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A B S T R A C T   

It has been shown that exposure to hexavalent Chromium, Cr (VI), via nasal cavity can have neurotoxicological 
effects and induces behavioral impairment due to the fact that blood brain barrier (BBB) does not cover olfactory 
bulb. But whether Cr (VI) can cross the BBB and have a toxicological effects in central nervous system (CNS) 
remains unclear. Therefore, we investigated the effects of Cr (VI) on mice treated with different concentrations 
and exposure time (14 days and 28 days) of Cr (VI) via intraperitoneal injection. Results revealed that Cr 
accumulated in hypothalamus (HY) in a timely dependent manner. Much more severer neuropathologies was 
observed in the group of mice exposed to Cr (VI) for 28 days than that for 14 days. Gliosis, neuronal morpho
logical abnormalities, synaptic degeneration, BBB disruption and neuronal number loss were observed in HY. In 
terms of mechanism, the Nrf2 related antioxidant stress signaling dysfunction and activated NF-κB related in
flammatory pathway were observed in HY of Cr (VI) intoxication mice. And these neuropathologies and signaling 
defects appeared in a timely dependent manner. Taking together, we proved that Cr (VI) can enter HY due to 
weaker BBB in HY and HY is the most vulnerable CNS region to Cr (VI) exposure. The concentration of Cr in HY 
increased along with time. The accumulated Cr in HY can cause BBB disruption, neuronal morphological ab
normalities, synaptic degeneration and gliosis through Nrf2 and NF-κB signaling pathway. This finding improves 
our understanding of the neurological dysfunctions observed in individuals who have occupational exposure to 
Cr (VI), and provided potential therapeutic targets to treat neurotoxicological pathologies induced by Cr (VI).   
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1. Introduction 

Chromium (Cr), first discovered in 1797, is one of the top ten 
abundant elements on earth (Holmes et al., 2008). Cr mainly exists in 
two prevalent forms, trivalent chromium [Cr (III)] and hexavalent [Cr 
(VI)]. The Cr (III) is generally considered as nontoxic form but Cr (VI) 
due to its high toxic effect, has been listed as an environmental pollutant 
(DesMarais and Costa, 2019; Huang et al., 2022, 2021). Cr (VI) has been 
regarded as a heavy metal pollutant in 1998 and has gained much 
attention in recent years (Huang et al., 2018, 2020; Shaw et al., 2020). 
Industrial exposure or drinking water induced Cr (VI) toxicity have also 
drawn much attention in recent years (Wise et al., 2022). 

Cr (VI) has been shown to account for several types of cancers (Qie 
et al., 2022). Recent studies find Cr (VI) is also neurotoxic (Salama and 
Elgohary, 2021). Cr (VI) in the air could be absorbed by olfactory bulb 
and be transferred into the brain due to lack of blood brain barrier (BBB) 
in the olfactory bulb (Hanson and Frey, 2008). Several animal model 
studies observed neurotoxicity by potassium dichromate through 
intraperitoneal injection (Doker et al., 2010). However, whether Cr (VI) 
could enter CNS across the BBB is still in debate. Many studies differ
entially showed that the highest level of Cr was in pituitary, hypothal
amus (HY), cerebellum (CB) or temporal lobe in human brain 
(Calderon-Garciduenas et al., 2013; Civit et al., 2000; Rajan et al., 
1997). However, the spatial deposition of Cr in the brain has not been 
elucidated clearly. Identifying the distribution of Cr in the brain should 
help to understand whether Cr could enter the brain and the pathway for 
Cr to enter the brain. 

The BBB, consisted of astrocyte end feet, pericytes and endothelial 
cells, is a biological barrier to maintain the brain microenvironment 
(Kim et al., 2013; Reale et al., 2023). HY, as part of the hypothalamus - 
pituitary - adrenal gland (HPA) axis, produces neuroendocrine hor
mones that need to cross the BBB into the vessels (Carrera-Gonzalez 
et al., 2022; Khamirchi et al., 2020). Thus the BBB in HY is weaker 
among the whole brain (Haddad-Tovolli et al., 2017). Based on this, we 
speculate that the Cr (VI) might be able to cross the BBB in HY and 
accumulate in the brain. 

Following heavy metals load, the reactive oxygen species and neu
roinflammatory cytokines are dramatically induced. Recent studies 
revealed glutathione, interleukin 1-beta (IL-1β) and astrocyte number 
were remarkably increased in rats following Cr (VI) intranasal admin
istration (Hegazy et al., 2021). However, they only conducted astrocyte 
analysis in cortical area. Thus, understanding the morphology and 
number of glial cells in different brain regions is crucial for elucidating 
the regional specificity of Cr (VI) intoxication. 

A recent study found that the intranasal exposure of Cr (VI) caused 
oxidative stress, neuropathologies, and behavioral abnormalities in a 
timely dependent manner, but the applied concentrations of Cr were not 
analyzed (Hegazy et al., 2021). Thus, we thought that the brain Cr level 
was dependent on dose and duration of exposure. Inspired by the above 
research work, we analyzed the temporal and spatial distribution of Cr 
in mice exposed intraperitoneally to K2Cr2O7 and the neuropathologies 
were assessed. In our study, we set two exposure durations which are 14 
days and 28 days respectively and a single dose of Cr (VI) was set at 
6 mg/kg body weight (0.25 LD50) according to (Wise et al., 2022). The 
Cr levels in each brain regions were measured using inductively coupled 
plasma (ICP). In addition, the histopathological alterations and glial 
activation were analyzed in vulnerable brain regions of Cr (VI) exposure. 
The specific proteins of oxidation reduction process were tested in the Cr 
accumulated brain areas. We revealed a crucial pathogenic role of Cr 
(VI) in HY neurodegeneration and the mechanisms involved. To the best 
of our knowledge, there are still no evidences about BBB penetration and 
brain distribution pattern of Cr (VI) in mouse models after intoxication. 

2. Materials and methods 

2.1. Animal and experimental scheme 

All animal experiments were conducted in accordance with National 
Institutes of Health (NIH) guidance and were approved by the Guizhou 
Medical University Animal Care and Use Committee. C57BL/6 J mice 
(male 20~25 g, 6~8 weeks old) were purchased from Laboratory Ani
mal Center of Guizhou Medical University and were housed in temper
ature controlled room. Animals were fed with standard food and water. 

After 7 days of acclimatization, mice were randomly divided into 3 
groups (n = 19 mice per group): (1) Con (Control group), saline was 
administered intraperitoneally to mice, in place of potassium dichro
mate soluation (K2Cr2O7, CAS No. 7778–50–9, Aladdin Co., Ltd. 
Shanghai, China); (2) Cr 14 days (Chromium exposure for 14 days), 
potassium dichromate solution (6 mg/kg body weight, dissolved in sa
line at the concentration of 0.1 mg/mL) was administered intraperito
neally to mice once daily for 14 days; (3) Cr 28 days (Chromium 
exposure for 28 days), potassium dichromate solution (6 mg/kg body 
weight, dissolved in saline at the concentration of 0.1 mg/mL) was 
administered intraperitoneally to mice once daily for 28 days. 

2.2. Inductively coupled plasma (ICP) 

Mice were anesthetized with ketamine (120 mg/kg) and (xylazine 
8 mg/kg) intraperitoneally. Then the mice were perfused with 100 mL 
saline from the left ventricle to flush out the blood in the brain. Whole 
fresh mice brain were obtained. Brain regions, including olfactory bulb 
(OB), prefrontal cortex (PFC), somatosensory cortex (Cortex), striatum 
(STR), hippocampus (Hippo), thalamus(TH), hypothalamus (HY), cere
bellum (CB), midbrain (MB) and medulla were detached under a dis
secting microscope (125 M, Leica, Germany). Microwave (MW) 
digestion techniques for organism samples were compared in this study. 
20 mg of sample was dissolved in 6 mL of nitrohydrochloric acid, 2 mL of 
30% H2O2 solution and 1 mL hydrofluoric acid solution. The mixture 
was placed in MW system. A program of 240 min was used during 
digestion procedure (120 min, 150 0C; 120 min, 210 0C). At the end of 
the procedure, the solutions were completed to a volume of 10 mL using 
ultradistilled water. Inductively Coupled Plasma Optical Emission 
Spectrometer (ICP-OES, Avio 200 Pekin-Elmer, Shelto, CT, USA) with 
357.9 nm wavelength lines was used for the determination of concen
tration of chromium according to the protocol provided by the manu
facturer. Performance of the method was evaluated in terms of linearity, 
recovery and precision. The data obtained for concentrations of Cr in 
Fish Protein Certified Reference Material (DOLT-5) were used to vali
date the method (Table 1) (Grochowski et al., 2019). The test method of 
CRM was same as brain samples. And five DOLT-5 samples were tested. 

2.3. Hematoxylin and eosin (HE) staining and silver staining 

Briefly, whole brain of mice were fixed in 4% paraformaldehyde 
(PFA) for 48 hrs. After dehydration and embedding in wax, brain sam
ples were sectioned (3μm in thickness) and mounted on glass slides. For 
HE staining, sections were stained with hematoxylin for 1 min before 
rinsing in eosin for 1 min. For silver staining, brain sections were rinsed 
in acid formaldehyde for 3 min, and then in 0.25% silver nitrate solution 
at 37 0C for 2 min. After rinsing in gallic hydroxide, tissues were washed 
using tap water. All sections were sealed with neutral gum. Images were 
taken using a microscope (CX23, Olympus, Japan). 

Table 1 
Certified and observed values (μg g− 1) of Cr in quality control materials.  

CRM Element Certified value MW digestion 
(Mean±SEM) 

Recovery(%) 

DOLT-5 Cr 2.35±0.58 2.29±0.61  95  
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2.4. Immunohistochemistry (IHC) staining 

Whole mice brains were fixed in 4% PFA, embedded in wax and 
sectioned (3μm in thickness). After antigen retrieval with sodium citrate, 
sections were blocked in 3% hydrogen peroxide for 10 min. Primary 
antibody working dilutions used were as follows: anti-GFAP (Cat#3670, 
1:200, Cell Signaling Technology, USA), Anti-Iba1 antibody 
(Cat#ab178846, 1:200, Abcam, USA), anti-NeuN (Cat#ab104224, 
1:500, Abcam, USA), Anti-8-Hydroxy-2′-deoxyguanosine antibody 
(Cat#ab48508, 1:500, Abcam, USA). After incubating with primary 
antibodies, sections were developed with DAB kit (Cat#CW2069, CW 
bio, China). Images were captured using a microscope (CX23, Olympus, 
Japan). 

2.5. Transmission electron microscope (TEM) analysis 

TEM analysis was performed as described in our previous studies 
(Ding et al., 2020). Briefly, mice brain tissues containing hypothalamus 
were pre-fixed with 3% glutaraldehyde for 8 h before post-fixing in 

mixed 1% potassium ferrocyanide and 1% osmium tetroxide for 2 h. 
Tissues were incubated in Epon resin for 48 h before sectioning (7 nm in 
thickness). Sections were picked up with copper grids and then observed 
under a Tecnai G2 electron microscope (FEI, USA) with a CCD camera. 

2.6. Spine morphology imaging analysis 

Lucifer Yellow dye was used to visualize spine morphology as 
described before (Ding et al., 2021). Briefly, mice brain tissues were 
acquired and fixed in 4% PFA for 8 hrs. Brain sections (250μm in 
thickness) were obtained using a microtome (VT 1200, Leica, Germany). 
The 4% Lucifer Yellow dye (L0259, Sigma-Aldrich, Germany) was 
injected into the HY neurons using a micropipette. Morphology of the 
neurons was visualized with a confocal microscope (FV3000, Nikon, 
Japan). Three mice per group and 3 neurons per mouse were used in the 
experiment. 

Fig. 1. The Cr accumulation level in different brain areas using ICP analysis. (A) Semiquantitative of Cr concentrations in brains from control, 14 days Cr exposure 
and 28 days Cr exposure mice. (B) Quantification of the Cr concentrations in different brain areas. OB: F (2, 17) = 35.175, P < 0.001, PFC: F (2, 17) = 46.514, P <
0.001, Cortex: F (2,17)= 178.805, P < 0.001, STR: F (2, 17) = 58.421, P < 0.001, Hippo: F (2, 17) = 38.648, P < 0.001, TH: F (2, 17) = 237.507, P < 0.001, HY: F (2, 
17) = 311.477, P < 0.001, MB: F (2, 17) = 55.659, P < 0.001, CB: F (2, 17) = 144.154, P < 0.001, Medulla: F (2, 17) = 209.187, P < 0.001. n = 6 mice, *p < 0.05, **p 
< 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. OB, olfactory bulb; PFC, prefrontal cortex; STR, striatum; Hippo, dorsal hippocampus; 
TH, thalamus; HY, hypothalamus; CB, cerebellum, MB, midbrain. 
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2.7. Immunoblots assay 

Briefly, brain HY tissue was acquired and homogenized in an 
extraction buffer. Protein concentration in the supernatant was quanti
fied. A loading buffer was added to the samples before boiling at 99 0C 
for 10 min. Proteins were separated by SDS-PAGE before transferring 
onto PVDF membranes (IPVH 00010, Merck Millipore, Darmstadt, 
Germany). Targeted protein bands were assessed by using antibodies 
such as IL-1β (ab9722, 1:500 dilution, Abcam, UK), Nrf2 (ab62352, 
1:1000 dilution, Abcam, UK), Nqo-1 (ab80588, 1:2000 dilution, Abcam, 
UK), Ho-1 (ab189491, 1:1000 dilution, Abcam, UK), 8-OHdG (bs- 
1278R, 1:500 dilution, Bioss, Beijing, China), NF-κB (ab32536, 1:1000 
dilution, Abcam, UK), Lamin B1 (ab16048, 1:1000 dilution, Abcam, 
UK), IL-6 (ab208113, 1:1000 dilution, Abcam, UK), TNF-α (bs-2081R, 
1:1000 dilution, Bioss, China), Claudin5 (35–2500, 1:1000 dilution, 
Invitrogen, USA), Occludin (ab216327, 1:1000 dilution, Abcam, UK), 
PSD95 (ab238135, 1:1000 dilution, Abcam, UK), Synaptophysin 
(ab32127, 1:1000 dilution, Abcam, UK) and β-actin (ab8226, 1:2000 
dilution, Abcam, UK). Membranes were incubated overnight with pri
mary antibodies at 4 ℃., then with appropriate secondary antibodies, 
horseradish peroxidase (HRP) conjugated goat anti-mouse IgG antibody 
(91196, 1:10000 dilution, CST technology, USA) or HRP conjugated 
goat anti-rabbit IgG antibody (ab6721, 1:10000 dilution, Abcam, USA). 
Membranes were developed with electrochemiluminescence reagents to 
reveal signals. All protein expression levels were normalized to β-actin 
or Lamin B1. 

2.8. Statistical analysis 

All data was expressed as mean ± standard error of mean (M ±
SEM). All tests were replicated for 3 times. For comparisons among the 
three groups, one-way ANOVA followed by Berferroni’s multiple com
parisons test using SPSS version 22.0 (IBM, New York, USA) and 

GraphPad 8 (GraphPad, USA) were used. Significance was accepted at p 
< 0.05. Statistical parameters, including F and p values, and analytical 
method used for each analysis are listed in figure legends. 

3. Results 

3.1. Spatial distribution of chromium in mice cerebrum 

Local distribution of Cr was determined by ICP and illustrated in the 
sketch map (Fig. 1A). We found that the Cr level was increased in 
multiple brain regions after Cr (VI) exposure (Fig. 1B). The region of 
highest Cr level in control mice (basal level) was HY, which is 1.9 ppm. 
The region of highest Cr level in Cr mice was also HY, which is 61.9 ppm 
(14 days Cr exposure) and 120.9 ppm (28 days Cr exposure). In most 
brain regions, the Cr level was higher in mice group of 28 days Cr than 
that of 14 days Cr. 

3.2. Cr (VI) induced cerebral pathologies found by HE staining 

Next, we tested cerebral pathologies of chromium treated mice. The 
control mice showed no histological abnormalities in different cerebral 
areas. The Cr 14 days group mice showed slight neuronophagia and 
neuronal necrosis in the gray matter of various regions such as hippo
campus, cortex, and HY. The white matter such as CC area showed 
disperse neurites. In the 28-day Cr treated mice, there were large 
amount of vacuolated neurons, diffuse neuronal necrosis, neuronal 
pyknosis and neuronophagia in gray matter especially in HY, hippo
campus and cortex. Moreover, the CC area showed vacuolization in 
neurites (Fig. 2). 

3.3. Cr (VI) raised astrocyte activation in areas of cerebrum 

We performed GFAP IHC staining to test the astrocyte number in 

Fig. 2. Representative HE staining in cerebral slices. Different brain areas were shown in coronal section at the level of bregma 2.0 mm, 0.5 mm, − 1.8 mm and 
− 3.5 mm. Left, overview of the coronal sections of mice brain; Right, areas enlarged from the left. Black arrows indicated neuronophagia; Red arrows indicated 
neuronal necrosis. SEZ, subependymal zone; PIR, piriform area; OT, olfactory tubercle; CC, corpus callosum; CPu, caudate putamen; dHippo, dorsal hippocampus; 
TH, thalamus; HY, hypothalamus; SC, superior colliculus; vhippo, ventral hippocampus; SN, substantia nigra. 
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mice brains treated with Cr (VI). The number of GFAP positive cells was 
increased in cerebral areas such as PIR, OT, Cortex, CC, CPu, dHippo, 
TH, HY, SC, vHippo and SN after Cr exposure. Notably, we observed a 
3.19-fold increase of GFAP positive cells in HY area of 28-days Cr treated 
mice, which was the highest increasing rate among those cerebral areas 
(Fig. 3A, B), when compared with the control mice. Moreover, we found 
that the astrocyte processes were highly branched in chromium treated 
mice. 

3.4. Cr (VI) induced microglial activation in cerebrum 

To determine the extent of Cr induced microglial activation, we 
examined GFAP positive astrocytes by immunostaining. We found that 
the microglia number increased in multiple brain regions including PFC, 
PIR, OT, Cortex, CC, CPu, dHippo, TH, HY, SC, vHippo and SN areas 
after 28 days Cr exposure (Fig. 4A, B). Note that the area of highest 
increase in astrocytic number was HY (about 3.11 fold to control). And 
the cell bodies of microglia were hypertrophied in both 14-day and 28- 
day chromium exposed mice than that in control mice. 

3.5. Cr (VI) induced neuronal loss in HY 

Since the astrocyte and microglial activation were more remarkable 
in HY than that in other cerebral regions, we next tested the degree of 
neurodegeneration in HY with IHC staining using NeuN (a specific 
neuronal marker). We found that the neuronal number in HY, but not 
other regions, was decreased than that in chromium treatment group 
mice (Fig. 5A, B). 

3.6. Cr (VI) induced BBB breakdown in HY 

To assess the effects of chromium exposure on BBB integrity, we 
conducted TEM to observe the ultrastructure of BBB. We found chro
mium treatment induced a lower TJ number, a higher astrocyte end-feet 
area and a lower pericyte coverage compared with the control mice 
(Fig. 6A, B, C, D). Note that, the astrocyte end-feet area was higher in 28- 
day Cr group than that in 14-day group. The pericyte coverage and tight 
junctions were found lower in number when treated for 28 days than 
that in 14 days. We next evaluated the tight junction protein (Claudin5 
and Occludin) levels after chromium exposure. Both exposure duration 
of 14 days and 28 days significantly reduced the endothelial tight 

Fig. 3. Effect of chromium on astrocyte activation. (A) Representative GFAP IHC staining of different brain areas in coronal section at the level of bregma 2.0 mm, 
0.5 mm, − 1.8 mm and − 3.5 mm. (B) Stereological counts of GFAP+ cells. PFC: F (2, 26) = 1.699, P = 0.204, PIR: F (2, 26) = 56.079, P < 0.001, OT: F (2, 26) =
205.314, P < 0.001, Cortex: F (2, 26) = 69.574, P < 0.001, CC: F (2, 26) = 242.822, P < 0.001, CPu: F (2, 26) = 177.898, P < 0.001, dHippo: F (2, 26) = 173.567, P <
0.001, TH: F (2, 26) = 262.789, P < 0.001, HY: F (2, 26) = 614.895, P < 0.001, SC: F (2, 26) = 67.46, P < 0.001, vHippo: F (2, 26) = 173.758, P < 0.001, SN: F (2, 26) 
= 196.01, P < 0.001. n = 9 mice, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. PFC, prefrontal cortex; PIR, piriform 
area; OT, olfactory tubercle; CC, corpus callosum; CPu, caudate putamen; dHippo, dorsal hippocampus; TH, thalamus; HY, hypothalamus; SC, superior colliculus; 
vhippo, ventral hippocampus; SN, substantia nigra. 
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junction protein levels compared with the control mice (Fig. 6E, F, G). 
Note that the tight junction protein levels were much lower in 28 days 
treatment group than that in 14 days group. 

3.7. Cr (VI) induced axonal and spine degeneration, neuronal oxidative 
stress, and inflammatory factors accumulation in HY 

We next examined the effect of Cr on axonal and dendritic mor
phologies in HY. Using silver stain to analyze the intensity of axons, we 
found the axonal intensity was lower after Cr exposure. Notably, the 
axonal pathology was more severe in 28-day Cr group than that in 14 
days (Fig. 7A, C). Next, we tested the spinal morphology using lucifer 
yellow intracellular injection. We found loss of total spine, mushroom- 
type spine and thin-type spine in both 14-day and 28-day Cr groups 
compared with that in control group (Fig. 7B, D, E, F). Moreover, TEM 
results showed a loss of synaptic number, a shorter PSD length and a 
lower PSD thickness in both14-day and 28-day Cr groups compared with 
that in control group. Note that the synaptic number, PSD length and 
PSD thickness was lower in 28-day Cr group than that in 14-day Cr group 
(Fig. 7G, H, I, J). Immunoblotting assay showed synaptic proteins 
(PSD95 and Syn) levels were decreased after Cr exposure (Fig. 7K, L). 

To determine the extent of Cr induced oxidative stress in mice brains, 
the 8-OHdG IHC staining was conducted. We found higher 8-OHdG in
tensity in HY, Cortex, and dHippo areas in Cr exposed brains with the 
highest in HY (Fig. 8A, B). Next, we conducted immunobloting of the 
Nrf2 related oxidative stress markers. We found nuclear Nrf2 was 
reduced, and Nqo-1, Ho-1 and 8-OHdG were increased after Cr (VI) 
exposure (Fig. 8C, D, E, F). 

Then we analyzed the levels of NF-κB related inflammatory pathway 
makers, including IL-1β, IL-6 and TNF-α. We found that the nuclear NF- 
κB, IL-1β, IL-6 and TNF-α levels were markedly increased after Cr (VI) 
intoxication. Note the levels of NF-κB, IL-1β, IL-6 and TNF-α in the 28- 
day Cr exposure group were much higher than that in the 14-day Cr 
exposure group (Fig. 8G, H, I, J). 

4. Discussion 

In the present study, we first evaluated whether hexavalent Cr (VI) 
could enter the brain through intraperitoneally administration. We 
found that Cr (VI) may enter the brain through BBB in the HY. Mean
while, the Cr (VI) could destruct the BBB integrity by damaging the 
pericytes and reducing tight junction proteins. Moreover, we found that 

Fig. 4. Effect of chromium on microglia activation. (A) Representative Iba1 IHC staining of different brain areas in coronal section at the level of bregma 2.0 mm, 
0.5 mm, − 1.8 mm and − 3.5 mm. (B) Stereological counts of Iba1+ cells. PFC: F (2, 26) = 23.704, P < 0.001, PIR: F (2, 26) = 15.464, P < 0.001, OT: F (2, 26) =
28.997, P < 0.001, Cortex: F (2, 26) = 24.002, P < 0.001, CC: F (2, 26) = 25.823, P < 0.001, CPu: F (2, 26) = 30.161, P < 0.001, dHippo: F (2, 26) = 79.964, P <
0.001, TH: F (2, 26) = 85.271, P < 0.001, HY: F (2, 26) = 163.223, P < 0.001, SC: F (2, 26) = 30.226, P < 0.001, vHippo: F (2, 26) = 38.647, P < 0.001, SN: F (2, 26) 
= 99.504, P < 0.001. n = 9 mice, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. PFC, prefrontal cortex; PIR, piriform 
area; OT, olfactory tubercle; CC, corpus callosum; CPu, caudate putamen; dHippo, dorsal hippocampus; TH, thalamus; HY, hypothalamus; SC, superior colliculus; 
vHippo, ventral hippocampus; SN, substantia nigra. 
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Cr (VI) was specifically accumulated in HY over time when two different 
exposure durations (14 days and 28 days) of Cr (VI) were applied in 
mice. And the accumulated Cr could induce gliosis in multiple brain 
regions especially in HY area. These were consistent with recent studies 
(Hegazy et al., 2021; Wise et al., 2022). The Cr (VI) exposure could lead 
to axonal and dendritic degeneration and neuronal number loss in HY. 
Finally, the Nrf2 related antioxidant system and NF-κB related inflam
matory signaling might mediate the neuropathology induced by Cr (VI) 

exposure. 
Many Cr (VI) exposure routes, including intraperitoneal, oral, and 

intratracheal, were used for studying Cr (VI) neurotoxicity in different 
species (Heffern et al., 2018; Hegazy et al., 2021; Mahmoud and Abd 
El-Twab, 2017; Mate et al., 2017; Ueno et al., 2001). However, whether 
Cr (VI) could cross BBB, or damage it, remained inconsistent across 
studies. Thus, intranasal Cr (VI) administration was generally used to 
verify whether the intracerebral Cr (VI) accumulation was through the 

Fig. 5. Effect of chromium on neuronal number in different brain regions. (A) Representative NeuN IHC staining of different brain areas in coronal section at the 
level of bregma 2.0 mm, 0.5 mm, − 1.8 mm and − 3.5 mm. (B) Stereological counts of NeuN+ cells. HY: F (2, 26) = 22.989, P < 0.001, Amy: F (2, 26) = 0.271, P =
0.765, TH: F (2, 26) = 0.118, P = 0.889, PFC: F (2, 26) = 0.102, P = 0.903, dHippo: F (2, 26) = 0.07, P = 0.933, SN: F (2, 26) = 0.045, P = 0.956, CPu: F (2, 26) =
0.077, P = 0.926, vHippo: F (2, 26) = 0.668, P = 0.522. n = 9 mice, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. HY, 
hypothalamus; Amy, amygdala, TH, thalamus; PFC, prefrontal cortex; dHippo, dorsal hippocampus; SN, substantia nigra; CPu, caudate putamen; vHippo, ventral 
hippocampus. 

Fig. 6. Cr triggered BBB breakdown and TJ loss. (A) TEM images of astrocyte endfeet and TJ morphologies of BBB in HY. (B) Analysis of astrocyte end feet area. n =
9 mice, F (2, 26) = 85.958, P < 0.001. (C) Analysis of pericyte coverage. n = 9 mice, F (2, 26) = 293.442, P < 0.001. (D) Analysis of TJ per vessel. n = 9 mice, F (2, 
26) = 20.44, P < 0.001. (E) Immunoblots of Claudin5 and Occludin in HY. (F) Quantification of Claudin5. n = 4 mice, F (2, 11) = 37.159, P < 0.001. (G) 
Quantification of Occuludin. n = 4 mice, F (2, 11) = 54.604, P < 0.001. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. 
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olfactory bulb, which is unprotected by the BBB (Salama and Elgohary, 
2021; Sedik and Elgohary, 2023; Wang et al., 2022). In this work we 
detected the spatial Cr (VI) distribution in cerebral regions including OB, 
PFC, STR, Hippo, TH, HY, CB, MB and medulla. The exogenous Cr (VI) 
was mainly accumulated in HY area among those brain regions. More
over, we found that the hypothalamic Cr (VI) level was increased over 
time when Cr (VI) exposures were scheduled differently. The HY, which 
constitutes the HPA axis, functions as an endocrine organ by releasing 
endocrine hormones into the blood. The BBB is much weaker in HY 
among other brain regions so that secretory cells are easier to interact 
with blood (Abdel-Rahman et al., 2023). Thus, we concluded that the HY 
was the gate for Cr (VI) to enter the brain. 

The effects of Cr (VI) on BBB were not reported before. Thus we 
analyzed the BBB morphology and tight junction (TJ) proteins using 
TEM and immunoblot. We found that the BBB integrity was compro
mised, and tight junction proteins were lost in Cr (VI) exposed mice HY 
areas. Previous studies showed Cr (VI) could affect human umbilical 
vein endothelial cells to recruit peripheral inflammatory cells (Cao et al., 
2020). We reckoned that Cr (VI) could disrupt the tight junction proteins 
of brain vascular endothelial cells, leading to hypothalamic BBB 
breakdown. The Cr (VI) induced BBB dysfunction made it easier for Cr 

(VI) to cross the BBB. These two processes formed a vicious cycle. 
The HE staining results revealed a timely dependent Cr (VI) induced 

neuropathology in mice. Morphologically, neuronophagia and neuronal 
necrosis were observed in Cr (VI) treated mice brains. The longer Cr (VI) 
exposure (28 days versus 14 days) the more severe neuropathologies 
were observed. Correspondingly, recent studies showed that either 
longer Cr (VI) exposure or higher dose administration created more 
destruction (Hegazy et al., 2021). These results were also observed in Cr 
(VI) exposed human (Block and Calderon-Garciduenas, 2009). 

Similarly, a time dependent Cr (VI) induced gliosis was observed in 
Cr (VI) mice especially in HY areas. The hypothalamic Cr (VI), which 
came across from blood, could recruit inflammatory cells. Thus, the 
number of local glial cells increased along with time when exposed with 
two time schedule. The activated glial cells, which secret inflammatory 
factors including IL-1β and TNF-α, might increase neuronal mortality 
rate (Ding et al., 2022). Thus, we observed hypothalamic neuronal 
number loss, axonal degeneration and synaptic loss as shown by NeuN 
IHC, silver staining and TEM analysis respectively. Note that the 
neuronal numbers in other brain regions were not comparable. We 
thought that the gliosis was triggered by local Cr. The higher concen
tration of local Cr, the more severe gliosis was observed. 

Fig. 7. Cr induced axonal and synaptic degeneration in HY. (A) Representative images of silver staining in HY. (B) Representative images of spines by Lucifer Yellow 
intra-neuronal injection in HY neurons. (C) Intensity of axons analysis. n=9 mice, F (2, 26) = 71.317, P < 0.001. (D) Quantification of total spine number in HY. (E) 
Quantification of mushroom-type spine number. n=9 mice, F (2, 26) = 30.228, P < 0.001. (F) Quantification of thin-type spine number. n=9 mice, F (2, 26) =
32.167, P < 0.001. (G) Representative TEM micrographs of synapses in HY. n=9 mice, F (2, 26) = 18.476, P < 0.001. (H) Quantification of synaptic density in HY. 
n=9 mice, F (2, 26) = 79.803, P < 0.001. (I) Quantification of PSD length in HY. n=9 mice, F (2, 26) = 282.886, P < 0.001. (J) Quantification of PSD thickness in HY. 
n=9 mice, F (2, 26) = 85.936, P < 0.001. (K) Immunoblots of TJ proteins PSD95 and Syn of HY. (L) Analysis of PSD95 and Syn levels. n=4 mice, PSD95: F (2, 11) =
89.113, P < 0.001, Syn: F (2, 11) = 207.462, P < 0.001. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. 
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To further determine the mechanism of Cr (VI) induced neuropa
thology in HY, we conducted IHC staining of 8-OHdG which is a DNA 
damage marker induced by ROS. Previous studies showed that Cr (VI) 
typically induces oxidative damage and ROS in brain (Zhang et al., 
2023b). The ROS and oxidative stress produces redox homeostasis, 
leading to DNA and cellular lipids damaged (Saleh et al., 2022). A sig
nificant difference of 8-OHdG intensity were observed in control, 14-day 
Cr(VI), and 28-day Cr (VI) groups. A recent study showed that intra
tracheal exposure of hexavalent chromium may induce DNA damage in 
the lungs through activation of the PI3K-Akt signaling pathway (Zhang 
et al., 2023a). 

Based on the above data, we next evaluated the neuropathologies in 
HY in Cr (VI) exposed mice. We focused on the processes of axons and 
dendrites. Compromised axons, dendritic spines and synapses were 
observed in HY of Cr (VI) exposed mice. Thus we reckoned that the local 
Cr might potentiate the neuropaghology in HY. 

The Nrf2 pathway was involved in numerous heavy metal in
toxications, such as iron (Piloni et al., 2021), Zinc (Arisumi et al., 2023), 
arsenic (Najafi et al., 2023), manganese (Ijomone et al., 2022), etc. We 
hypothesized that Cr might induce the reduction of nuclear localization 
of Nrf2, leading to the antioxidant system dysfunction. To validate our 
hypothesis, we tested nuclear Nrf2 and cytoplasmic antioxidant en
zymes in HY. As expected, we found the nuclear Nrf2 and cytoplasmic 
antioxidant enzymes were markedly reduced after Cr (VI) intoxication. 
Thus, it is highly conceivable that the Nrf2 pathway was suppressed 
after Cr (VI) exposure. Therefore, targeting Nrf2 might alleviate 
chromium-induced brain injury (Sedik and Elgohary, 2023). 

Neuroinflammation was common in heavy metal intoxication 
(Murumulla et al., 2023). We found that the inflammatory factors, 
which were regulated by NF-κB transcription factor, were increased in 
Cr (VI) mice model. Our data strongly support and essential role for 

NF-κB signaling in transcription of neuronal inflammatory factors. 
It is important to note the limitation of our study. First, we did not 

investigate the vulnerable cell types affected by Cr (VI) in HY. Second, 
we did not carry out any behavioral analysis of Cr (VI) treated mice. 
Third, although we have shown that the HY is the Cr (VI)-vulnerable 
brain region, we did not test the hypothalamic hormone levels. Future 
investigation of these issues is warranted and may provide the exact 
mechanism of Cr-induced neuropathology in HY. 

In conclusion, our data suggests that 1) the HY is the Cr (VI)- 
vulnerable brain region; 2) The concentration of Cr was the highest in 
HY after Cr (VI) exposure; 3) Cr (VI) might enter the brain parenchyma 
across BBB; 4) The BBB of HY was disrupted after Cr accumulation; 5) 
The local Cr in HY induced neuropathology might be through the Nrf2 
related antioxidant system and NF-κB related inflammatory signaling. 
These findings may offer therapeutic opportunities for Cr (VI) induced 
neuropathology. 
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Fig. 8. Effect of chromium on Nrf2 related oxidative stress signaling and NF-κB related inflammatory pathway. (A) Representative images of 8-OHdG IHC staining in 
HY, cortex and Hippo. (B) Relative intensity of 8-OHdG from IHC staining results. n=9 mice, F (2, 26) = 282.07, P < 0.001. (C) Immunoblots of nuclear Nrf2. (D) 
Analysis of nuclear Nrf2 relative levels. n=4 mice, F (2, 11) = 101.151, P < 0.001. (E) Immunoblots of Nqo-1, Ho-1, 8-OHdG in HY. (F) Analysis of Nqo-1, Ho-1, 8- 
OHdG relative levels in HY. n=4 mice, Nqo-1: F (2, 11) = 154.397, P < 0.001, Ho-1: F (2, 11) = 281.024, P < 0.001, 8-OHdG: F (2, 11) = 275.44, P < 0.001. (G) 
Immunoblots of nuclear NF-κB. (H) Analysis of nuclear NF-κB relative levels. n=4 mice, F (2, 11) = 223.898, P < 0.001. (I) Immunoblots of IL-1β, IL-6 and TNF-α in 
HY. (J) Analysis of IL-1β, IL-6 and TNF-α relative levels in HY. n=4 mice, IL-1β: F (2, 11) = 153.391, P < 0.001, IL-6: F (2, 11) = 64.082, P < 0.001, TNF-α: F (2, 11) =
46.77, P < 0.001. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA and Bonferroni’s post hoc analysis. 
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