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Abstract. The inflammatory response and apoptosis are key 
factors in cerebral ischemia‑reperfusion injury. The severity 
of the inflammatory reaction and apoptosis has an important 
impact on the prognosis of stroke. The ultrasmall super‑
paramagnetic iron oxide particle has provided an effective 
magnetic resonance molecular imaging method for dynamic 
observation of the cell infiltration process in vivo. The aims 
of the present study were to investigate the inflammatory 
response of cerebral ischemia‑reperfusion injury in mice using 
ferumoxytol‑enhanced magnetic resonance imaging, and to 
observe the dynamic changes of inflammatory response and 
apoptosis. In the present study a C57BL/6n mouse cerebral 
ischemia‑reperfusion model was established by blocking 
the right middle cerebral artery with an occluding suture. 
Subsequently, the mice were injected with ferumoxytol via 
the tail vein, and magnetic resonance scanning was performed 
at corresponding time points to observe the signal changes. 
Furthermore, blood samples were used to measure the level 
of serum inflammatory factors, and histological staining was 
performed to assess the number of iron‑swallowing microglial 
cells and apoptotic cells. The present results suggested that 
there was no significant difference in the serum inflammatory 
factors tumor necrosis factor‑α and interleukin 1β between the 

middle cerebral artery occlusion (MCAO) and MCAO + feru‑
moxytol groups injected with ferumoxytol and physiological 
saline. The lowest signal ratio in the negative enhancement 
region was decreased 24 h after reperfusion in mice injected 
with ferumoxytol. The proportion of iron‑swallowing microg‑
lial cells and TUNEL‑positive cells were the highest at 24 h 
after reperfusion, and decreased gradually at 48 and 72 h 
after reperfusion. Therefore, the present results indicated 
that ferumoxytol injection of 18 mg Fe/kg does not affect 
the inflammatory response in the acute phase of cerebral 
ischemia and reperfusion. Ferumoxytol‑enhanced magnetic 
resonance imaging can be used as an effective means to 
monitor the inflammatory response in the acute phase of cere‑
bral ischemia‑reperfusion injury. Furthermore, it was found 
that activation of the inflammatory response and apoptosis 
in the acute stage of cerebral ischemia‑reperfusion injury is 
consistent.

Introduction

Ischemic stroke is a common disease that affects human 
health, with high morbidity, mortality and disability rates 
worldwide (1,2). After cerebral ischemia, the blood supply 
is restored for a certain period of time. However, brain func‑
tion cannot be restored, and cerebral ischemia causes serious 
neurological dysfunction. Furthermore, secondary injury plays 
a key role in the process of cerebral ischemia‑reperfusion 
nerve function damage, and the inflammatory reaction after 
stroke is an important aspect of secondary injury (3). 

Apoptosis is an active process of cell death that occurs 
under physiological or pathological conditions  (4). During 
the first few minutes to several days after cerebral ischemia, 
increased cell apoptosis occurs in ischemic areas, especially in 
ischemic penumbra areas, which also constitutes an important 
part of cerebral ischemic damage (5).

The inflammatory reaction and apoptosis are key compo‑
nents in cerebral ischemia‑reperfusion injury  (5‑7). The 
severity of the inflammatory reaction and apoptosis has an 
important impact on the prognosis of stroke (5,8). Furthermore, 
inflammation is expected to become a target for treatment of 
ischemic stroke. Thus, understanding the temporal and spatial 
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changes of the inflammatory response and apoptosis in cerebral 
ischemia‑reperfusion injury is important to help treatment of 
cerebral ischemia‑reperfusion injury (9). Magnetic resonance 
scanning is a non‑invasive, free‑from‑radiation technique that 
can be used to display cerebral ischemic foci from multiple 
angles  (10). A T1‑weighted image (T1WI) is a magnetic 
resonance image weighted by longitudinal relaxation time 
T1; T1WI can highlight the difference of tissue T1 relaxation 
(longitudinal relaxation). Moreover, a T2‑weighted image 
(T2WI) is a magnetic resonance image weighted by transverse 
relaxation (spin‑spin relaxation) time T2; T2WI can highlight 
the difference of tissue T2 relaxation (transverse relaxation). 
Furthermore, ischemic brain tissue shows low signals on 
T1WI, and a high signal on T2WI.

The ultrasmall superparamagnetic iron oxide particle 
(USPIO) is a new blood pool contrast agent, and an effective 
MRI molecular imaging method for dynamic observation of 
the cell infiltration process in vivo (11,12). USPIO MRI can 
detect macrophages and inflammatory reactions in vivo, and 
has been used in the research of various diseases, such as 
stroke, prostate cancer and experimental autoimmune enceph‑
alomyelitis (13‑18). USPIO particles can be phagocytized by 
macrophages, and thus can be used for imaging inflammatory 
reactions after cerebral ischemia (19). After cerebral ischemia, 
microglia, which exist in brain tissue and are the macrophages 
of the brain, are activated in large numbers, and these activated 
microglia can engulf specific paramagnetic USPIOs (20). The 
superparamagnetism of iron oxide nanoparticles means these 
particles exhibit high transverse relaxivity, and are thus used 
to produce signal loss in T2‑weighted images (21). However, 
some particles exhibit significant longitudinal relaxivity and 
can produce hyperintensity in T1‑weighted images under 
certain conditions (22). 

Therefore, the present study used ferumoxytol to enhance 
MRIs to observe the inflammatory response in the acute stage 
of cerebral ischemia‑reperfusion injury. The present study 
also investigated the dynamic changes of the inflammatory 
response and apoptosis after cerebral ischemia‑reperfusion 
injury.

Materials and methods

Experimental animals. All experiments and procedures 
were approved by the Animal Ethics Committee of Shanghai 
University of Traditional Chinese Medicine (registration 
no. SZY201712006). In total, 54 wild‑type, specific‑pathogen 
free male C57BL/6n mice (age, 8‑10 weeks; weight, 20‑25 g) 
were purchased from Vital River Laboratory Animal 
Technology Co., Ltd. [license nos. SCXK (Beijing) 2016‑0006 
and SCXK (Zhejiang) 2018‑0001]. Mice were reared in the 
Animal Experimental Centre of Shanghai University of 
Traditional Chinese Medicine, Animals were housed in a 
temperature (22±2˚C), humidity (55±10%) and 12 h light/dark 
cycle‑controlled environment and given ad libitum access to 
food and water. The environmental facility license no. was 
SYXK (Shanghai): 2014‑0008.

Experimental design. The 54 mice used in the study were 
divided into the sham‑operation group (sham group), middle 
cerebral artery occlusion (MCAO) and MCAO + ferumoxytol 

groups (n=18 mice in each group) according to their body 
weight. Each group was further divided into 24, 48 and 72 h 
subgroups, with 6 mice in each group. In the sham group, the 
common carotid artery, external carotid artery and internal 
carotid artery were separated; the specific separation steps 
were as the same as with the MCAO group, without the inser‑
tion of an occluding suture, and the specific separation steps 
are described in detail in the following paragraph. In the 
MCAO and MCAO + ferumoxytol groups, the right middle 
cerebral artery was blocked using a modified Longa suture 
method  (23) to establish a cerebral ischemia‑reperfusion 
model. Subsequently, mice in the sham and MCAO + feru‑
moxytol groups were injected with ferumoxytol (trade name, 
Feraheme; 1 mg/ml; purchased from Canada by Shanghai 
So‑Fe Biomedicine Technology Co., Ltd.; injection dose, 
18 mg Fe/kg) via the tail vein after successful modelling. Mice 
in the MCAO group were injected through the tail vein with 
0.9% NaCl solution of equal volume after model establish‑
ment. The vital signs monitored after the operation included 
the body temperature and activity of the mice. The average 
time between suturing the animals and stabilizing the vital 
signs was 30‑120 min; therefore, the injection was started ~2 h 
after operation. During this time period (2 h after the surgery) 
the body temperature of the mouse was stable, and when this 
returned to normal, and the mice started eating and drinking; 
the injection dose was 0.02 ml USPIO solution/g mice. The 
mice were first scanned using MRI at the specified time, and 
then 0.5‑1 ml blood was collected by retroorbital exsanguina‑
tion for the detection of serum inflammatory factors. The mice 
were sacrificed immediately after retroorbital exsanguination 
by cervical dislocation (n=6/time point) at three‑time points, 
and the brain tissues were taken for histological examination. 
During the experiment, the number of dead mice and the 
cause of death was recorded, and the mice in which MCAO 
was not established, which was observed in the T2‑weighted 
images of the MRI, were removed. The model was subse‑
quently re‑established to supplement the sample size of the 
corresponding group. Fig. 1 shows the experimental design in 
further detail.

Improved method for establishing the cerebral ischemia 
model. All mice drank freely and were fasted for 12 h prior to 
the operation to prevent postoperative intestinal obstruction. 
The preparation method of cerebral ischemia‑reperfusion in 
MCAO and MCAO + ferumoxytol groups were as described 
below. Mice were anaesthetized by intraperitoneal injection 
(1% sodium pentobarbital, 35‑40 mg/kg (Sinopharm Chemical 
Reagent Co., Ltd.), and tweezers were used to gently pinch 
the toes of the mouse. If the mouse did not have any reac‑
tion after pinching, it was considered to have entered a deep 
state of anesthesia. The skin was sterilized using an alcohol 
cotton ball after the mice were fixed in the supine position. 
The skin in the middle of neck was cut 1.0‑1.5  cm using 
ophthalmology scissors. The subcutaneous tissues and glands 
were separated with ophthalmologic tweezers until the carotid 
sheath was exposed, to separate the right common carotid 
artery and the external carotid artery. Then, the proximal end 
of the common carotid artery and the external carotid artery 
were ligated. The occluding suture (diameter, 0.14±0.02 mm; 
Beijing Cinotech Co., Ltd.) was placed into the 27G syringe 
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needle (outer diameter, 0.4 mm; needle length, 13 mm), and 
the needle was inserted into the common carotid artery; the 
occluding suture was pushed from the tail of the needle, and 
the common carotid artery and its internal occluding suture 
were clamped with tweezers. The needle was subsequently 
withdrawn, and the occluding suture continued to be inserted 
into the internal carotid artery; the insertion process was 
stopped when resistance was encountered. At this point, the 
head end of the occluding suture was ~1 cm from the bifurca‑
tion of the common carotid artery, and the beginning of the 
middle cerebral artery was blocked. The occluding suture and 
the common carotid artery were fixed together with a thin 
surgical suture, and the incision was sterilized and sewn up. 
After 30 min, the nylon thread was withdrawn back to the 
bifurcation of the common carotid artery to cause reperfusion. 
The room temperature was kept at ~25˚C during and after 
the operation. The mice were irradiated with an incandescent 
lamp to keep the rectal temperature at 37.0±0.5˚C after the 
operation. The mice were housed in a single cage and the 
neurological function score of each mouse was recorded using 
the Longa 5 grade method (24): i) 0, no obvious symptoms 
of neurologically defective function; ii) 1, on lifting the tail 
vertically, the opposite front paws could not be extended; iii) 2, 
the mouse turned to the hemiplegic side when walking; iv) 3, 
when walking, the body fell to the hemiplegic side; v) 4, the 
mouse could not walk spontaneously, and there was loss of 
consciousness; and vi) 5, death. Mice with a score of 1‑3 were 
included in the experiment, and mice with a score of 0, 4 or 
5, or those that died before the observation time point, were 
excluded. The health status of mice was observed every 4 h; 
if mice were unable to eat, nutritional support was given by 
intraperitoneal injection of 0.2‑0.5 ml physiological saline, 
according to their physical condition. If mice died before the 
MRI scan or before the serum samples were collected, mice of 
the same weight were randomly added to the group to ensure 
the same sample number of experimental animals in each 
subgroup. Neurological function of mice was also evaluated 
prior to MRI.

MRI acquisition and processing. All scans were performed on 
a Siemens Skyra3.0T machine with an 8‑channel transverse 
coil for small animals (cat. no. 5000049101/001006; Shanghai 
Chenguang Medical Technology Co., Ltd.). The mice were 

anaesthetized by intraperitoneal injection (1% pentobarbital 
sodium, 35‑40 mg/kg; Sinopharm Chemical Reagent Co., 
Ltd.). The mice were fixed at the center of the coil in a prone 
position, and fast spin echo sequence scanning (25,26) was 
performed. The sequence and specific parameters of MRI are 
shown in Table I. After MRI, the changes of MRI signals in 
the mouse brain tissues were observed, and a clinician with 
5 years' clinical experience independently measured the signal 
values of the right negative enhancement region and the left 
corresponding region on T2WI images. The signal values of 
the left and right sides in the same region as the MCAO group 
were measured in the sham operation group. Calculations were 
performed as follows: The signal ratio of the sham operation 
group in T2WI=right signal value/left signal value. The signal 
ratio of the MCAO + ferumoxytol group in T2WI=right 
negative enhancement region signal value/left corresponding 
region signal value.

Serological tests. After the MRI scan, the mice were still anes‑
thetized and the skin was disinfected around the orbit. Then, 
blood samples were collected by retroorbital exsanguination, 
and samples were centrifuged at 5 x g for 15‑20 min after 
standing for 30 min. The upper serum was collected, and the 
serum levels of interleukin‑1β (IL‑1β) and tumor necrosis 
factor‑α (TNF‑α) were determined using their respective 
ELISA kits (cat. nos. 88‑7013 and 88‑7324; Thermo Fisher 
Scientific, Inc.).

Histological examination. After blood collection, the mice 
were euthanized by cervical dislocation. The brain tissue was 
removed, and the tissue samples were fixed at room tempera‑
ture with 4% paraformaldehyde for 24  h, prior to being 
embedded in paraffin. Brain tissues with negative enhancement 
corresponding to MRI coronal fracture images were sectioned 
(5‑µm thick) for hematoxylin and eosin (HE) staining. Briefly, 
the tissue slides were placed in an oven at  60˚C for 1  h, 
deparaffinized with xylene 3 times for 20 min each at room 
temperature, rehydrated in a descending series of ethanol and 
washed in tap water. The sections were subsequently stained 
with hematoxylin (cat.  no.  H9627; Sigma‑Aldrich; Merck 
KGaA) for 10 min at room temperature and washed in running 
tap water for 5 min. Then, the tissue slides were counterstained 
with eosin (cat. no. E4009; Sigma‑Aldrich; Merck KGaA) for 

Figure 1. Experimental design. In total, 54 mice were randomly divided into sham, MCAO and MCAO + ferumoxytol groups according to their body weight. 
Each group was further divided into 24‑, 48‑ and 72‑h subgroups, with six mice in each group. Mice in the sham and MCAO + ferumoxytol groups were 
injected with 18 mg Fe/kg ferumoxytol via the tail vein after successful modeling. Mice in the MCAO group were injected with 0.9% NaCl solution of equal 
volume after modelling. All mice underwent MRI at the corresponding time points, and then blood was collected for the detection of serum inflammatory 
factors. Mice were euthanized after retroorbital exsanguination, and the brains were removed for serological and histological studies. MCAO, middle cerebral 
artery occlusion.
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3 min at room temperature. The slides were dehydrated in 
95 and 100% alcohol twice for 2 min each or until the excess 
eosin was removed. Slides were washed with xylene twice for 
2 min each and mounted in Permount (Sinopharm Chemical 
Reagent Co., Ltd.).

Immunohistochemistry. IBA1 is a microglial cell/macrophage 
specific protein antibody (27‑29). Brain tissue sections were 
prepared as described above for HE staining. The sections 
were deparaffinized with xylene three times for 20 min each at 
room temperature and rehydrated using a descending alcohol 
series, prior to undergoing heat‑mediated antigen retrieval 
with boiled sodium citrate buffer (pH  6; cat.  no.  G1202; 
Wuhan Servicebio Technology Co., Ltd.) in a microwave 
oven for 20 min. The sections were washed in PBS (pH 7.4; 
cat.  no.  G0002; Wuhan Servicebio Technology Co., Ltd.) 
3  times for 5  min each time. The sections were blocked 
with 5% rabbit serum (cat.  no. G1209; Wuhan Servicebio 
Technology Co., Ltd.) for 30 min at room temperature before 
being incubated with the primary IBA1 antibody (1:2,000; 
cat. no. ab178846; Abcam) overnight at 4˚C to identify the 
microglial cells. Following the primary antibody incubation, 
a goat anti‑rabbit horseradish‑peroxidase secondary antibody 
(cat. no. K5007; Dako; Agilent Technologies, Inc.), without a 
dilution, was incubated with the sections for 30 min at room 
temperature. The slides were subsequently stained with 
3,3'‑diaminobenzidine and the phagocytized ferumoxytol was 
analyzed following the described method below.

Identification of phagocytized ferumoxytol. The phagocy‑
tized ferumoxytol was subsequently identified. The chemical 
formula of ferumoxytol is Fe3O4, which is an inactive material, 
in which the Fe is trivalent iron (30). Potassium ferrocyanide 
solution can separate trivalent iron ions from proteins using 
dilute hydrochloric acid, and the trivalent iron is able to react 
with potassium ferrocyanide; this reaction produces an insol‑
uble blue compound (31). In this experiment, after washing the 
sections that were stained with IBA1 antibody with running 
water, the Prussian blue iron stain kit (cat. no. GP1068; Wuhan 
Servicebio Technology Co., Ltd.) was used to identify phago‑
cytized ferumoxytol in cells, according to the manufacturer's 
protocol. Briefly, a mixture of 2% potassium ferrocyanide and 
2% hydrochloric acid was used to stain the trivalent iron ions 
for 1 h at room temperature, prior to washing with tap water. 
The sections were subsequently dehydrated with an ascending 
alcohol series, deparaffinized with xylene three times for 
5 min each at room temperature and mounted in Permount 
(Sinopharm Chemical Reagent Co., Ltd.).

TUNEL staining. TUNEL was used to detect apoptotic 
cells using an apoptosis kit (in situ cell death detection kit; 
cat.  no.  11684817910; Roche Applied Science). Firstly, 
paraffin‑embedded sections of brain tissues were prepared 
according to the method in HE staining. The sections were 
deparaffinized with xylene twice for 5 min each at room 
temperature and rehydrated using a descending alcohol series, 
prior to being rinsed with PBS twice. Subsequently, 50 µl 
TUNEL reaction mixture (50 µl TdT + 450 µl dUTP) was 
incubated with the sections for 1 h at 37˚C in the dark. After 
being washed with PBS 3 times, 100 µl 3'3‑Diaminobenzidine 
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was added to the tissue and a light microscope (NIKON 
Eclipse 50i; Nikon Corporation) was used to observe the 
color change; the reaction was stopped when a yellow color 
appeared. The cell nuclei were counterstained with Harris 
hematoxylin (cat. no. H9627; Sigma‑Aldrich; Merck KGaA) 
for 30 sec at room temperature. The sections were dehydrated 
with an ascending series of alcohol, deparaffinized with xylene 
three times for 5 min each at room temperature and mounted 
as previously described.

Counting method. After all the samples were stained, all the 
sections (HE, IBA1, Prussian blue and TUNEL staining) were 
visualized using a digital pathology slide scanner (KFBIO 
KF‑PRO‑120; KFBIO Konfoong Bioinformation Tech Co., 
Ltd.) and analyzed using the digital slice reading software 
K‑viewer version 1.1 (KFBIO Konfoong Bioinformation Tech 
Co., Ltd.). The HE staining focused on observing the presence 
of necrosis, edema and inflammatory cell infiltration in the 
brain tissue using x10, x200 and x400 magnification. IBA1 
immunohistochemical staining and Prussian blue staining 
were mainly observed in the hippocampus at a magnifica‑
tion of x400, whereas TUNEL staining was mainly observed 
in the cerebral cortex and brain tissue with a magnification 
of x400. Each animal had four non‑repeated fields of view 
around the lesion. The high magnification images were taken 
from the low magnification of their panoramic images using 
K‑viewer version 1.1  software. The immunohistochemical 
staining images were semi‑quantitatively analyzed using 
ImageJ software version 1.8.0 (National Institutes of Health). 
and the specimens were scored according to the intensity of 
the dye color and the number of positive cells for IBA1 (32): 
The intensity of the dye color was graded as 0 (no color), 1 
(light yellow), 2 (light brown), or 3 (brown), and the number 
of positive cells was graded as 0 (<5%), 1 (5‑25%), 2 (25‑50%), 
3 (51‑75%), or 4 (>75%). The two grades were added together 
and the specimens were assigned to one of four levels: 0‑1 
(‑), 2 (+), 3‑4 (++) or >5 (+++); a score of ≥3 was defined as 
IBA1‑positive and when blue particles were observed in the 
cells, the cells were considered as Prussian blue staining posi‑
tive. The number of cells was counted as the number of IBA1 
+ Prussian blue‑positive and IBA1‑positive cells, respectively; 
the ratio of these was taken as the positive cell percentage. The 
average value of the four graphs was taken as the positive cell 
percentage in the mouse. TUNEL staining was used to calcu‑
late the ratio of apoptotic cells/total cells in four non‑repeating 
fields.

Statistical analysis. All statistical analyses were performed 
using SPSS 25.0 software (IBM Corp.). The neurological score 
of mice was described as the mode number. The MRI signal 
ratio, serum inflammatory factor level and activated microglia 
number were presented as the mean  ±  SD. Serological 
comparisons were conducted using the one‑way ANOVA; 
the least significant difference method was used for pairwise 
analysis. The Pearson correlation test was used to examine the 
correlation between T2WI minimum signal ratio and positive 
microglia ratio in the MCAO + ferumoxytol group. The graphs 
were created using GraphPad Prism version 7.04 (GraphPad 
Software, Inc.). P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

During the modeling process, two mice died due to excessive 
bleeding during the modeling process, and two mice were 
excluded on the basis that no MCAO was observed in the 
T2‑weighted images. The model was re‑established in two 
additional mice to supplement the sample size of the corre‑
sponding group.

Neurological function score. The mice in the sham group 
did not show neurological function deficits at the different 
time points of reperfusion (all scores, 0 points). The mice in 
the MCAO and MCAO + Ferumoxytol groups had different 
degrees of neurological function defect. Moreover, the 
neurological function score was not normally distributed 
(Fig.  2); therefore, data were presented as the mode. The 
neurological function scores in the MCAO group were all 2 
points at 24, 48 and 72 h, and the neurological function scores 
in the MCAO + Ferumoxytol group were 3, 2 and 2 points 
at 24, 48 and 72 h, respectively (Fig. 2).

MRI signal changes in mice of each group. In the sham 
group, there were no significant signal changes in T1WI and 
T2WI at 24‑72‑h reperfusion. In the MCAO + ferumoxytol 
group, there were hyperintense areas in the right brain tissue 
on T2WI ~24 h after reperfusion, with speckles and stripes 
of negative enhancement around this area. Furthermore, 
negative enhancement areas were observed on the infarct 
edge 48 h after reperfusion, and remained until 72 h after 
infarction. Moreover, these negative enhancement areas 
showed high signal on T1WI. In MCAO group, there were no 
obvious signal changes on T1WI, and large areas of hyper‑
intense region were identified in the right brain tissue on 
T2WI, with no obvious negative enhancement surrounding 
the area (Fig. 3A). The signal ratio around the infarction in 
the MCAO + ferumoxytol group was the lowest at 24 h after 
reperfusion, and gradually increased over time. The signal 
ratio in the MCAO group was significantly higher compared 
with the sham and MCAO + ferumoxytol groups (P<0.05), 
and signal ratio in the MCAO group showed a slow downward 

Figure 2. Neurological function score. Mice in the sham‑operated group did 
not show neurological function deficits at different time points of reperfusion. 
Mice in the MCAO and MCAO + ferumoxytol groups had different degrees 
of neurological function deficit. MCAO, middle cerebral artery occlusion.
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trend at 48 and 72 h after reperfusion. However, there was no 
significant change in the signal ratio of the right side and the 

left side of T2WI at each time point in the sham group, and 
the signal ratio was close to 1 (Fig. 3B).

Figure 3. MRI signal changes. (A) MRI signal changes of mice in each group. No abnormal signal changes were found in T1WI and T2WI in the sham group. 
Hyperintense signal was seen in right‑bnbrain tissue of T2WI in the MCAO group. MRI signal changes of mice in the MCAO + ferumoxytol group included 
high signal on T1WI, and patchy low signal on T2WI, in the infarct and its surroundings after 24 h perfusion. Slice high signal was identified on T1WI 
after 48 h reperfusion and low signal was seen on T2WI in corresponding area. Small patches of high signal were seen on T1WI and low signal was seen on 
T2WI at 72 h after reperfusion in the MCAO + ferumoxytol group. (B) Signal ratio change of T2WI around infarction at 24, 48 and 72 h after reperfusion. 
*P<0.05 vs. sham and MCAO + ferumoxytol. T1W1, T1‑weighted image; T2WI, T2‑weighted image; TRA, transverse position; COR, coronal position; MCAO, 
middle cerebral artery occlusion.
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Histological examination. Mice in the sham group had a 
defined structure, neat cell arrangement, no obvious necrosis, 
compact intercellular space and very few inflammatory cells. 
However, in the MCAO and MCAO + ferumoxytol groups, 
the brain tissue was highly damaged with a large number 
of necrotic cells, disordered cell arrangement, interstitial 
edema and large numbers of inflammatory cells (Fig.  4). 
The IBA1 immunohistochemistry + Prussian blue staining 
results suggested that in the sham group there were a large 
number of stationary branched microglia with smaller cell 

bodies and radially tapering branches from the cell bodies, 
and also a small number of large, round or irregular acti‑
vated microglia. It was demonstrated that in the MCAO and 
MCAO + ferumoxytol groups there were a large number of 
stationary branched microglia in the left cerebral parenchyma 
with smaller cell bodies and radially tapering branches from 
the cell bodies, and also a small number of large, round or 
irregular activated microglia. Moreover, a large number of 
activated microglia can be seen around the right cerebral 
parenchymal infarct in the MCAO group (Fig. 5A). In the 

Figure 4. Histological examination. In the sham group, HE staining showed that the cells were arranged in an orderly fashion and no obvious edema was found. 
HE staining of MCAO and MCAO + ferumoxytol groups identified that brain tissue was seriously damaged, with a large number of necrotic cells, disordered 
cell arrangement, decreased number of neuron cells, obvious interstitial edema and a large number of inflammatory cells. Magnification, x10, x200 or x400. 
HE, hematoxylin and eosin; MCAO, middle cerebral artery occlusion.

Figure 5. IBA1 + Prussian blue staining. Staining identified a small number of large, round or irregular activated microglia in the sham group, and a large 
number of branched inactivated microglia in MCAO group. (A) Results of IBA1 + Prussian blue staining in the MCAO + ferumoxytol group. Magnification, 
x10, x200 or x400. (B) Staining images and (C) quantification of the percentages of iron‑engulfing microglia. Brown represents IBA1 positive expression and 
blue represents Prussian blue iron positive staining. Magnification, x10, x40, x100, x200, x400 or x800. IBA1, ionized calcium binding adapter molecule 1; 
MCAO, middle cerebral artery occlusion. 
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MCAO + ferumoxytol group, there were a large number of 
activated microglia at the infarct edge after reperfusion at 
24 h, and blue iron particles were found in the microglia. In 
addition, the number of activated microglia at the infarct edge 
decreased after reperfusion for 48 and 72 h, a small number of 
activated positive cells were found in the infarct center, and a 
small number of blue iron particles were found in the intercel‑
lular substance (Fig. 5B and C).

TUNEL staining results indicated that there were no 
significant levels of positive apoptotic cells in the brain tissue 
of the sham group mice at various time points (Fig.  6A). 
The number of TUNEL cells in MCAO group and MCAO + 
ferumoxytol group was significantly higher compared with 
the sham group at the same time point (P<0.05). The aim of 
the present study was to investigate the level of the inflam‑
matory reaction and apoptosis in the MCAO + ferumoxytol 
group, to see if ferumoxytol has influence on the inflammatory 
response. Therefore, only TUNEL images at 24 h reperfusion 
in the sham operation group and the MCAO group were shown 
(Fig. 6A). The present results suggested that a large number 
of positive apoptotic cells were identified in the infarct area 
and its surroundings in MCAO + ferumoxytol group ~24 h 
after reperfusion, and the number of the apoptotic cells in the 
infarct area decreased over time (Fig. 6B and C).

Detection of the serum inflammatory factors TNF‑α and 
IL‑1β. The inflammatory response is an important cause of 
secondary injury after stroke (33). Moreover, the release of 
various proinflammatory factors after cerebral ischemia aggra‑
vates ischemic injury (34). It was demonstrated that the serum 
levels of the inflammatory factors TNF‑α and IL‑1β in the 
MCAO and MCAO + ferumoxytol groups were significantly 
higher compared with the sham group at 24, 48 and 72 h after 
reperfusion (P<0.05; Table II). To investigate the effect of 
18 mg Fe/kg ferumoxytol injection on the serum inflammatory 
factors in mice, the levels of the serum inflammatory factors 
TNF‑α and IL‑1β were detected in the MCAO and MCAO + 

ferumoxytol groups (Fig. 7). It was found that the serum levels 
of TNF‑α and IL‑1β were not significantly different between 
these two groups (Fig. 7).

Correlation between the MRI signal ratio and positive cell 
ratio. The present study tested the correlation between T2WI 
signal ratio and IBA1 + Prussian blue positive cell ratio, at 
each time point in MCAO + ferumoxytol group. It was found 
that the correlation coefficients R at 24, 48 and 72 h after 
reperfusion were 0.271, 0.386 and 0.410, respectively, with no 
significant correlation (Table III). 

Discussion

Cerebrovascular disease is a common, frequently occurring 
clinical disease with high mortality and disability rates. Using 
animal models to study cerebrovascular disease has become 
an important research method for investigating cerebral isch‑
emia. The Longa modified thread embolism method is the most 
commonly used technique in cerebral ischemia research (35). 
This method has a constant ischemic site and can be used 
for reperfusion, simulating different states of permanent and 
transient focal cerebral ischemia in humans. Furthermore, this 
method allows for accurate control of ischemia and reperfu‑
sion time.

The present study aimed to improve some of the meth‑
odology of cerebral ischemia modeling in mice. During the 
modeling process, the present study used a suitable syringe 
needle to draw the occluding suture into the common carotid 
artery, which replaced the traditional ophthalmic scissors, 
which reduced intraoperative bleeding and greatly improved 
the success rate. The MCAO group and the MCAO + 
Ferumoxytol group had different degrees of neurological defi‑
cits after the model was established, which showed that the 
use of the improved thread plug method to create the model 
was beneficial. However, the present results suggested that 
the neural function scoring data did not conform to normal 

Figure 6. TUNEL staining showed no obvious apoptosis‑positive cells in the sham‑operation group and a large number of apoptotic‑positive cells in the 
MCAO group. (A) TUNEL staining of the MCAO and sham groups. Magnification, x10, x200 or x400. (B) TUNEL staining of the MCAO + ferumoxytol 
group. Magnification, x10, x40, x100, x200 or x400. (C) Quantification of the percentages of TUNEL positive cells. Brown yellow represents positive TUNEL 
expression. *P<0.05 vs. sham group. MCAO, middle cerebral artery occlusion. 
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distribution, and the SD was large. The reason for this may 
be due to the shortcomings of Longa 5 grade scoring method, 
which is subjective. Furthermore, in our present study, the 
evaluation is not sufficiently comprehensive, and the score is 
not detailed to the required degree, which leads to poor sensi‑
tivity in terms of evaluating neurological deficits in mice.

In previous studies that investigated changes in cerebral isch‑
emia, the animals were typically euthanized after establishment 
of the cerebral ischemia model, and then sections were obtained 
to observe the pathological changes; this procedure requires a 
large number of experimental animals (24,36). Furthermore, 
non‑invasive and dynamic monitoring of cerebral ischemia, and 
inflammatory injury in vivo, allows for continuous and dynamic 
observation in the same organism (37). MRI is a high‑resolution 
technique for soft tissue, and further advantages are that there 
is no radiation damage and the method can be used repeat‑
edly. Moreover, MRI is a multi‑parameter, multi‑sequence and 
multi‑slice imaging technique, making it an important method 
for in vivo research (38). 

USPIO is a new type of MRI negative contrast agent with 
several advantages, including being effective at the nano‑scale, 
blood pooling, specific targeting, biocompatibility, longer 
blood half‑life and no long‑term toxicity (12,39). USPIO is 
able to change the longitudinal and transverse relaxation 
time, and can also change the MRI signal (40). Therefore, the 
pathological changes involved in the inflammatory response 
can be detected in vivo using this imaging technology, and 
it has gained increasing attention for use as a mononuclear 
phagocyte system‑specific MRI contrast agent. Currently, 

Figure 7. Serum levels of TNF‑α and IL‑1β. At different time points after 
reperfusion, TNF‑α and IL‑1β in the MCAO and MCAO + ferumoxytol 
groups were higher compared with the sham group. There was no significant 
difference in TNF‑α and IL‑1β between the MCAO and MCAO + feru‑
moxytol groups. *P<0.05 vs. sham group. TNF‑α, tumor necrosis factor‑α; 
IL‑1β, interleukin‑1β; MCAO, middle cerebral artery occlusion.
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USPIO has been used for cell tracing‑related research, 
including autoimmune encephalomyelitis, atherosclerosis and 
other diseases (18,41‑44). For inflammatory diseases of the 
central nervous system, USPIO can be used as both a marker 
of cell infiltration and a marker of blood‑brain barrier destruc‑
tion, which is a new method for inflammatory imaging of the 
central nervous system (45,46). Previous studies have used 
USPIO to investigate whether the inflammatory reaction has a 
correlation with cerebral infarction volume (47).

The component of USPIO selected in the present study was 
ferumoxytol, which is an USPIO approved by the Food and 
Drug Administration to treat iron deficiency anemia caused 
by chronic kidney disease in adults; the chemical formula of 
ferumoxytol is Fe3O4 (30,48). Ferumoxytol, as an ultrasmall, 
ultra‑paramagnetic material, has become more commonly 
used for investigating central nervous system diseases, 
including post‑stroke perfusion imaging or cell integra‑
tion (49,50). Previous studies have used USPIO to investigate 
the in vivo mechanisms of inflammatory response, but have not 
observed the dynamic changes of the inflammatory response 
and apoptosis in depth (51‑53). The inflammatory response 
and apoptosis are the most important pathological changes 
after stroke. Thus, in the present study it was important 
to assess the dynamic changes of the inflammatory response 
and apoptosis. Previous studies have found that USPIO can 
play an anti‑inflammatory and pro‑inflammatory role, or have 
no effect on inflammation (54‑57). However, in vitro studies 
revealed that the influence of USPIO on the inflammatory 
reaction is associated with particle size, different surface 
modifications, injection concentration and time (54‑56,58). 
While Doyle et al (59) found that ferumoxytol did not affect the 
cerebral infarction volume and inflammatory response of mice, 
results that are inconsistent with the present study. There are a 
couple of major differences between the present study and that 
by Doyle et al (59): i) the injection concentration and injection 
time differed (i.e., in the previous study, 7 mg/kg ferumoxytol 
were injected 48 h after MCAO); and ii) the present study used 
C57BL/6n mice, whereas the previous study used BALB/CJ 
mice. Therefore, at present, there are no reliable data to show 
the effect of 18 mg Fe/kg ferumoxytol on the inflammatory 
response following cerebral ischemia in C57BL/6n mice. If the 
volume of ferumoxytol used in the present study were to have 
intensified or alleviated the inflammatory reaction, it would not 
have been appropriate to have used this concentration to study 
the inflammatory reaction in itself. The present study used 
the MCAO + normal saline group as a control to compare the 
differences between the serum inflammatory factors TNF‑α 

and IL‑1β between experimental groups; this represents the 
most novel aspect of the present study.

The present results suggested that there were no signifi‑
cant differences in the serum levels of the inflammatory 
factors TNF‑α and IL‑1β comparing between the MCAO and 
MCAO + ferumoxytol groups at 24, 48 and 72 h after cerebral 
ischemia‑reperfusion. Therefore, the present results indicated 
that 18 mg Fe/kg ferumoxytol, which was used to assess the 
inflammatory reaction, does not affect the release of TNF‑α 
and IL‑1β. Consequently, in the present study it was feasible 
to inject 18 mg Fe/kg ferumoxytol to investigate in vivo the 
MRI of the inflammatory response after cerebral ischemia. 
A previous clinical study showed that USPIO‑enhanced MRI 
may facilitate a more specific treatment of inflammation in 
patients with stroke (60). Microglia are macrophages in the 
brain that can react rapidly to changes in the brain microen‑
vironment (20). Microglia are important imaging targets for 
studying the inflammatory response after stroke  (61). The 
region where USPIO aggregation causes signal changes on 
magnetic resonance images represents the activated microglia 
aggregation region (62). While ferumoxytol has a long half‑life 
in blood, its half‑life is only 45 min in mice, and previous 
studies have shown that almost no ferumoxytol is present in 
cerebral vessels 24 h after injection (63). Moreover, another 
previous study demonstrated that the signal changes in MRI 
at the early stage are not caused by phagocytosis of iron 
particles by blood‑derived macrophages (64). In addition, the 
inflammatory response after cerebral ischemia is a dynamic 
process  (65). Following cerebral ischemia‑reperfusion, 
the metabolic and vasoactive substances increase vascular 
permeability and vascular endothelial cells release adhesion 
factors (66). Furthermore, white blood cell aggregation‑adhe‑
sion‑exudation is initiated, with neutrophils arriving first, 
monocytes predominating 24  h later, and blood‑derived 
macrophages infiltrating in large quantities 3 days after cere‑
bral ischemia (66). Inflammatory cells in brain tissue within 
24‑72 h following cerebral ischemia‑reperfusion are mainly 
inherent microglial cells in the brain (67). Therefore, MRI 
signal changes within 24‑72 h after cerebral ischemia are 
mainly caused by activated phagocytosis of iron particles by 
microglia (64). However, the dynamic changes of microglial 
cells at 24‑72 h after cerebral ischemia‑reperfusion have yet to 
be fully elucidated. Therefore, the present study observed the 
activation of endogenous microglial cells during the 24‑72 h 
period after cerebral ischemia‑reperfusion, and compared 
changes in the MRI signals with brain histopathology. The 
present study used the lowest signal ratio of T2WI to reflect 

Table III. Correlation between the T2WI signal ratio and the IBA1 + Prussian blue positive cell ratio in the middle cerebral artery 
occlusion + ferumoxytol group.

Parameter	 24 h after reperfusion	 48 h after reperfusion	 72 h after reperfusion 

T2WI signal ratio	 0.9432±0.4321	 0.9968±0.0507	 0.10326±0.8729
IBA1 + Prussian blue positive cell ratio	 0.6999±0.6043	 0.6295±0.8616	 0.6136±0.8152
Correlation coefficient, r	 0.271	 0.386	 0.410

T2WI, T2‑weighted image; IBA1, ionized calcium binding adapter molecule 1.
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the degree of activation in microglial cells that engulfed feru‑
moxytol; the lower the ratio, the higher the degree of activation 
of the microglia.

Apoptosis is a relatively ordered, delayed energy‑dependent 
cell death process. Following cerebral ischemia, due to the 
collateral circulation blood supply in the area surrounding the 
necrotic region, the degree of ischemia is lower compared with 
the central area, there is provision of a partial energy supply, 
and cell damage is relatively slight (68). Reperfusion injury 
can produce calcium ion imbalance, endoplasmic reticulum 
and mitochondrial dysfunction, and enhanced peroxidation, 
which leads to DNA damage (69). Moreover, a large degree of 
reperfusion injury can initiate cell apoptosis (5,70).

The present results suggested that the negative enhance‑
ment areas of T2WI in the cerebral ischemic area are 
primarily concentrated around the infarction in the MCAO 
+ ferumoxytol group. Immunohistochemical staining results 
showed a large number of activated microglia in these negative 
enhancement areas, with positive iron particles visible in the 
microglia. Furthermore, TUNEL staining results identified a 
large number of apoptotic cells in these areas, indicating that 
apoptosis and the activation of microglia occur consistently 
24‑72 h after cerebral ischemia‑reperfusion. Moreover, the 
MRI T2WI‑enhanced region signal ratio results suggested that 
the signal was lowest 24 h after reperfusion, and the degree 
of microglial cell activation and apoptosis were highest at 
this time point. Thus, the present results suggested that feru‑
moxytol‑enhanced MRI may be used as an effective strategy 
to monitor the inflammatory response in the acute stage of 
cerebral ischemia‑reperfusion injury. It was demonstrated 
that there is a peak in the inflammatory response at 24 h after 
cerebral ischemia‑reperfusion, which was accompanied by a 
peak of apoptosis. Thus, the activation of the inflammatory 
response after cerebral ischemia‑reperfusion injury is consis‑
tent with apoptosis. 

However, there are several limitations to the present study. 
Firstly, the T2WI signal ratio was used to evaluate the level 
of iron consumed by cells, but SWI is the most sensitive and 
non‑invasive method for iron quantification (71). However, the 
mouse brain tissue voxels used in the present study are small, 
and thus we failed to obtain satisfactory SWI images on 3T 
machines. In addition, the weak linear correlation is due to the 
fact that cells that internalize USPIO are primarily activated 
macrophages. However, there are other cell types involved, 
and parts of USPIO that are not engulfed reach the site directly 
via the damaged blood‑brain barrier. In addition, previous 
studies have shown that USPIO in the cell stroma prove to be 
difficult to stain using Prussian blue (72): A technique that was 
used in the present study. Moreover, the T2WI scanning plane 
may not be identical to the IBA1 immunohistochemical iron 
counterstain section, and due to the heterogeneity of microg‑
lial cell distribution, the proportion of positive cells obtained 
in this plane cannot fully represent the overall situation of the 
lowest signal area. In addition, while no visible hemorrhage 
foci are found upon MRI scanning, HE detection showed that 
some mice had gastric hemorrhage. Therefore, these factors 
may explain why the lowest signal ratio in the subsequent MR 
T2WI and the positive cell ratio were not correlated.

Collectively, the present results suggested that feru‑
moxytol‑enhanced MRI may reflect the activation of microglial 

cells in brain tissue 24‑72 h after cerebral ischemia‑reperfusion 
in vivo. Thus, the present results may provide a useful imaging 
method to observe the inflammatory response after cerebral 
ischemia. Moreover, the histological examination results indi‑
cated that the dynamic changes of microglial cell activation 
and apoptosis are highly consistent; therefore, further studies 
are required to investigate the pathological changes, diagnosis 
and treatment of cerebral ischemia.
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