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Purpose: Cadmium is a heavy metal and environmental toxicant known to act on the central 
cardiovascular regulatory mechanisms, and one of its brain targets is the rostral ventrolateral 
medulla (RVLM), a brainstem site that maintains blood pressure and sympathetic vasomotor 
tone. The present study assessed the hypothesis that cadmium elicits cardiovascular dysre-
gulation by inducing neuroinflammation and microglial activation, two potential cellular 
mechanisms, in RVLM.
Methods: Adult male Sprague–Dawley rats were used for measuring cardiovascular 
responses after intravenous administration of cadmium. We further conducted real-time 
PCR, immunofluorescence staining, in situ determination of mitochondrial superoxide, 
hematoxylin and eosin staining, and enzyme-linked immunosorbent assay (ELISA) to iden-
tify cytokine and chemokine mRNA expression, microglia activation, superoxide production, 
and necrotic and apoptotic cell death in RVLM.
Results: We found animals maintained under propofol anesthesia, intravenous administration 
of cadmium acetate (4 mg/kg) resulted in an increase, followed by a rebound and a secondary 
decrease in spontaneous baroreflex-mediated sympathetic vasomotor tone, a progressive reduc-
tion in mean arterial pressure and heart rate, alongside augmentation of pro-inflammatory 
cytokine and chemokine in RVLM. All those cardiovascular and neuroinflammatory events 
were reversed by pretreatment with an anti-inflammatory drug, pentoxifylline (50 mg/kg, i.p.). 
There were also concurrent microglial activation, reactive oxygen species production, hypoxia, 
reduced blood flow, and necrotic and apoptotic cell death in RVLM.
Conclusion: Based on these biochemical, pharmacological and morphological observations, 
we conclude that neuroinflammation and microglial activation at RVLM, and their down-
stream cellular mechanisms, causally underpin cadmium-induced cardiovascular 
dysregulation.
Keywords: reactive microglia, pro-inflammatory cytokine, RVLM, cardiovascular 
regulation, ROS

Introduction
Acute exposure to cadmium, a heavy metal and an environmental toxicant,1 induces 
cardiovascular toxicity that may be fatal.2 Cadmium is also capable of crossing the 
blood–brain barrier (BBB) and accumulates in the brain,3 leading to neurotoxicity.4 

In the central nervous system, cadmium induces activation of various signaling 
pathways involved in inflammation, oxidative stress, and neuronal apoptosis.5–7
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In vitro and in vivo studies showed that cadmium 
induces neuroinflammation via glial activation.5,8,9 As 
the key regulator of immune response in the brain, 
a logical glial target is the microglia.10,11 Microglia can 
respond quickly and undergo morphologic transformation 
in the event of infection and inflammation.11 These mor-
phologically activated microglia play many functional 
roles, including phagocytosis of toxic products, release 
of cytokines, and promotion of repair and antigen- 
presenting.11,12

Neuroinflammation is reflected by an increase in tran-
scription of pro-inflammatory cytokines and a decrease in 
transcription of anti-inflammatory cytokines.13 The accu-
mulation of pro-inflammatory cytokines, such as interleu-
kin-6 (IL-6), IL-1β, and tumor necrosis factor α (TNF-α), 
suppresses neuronal functions and induces neuronal death 
via oxidative stress.9,14 The transcription factor, nuclear 
factor-κB (NF-κB), in this regard, plays a significant role 
in inflammatory signaling that results in increased expres-
sion of pro-inflammatory cytokine genes.15

Cadmium is also known to act directly on central 
circulatory regulatory mechanisms and one potential 
brainstem target is the rostral ventrolateral medulla 
(RVLM).16 RVLM is a critical neural substrate in the 
baroreflex neural circuit and is intimately involved in the 
maintenance of stable blood pressure and sympathetic 
vasomotor tone.17 Myriad evidence from animal models 
of neurogenic hypertension,18 endotoxemia19 and organo-
phosphate poisoning20 has confirmed that mitochondrial 
dysfunction-induced oxidative stress and apoptosis in 
RVLM is a major culprit of baroreflex dysregulation. Fu 
et al21 reported that systemic neuroinflammation enhances 
mitochondrial damage in the brain that leads to dysregula-
tion of the baroreflex. Our previous study also revealed 
a significant increase in NF-κB activation and cytokine 
expression in RVLM 2 h after cadmium administration in 
rats.16

The causal relationship between neuroinflammation 
and microglial activation in RVLM, impairment of cardi-
ovascular regulation and cadmium-induced sub-lethal car-
diovascular toxicity remains to be established. The present 
study was therefore designed to assess the guiding hypoth-
esis that neuroinflammation and microglial activation at 
RVLM causally underpin cadmium-induced cardiovascu-
lar dysregulation. Based on results from biochemical, 
pharmacological and morphological experiments, this 
hypothesis is validated.

Materials and Methods
Experimental Animals
Adult male Sprague–Dawley rats (254 to 330 g) purchased 
from BioLASCO, Taiwan, were used in this study and 
were housed in an AAALAC International-accredited 
facility maintained at 24–25°C and 12 h light/dark cycle 
(light on at 05:00) with freely accessible rat chow and 
water. All experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the 
Kaohsiung Chang Gung Memorial Hospital (approval 
number 2017091402). The study was performed in accor-
dance with the ARRIVE guidelines and was in compliance 
with the AAALAC-International Guide for the Care and 
Use of Laboratory Animals. All efforts were made to 
minimize the number of animals used as well as animal 
suffering during the experiment.

Recording of Cardiovascular Parameters
Animals were initially anesthetized with an induction dose 
of pentobarbital sodium (50 mg/kg, i.p.; SCI Pharmtech, 
Taoyuan, Taiwan) to carry out tracheotomy for intubation 
of the trachea and cannulation of a femoral artery and 
a femoral vein. As in our previous study,20 animals subse-
quently received intravenous infusion of propofol 
(Fresenius Kabi, Graz, Austria) at 25 mg/kg/h to provide 
satisfactory anesthetic maintenance while preserving the 
capacity of brainstem cardiovascular regulation.22 Arterial 
pressure (AP) recorded from the femoral artery was pro-
cessed by an arterial blood pressure analyzer (APR31a; 
Notocord, Croissy Sur Seine, France), and the digitized 
signals were subjected to spectral analysis (SPA10; 
Notocord) to detect the low-frequency component (BLF; 
0.25–0.8 Hz) of systolic blood pressure, which takes origin 
from RVLM23 and its power density reflects the preva-
lence of baroreflex-mediated sympathetic vasomotor 
tone.24 Heart rate (HR) was derived from the AP signals. 
The power density of the BLF component was displayed 
continuously during the experiment, alongside mean arter-
ial pressure (MAP) and HR.

Administration of Cadmium and Test 
Agent
Cadmium solution (pH7.4) was freshly prepared by 
dissolving cadmium acetate (Sigma-Aldrich, St. Louis, 
MO, USA) in 0.9% normal saline. Intravenous admin-
istration of cadmium (4 mg/kg or 8 mg/kg) was deliv-
ered to the animals via the femoral vein. Injection of 
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normal saline served as the vehicle and volume control. 
The volume of intravenous injection was 0.5 mL 
for each rat. These doses were selected from prelimin-
ary experiments and followed from our previous 
study.16

Animals were assigned randomly into three groups in 
initial experiments to measure cardiovascular responses: 
saline, cadmium (4 mg/kg) and cadmium (8 mg/kg). For 
mechanistic evaluations, we used only cadmium (4 mg/kg) 
group and sham-control group to identify cytokine and 
chemokine mRNA expression, microglia activation, super-
oxide production, necrotic and apoptotic cell death in 
RVLM.

Pretreatments with an anti-inflammatory drug, pen-
toxifylline (PTX; 50 mg/kg; Sigma-Aldrich), when 
employed, was intraperitoneally given 30 min before 

the administration of cadmium (at time zero in 
Figure 1). The dose used was determined in pilot 
experiments. Control infusion of sterile water served 
as the vehicle control. Animals in this series were 
assigned randomly into three groups for treatment: 
vehicle + saline, vehicle + cadmium and PTX + 
cadmium.

Measurement of Tissue Oxygen Level, 
Blood Flow and Temperature in RVLM
As in our previous study,16 a combined oxygen/tempera-
ture/blood flow probe designed for simultaneous and 
continuous measurement of tissue oxygen, blood flow 
and temperature (Oxford Optronix, Abingdon, UK) was 
stereotaxically positioned into RVLM. The stereotaxic 
coordinates for RVLM were 4.5 to 5 mm posterior to 

Figure 1 Cadmium induces triphasic cardiovascular responses in rats. (A) Temporal changes in mean arterial pressure (MAP), heart rate (HR), or power density of the low- 
frequency (BLF) component of systolic blood pressure spectrum in animals; (B) concurrent alterations in tissue oxygen tension (PO2), tissue perfusion (Tissue Flow) or 
tissue temperature (Temp) in rostral ventrolateral medulla (RVLM) of rats that received intravenous administration of cadmium (Cd; 4mg/kg) or saline. The three distinct 
phases based on augmented (Phase I), followed by a rebound (Phase II) and a secondary decrease (Phase III) power density of the BLF spectral component induced by 
cadmium are denoted on top of the figure. Values are mean ± SEM, n = 6 animals per experimental group. *P < 0.05 vs saline group at corresponding time points in the post 
hoc Tukey multiple-range test. Blue dotted line denotes time of cadmium injection. B denotes baseline values.
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lambda, 1.8 to 2.1 mm lateral to midline, and 8.1 to 
8.4 mm below the dorsal surface of cerebellum.20 

Instantaneous changes in local oxygen tension, compen-
sated for fluctuations in tissue temperature, and real- 
time microvascular red blood cell perfusion in tissue 
were monitored. Blood flow was recorded in blood 
perfusion units (BPU), which is a relative unit defined 
against a controlled motility standard.

Collection of Tissue Samples from RVLM
Tissue samples were routinely collected at 20, 120 or 240 
min after injection of cadmium. Animals were perfused 
with warm saline, and then a slice of medulla oblongata 
that contains RVLM (0.5 to 1.5 mm rostral to obex) was 
obtained. Tissues from both sides of the ventrolateral 
medulla that cover the anatomical boundaries of RVLM 
were subsequently collected and immediately stored in 
liquid nitrogen. Medullary tissues collected from anesthe-
tized animals but without treatment served as the sham- 
controls.

RNA Extraction and Quantitative 
Real-Time PCR
RNA was extracted from RVLM tissue by a Total RNA 
mini kit (#RT300; Geneaid, Taipei, Taiwan) following the 
instructions protocol. Total RNA from each sample was 
transcribed into cDNA using a PrimeScript RT Reagent kit 
(#RR037A; Takara, Shiga, Japan). The cDNA product was 
diluted with RNase free water and stored at −20°C until 
used. Quantitative real-time PCR was carried out in dupli-
cate using preoptimized primer/probe mixture (TaqMan 
Gene Expression Assays; #4331182; Applied Biosystems, 
Foster City, CA, USA) and TaqMan Fast Advanced Master 
Mix (#4444556; Applied Biosystems) on a StepOnePlus 
Real-time PCR system. The assay identification for each 
gene is IL-1β (#Rn00580432_m1), IL-6 (#Rn0141 
0330_m1), monocyte chemoattractant protein 1 (MCP-1/ 
Ccl2; #Rn00580555_m1), cytokine-induced neutrophil 
chemoattractant 1 (CINC-1/Cxcl1; #Rn00578225_m1), 
and GAPDH (#Rn01775763_g1). The levels of multiple 
cytokines and chemokines in a single sample were carried 
out using TaqMan Array Rat Cytokines & Chemokines 96- 
well plate (#RP47VT4; Applied Biosystems) according to 
the manufacturer’s instructions. Relative changes in 
mRNA expression were normalized to the levels of 
GAPDH and determined by the 2−ΔΔCt method.

Measurement of NF-κB Activation
Nuclear protein extracted from RVLM tissue was 
subjected to quantification of the transcription factor 
NF-κB activation by a DNA-binding ELISA kit 
(TransAM NF-κB p65; #40096; Active Motif; 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol.

Determination of Apoptotic Cell Death
Cytoplasmic fraction of homogenized RVLM tissue was 
subjected to quantification of apoptotic cell death using 
a cell death detection kit (#11544675001; Roche, 
Mannheim, Germany) that measured the level of histone- 
associated DNA fragments following the instructions 
protocol.

Immunofluorescence Staining
As we reported previously,25 immunofluorescence staining 
was carried out using a rabbit polyclonal antiserum against 
Iba-1, a microglia-specific calcium-binding protein (#019- 
19741; FUJIFILM Wako Chemicals, Richmond, VA, 
USA), or Glial fibrillary acidic protein (GFAP), an astro-
cytes-specific marker (#Z0334; Agilent Technologies, 
Santa Clara, CA, USA), and a secondary goat anti-rabbit 
IgG conjugated with Alexa Fluor 488 (#A-11034; 
Invitrogen, Carlsbad, CA, USA). Slides were viewed 
under a confocal microscope (Olympus FV1000, Tokyo, 
Japan). ImageJ 2.1/1.53h program was used to quantify 
Iba-1 immunoreactivity and microglia morphology in 
RVLM according to the instructions described in the pre-
vious study.26

Detection of Mitochondrial Superoxide
For in situ determination of mitochondrial superoxide 
level, a highly selective fluorescent probe, MitoSOX 
(#M36008; Invitrogen) was used.20 Briefly, frozen sections 
of medulla oblongata were placed on glass slides. 
MitoSOX (2.5 μM) was applied to each section, and the 
slides were incubated in a light-protected humidified 
chamber at 37°C for 10 min. Images were viewed with 
a confocal microscope (Olympus).

Histological Examination
As reported previously,16 the brainstem was fixed with 4% 
paraformaldehyde for 24 h. The tissues were dehydrated, 
embedded in paraffin, sectioned at a thickness of 4 μm, 
and mounted for hematoxylin and eosin (H&E) staining 
for histopathological analysis. The stained brainstem 
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sections were viewed and imaged using an automatic 
digital scanner (Pannoramic MIDI; 3DHISTECH, 
Budapest, Hungary).

Statistical Analysis
All values are expressed as mean ± SEM. Student’s t-test, 
one-way or two-way analysis of variance with repeated 
measures were used to assess group means, followed by 
Tukey’s test or Dunnett's multiple range test for post hoc 
assessment of individual means. P < 0.05 were considered 
statistically significant.

Results
Cadmium Induces Triphasic Responses in 
Baroreflex-Mediated Sympathetic 
Vasomotor Tone
Figure 1A shows that intravenous administration of 
cadmium (4 mg/kg) elicited an augmentation (Phase 
I), followed by a rebound (Phase II) and a secondary 
decrease (Phase III) in the power density of the BLF 
component of the systolic blood pressure spectrum, 
a valid experimental index for baroreflex-mediated 
sympathetic vasomotor tone. MAP and HR underwent 
a progressive reduction that became significant 
during Phase III. The cardiovascular parameters, how-
ever, were not affected by intravenous administration 
of saline (vehicle control). Intriguingly, cadmium 
(4 mg/kg) also induced significant reduction in tissue 
oxygen level and local blood flow in RVLM during the 
last 40 min of our 240-min observation period 
(Figure 1B), alongside insignificant changes in tissue 
temperature. Application of saline was again 
ineffective.

Administration of a higher-dose cadmium (8 mg/kg, 
i.v.) elicited high mortality. Fourteen of 15 animals died 
with 10 min post-cadmium, along with dramatic decrease 
in MAP, HR, BLF, and tissue oxygen and tissue blood 
flow in RVLM. The present study therefore focused on the 
effects of cadmium given at 4 mg/kg to induce sub-lethal 
cardiovascular depression.

Cadmium Induces Neuroinflammation in 
RVLM
Our transcriptional activity (Figure 2A) and quantitative 
real-time PCR (Figure 2B) results showed that, 

compared to sham-control, NF-κB activation and IL- 
1β, IL-6, CINC-1 or MCP-1 mRNA in RVLM exhibited 
a significant increase after cadmium (4 mg/kg) adminis-
tration. We also found that most of the top 20 cytokine 
and chemokine genes in RVLM that underwent at least 
8-fold increase at 240 min after delivery of cadmium 
(Table 1), were pro-inflammatory cytokine and chemo-
kine genes.

Pentoxifylline Effectively Attenuates 
Cadmium-Induced Neuroinflammation in 
RVLM and Cardiovascular Depression
Our next series of experiments evaluated whether neuroin-
flammation in RVLM is causally related to cardiovascular 
dysregulation induced by cadmium. Pretreatment by the 
anti-inflammatory drug, pentoxifylline (PTX; 50 mg/kg, 
i.p.), given 30 min before the administration of cadmium, 
effectively retarded the augmented mRNA level of IL-1β, 
IL-6, CINC-1, and MCP-1 in RVLM induced by cadmium 
(Figure 3). Furthermore, PTX protected against the sig-
nificant reduction in MAP and BLF power during Phase 
III (at 240 min) after administration of cadmium 
(Figure 4).

Cadmium Induces Microglia Activation 
and Increases the Number of Astrocytes 
in RVLM
Immunofluorescence staining (Figure 5) showed that the 
number of Iba-1 immunoreactive microglia in RVLM 
exhibited a significant increase after cadmium injection. 
In addition, morphological analysis (Figure 5) revealed 
that many of those microglia also underwent reduction of 
their endpoints and branch (process) length, suggesting 
that they were reactive microglia. We also observed 
a significant increase in the number of GFAP- 
immunoreactive astrocytes in RVLM after cadmium 
administration (Figure 6).

Production of Reactive Oxygen Species in 
RVLM by Cadmium
In situ detection of reactive oxygen species (ROS) using 
a mitochondrial superoxide indicator (MitoSOX; Figure 7) 
indicated that mitochondrial superoxide was significantly 
augmented in RVLM neurons after administration of 
cadmium.
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Both Necrotic and Apoptotic Cell Death 
in RVLM is Induced by Cadmium
Results from H&E staining (Figure 8A) revealed that 
animals that received intravenous administration of cad-
mium showed necrosis-appearing neurons in RVLM that 

were characterized by eosinophilicity (shrunken cell 
body, darkly stained red eosinophilic cytoplasm, and 
lacks discernible nucleolus), karyolysis (nuclear fading) 
or karyorrhexis (nuclear fragmentation). Quantitative 
analysis (Figure 8B) showed that 81.3 ± 2.5% of 

A

B

Figure 2 Cadmium induces neuroinflammation in RVLM. (A) Transcriptional activity of NF-κB or (B) mRNA level of IL-1β, IL-6, CINC-1 and MCP-1 in tissue collected from 
RVLM of rats 20, 120 or 240 min after cadmium (Cd; 4 mg/kg) administration or their sham-controls. Values are mean ± SEM, n = 3 animals per experimental group. *P < 
0.05 vs sham-control (C) group in the Dunnett multiple-range test.
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neurons in RVLM of sham-control rats exhibited clear 
hematoxylin-labeled nucleolus, intact nuclear membrane, 
nucleus and cytoplasm, as opposed to 70.6 ± 3.0%, 55.2 
± 2.8%, or 64.4 ± 4.6% at 20, 120 or 240 min after 
administration of cadmium (all P < 0.05 versus sham- 
control). At the same time, results based on the deter-
mination of histone-associated DNA fragments further 
showed that apoptotic cell death in RVLM from the 
cadmium group was also significantly increased 
(Figure 8C).

Discussion
As a heavy metal and an environmental toxicant, cad-
mium can pass the BBB and accumulated in the brain 
to induce neurotoxicity and neuroinflammation4,5,8 The 
present study provided further biochemical, pharmaco-
logical and morphological evidence to support the 
notion that acute exposure to cadmium causally trig-
gers neuroinflammation in RVLM, resulting in 
impaired baroreflex-mediated sympathetic vasomotor 
tone that leads to the decrease in blood pressure. We 
further demonstrated that the underlying cellular 
mechanisms in RVLM include activation of microglia, 
augmentation of astrocytes, generation of ROS, 

hypoxic responses and apoptotic and necrotic cell 
death.

Microglia represent 5–20% of the total glia cell 
population in rodents, and are key regulators of the 
immune response in the brain.10,11 It has been reported 
that during infection, inflammation, trauma, ischemia, 
and neurodegeneration, microglia can respond quickly 
and undergo morphological transformation from highly 
differentiated cells (ramified) to amoeboid cells 
(activated).27 There are two types of activation states, 
termed “M1” and “M2”.28 M1 phenotype microglia 
promote transcriptional activation of NF-κB and 
release pro-inflammatory cytokines or neurotoxic 
molecules to promote inflammation and cytotoxic 
reactions.11 In contrast, M2 phenotype microglia are 
associated with repair, regeneration and restoration of 
homeostasis by secreting anti-inflammatory cytokines 
and nutrient factors.12 Our immunofluorescence results 
showing morphologic transformation of microglia 
from ramified to activated phenotype, together with 
significant augmentation of pro-inflammatory 
cytokines and chemokines, therefore suggested that 
activation of M1 phenotype microglia underpins cad-
mium-induced neuroinflammation by promoting the 
release of pro-inflammatory cytokines and chemokines 
in RVLM.

We also observed a significant increase in the num-
ber of astrocytes in RVLM after cadmium administra-
tion. Cadmium has been shown to induce 
neuroinflammation via activation of astrocytes.8 

Phuagkhaopong et al29 reported that astrocytes treated 
with cadmium elicit an upregulation and release of IL-6 
and IL-8 via the mitogen-activated protein kinase 
(MAPK) and NF-κB pathways, possibly leading to neu-
roinflammation and neuronal death. It is therefore con-
ceivable that astrocyte in RVLM may also play a role in 
the dysfunction of cardiovascular regulation after cad-
mium treatment.

Previous studies demonstrated that mitochondrial 
dysfunction, leading to the generation of ROS and 
necrotic or apoptotic cell death in RVLM, is a major 
culprit of baroreflex dysfunction.19,30,31 It thus is of 
interests that elevated mitochondrial superoxide in 
RVLM neurons, along with both necrotic and apoptotic 
cell death in RVLM, was found after cadmium treat-
ment. Generation of ROS, in particular superoxide 
anion, may arise from a deficiency in mitochondrial 
electron transport chain.32 Induction of ROS 

Table 1 Top 20 Cytokine and Chemokine Gene Changes in 
Rostral Ventrolateral Medulla (RVLM) of Rats

Assay ID Gene Symbol Fold of Sham Control

Rn01461447_g1 Csf3 2374.2

Rn00788261_g1 Cxcl11 2041.7

Rn00595504_m1 Cxcl9 978.5
Rn00578225_m1 Cxcl1 (CINC-1) 537.1

Rn00570287_m1 Ccl20 374.9

Rn01413889_g1 Cxcl10 349.7
Rn00580555_m1 Ccl2 (MCP-1) 67.8

Rn01467286_m1 Ccl7 60.7
Rn01456850_m1 Csf2 40.6

Rn00594078_m1 Ifng 27.4

Rn01410330_m1 Il6 27.3
Rn01464638_m1 Ccl12 22.4

Rn00580432_m1 Il1b 21.8

Rn01646318_g1 Il3 19.4
Rn01525859_g1 Tnf 13.4

Rn01536591_m1 Ccl22 13.3

Rn00589289_m1 Tnfsf11 12.6
Rn01464736_g1 Ccl3 10.2

Rn00671924_m1 Ccl4 9.1

Rn01450028_m1 Cxcl13 8.3

Notes: Shown are the top 20 genes in order of fold changes with sham control in 
RVLM of rats at 240 min after intravenous administration of cadmium (4 mg/kg).
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production in mitochondria of cortical neuron7 via 
inhibiting the electron transfer chain33 is considered 
a possible pathogenic factor in cadmium-elicited 
cell death.4 Cadmium-induced mitochondrial dysfunc-
tion also leads to apoptosis or necrosis.34 It 
follows that mitochondrial dysfunction and ROS pro-
duction in RVLM are potential action targets for cad-
mium toxicity against brainstem cardiovascular 
regulation.

We are cognizant that formation of peroxynitrite via 
a reaction between superoxide anion and inducible nitric 
oxide synthase (iNOS)-produced nitric oxide underpins 
endotoxin-induced apoptosis in RVLM that results in 
cardiovascular dysregulation;19 and transcriptional upre-
gulation of iNOS in RVLM is induced by NF-κB.35 Our 
observed significant activation of NF-κB after cadmium 

administration therefore suggests that iNOS is 
a candidate target for NF-κB to mediate the secondary 
decrease of BLF power and MAP after cadmium 
treatment.

Our observation that hypoxia and reduced tissue 
perfusion in RVLM occurred simultaneously with 
decrease in MAP, HR and BLF power during Phase 
III is of interest. Hypoxia induces neuroinflammation 
and apoptosis via microglia activation.36 Acute hypoxia 
also initiates an immune response elicited by an 
increased expression of pro-inflammatory mediators in 
autonomic brain nuclei, including RVLM.37 An 
imbalance that favors activated M1 microglia through 
NF-κB signaling to increase the release of pro- 
inflammatory cytokines caused by acute hypoxia was 
shown in Alzheimer’s disease mice.38 It is therefore 

Figure 3 Pentoxifylline attenuates cadmium-induced neuroinflammation in RVLM. mRNA level of IL-1β, IL-6, CINC-1 and MCP-1 in RVLM detected after intravenous 
administration of cadmium (Cd; 4 mg/kg) in rats that received pretreatment with an anti-inflammatory drug, pentoxifylline (PTX; 50 mg/kg, i.p.) or vehicle control (sterile 
water). Tissue samples were collected at 240 min after administration of cadmium. Values are mean ± SEM, n = 3 animals per experimental group. *P < 0.05 vs vehicle- 
control (VC) group in Student’s t-test.
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conceivable that hypoxia because of reduced blood 
flow in RVLM may be the common source for our 
observed activation of microglia and cell death pro-
moted by cadmium.

Our previous work showed that cadmium induces 
apoptotic cell death in RVLM via activating caspase-3 
pathway.16 Inhibitor of apoptosis proteins (IAPs) are 
a family of caspase inhibitors to prevent cell from 
apoptosis. The X-linked inhibitor of apoptosis protein 
(XIAP) is the most characterized member of IAPs to 
directly inhibit caspase-3 and caspase-7.39 Zhao et al 
reported that cadmium-induced mitochondrial ROS 
down-regulates expression of XIAP, leading to apoptosis 
in neuronal cells.40 It follows that mitochondrial dys-
function and ROS production in RVLM may inactivate 
XIAP pathway, leading to apoptotic cell death in our 
animal model.

Chronic cadmium exposure has been found to 
adversely affect various organs, including the brain, 
liver, kidney, lung, blood, and bone, leading to multiple 
organ toxicity.1 Recent reports showed that selenium is 
an essential mineral that possesses antioxidant and 
anti-inflammatory actions on multiple organ toxicity 
induced by cadmium in animals.41–43 Likewise, appli-
cation of nutraceuticals such as myo-inositol or flavo-
coxid elicits protective effects in cadmium-induced 
organ injury.42,44 Combination of selenium with myo- 
inositol treatment showed greater protection against 
cadmium exposure in mice.42 Therefore, application 
of nutraceutical, antioxidant or anti-inflammatory com-
pounds in combination with selenium may offer new 
directions on treatment strategies against cadmium 
intoxication.

We recognize that our study design did not include 
examination of how cadmium accumulates or activates 
microglia in RVLM. In vitro study in cerebrovascular 
endothelial cells indicated that cadmium stimulates 
intercellular adhesion molecule-1 (ICAM-1) expression 
via NF-κB activation, leading to BBB injury.45 It fol-
lows that cadmium may act directly or indirectly on 
microglia in RVLM to induce cardiovascular dysregula-
tion. Future experiments are required to address these 
issues.

Conclusion
The present study provided biochemical, pharmacolo-
gical and morphological evidence to support the notion 
that cadmium elicits sub-lethal circulatory 
depression by causally inducing neuroinflammation in 
RVLM that leads to cardiovascular dysregulation. We 
also demonstrated that the underlying cellular mechan-
isms (Figure 9) include activation of microglia, 

Figure 4 Pentoxifylline attenuates cadmium-induced cardiovascular depression. 
Changes in MAP, HR, or BLF 240 min after intravenous administration of cadmium (Cd; 
4mg/kg) or saline in animals that received pretreatment with an anti-inflammatory drug, 
pentoxifylline (PTX; 50 mg/kg, i.p.) or vehicle (Veh; sterile water). Values are mean ± SEM, 
n = 6 animals per experimental group. *P < 0.05 vs vehicle + saline (Veh + S) group in the 
Dunnett multiple-range test, + P < 0.05 vs vehicle + cadmium (Veh + Cd) group in the 
Tukey’s test.
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Figure 5 Cadmium induces microglia activation in RVLM. (A) Representative photomicrographs of fluorescence images and their conversion to binary and skeletonized 
images showing low-power or high-power views of cells in ventrolateral medulla oblongata that were immunoreactive to the reactive microglia marker Iba-1 in rats treated 
with cadmium (4 mg/kg). (B) Quantitative and morphology analysis of Iba-1+ immunoreactivity in RVLM using ImageJ. These results are typical of 3 animals from each 
experimental group. *P < 0.05 vs sham-control (C) group in the Dunnett multiple-range test. Scale bar, 200 μm in low-power view or 20 μm in high-power view, binary and 
skeletonized images. 
Abbreviations: NA, nucleus ambiguus; RVLM, rostral ventrolateral medulla.
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A

B

Figure 6 Cadmium increases the number of astrocytes in RVLM. 
(A) Representative photomicrographs of fluorescence images showing low-power 
or high-power views of cells in ventrolateral medulla oblongata that were immu-
noreactive to the reactive astrocyte marker GFAP in rats treated with cadmium 
(4 mg/kg). (B) Quantitative analysis of GFAP+ immunoreactivity in RVLM using 
ImageJ. These results are typical of 3 animals from each experimental group. *P < 
0.05 vs sham-control (C) group in the Dunnett multiple-range test. Scale bar, 200 
μm in low-power view or 20 μm in high-power view images. 
Abbreviations: NA, nucleus ambiguus; RVLM, rostral ventrolateral medulla.

Figure 7 Cadmium induces ROS production in RVLM. Illustrative in situ detection 
of superoxide in RVLM using a mitochondrial superoxide indicator (MitoSOX) in 
sham-controls or 20, 120 or 240 min after intravenous administration of cadmium 
(Cd; 4 mg/kg). Values in quantification of mean intensity of MitoSOX fluorescence 
are mean ± SEM, n = 3 animals per experimental group. *P < 0.05 vs sham-control 
(C) group in the Dunnett multiple-range test. White asterisk denotes location of 
the nucleus in the corresponding RVLM neurons. Scale bar, 200 μm in low-power 
view or 20 μm in high-power view images. 
Abbreviation: NA, nucleus ambiguous.
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augmentation of astrocytes, generation of ROS, and 
cell death, all of which may be initiated by hypoxia 
because of reduced blood flow promoted by 
cadmium in RVLM. Our observed potency of the anti- 
inflammatory drug (PTX) to ameliorate the cadmium- 
induced dysfunction of the brainstem cardiovascular 
regulatory mechanism offers new insights into 

treatment strategies against cardiovascular 
toxicity induced by this heavy metal and environmental 
toxicant. In this regard, one potential therapeutic 
strategy is to exploit the synergy between 
nutraceuticals and anti-inflammatory or antioxidant 
compounds for the treatment of cadmium-induced 
toxicity.

A

B C

Figure 8 Cadmium induces necrotic and apoptotic cell death in RVLM. (A) Representative photomicrographs of RVLM stained by hematoxylin and eosin showing nuclear 
karyolysis and eosinophilic neurons in rats 20, 120 or 240 min after receiving cadmium (Cd; 4 mg/kg, i.v.), or their sham-controls. (B) Stacked bar plots showing the average 
distribution of neurons in RVLM (in percentage) based on morphology from hematoxylin and eosin staining. These results are typical of 3 animals from each experimental 
group. In (A), NA, nucleus ambiguous; yellow arrow, eosinophilic neuron; black arrow, neuron exhibiting karyolysis. (C) changes in apoptotic cell death against sham- 
controls in tissues collected from RVLM of rats that received 20, 120 or 240 min after cadmium. Values are mean ± SEM, n = 4 animals per experimental group. *P < 0.05 vs 
sham-control (C) group in the Dunnett multiple-range test.
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