in a 

muffle furnace. After cooling in a desiccator, 0.3-0.5 ml of concentrated nitric acid 

was added to the sample and evaporated to “wet salts”. Then, 5 ml of 1% nitric acid 

was added to the cooled residue and left for 30-40 minutes, filtered and transferred to 

a test tube with a ground up stopper (Onishchenko, 2011). 

 

2.6. Statistical analysis 

Results were analyzed using analysis of non-parametric Mann-Whitney test to 

compare groups since the data did not follow the normal distribution (according to 

Kolmogorov-Smirnov test). Study parameters were presented as medians (Me) and 

inter-quartile range (25th and 75th percentile), as well as mean arithmetic values (M) ± 

the standard error of the mean (SEM).  The statistical package STATISTICА 10 was 

used. Differences between treatment groups were considered significant when p<0.05. 

 

3. Results  

3.1. Body weight 

The initial weight of the control and experimental rats was 180-200g. As they mature, 

the weight of the rats increased, especially in the control group. The average weight of 

rats was: for controls - 316 ± 8.66; on the 45th day - 252 ± 7.39 g; on the 90th - 306 ± 

8.08 g; on the 135th - 270 ± 8.78 g. 



3.2. Immunological analysis 

 In rats exposed to Cr (VI), no pathological changes in leukocytes’ number and 

differential leukocyte count were observed after 3 months of exposure (animals 

sacrificed at 90th day). After 135 days of exposure, significant decreases in thymus 

(33.5%) and spleen (27.4%) weights were observed compared to controls; the 

populations of thymocytes (55%) and splenic karyocytes (42.9%) were also 

significantly reduced (Table 1). 

 
 

Table 1. Mean (Me) mass of rats, thymus, spleen and number (No) of thymocytes and 
spleenocytes, marrow karyocytes populations in Wistar rats of the exposed and 
control group 
 

 
Exposed group  Control group 

 
45th  day 90th  day 135th  day  

 Me [25th;75th 
percentile] Me [25th;75th 

percentile] Me [25th;27th 
percentile] Me [25th;75th 

percentile] 

Rat mass,( g) 
250,0* 
n=29 

[239,4; 278,0] 
345,0* 
n=21 

[332,0; 360,0] 
260,0* 
n=13 

[250,0; 290,0] 
322,0 
n=41 

[297,5; 360,0] 

Thymus mass, (mg) 
257,0* 
n=30 

[160,0;283,0] 
208,0* 
n=22 

[180,0; 258,0] 
173,0 
n=13 

[165,0; 175,0] 
243,0 
n=54 

[196,0; 295,0] 

No of thymocytes,  
х 106 

310,0* 
n=30 

[215,0; 400,0] 
350,0 
n=22 

[330,0; 360,0] 
195,0* 
n=13 

[182,0; 205,0] 
464,0 
n=54 

[328,0; 538,0] 

Spleen mass, (mg) 
973,0* 
n=40 

[858,0; 
1189,0] 

990,0 
n=22 

[913,0; 1053,0] 
755,0* 
n=13 

[683,0; 766,0] 
1046,0 
n=54 

[946,0; 1128,0] 

Splenic karyocytes No х 106 
946,0* 
n=40 

[868,0; 
1168,0] 

537,0* 
n=22 

[453,0; 74100] 
590,0* 
n=13 

[557,0; 621,0] 
1041,0 
n=54 

[868,0; 165,0] 

Bone marrow karyocyte No х 
106 

82,0  
n=21 

[75,0; 102,0] 
62,0  
n=22 

[56,0; 74,0] 
85,0* 
n=13 

[75,0; 90,0] 
76,5 
n=54 

[58,0; 95,0] 

Medians marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 
 

At 45 days, no changes in the cellular composition of the spleen were found. 

Decreased numbers of lymphoid and plasma cells and increased numbers of erythroid 

cells were observed on the 90th day of the experiment. After 135 days, analogous 

alternative changes were observed, to the ones detected at 90 days (Figure 1). 

 

 



 

 

 

Figure 1. Сellular composition of the spleen (cells:  lymphoid (A), erythroid (В); С – myeloid (___), 
plasma cells (-----) of the exposed and control group Wistar rats. * Significant differences (p<0.05) with the 
control group  

 

In bone marrow, myeloid cells’ and neutrophils’ numbers were reduced, while the 

number of lymphoid and erythroid cells rose (Figure 2).  



 

Figure 2. Сellular composition of the bone marrow (cells: А -  lymphoid (___), erythroid (----); В - 
myeloid(___), neutrophils’(----) of the exposed and control group Wistar rats. * Significant differences 
(p<0.05) with the control group  

 

Investigation of the pattern of spleen T-lymphocyte subpopulations of Cr (VI)-treated 

rats (Table 2) showed decreased counts of absolute CD3+ and CD4+ lymphocytes on 

the 90th and the 135th day of exposure, which indicates Cr (VI) immunosuppressive 

properties.  

 

Table 2.  Spleen lymphocyte subpopulations in Wistar rats of the exposed and control group 

 Exposed group   Control group 

 
45th  day(n= 20) 90th  day(n=11) 135th  day(n=5) (n=24) 

 Me 
[25th;75th 
percentile] Me 

[25th;75th 
percentile] Me 

[25th;27th 
percentile] Me 

[25th;75th 
percentile] 

Splenocytes No 940.00 
[869.00; 
1022.00] 

671.00 
[492.00; 
860.00] 

606.00* 
[557.00; 
713.00] 

883.50 
[727.00; 
1110.00] 

CD3+ (%) 45.88 
[41.33; 
51.30] 

46.30 
[44.60; 
47.400] 

44.600 
[44.20; 
52.400] 

49.20 
[44.80; 
51.00] 

CD3+ ( х106) 419.87 
[372.19; 
458.61] 

229.23* 
[238.14; 
376.36] 

270.28* 
[245.76; 
283.76] 

445.92 
[310.38; 
544.32] 

CD4+ ( %) 32.75* 
[27.50; 
34.45] 

35.00 
[28.50; 
36.10] 

37.60 
[28.50; 
39.70] 

37.65 
[34.50; 
40.25] 

CD4+ (х106) 307.62 
[230.85; 
343.73] 

225.45* 
[140.22; 
257.36] 

221.84* 
[138.23; 
249.74] 

323.33 
[278.87; 
411.20] 

CD8+ (%) 16.76 
[10.60; 
19.70] 

7.00* 
[6.40;  
8.60] 

13.80 
[11.80; 
18.20] 

13.50 
[9.60; 
17.90] 

CD8+ (х106) 159.93 
[101.10; 
182.62] 

54.08* 
[42.94; 
76.37] 

104.72 
[76.08; 
117.64] 

99.77 
[73.39; 
191.09] 

Medians marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 

 

  Figures 3 and 4 show the relative and absolute lymphocyte counts in the 

spleen and bone marrow at all time points of this experiment. The study revealed a 



significant decrease in relative lymphocyte count (at days 45 and 90) and absolute 

lymphocyte count (at days 45, 90, 135).  Both relative and absolute counts of bone 

marrow lymphocytes increased significantly even after 45 days of exposure and this 

increment persisted till the end of the experiment. 

 

Figure 3. Number of spleen lymphocytes (A-relative number, B-absolute number) of the exposed and 
control group Wistar rats. * Significant differences (p<0.05) with the control group  

  

                                              

                              

Figure 4. Number of bone marrow lymphocytes (A-relative number, B-absolute number) of the 
exposed and control group Wistar rats. * Significant differences (p<0.05) with the control group  

 

 

3.3. Morphological analysis 

Thymus’ morphological evaluation of the Cr (VI)-treated rats indicated a 

number of structural-functional changes, namely parenchyma and stroma cellular re-

organization, signs of ultra-structural injuries of the cytoplasmic components and 

increases in damaged forms of thymocytes and considerable decreases in thymocytes’ 



counts in thymus lobules’ cortices were observed. Increased Hassall`s bodies and 

adipocytes’ number, stromal fibrillogenesis, reactive changes in microcirculation 

vessels were found, while decreased function-specific reticular epitheliocytes were 

present with diminished association with T-lymphocytes (Figure 5). These changes 

can be attributed to a Cr (VI)-induced functional impairment of the central immune 

system. 

 

 

 

 

 

Figure 5. Morphological effects of Cr(VI) on Wistar rats. Lymphocyte decortication in the thymus of 

experimental animals. Stage: 90 days., Dye: hematoxylin-eosin. Magnification lens 40 eyepiece 10  

 Histopathological evaluation of Cr (VI)-exposed rats’ spleens on days 45, 90 

and 135 of the experiment, showed a plethora of the trabecular and pulpal vessels and 

an increase in lymphoid follicles’ size. The hyperplastic reaction of the germinal 

zones was observed along with an accumulation of plasmоcytes and macrophages. 

Morphometric evaluation showed an increase in the spleen’s white pulp size (Table 3) 

accompanied by an increase of the B-zones. However significant increases in the T-

dependent (periarterial) zones were not observed. 

 

Table 3. Morphometric parameters of white pulp of spleen in Wistar rats of the exposed and control 
group. Comparative analysis of the areas occupied by germinal center and periarterial sheath (in µm) in 
the rats’ spleens with and without dichromate administration in the drinking water 



  

 Exposed group Control group 

 45th  day(n= 15) 90th  day(n=15) 135th  day(n=14) (n=16) 

 Me [25th;75th 
percentile] Me [25th;75th 

percentile] Me [25th;27th 
percentile] Me [25th;75th 

percentile] 

B-zone 887.00* 
[883.00; 
901.00] 

910.00* 
[907.00; 
911.00] 

1009.00* 
[1007.00; 
1014.00] 

812.00 
[810.00; 
815.00] 

T-zone 45.88* 
[41.33; 
51.30] 

46.30 
[44.60; 
47.400] 

44.60 
[44.20; 
52.400] 

49.20 
[44.80; 
51.00] 

Medians marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 

 

Dimensional analysis of spleen lymphoid follicles’ germinal centers and 

periarterial sheath was carried out for the evaluation of the T- and B-lymphocytes’ 

state. It was found that Cr (VI) exposure led to a significant decrease (by 32.5±2.1%, 

p<0.05) of periarterial sheath (T-zone) (at day 45), while the germinal center (B-zone) 

increased at days 45, 90 and 135. B-zones increase was connected to the increased 

number of B-lymphocytes. 

At each time point, the structural and functional evaluation of the lymph nodes 

of the exposed group found  an increased size of the lymph nodes, attributed to a 

change of the cellular elements (Figure 5). The ultrastructural study of lymph nodes 

paracortex revealed insults to reticular cells and lymphocytes.  

3.4. Immunocytochemical analysis 

Cr (VI) induced lymphocytes’ and thymocytes’ programmed cell death in the 

spleen (periarterial lymphoid sheath) and lymph nodes’ T-zones (paracortex) as 

presented in Table 4 and Figure 6a. Thymocytes’ and lymphocytes’ apoptosis in the 

spleen and lymph nodes T-dependent zones was identified at the ultra-structural level 

with the characteristic nucleus and cytoplasm changes (Figure 6b). At the 90th and the 

135th day of the experiment, not only individual cells, but also cell clusters underwent 

apoptosis. Following 90 days of Cr (VI) treatment, increased speed of splenocytes’ 

apoptosis were observed as depicted by the increased numbers of apoptotic cells 



(Table 4) along with a decreasing tendency of mitotically active cells’ counts, both of 

the pre-synthetic and in the resting cell cycle state cells. 

Table 4. Content of pro-apoptotic protein p53 and anti-apoptotic protein bcl2 in the organs of the 
immune system of Wistar rats of the exposed and control group (permille) 

 Exposed group   Control group 

 45th  day(n= 5) 90th  day(n=5) 135th  day(n=5) (n=5) 

 Me [25th;75th 
percentile] Me [25th;75th 

percentile] Me [25th;27th 
percentile] Me [25th;75th 

percentile] 
P53 in thymus 2.00* [1.00; 2.00] 3.00* [1.00; 4.00] 5.00* [4.00; 6.00] 0.00 [0.00; 1.00] 

Bcl2 in thymus 3.00* [3.00; 4.00] 4.00* [2.00; 4.00] 5.00* [4.00; 6.00] 1.00 [1.00; 2.00] 

P53 in spleen 3.00* [1.00; 3.00] 4.00* [4.00; 5.00] 5.00* [4.00; 5.00] 0.00 [0.00; 1.00] 

Bcl2 in spleen 4.00* [4.00; 4.00] 5.00* [4.00; 5.00] 5.00* [5.00; 5.00] 1.00 [1.00; 1.00] 

P53 in lymph nodes 3.00* [3.00; 3.00] 5.00* [5.00; 6.00] 6.00* [6.00; 7.00] 0.00 [0.00; 0.00] 

Bcl2 in lymph nodes 4.00* [3.00; 4.00] 5.00* [4.00; 5.00] 6.00* [5.00; 6.00] 0.00 [0.00; 0.00] 

Medians marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 

 

 

 

 

 

 

 

 

Figure 6 (A),(B). Immunocytochemical effects of Cr (VI) on lymphocytes and cytocytes of exposed 

Wistar rats. (a) Lymphocyte decortication in the thymus of experimental animals. Stage: 90 days., 

Color: hematoxylin-eosin. Magnification lens 40 eyepiece 10, (b) Thymocyte in contact with 

reticuloepithelium cells. Diffraction pattern. Increase x22500 

 

 



Following exposure to potassium dichromate, the levels of IL-4, IL-6, IL-10, 

and IFN-γ secreted by the splenocytes were lower than the limits of detection of the 

ELISA kit. Con A induced splenocytes’ cytokines production, as evidenced by 

increased IL-4 levels at each time point. IL-6 levels, on the contrary, reached their 

lowest values on the 135th day (Table 5). In terms of IL-10 and IFN-γ production, no 

significant differences were observed compared to control animals. 

 

Table 5. Con A induced cytokine production (pg/ml) by splenocytes of Wistar rats of the exposed and 
control group. 

 

Exposed group   Control group 

 

45th  day(n= 8) 90th  day(n=10) 135th  day(n=9) (n=18) 

 Me 
[25th;75th 
percentile] Me 

[25th;75th 
percentile] Me 

[25th;27th 
percentile] Me 

[25th;75th 
percentile] 

IL-4 10,3* [5,5;16,9] 8,8* [5,4; 37,3] 87,0* [11,4; 94,7] 3,1 [1,4;7,1] 

IL-6 116,5 [35,3; 165,5] 113,6 [35,3;126,0] 98,4* [47,9;110,7] 112,2 [99,4;145,8] 

IL-10 60,5 [57,8;62,6] 82,3 [69,8;100,7] 90,4 [73,8; 105,4] 57,4 [47,7;109,0] 

IFN-γ 87,0 [41,5;123,9] 44,0 [36,0;66,7] 57,7 [27,1;126,6] 53,4 [48,3;59,3] 

Medians marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 
  
 

 

3.5. Analysis of oxidative stress parameters 

In the current study, Cr (VI) effects on free radicals-induced lipid 

peroxidation, as well as the antioxidant status were evaluated. The liver showed the 

most pronounced increase (by 43%) in the levels of diene conjugates on the 90th day, 

while the maximum MDA content (222%) was observed on the 45th day (Table 6). In 

the spleen, the highest levels of diene conjugate were found on the 90th day (121%) 

while MDA rise was observed on the 135th day (308%). 

Table 6. Effect of Cr (VI) on Wistar rats spleen and liver oxidative stress status (M ±m) 

Groups Days Spleen Liver 

Control 
group 

 Diene conjugates 
(unit wholesale. the 

square/mg of protein) 

Malondialdehyde 
(protein nmol/mg)  

Diene conjugates 
(unit wholesale. the 
square/mg protein) 

Malondialdehyde 
(protein nmol/mg)  

0,39±0,01 
(28) 

1,33±0,09 
(28) 

0,40±0,02 
(6) 

3,73±0,53 
(32) 



Exposed 
group 

45 0,34*±0,01 
(10) 

2,26±0,40 
(8) 

0,36*±0,01 
(10) 

8,28*±1,71 
(8) 

90 0,47*±0,01 
(8) 

2,03±0,32 
(12) 

0,57*±0,01 
(8) 

3,86±0,60 
(23) 

135 0,33*±0,02 
(8) 

4,10*±1,18 
(9) 

0,36*±0,01 
(8) 

5,96±2,19 
(9) 

Means marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 
  

 In order to clarify whether oxidation activation via free radical formation is due 

to decreased activity of the scavenging enzymes, SOD and catalase activity were 

monitored. A significant decrease of scavenging enzymes’ activity in the exposed 

rats’ erythrocytes was found: SOD level by 46% (90th day) and catalase activity by 

18% (45th day) and by 50% (135th day) (Table 7).  

 

Table 7. Effect of Cr (VI) on the activity of antioxidant enzymes in erythrocytes of 
Wistar rats  

Groups Days 
SOD, 

RU/гHb 
Catalase, 
RU/гHb 

Control group (n=20) 227±25.6 257.4±8.49 

Exposed group 

45 
(n=6) 

189±9.86 219*±3.75 

90 
(n=6) 

123*±14.2 275±8.04 

135 
(n=7) 

125±53.0 172*±20.8 

Means marked by * are significantly different from controls (Student t test, p<0.05). 
  
n represents the population number 

  

 

3.6. Micronutrient analysis 

 Micronutrients’ content in rats’ blood and organs was assessed in an attempt to 

elucidate whether there is a connection between the effects on the immunological and 

oxidative stress parameters. At each time point, decreased levels of Cu, Fe, and Ni but 

increased levels of Cr and Zn in the Cr-treated rats’ peripheral blood were observed. 

Noteworthy, these alterations were more pronounced on the 135th day (Table 8). 

Chromium concentration in spleen and liver of the exposed rats was increased and 

levels of Cu, Zn, and Fe were different at the various time points (Table 8).  



 

Table 8.  Micronutrient levels (µg/g) in blood, spleen, and liver of the exposed and control group 
Wistar rats (Me, the 25th and 75th percentile)  

Micronutrient levels in blood  

Exposed group Control group 

45th  day(n= 20) 90th  day(n=11) 135th  day(n=5) (n=24) 

 Me 
[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

% 
Me 

[25th;27th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

Cu 0.83 [0.74; 1.12] 95 0.65* [0.59; 0.71] 75 0.52* [0.36; 0.69] 60 0.87 [0,79; 1.02] 

Zn 5.32* [4.48; 7.14] 108 5.62* [5.02; 6.7] 114 3.88 [2.68; 5.09] 79 4.92 [4.0; 5.47] 

Fe 319* [276; 384] 87 399 [330; 473] 108 202* [125; 279] 55 368 [292; 477] 

Ni 0.03* [0.02; 0.07] 43 0.07 [0.03; 0.08] 100 0.02* [0.02; 0.03] 29 0.07 [0.03; 0.20] 

Cr 0.33* [0.22; 0.43]  0.23* [0.09; 0.29]  0.52* [0.36; 0.68]  0 [0; 0.02] 
 

Micronutrient levels in spleen 
 

 45th  day(n= 10) 90th  day(n=6) 135th  day(n=5) (n=17) 

 Me 
[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

Cu 2.06 [1.36; 3.72] 113 3.83 [2.35; 4.71] 210 2.46 [2.39; 2.53] 135 1.82 [1.58; 3.78] 

Zn 21.57 [15.86; 25.52] 116 12.6 [8.20; 23.64] 68 18.32 [18.15; 18.48] 99 18.53 [15.7; 22.67] 

Fe 138 [85; 231] 49 141* [87; 173] 50 490* [430; 549] 175 280 [127; 424] 

Ni 0.33 [0.05; 0.99] 69 1.24 [0.72; 1.64] 258 1.27 [1.17; 1.37] 265 0.48 [0.12; 1.21] 

Cr 3.39* [1.6; 7.65] 1130 2.60 [1.37; 5.71] 867 18 [13.85; 23.50] 6000 0.3 [0.02; 1.11] 
 
 

Micronutrient levels in liver 
 

 
45th  day(n= 15) 90th  day(n=8) 135th  day(n=5) (n=19) 

 Me 
[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

% 
Me 

[25th;75th 
percentile] 

Cu 2.28* 
[2.07; 
2.75] 

81 
2.23 [2.01; 2.65] 

79 
3.23* [2.81; 3.42] 

115 
2.82 [2.85; 3.11] 

Zn 17.04* 
[13.78; 
18.92] 

84 
17.6* [13.26; 20.36] 

87 
32* [23.66; 73.53] 

157 
20.32 [16.46; 25.24] 

Fe 42.44* [27; 48] 66 44.81 [36; 49] 70 103* [98; 113] 160 64.38 [55; 88] 

Ni 0.08 
[0.03; 
0.17] 

114 
0.14* [0.06; 0.19] 

200 
0.05 [0.03; 0.13] 

71 
0.07 [0.03; 0.08] 

Cr 3.32* 
[2.61; 
3.85] 

16600 
3.03* [1.94; 3.61] 

15150 
10.72* [8.65; 13.65] 

53600 
0.02 [0; 0.05] 

 
Medians marked by * are significantly different from controls (Mann-Whitney test, p<0.05). 
  
n represents the population number 
% - the percentage of deviation of the values of the experimental groups from the control level 
 

 
4. Discussion 

Reductions in thymus weight and thymocytes population observed throughout the 

experiment following exposure to Cr (VI) could be attributed to the redistribution of 

thymocytes due to the lymphocyte pool replenishment in peripheral blood and 

peripheral lymphoid organs (Yarilin, 2010). The immunotoxic property of Cr (VI) has 

been previously demonstrated (Dai et al., 2017) as it decreases T cells viability and 



inhibits T cells activation. However, decreases in thymus cells’ number in the current 

study can be attributed in part to apoptosis linked to p53 protein, a pro-apoptotic 

factor, whose thymus cortex levels was considerably increased on the 135th day post-

exposure. Akbar et al. ( 2011) reported that apoptosis and subsequent inhibition of T-

lymphocyte expansion is induced by Cr (VI) while Shrivastava et al. (2002) noted that 

modulation of apoptosis regulatory gene p53 is involved in Cr (VI)-induced toxicity. 

Appearance of such apoptotic cells (single and in groups), provides evidence of the 

intracellular induction of programmed cell death.  

Furthermore, our data indicated a decreased T-lymphocyte activity that evidently 

reflects T-cell immunodeficiency. Probably this occurred because of immunocytes’ 

dysfunction (in particular B-cell zones showed morphological signs of hyper-

responsiveness). Thus, the developed morphological pattern in Cr (VI)-exposed 

animals shows the reciprocal responsiveness of central and peripheral organs of 

immunogenesis. 

This responsiveness was reflected as lymphoreticular hyperplasia and 

plasmocytic macrophage transformation of the spleen and lymph nodes. Notably, the 

extent of the organ damage corresponds with the intensity of their infiltration by 

polymorhonuclear and mast cells, characterizing the non-specific cellular component 

of the inflammatory response. 

Moreover, reduced numbers of the splenic cells population could be attributed 

to the suppression of lymphoproliferation (Kurlyandskiy et al., 2002). The increase in 

relative and absolute numbers of lymphoid cells in bone marrow, shown by the 

myelogram, can be explained by thymic and splenic lymphocytes ingress into bone 

marrow (O’Brien and Kortenkamp, 1994). At the same time, the observed increases in 

lymphoid cells count were probably due to the migration of extramedullary 



lymphocytes into bone marrow, which is necessary for hematopoiesis stimulation. 

Reduction of myeloid cells and neutrophils could result from neutrophil mobilization 

from the bone marrow into the blood flow (Kurlyandskiy and Filov, 2002; Yarilin , 

2010). 

 Also, it is possible that lymphoid organs’ hypocellularity occurred following 

direct damaging effect of Cr which impairs the cells’ energy exchange and leads to 

energy failure (Kurlyandskiy and Filov, 2002). Moreover, all Cr-induced changes are 

probably associated with the activation of the free radical oxidation process as one of 

the main mechanisms of cell damage in Cr exposure is thought to be the excessive 

activation of the free radical chain reactions, which subsequently lead to lipid 

peroxidation (Dlugosz et al., 2012; Shrivastava et al., 2002). Reduction/oxidation 

misbalance in cells is associated with an increase in lipid peroxidation and thus 

accumulation of oxygenates in rats’ liver and spleen is observed. Thus, Cr exposure 

led to the activation of free radical oxidation and lipid peroxidation and to the 

reduction of scavenging enzymes activity (i.e. decreased activity of catalase and SOD 

in erythrocytes) and increased diene conjugates and MDA concentrations in rats’ liver 

and spleen homogenates (Bagchi et al., 1995; Patlolla et al., 2009). The evidence of 

Cr-induced MDA concentration is also given in a study on mice in which mice were 

treated with K2Cr2O7 for 30 days (Rao et al., 2009). Ability of toxic metals to produce 

oxidative stress in different organs and cell lines have been shown in many studies 

and is regarded as one of the most important mechanisms of their toxicity (Engin et 

al., 2017; Matović et al., 2015; Wallace et al., 2019). 

In contrast to short term hexavalent chromium exposure studies following oral 

administration(Shipkowski et al., 2017)which showed rather few immunotoxic effects 

in female F344/N rats, SD rats, and B6C3F1 mice, long term exposure showed a 

variety of immunotoxic effects as the observed decrease in thymus mass and 



thymocytes’ number along with structural and functional changes in the lymph nodes 

and spleen, namely lymphoreticular hyperplasia and plasmocytic macrophage 

transformation. 

Immune senescence is thought to be linked to cancer. The observed 

morphological changes in thymus and the reduction of thymocytes’ number are 

associated with the immune senescence as thymus is the major site of T cell 

development and maturation (Hakim & Gress, 2007) Tissue Antigens. 2007; 

70(3):179–189). Also it appears that an inverse relationship exists between immune 

function and the incidence of many forms of cancer (Foster, Sivarapatna, & Gress, 

2011). Thymus microenvironment is essential for the adaptive immune system and 

altered thymus function can lead to increased risk for tumor relapse attributed to 

impaired immunological surveillance (Holländer, Krenger, & Blazar, 2010). At the 

same time the observed thymus changes can have implications for reproductive 

toxicity. The brain–pituitary–reproductive axis and the brain thymus–lymphoid axis 

are thought to communicate and several theories are postulated for a thymic control of 

reproductive physiology (Morale et al., 2003). 

Spleen depletion can be mediated via suppression of lymphoproliferation (i.e. 

the loss of cell count may depend on decreased reproduction). T-lymphocytes spleen 

subpopulations were all suppressed in the current study. CD4+ and CD8+ T-

lymphocytes are cells with distinct roles in immune system response, especially in 

cancer cases. In a previously conducted work on a similar model in Wistar rats treated 

with Cr (VI), it was found that a decrease in the relative and absolute number of CD3, 

CD4 splenocytes was accompanied by a decrease in the level of antibody-forming 

cells in the spleen (Smolyagin et al., 2013). Cr was found capable of inhibiting both 

CD4+ and CD8+ T cells proliferation upon activation (Dai et al., 2017). The observed 

changes in T-lymphocyte subpopulations in Cr-exposed rats’ spleens could also be the 

result of high microsomal cytochrome P450 cells’ content (Kurlyandskiy and Filov, 

2002).  

Cytokines are known to regulate the growth, differentiation, and activation of 

the immune cells (Dranoff, 2004). Recent review by Gangemi et al ( 2016) showed 

the impact of cytokine levels on health and the development of several chronic 

diseases. At the same time T-lymphocytes subsets have a specific pattern of cytokine 



secretion (Mclaughlin et al., 2017; Simbirtsev, 2018). Similarly to our study, specific 

cytokines’ expression was found decreased in an in vitro mouse spleen T cells’ model 

of Cr exposure (Dai et al., 2017) while IL-2 production was reduced in a study of Cr 

exposure of primary human lymphocytes in vitro (Akbar et al., 2011). In our study, 

IL-2, IL-4 and IL-10 secretion by T-lymphocytes was found decreased after Cr 

exposure. Con A stimulation up-regulated IL-4 expression at splenocytes’ cultures 

from Cr-exposed Wistar rats. Con A-induced changes in cytokines levels may be 

connected with different sensitivity of cells that secrete these cytokines to the effect of 

Cr, based on the peculiarities of folate receptors expression on the surface of these 

cells: Th1 (for IFNγ) and Th2 (for IL-4). Such hypothesis is supported by nonregular 

distribution (Valko et al., 2005) of one of the types of folate receptors (FR4) on the 

regulatory T-cells membranes, which allow identifying different subpopulations by 

their features. 

The observed micronutrients imbalance can also be the cause of changes in 

immunological factors. Chronic intake of Cr (VI) leads to its accumulation in an 

organism, which simultaneously results in decreases in necessary micronutrients like 

Cu, Fe, and Zn. Such an effect was observed for Cr (VI) ions, which possess 

tetrahedral configuration and enter cells through isostructural phosphate and sulfate 

transport channels (Valco et al., 2005; Kudrin and Gromova 2007). Other studies report 

significant increases in total Cr concentrations in various tissues of rats and mice 

following 90 days of exposure to sodium dichromate dihydrate in drinking water 

(Thompson et al., 2011). Moreover, the increase of Cr concentration in tissues is 

apparently dose-dependent as was demonstrated by increased concentrations of Cr in 

the blood, kidney, and femur detected in rats, mice and guinea pigs administered a 

range of Cr (VI) levels in their drinking water for 21 days. Increased levels of Cr (VI) 



with in a dose dependent manner were also observed in the liver and kidney of male 

and female mice (NTP, 2008). Rankov et al. (2010) reported a significant 

accumulation of Cr in genital organs and sexual accessory glands of white Wistar 

male rats exposed to drinking water containing 25, 50 or 75 mg Cr (VI)/ L. 

Furthermore, chronic intake of Cr dissolved in drinking water leads to intestinal 

malabsorption of other elements. It may be caused by Cr-induced oxidation of other 

ions, particularly oxidation of iron to the forms that cannot be absorbed. Cr (VI) 

oxidizing capacity is explained by its higher redox potential compared with the other 

elements.  

Another cause may be the competition for metal transport proteins on the 

enterocyte membranes, which can contribute to displacement of other microelements 

following chronic intake of high doses of Cr (VI) (Deicher and Hörl, 2006). Besides, 

reduction of micronutrients content may relate to the disruption of ligand homeostasis 

mechanism, presented by the competition for metal binding sites in transport proteins, 

which consequently results in displacement of other elements by Cr. Iron and Cu 

deficiency found in blood plasma samples may negatively affect scavenging enzymes 

formation, as observed at the beginning of the experiment because these 

microelements act as cofactors. Similar results were presented by Suh et al. (2014) 

who reported responses of rats and mice to Cr (VI) exposure for 90 days, consistent 

with Fe deficiency, including significant induction of divalent metal transporter 1 

(DMT1, Slc11a2) and transferrin receptor 1. Low scavenging enzymes activity, in 

turn, may be the cause of conspicuous activation of free radical oxidation processes 

and induction of oxidative stress (Dlugosz et al., 2012). Changes in micronutrient 

content may be also explained by their correlation with each other, presented as 

synergism or antagonism between toxic and essential elements (Buha et al., 2012; 



Bulat et al., 2017, 2012). In this regard, antagonism between Zn and Cu, Fe and Cr, 

Zn and Cr, and synergism between Fe and Ni have been suggested (Tuormaa, 2000). 

Increased Cr (VI) in hematological parameters may be due to the antagonism between 

Cr and Fe in binding to transferrin (Bjørklund et al., 2017).  

Similar results pointing to immunotoxicity were obtained in studies in which 

animals were treated with other toxic metals such as cadmium (Cd) and mercury (Hg). 

Cadmium administrated to rats daily by oral gavage for 2 weeks resulted in significant 

decreases in plasma levels of IgG and IgA, T-lymphocyte sub-types (CD4+, CD3+, 

CD56+, and CD8+), and in thymic and hepatic indices (relative weights) while it 

produced  formation/release of pro-inflammatory cytokines (IL-1 and TNFα), and 

increase of the relative spleen weight (Salah-Abbès et al., 2015). In a study conducted 

in Wistar rats treated orally with the different doses of mixtures of Cd and 

decabrominated diphenyl ethers the significant increase in white blood cells count 

was observed suggesting inflammation (Curcic et al., 2017). Repeated exposure to Hg 

via subcutaneous injection during 14 days impaired several immune parameters such 

as the production of TNF α, IL-1, nitric oxide by macrophages and cytokines 

production. It can be postulated that immune system can be directly affected by toxic 

metals leading to decreased resistance to infections or tumors, as well as certain auto-

immune disorders (Batista-Duharte et al., 2018).  

 

5. Conclusion 

Collectively, Cr (VI) exposure leads to the activation of free radical oxidation 

processes and to micronutrients’ imbalance, which can contribute to the development 

of the observed changes in immunological and biochemical factors. Chromium 

capacity to activate free radical oxidation processes is essential in Cr-induced 



cytotoxicity. It leads to the cell depletion in the organs of the immunogenesis and the 

development of immunological suppression. The observed changes in the series of 

immunological parameters studied provide new essential knowledge for the 

development of new approaches for the prevention of adverse effects due to Cr 

exposure.  

 
 
Conflict of Interest 
The authors declared no conflicts of interest. 
 
Acknowledgments 
 
This study was partially supported by the Special Research Account of University of 
Crete (ELKE No 4920), the University of Crete spin-off ToxPlus S.A. and by the 
Ministry of Education, Science and Technological Development of Serbia (Project III 
46009) 
 

The work is approved by the expert examination of the Orenburg State Medical 

University Ethics Committee (protocol №9, 14.05.) 

 

 

 

References 

 

1. Agency for Toxic Substances and Disease Registry (ASTDR), 2012. Toxicological 
profile for chromium. ATSDR 2000. 

2. Akbar, M., Brewer, J.M., Grant, M.H., 2011. Effect of chromium and cobalt ions on 
primary human lymphocytes in vitro. J. Immunotoxicol. 
https://doi.org/10.3109/1547691X.2011.553845 

3. Bagchi, D., Hassoun, E.A., Bagchi, M., Muldoon, D.F., Stohs, S.J., 1995. Oxidative 
stress induced by chronic administration of sodium dichromate [Cr(VI)] to rats. 
Comp. Biochem. Physiol. Part C Comp. https://doi.org/10.1016/0742-
8413(94)00103-H 

4. Batista-Duharte, A., Téllez-Martínez, D., Aparecida Jellmayer, J., Leandro Portuondo 
Fuentes, D., Campos Polesi, M., Martins Baviera, A., Zeppone Carlos, I., 2018. 
Repeated Exposition to Mercury (II) Chloride Enhances Susceptibility to S. schenckii 
sensu stricto Infection in Mice. J. Fungi. https://doi.org/10.3390/jof4020064 

5. Bjørklund, G., Aaseth, J., Skalny, A. V., Suliburska, J., Skalnaya, M.G., Nikonorov, 
A.A., Tinkov, A.A., 2017. Interactions of iron with manganese, zinc, chromium, and 
selenium as related to prophylaxis and treatment of iron deficiency. J. Trace Elem. 



Med. Biol. https://doi.org/10.1016/j.jtemb.2017.02.005 
6. Bucher, J.R., 2007. NTP toxicity studies of sodium dichromate dihydrate (CAS No. 

7789-12-0) administered in drinking water to male and female F344/N rats and 
B6C3F1 mice and male BALB/c and am3-C57BL/6 mice. Toxic. Rep. Ser. 

7. Buha, A., Bulat, Z., Dukić-Ćosić, D., Matović, V., 2012. Effects of oral and 
intraperitoneal magnesium treatment against cadmium induced oxidative stress in 
plasma of rats. Arh. Hig. Rada Toksikol. 63. https://doi.org/10.2478/10004-1254-63-
2012-2217 

8. Bulat, Z., Dukić-Ćosić, D., Antonijević, B., Buha, A., Bulat, P., Pavlović, Z., 
Matović, V., 2017. Can zinc supplementation ameliorate cadmium-induced 
alterations in the bioelement content in rabbits? Arh. Hig. Rada Toksikol. 68, 38–45. 
https://doi.org/10.1515/aiht-2017-68-2919 

9. Bulat, Z., Đukić-Ćosić, D., Antonijević, B., Bulat, P., Vujanović, D., Buha, A., 
Matović, V., 2012. Effect of Magnesium Supplementation on the Distribution 
Patterns of Zinc, Copper, and Magnesium in Rabbits Exposed to Prolonged Cadmium 
Intoxication. Sci. World J. 2012, 1–9. https://doi.org/10.1100/2012/572514 

10. Chaturvedi, A.K., Kemp, T.J., Pfeiffer, R.M., Biancotto, A., Williams, M., Munuo, 
S., Purdue, M.P., Hsing, A.W., Pinto, L., McCoy, J.P., Hildesheim, A., 2011. 
Evaluation of multiplexed cytokine and inflammation marker measurements: A 
methodologic study. Cancer Epidemiol. Biomarkers Prev. 
https://doi.org/10.1158/1055-9965.EPI-11-0221 

11. Curcic, M., Buha, A., Stankovic, S., Milovanovic, V., Bulat, Z., Đukić-Ćosić, D., 
Antonijević, E., Vučinić, S., Matović, V., Antonijevic, B., 2017. Interactions between 
cadmium and decabrominated diphenyl ether on blood cells count in rats—Multiple 
factorial regression analysis. Toxicology 376, 120–125. 
https://doi.org/10.1016/j.tox.2016.05.011 

12. Dai, L., Xu, W., Li, H., Frank, J.A., He, C., Zhang, Z., Chen, G., 2017. Effects of 
hexavalent chromium on mouse splenic T lymphocytes. Toxicol. Vitr. 
https://doi.org/10.1016/j.tiv.2017.09.006 

13. Deicher, R., Hörl, W.H., 2006. New insights into the regulation of iron homeostasis. 
Eur. J. Clin. Invest. https://doi.org/10.1111/j.1365-2362.2006.01633.x 

14. Dlugosz, A., Rembacz, K.P., Pruss, A., Durlak, M., Lembas-Bogaczyk, J., 2012. 
Influence of chromium on the natural antioxidant barrier. Polish J. Environ. Stud. 

15. Docea, A. O., Gofita, E., Goumenou, M., Calina, D., Rogoveanu, O., Varut, 
M., … Tsatsakis, A. (2018). Six months exposure to a real life mixture of 13 
chemicals’ below individual NOAELs induced non monotonic sex-dependent 
biochemical and redox status changes in rats. Food and Chemical Toxicology, 
115, 470–481. https://doi.org/10.1016/J.FCT.2018.03.052 

16. Dranoff, G., 2004. Cytokines in cancer pathogenesis and cancer therapy. Nat. Rev. 
Cancer. https://doi.org/10.1038/nrc1252 

17. Engin, A.B., Engin, E.D., Golokhvast, K., Spandidos, D.A., Tsatsakis, A.M., 2017. 
Glutamate-mediated effects of caffeine and interferon-γ on mercury-induced toxicity. 
Int. J. Mol. Med. https://doi.org/10.3892/ijmm.2017.2937 

18. European Chemicals Agency (ECHA), 2015. Opinion on an Annex XV dossier 
proposing restrictions on Perfluorooctanoic acid (PFOA), its salts and PFOA-related 
substances. Comm. Risk Assess. 

19. European Food Safety Authority, 2014. Scientific Opinion on the risks to public 
health related to the presence of chromium in food and drinking water. EFSA J. 
https://doi.org/10.2903/j.efsa.2014.3595 

20. Foster, A. D., Sivarapatna, A., & Gress, R. E. (2011). The aging immune system and 
its relationship with cancer. Aging Health, 7(5), 707–718. 
https://doi.org/10.2217/ahe.11.56 

21. Gangemi, S., Gofita, E., Costa, C., Teodoro, M., Briguglio, G., Nikitovic, D., 
Tzanakakis, G., Tsatsakis, A.M., Wilks, M.F., Spandidos, D.A., Fenga, C., 2016. 



Occupational and environmental exposure to pesticides and cytokine pathways in 
chronic diseases (Review). Int. J. Mol. Med. https://doi.org/10.3892/ijmm.2016.2728 

22. Geyer G. Ultrahistochemie. Veb Gustav Ficher Verlas, Jena, 1973, 490 p. 
23. González-Weller, D., Rubio, C., Gutiérrez, Á.J., González, G.L., Mesa, J.M.C., 

Gironés, C.R., Ojeda, A.B., Hardisson, A., 2013. Dietary intake of barium, bismuth, 
chromium, lithium, and strontium in a Spanish population (Canary Islands, Spain). 
Food Chem. Toxicol. https://doi.org/10.1016/j.fct.2013.10.026 

24. Hakim, F. T., & Gress, R. E. (2007). Immunosenescence: Deficits in adaptive 
immunity in the elderly. Tissue Antigens, 70(3), 179–189. 
https://doi.org/10.1111/j.1399-0039.2007.00891.x 

25. Hartung, T. (2016). Immunotoxicology. In eLS (pp. 1–8). Chichester, UK: John 
Wiley & Sons, Ltd. https://doi.org/10.1002/9780470015902.a0000955.pub3 

26. Hartung, T., Corsini, E., 2013. Food for thought: Immunotoxicology: Challenges in 
the 21st century and in vitro opportunities. ALTEX. 
https://doi.org/10.14573/altex.2013.4.411 

27. Hernández, A. F., & Tsatsakis, A. M. (2017). Human exposure to chemical mixtures: 
Challenges for the integration of toxicology with epidemiology data in risk 
assessment. Food and Chemical Toxicology, 103, 188–193. 
https://doi.org/10.1016/J.FCT.2017.03.012 

28. Holländer, G. A., Krenger, W., & Blazar, B. R. (2010). Emerging strategies to boost 
thymic function. Current Opinion in Pharmacology, 10(4), 443–453. 
https://doi.org/10.1016/J.COPH.2010.04.008 

29. Holmes, A.L., Wise, S.S., Wise, J.P., 2008. Carcinogenicity of hexavalent chromium. 
Indian J. Med. Res. 

30. Hultman, P. (2007). Immunotoxicology of Metals. Handbook on the Toxicology of 
Metals, 197–211. https://doi.org/10.1016/B978-012369413-3/50066-5 

31. Hummel, M., Standl, E., Schnell, O., 2007. Chromium in metabolic and 
cardiovascular disease, in: Hormone and Metabolic Research. 
https://doi.org/10.1055/s-2007-985847 

32. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, 2012. 
Arsenic, metals, fibres, and dusts. IARC Monogr. Eval. Carcinog. Risks Hum. 

33. Kostoff, R. N., Goumenou, M., & Tsatsakis, A. (2018). The role of toxic stimuli 
combinations in determining safe exposure limits. Toxicology Reports. 
https://doi.org/10.1016/j.toxrep.2018.10.010 

34. Kudrin A.V., Gromova O.A. Trace Elements in Immunology and Oncology. 
GEOTAR-Media, Moscow: 2007. -544p 

35. Kurlyandskiy B.A., Filov V.A., red. General Toxicology. Moscow: Meditsina 
[Medicine]; 2002: 608. (In Russian) 

36. Lowry O.H. et Protein measurement with the Folin phenol reagent /O.H. Lowry, N.J. 
Rosenbrougn, A.L. Farr, R.J. Randall//J.Biol.Chem. – 1951. – V. 193. – P.265-275. 

37. Matović, V., Buha, A., Dukić-Ćosić, D., Bulat, Z., 2015. Insight into the oxidative 
stress induced by lead and/or cadmium in blood, liver and kidneys. Food Chem. 
Toxicol. https://doi.org/10.1016/j.fct.2015.02.011 

38. Mclaughlin, T., Ackerman, S.E., Shen, L., Engleman, E., 2017. Role of innate and 
adaptive immunity in obesity-associated metabolic disease. J. Clin. Invest. 
https://doi.org/10.1172/JCI88876 

39. Morale, M. C., Gallo, F., Tirolo, C., L’Episcopo, F., Gennuso, F., Testa, N., … 
Marchetti, B. (2003). The reproductive system at the neuroendocrine-immune 
interface: focus on LHRH, estrogens and growth factors in LHRH neuron–glial 
interactions. Domestic Animal Endocrinology, 25(1), 21–46. 
https://doi.org/10.1016/S0739-7240(03)00043-2 

40. National Toxicology Program, 2008. Toxicology and carcinogenesis studies of 
sodium dichromate dihydrate (Cas No. 7789-12-0) in F344/N rats and B6C3F1 mice 



(drinking water studies). Natl. Toxicol. Program Tech. Rep. Ser. 
41. O’Brien, P., Kortenkamp, A., 1994. Chemical models important in understanding the 

ways in which chromate can damage DNA, in: Environmental Health Perspectives. 
42. Onishchenko G.G. Control of the content of chemical compounds and elements in 

biological media: a guide / GG. Onishchenko, N.V. Zaitseva, TS Ulanova; by ed. 
G.G. Onishchenko. - Perm: Book format, 2011. - 520 p. 

43. Patlolla, A.K., Barnes, C., Yedjou, C., Velma, V.R., Tchounwou, P.B., 2009. 
Oxidative stress, DNA damage, and antioxidant enzyme activity induced by 
hexavalent chromium in sprague-dawley rats. Environ. Toxicol. 
https://doi.org/10.1002/tox.20395 

44. Rankov J, Trif A, Negrea, P and Steliac S, 2010. Potassium dichromate exposure 
consequences on chromium level in rats genital organs and sexual accessory glands. 
Two generation study. Lucrari Stiintifice - Universitatea de Stiinte Agricole a 
Banatului Timisoara, Medicina Veterinara, 43, 128- 133. 

45. Rao, M. V., Chawla, S.L., Sharma, S.R., 2009. Protective role of vitamin E on nickel 
and/or chromium induced oxidative stress in the mouse ovary. Food Chem. Toxicol. 
https://doi.org/10.1016/j.fct.2009.03.018 

46. Reilly C. Metal Contamination of Food (third ed.), Blackwell Science Ltd., USA 
(2002) 

47. Renieri, E.A., Safenkova, I. V., Alegakis, A., Slutskaya, E.S., Kokaraki, V., Kentouri, 
M., Dzantiev, B.B., Tsatsakis, A.M., 2019. Cadmium, lead and mercury in muscle 
tissue of gilthead seabream and seabass: Risk evaluation for consumers. Food Chem. 
Toxicol. https://doi.org/10.1016/j.fct.2018.12.020 

48. Salah-Abbès, J. Ben, Abbès, S., Zohra, H., Oueslati, R., 2015. Tunisian radish 
(Raphanus sativus) extract prevents cadmium-induced immunotoxic and biochemical 
alterations in rats. J. Immunotoxicol. https://doi.org/10.3109/1547691X.2014.880534 

49. Shipkowski, K. A., Sheth, C. M., Smith, M. J., Hooth, M. J., White Jr, K. L., 
Germolec, D. R., & White, K. L. (2017). Assessment of immunotoxicity in female 
Fischer 344/N and Sprague Dawley rats and female B 6 C 3 F 1 mice exposed to 
hexavalent chromium via the drinking water. Journal of Immunotoxicology, 14(1), 
215–227. https://doi.org/10.1080/1547691X.2017.1394932 

50. Shrivastava, R., Upreti, R.K., Seth, P.K., Chaturvedi, U.C., 2002. Effects of 
chromium on the immune system. FEMS Immunol. Med. Microbiol. 
https://doi.org/10.1111/j.1574-695X.2002.tb00596.x 

51. Sibirijak S.V., Hajdukov S.V., Zurochka A.V., Chereshnev V.A. Evaluation of 
apoptosis in immunological research. Ekaterinburg, Ural Division, 2008: 59. (In 
Russian) 

52. Simbirtsev A.S. Cytokines in the pathogenesis and treatment of human diseases. - 
SPb: Foliant, 2018. - 512 p. 

53. Sirota T.V. A new approach to the study of adrenaline autoxidation process and its 
use for measuring the activity of superoxide dismutase. Vopr. med. Himii [Questions 
of medicinal chemistry]. 1999; 3:263 – 272. (In Russian) 

54. Smolyagin, A.I., Mikhailova, I.V., Ermolina, E.V., Krasikov, S.I., Boev, V.M. 2013. 
Experimental investigation of benzene and chromium exposure on immune system of 
the organism. Immunologija [Immunology]. vol.34, no.1: pp.57-60. (In Russian) 

55. Soares, M.E., Vieira, E., De Lourdes Bastos, M., 2010. Chromium speciation analysis 
in bread samples. J. Agric. Food Chem. https://doi.org/10.1021/jf903118v 

56. Suh, M., Thompson, C.M., Kirman, C.R., Carakostas, M.C., Haws, L.C., Harris, 
M.A., Proctor, D.M., 2014. High concentrations of hexavalent chromium in drinking 
water alter iron homeostasis in F344 rats and B6C3F1 mice. Food Chem. Toxicol. 
https://doi.org/10.1016/j.fct.2014.01.009 

57. Taghizadeh, S.F., Davarynejad, G., Asili, J., Nemati, S.H., Rezaee, R., Goumenou, 
M., Tsatsakis, A.M., Karimi, G., 2017. Health risk assessment of heavy metals via 
dietary intake of five pistachio (Pistacia vera L.) cultivars collected from different 
geographical sites of Iran. Food Chem. Toxicol. 



https://doi.org/10.1016/j.fct.2017.06.035 
58. Thompson, C.M., Haws, L.C., Harris, M.A., Gatto, N.M., Proctor, D.M., 2011. 

Application of the U.S. EPA mode of action framework for purposes of guiding 
future research: A case study involving the oral carcinogenicity of hexavalent 
chromium. Toxicol. Sci. https://doi.org/10.1093/toxsci/kfq320 

59. Tsatsakis, A. M., Docea, A. O., & Tsitsimpikou, C. (2016). New challenges in risk 
assessment of chemicals when simulating real exposure scenarios; simultaneous 
multi-chemicals’ low dose exposure. Food and Chemical Toxicology, 96, 174–176. 
https://doi.org/10.1016/j.fct.2016.08.011 

60. Tsatsakis, A. M., Kouretas, D., Tzatzarakis, M. N., Stivaktakis, P., Tsarouhas, K., 
Golokhvast, K. S., … Tsitsimpikou, C. (2017). Simulating real-life exposures to 
uncover possible risks to human health: A proposed consensus for a novel 
methodological approach. Human and Experimental Toxicology, 36(6), 554–564. 
https://doi.org/10.1177/0960327116681652 

61. Tsatsakis, A., Goumenou, M., Liesivuori, J., Dekant, W., & Hernández, A. F. (2019). 

Toxicology for real-life risk simulation – Editorial preface to this special issue. 
Toxicology Letters, 309, 33–34. https://doi.org/10.1016/J.TOXLET.2018.12.003 

62. Tsiaoussis, J., Antoniou, M.N., Koliarakis, I., Mesnage, R., Vardavas, C.I., Izotov, 
B.N., Psaroulaki, A., Tsatsakis, A., 2019. Effects of single and combined toxic 
exposures on the gut microbiome: Current knowledge and future directions. Toxicol. 
Lett. https://doi.org/10.1016/j.toxlet.2019.04.014 

63. Tuormaa, T.E., 2000. Chromium, selenium, copper and other trace minerals in health 
and reproduction. J. Orthomol. Med. 

64. Utenin V.V. Hygienic characteristics of chromium and benzene and the 
morphofunctional aspects of their effects on the body in experimental conditions: 
Author. diss ... Cand. honey. sciences. - Orenburg, 2002 – 24p. 

65. Valko, M., Morris, H., Cronin, M.T.D., 2005. Metals, toxicity and oxidative stress. 
Curr. Med. Chem. 

66. Vihol, P.D., Patel, J., Varia, R.D., Patel, J.M., Ghodasara, D.J., Joshi, B.P., Prajapati, 
K.S., 2012. Effects of Sodium Dichromate on Haemato-biochemical Parameters in 
Wistar Rats. J. Pharmacol. Toxicol. https://doi.org/10.3923/jpt.2012.58.63 

67. Volchegorskij I.A., Dolgushin I.I., Kolesnikov O.L., Cejlikman V.Je. Experimental 
modeling and laboratory evaluation of adaptive reactions. Cheljabinsk: ChGPU; 
2000: 167 p. 

68. Wallace, D., Spandidos, D., Tsatsakis, A., Schweitzer, A., Djordjevic, V., Djordjevic, 
A., 2019. Potential interaction of cadmium chloride with pancreatic mitochondria: 
Implications for pancreatic cancer. Int. J. Mol. Med. 1–12. 
https://doi.org/10.3892/ijmm.2019.4204 

69. Yarilin A.A. Immunology. Moscow:GEOTAR-Media; 2010: 749 
70. Zuck, H. In methods of enzymatic analysis / ed. by H. Bergmeger, Pergamon Press. – 

1963. – P.885 – 894. 

 

 

 

 

 

 



 

Highlights 

• Long-term Cr (VI) exposure leads to mass loss and decrease in cell number in rats 
spleen and thymus. 

• Long-term Cr (VI) exposure causes structural and functional changes in spleen. 

• Long-term Cr (VI) exposuredecreases the relative CD3+-, CD4+-, CD8+- lymphocytes 
count in rats. 

• Cr (VI) immune system effects could partly be attributed to oxidative stress induction. 

• Cr (VI) immune system effects could partly be attributed to to changes in  
micronutrient status. 
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