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Abstract
Background: Postoperative cognitive dysfunction (POCD) is a common complication after surgery, especially
amongst elderly patients. Neuroinflammation and iron homeostasis are key hallmarks of several neurological
disorders. In this study, we investigated the role of deferoxamine (DFO), a clinically used iron chelator, in a mouse
model of surgery-induced cognitive dysfunction and assessed its neuroprotective effects on neuroinflammation,
oxidative stress, and memory function.
Methods: A model of laparotomy under general anesthesia and analgesia was used to study POCD. Twelve to
14 months C57BL/6J male mice were treated with DFO, and changes in iron signaling, microglia activity, oxidative
stress, inflammatory cytokines, and neurotrophic factors were assessed in the hippocampus on postoperative days
3, 7, and 14. Memory function was evaluated using fear conditioning and Morris water maze tests. BV2 microglia
cells were used to test the anti-inflammatory and neuroprotective effects of DFO.
Results: Peripheral surgical trauma triggered changes in hippocampal iron homeostasis including ferric iron
deposition, increase in hepcidin and divalent metal transporter-1, reduction in ferroportin and ferritin, and oxidative
stress. Microglia activation, inflammatory cytokines, brain-derived neurotropic factor impairments, and cognitive
dysfunction were found up to day 14 after surgery. Treatment with DFO significantly reduced neuroinflammation
and improved cognitive decline by modulating p38 MAPK signaling, reactive oxygen species, and pro-inflammatory
cytokines release.
Conclusions: Iron imbalance represents a novel mechanism underlying surgery-induced neuroinflammation and
cognitive decline. DFO treatment regulates neuroinflammation and microglia activity after surgery.
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Background
Neurological complications after major surgery are common, especially in a rapidly growing aging population
[1, 2]. The most common long-term postoperative
complication within this large patient group is a reduction in thinking and memory processes termed postoperative cognitive dysfunction (POCD, recently reviewed
in [3]). POCD affects up to 14–24 % of patients following non-cardiac surgery and increases the risk for
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further complications, including mortality, and prolonged hospitalization quickly becoming a significant
burden to the health care system [3, 4]. Currently, there
is no evidence-based treatment for POCD.
Inflammation is gaining considerable interest as a critical
driver of cognitive deficits, including neurodegenerative
conditions like Alzheimer’s disease (AD) [5, 6]. Neuroinflammation has been related to models of surgery-induced
cognitive dysfunction, in particular, the release of proinflammatory cytokines as tumor necrosis factor-alpha
(TNF-α) and interleukin-1 beta (IL-1β) and the activation
of nuclear factor-kB (NF-kB) signaling in macrophages and
microglia have been highlighted as critical factors in the
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development of cognitive deficits [7–9]. Changes in proinflammatory cytokines and neurodegenerative markers
in the cerebrospinal fluid of postsurgical patients have
been similarly detected, suggesting a role for neuroinflammation in the pathophysiology of POCD [10, 11].
Furthermore, animal models have reported a correlation between pro-inflammatory cytokines and synaptic
plasticity, which is the substrate for memory formation
in the hippocampus [12, 13].
Iron homeostasis is fundamental in maintaining central nervous system (CNS) function and is a necessary
factor in the regulation of oxygen transport, neurotransmission, myelination, and neuronal metabolism [14].
However, iron imbalance and aberrant accumulation in
the CNS is also a hallmark of neuroinflammation and is
implicated in several neurodegenerative disorders, including AD [15, 16]. Mounting evidence supports the
idea that iron progressively accumulates in the brain with
age, leading to oxidative stress, cell death, and neurotoxicity [14]. As a consequence of this microenvironment,
microglia become primed, thus sensitized to a subsequent
challenge (i.e., infection or trauma) and may contribute to
chronic non-resolved neuroinflammation [17, 18].
Although aging is one of the key risk factor for POCD,
strategies aimed at reducing postoperative neuroinflammation have been limited [19, 20]. Hence, this study
aimed at providing new evidence for iron dysregulation
as a potential target for postoperative neuroinflammation in a clinically relevant POCD model. Herein, we explored the effects of deferoxamine (DFO), a potent iron
chelator agent, in preventing microglia activation and
hippocampal-dependent memory deficit after laparotomy in mice. These findings provide evidence for iron
accumulation and activation of p38-mitogen-activated
protein kinase (MAPK) signaling in microglia after surgical trauma as a novel target to treat POCD.

Methods
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intraperiotoneally (i.p.) [21]. During the DFO administration days, the training trials or behavior tests were
performed as described below. Abdominal exploratory
surgery [22] was then performed 24 h after the behavior trainings. The experimental protocols are indicated as in Fig. 1.
On the day of surgery, mice were anesthetized with
4 % chloral hydrate (10 ml/kg, i.p., Shanghai Xingya
Medical Company) plus 0.1 % lidocaine (Shanghai
Zhaohiu Pharm Co. Ltd, China). Briefly, the gastrointestinal tract was exteriorized, and abdominal organs
(liver, spleen, kidneys, and bowel) were explored gently
with cotton but for 30 min. The abdomen was then
closed by 8/0 Prolene sutures (CE1023 Jinhuan Co. Ltd,
Shanghai, China). 0.1 % lidocaine was also used for
postoperative analgesia. Body temperature was maintained at 37 ± 0.5 °C using a homeothermic blanket for
rodents (Stoelting, USA). Sham mice were exposed to
anesthesia and received a midline abdominal incision
(~3 cm) without manipulation of other organs. Mice
without surgery served as naïve controls.

Behavioral tests

Fear conditioning Contextual fear conditioning (FC)
test was performed in a dedicated chamber (Biowill Co.
Ltd, Shanghai, China) as previously described [23]. Six
hours after the daily DFO administration, mice were
placed in FC chamber to adapt to the context for 2 min.
The conditional stimuli cycle was then applied as 15 s
tone (80 dB)—30 s delay—5 s electrical foot shock
(0.3 mA). The conditional training was repeated for six
consecutive days. Surgeries were then performed 24 h
after the last day of training. On postoperative days 3, 7,
or 14, mice were placed back in the original conditioning
chamber without tone or shock stimuli. The recall of
contextual fear memory was assessed by freezing

Animals

C57BL/6J male mice (12~14 months) were obtained
from the Changzhou SPF Animal Technology Co. Ltd
(Changzhou, China). Mice were housed in a controlled
environment (20 ± 2 °C and 50 ± 10 % humidity, 12:12
light/dark cycle) with ad libitum access to standard chow
and water. The procedures were approved by the Committee of Ethics on Animal Experiments at Southwest
committee of laboratory animal committee of PLA,
Chongqing, China (protocol number: SYXK20120031),
and followed the guidelines for the care and use of
Laboratory Animals.
Experimental protocol and surgery model

Mice were treated daily for 6 days with 100 mg/kg
DFO (Sigma-Aldrich, Inc., St. Louis, MO, USA)

a

b

Fig. 1 Experimental protocol. a Protocol of contextual fear conditioning.
b Protocol of Morris water maze (a separate cohort of mice). DFO
deferoxamine, FC fear conditioning, MWM Morris water maze
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behavior (Freeze Frame Actimetrics software). The experimental protocol was indicated as in Fig. 1a.
Morris water maze The Morris water maze (MWM)
training was continued in a separate cohort of mice for
seven consecutive days before surgery. DFO was administered 6 h before MWM daily, from the first to sixth
training days. The water maze tank was 120 cm in diameter, 30 cm in depth, and filled with water at 22 °C. A
submerged platform (10 cm in diameter) was located at
a fixed location which was in the target quadrant. The
mouse was released into the water facing the wall of the
pool from one quadrant and allowed 60 s to locate the
hidden platform [24]. If a mouse failed to find the platform within 60 s, it was guided to the platform and
placed on the platform for 15 s. The mouse was then removed to the cage and allowed to dry in a warm environment. Four trials were performed on each mouse with
starting location from different quadrant. Twenty-four
hours after the MWM training, abdominal exploration
or sham surgery were performed. The acquisition tests
and probe trial were performed on postoperative days 3,
7, and 14. In the end of MWM tests on postoperative
day 14, the mice were terminated for organ harvest. The
latency to reach the platform and swimming speed, as
well as the proportion of time spent in target quadrant
and platform crossing times during the probe trials
were recorded and analyzed by video tracking system
(Xinruan Information Technology Co. Ltd, Shanghai,
China). The experimental protocol was performed as
described in Fig. 1b.
Immunohistochemistry

On postoperative days 3, 7, and 14, mice were anesthetized with 4 % chloral hydrate and 0.1 % lidocaine and
transcardially perfused with 0.9 % ice-cold saline
followed by 2.5 % paraformaldehyde (PFA, Beyotime Institute of Biotechnology, Shanghai, China). Brains were
harvested and postfixed in 2.5 % PFA. The samples were
then cryoprotected in 30 % sucrose solution and embedded in optimal cutting temperature compound (OCT,
Xingzhi Biological technology co., LTD, Guangzhou,
China). Coronal sections (25 μm) were obtained with a
cryostat (Leica, Germany). Sections were blocked in
10 % normal goat serum (Beyotime Institute of Biotechnology) for 30 min at room temperature and incubated
with a rabbit Iba1 antibody (1:500, Wako, Japan) at 37 °
C for 1.5 h and then at 4 °C overnight. After PBS wash,
sections were incubated in goat anti-rabbit antibody
(1:300, Beyotime Institute of Biotechnology, China) for
1 h at 37 °C and then in horseradish peroxidase streptavidin (1:200) and visualized with DAB kit (both from
Beyotime Institute of Biotechnology). Images were obtained with a microscope (Leica, Wetzlar, Germany).
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Iba1-positive cells were analyzed using Image-ProPlus® 6.0 Software; the cell body to cell size ratio was
used to assess microglial activation [25].
Oxidative stress assays

Reactive oxygen species in hippocampus were detected
using a ROS Assay Kit (Nanjing Jiancheng Bioengineering Institute, China) following the manufacturer’s instructions. In brief, the hippocampus was homogenized
with 100 mmol/L PBS and centrifuged at 1000g for
10 min at 4 °C. The supernatant was collected, and protein concentration was determined using Coomassie
brilliant blue method of protein assay kit (Nanjing Jiancheng Bioengineering Institute, China). One hundred
ninety microliter supernatant was added into 10 μl 2,7dichlorofuorescin diacetate (1 mmol/L, DCFH-DA), and
samples were incubated at 37 °C for 30 min. The fluorescence (λexc = 502 nm, λem = 530 nm) was monitored
after the stabilization of the signal, and the results were
expressed as fluorescence intensity/100 mg protein.
The malodialdehyde (MDA) level in hippocampus was
determined using a MDA Assay Kit (Nanjing Jiancheng
Bioengineering Institute, China). After protein quantification, 100 μl tissue homogenate, 100 μl standard solution (10 nmol/ml), 100 μl absolute ethyl alcohol, and
100 μl glacial acetic acid (50 %) were added into four reaction tubes, and then added the corresponding reagents
following the manufacturer’s instruction. The reaction
mixture was then heated at 95 °C for 40 min, centrifuged
at 3500g for 10 min at room temperature. The absorbance was determined by Multi-function meter at
532 nm. The results were expressed as nanomole per
milligram protein.
BV2 microglial cells

The murine microglial cell line BV2 was kindly provided
from Dr. He (Department of Neurobiology, College of
Basic Medical Sciences, Third Military Medical University). DMEM (high glucose, Gibco, Grand Island, NY)
supplemented with 5 % fetal bovine serum (FBS, Gibco),
100 U/mL penicillin, and 100 μg/mL streptomycin, in a
humidified incubator at 37 °C supplied with 95 % air
and 5 % CO2 [26]. Cells were treated for 16 h with (1)
lipopolysaccharide (LPS, 20 μg/ml, Sigma), (2) DFO
(5 mM), (3) DFO + LPS (with DFO pretreated for 6 h),
and (4) DMSO (14 μM). DFO and LPS were dissolved in
DMSO with final DMSO concentration at 14 μM. The
concentration of LPS was chosen based on previous
study [27]. BV2 cells cultured in 12-well plates (5 × 104
cells/well) were used for western blot, and cells cultured
in 96-well plates (4 × 104 cells/well) were used for analysis of iron release or enzyme-linked immunosorbent
assay (ELISA).
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Western blot

Enzyme-linked immunosorbent assay

Hippocampus and BV2 cells were homogenized in lysis
buffer (P0013, Beyotime Institute of Biotechnology,
Shanghai, China) and centrifuged at 10,000g for 30 min
at 4 °C. Protein concentration was determined using
BCA protein assay kit (P0012, Beyotime Institute of Biotechnology). The samples were separated by 10 or 12 %
SDS-polyacrylamide gel and transferred to polyvinylidene fluoride membranes. After 2 h blocking with 5 %
skim milk at 37 °C, the membranes were incubated with
primary antibodies (Table 1) overnight at 4 °C and then
with secondary antibody (goat anti-rabbit or goat anti-rat
antibody, 1:1000, Beyotime Institute of Biotechnology,
Shanghai, China) for 2 h at 37 °C. The immunoreaction
was visualized with enhanced chemiluminescence (ECL)
detection reagents (Thermo Scientific, Rockford, IL, USA)
and analyzed by Image Lab™ software (Bio-Rad Laboratories, Inc. Hercules, CA).

The concentrations of IL-1β, IL-6, and TNF-α in hippocampus and medium were examined by ELISA assay kits
following manufacturer’s instructions (R&D Systems,
USA). The hippocampus were homogenized in RIPA
lysis buffer (Beyotime Institute of Biotechnology, China)
and centrifuged at 12,000g for 15 min to obtain supernatant. Protein quantification was assessed using BCA
kit following the instruction (Beyotime Institute of Biotechnology). BV2 cells were seeded in 96-well plates at
4 × 104 cells/well for 24 h before the experiments. After
treatment, the medium was collected after centrifugation
at 1000g for 20 min and 100 μl of supernatant was used
for detection. The absorbance was read using a spectrophotometer at a wavelength of 450 nm. The concentrations were calculated according to the standard curve
and presented as picogram per milliliter.
Statistical analysis

Calcein-AM assay

The labile iron pool (LIP) was determined by a fluorescence technique with the Fe sensor calcein as previously
described [28] with minor modifications. After washing
with PBS, cells were treated with Chelex-100 (Bio-Rad
Laboratories) and incubated with 100 μl Calcein-AM solution (final concentration at 30 μM) for 20 min at 37 °
C. The excess Calcein-AM was washed off with PBS.
The fluorescence (λexc = 450 nm, λem = 515 nm) was
monitored after the stabilization of the signal, and results were expressed as fold change.
Iron release assay

Iron concentration was measured by Iron Assay Kit
(BioAssay Systems, USA). The procedure was performed
as described [26] with minor modifications. The cells
were crushed with soniprep (Ultrasonic cell crusher,
SONICS, USA) after washing with PBS. Samples were
incubated for 40 min at room temperature, and optical
density was read at 590 nm. The results were expressed
as fold change.
Table 1 Primary antibodies for western blot
Primary antibody

Concentration

Provider

Rabbit anti-ferroportin

1:1000

Abcam, Inc. Cambridge, UK

Rabbit anti-DMTI

1:500

Alpha Diagnostic Intl Inc

Rabbit anti-hepcidin

1:1000

Abcam, Inc. Cambridge, UK

Rat anti-CD68

1:500

Abcam, Inc. Cambridge, UK

Rabbit anti-BDNF

1:1000

Abcam, Inc. Cambridge, UK

Rabbit anti-ferritin

1:2000

Abcam, Inc. Cambridge, UK

Rabbit anti-p38

1:1000

Abcam, Inc. Cambridge, UK

Rabbit anti-gp91phox

1:1000

Abcam, Inc. Cambridge, UK

The data were expressed as mean ± standard deviation
(SD) using GraphPad InStat software program. Twogroup comparisons were evaluated by Student’s t test,
and multiple comparisons were evaluated by one-way
ANOVA followed by Bonferroni post hoc test. Separate
two-way repeated-measures ANOVA was used to evaluate the effect of dose and time on each dependent variable in the fear conditioning and the MWM. P < 0.05
was considered statistically significant.

Results
Surgery affects iron homeostasis in the hippocampus

Using an abdominal laparoscopy surgery model, we evaluated the impact of surgical trauma on iron homeostasis
in the hippocampus. Surgery induced iron accumulation
in the hippocampus compared to control and sham
groups up to 14 days (P < 0.01), which was attenuated by
DFO pretreatment (P < 0.05 and 0.01, respectively,
Fig. 2a). To verify these changes, we measured protein
expression of key components in iron homeostasis in
the hippocampus including ferroportin (Fpn-1), hepcidin, and divalent metal trasporter-1 (DMT1). Compared
to control and sham operation, surgery caused a significant reduction in Fpn-1, increasing both hepcidin and
DMT1 in the hippocampus up to postoperative day 14
(P < 0.01). Notably, pretreatment with DFO significantly
improved the surgery-induced changes in iron regulation
(P < 0.05 and 0.01, respectively, Fig. 2b–e).
DFO treatment prevents neuroinflammation and
oxidative stress in the hippocampus

Abdominal surgery led to significant increase of CD68
expression in hippocampus up to postoperative day 14
(P < 0.01, Fig. 3a, b). In addition, from postoperative days
7 to 14, surgery significantly increased Iba1-indicated
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d
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Fig. 2 DFO attenuated surgery-induced iron increase in the hippocampus. a Hippocampal iron content on postoperative days 3, 7, and 14.
b–e Western blot images and quantification of Fpn1, hepcidin, and DMT1 at day 14. n = 8/group for iron content, n = 6/group for iron marker,
*P < 0.05, **P < 0.01; data are expressed as mean ± SD. DFO deferoxamine, NS normal saline, Fpn1 ferroportin, DMT1 divalent mental transporter1

microglial activity (P < 0.01, Fig. 3c, d) as well as the hippocampal TNF-α and IL-1β levels (P < 0.05 and 0.01, respectively, Fig. 3e, f ). These changes were attenuated by
DFO pretreatment (P < 0.05 and 0.01, respectively, Fig. 3).
In addition, there is also significant correlation between
hippocampal iron content and microglial activity (r =
0.6811, P = 0.0147) or CD68 level (r = 0.9561, P < 0.001,
Additional file 1: Figure S1). The suggested neuroinflammation is strongly associated with iron content in
the brain.
Aside neuroinflammation, the oxidative stress markers,
MDA, and reactive oxygen species (ROS) in hippocampus were also significantly elevated from postoperative
day 3 up to day 14 compared to naïve or sham-operated
mice (Fig. 4a, b, P < 0.01), which were also significantly
attenuated by DFO pretreatment (P < 0.05 and 0.01, respectively, Fig. 4a, b).
DFO prevented surgery-induced BDNF dysfunction and
memory impairments

Levels of brain-derived neurotropic factor (BDNF), a key
trophic factor in the CNS, were significantly reduced
after surgery from day 3 up to day 14 compared to control and sham-operated group (P < 0.01). This effect was

significantly alleviated by DFO treatment (P < 0.05 and
0.01, respectively, Fig. 5). Next, we used FC and MWM
tests to evaluate the cognitive function in this POCD
model [23, 24]. During training, we found no difference
between groups regarding the average latency per day;
however, the calculated area under the curve was significantly reduced in the DFO-treated group compared to
other groups (P < 0.05 and 0.01, respectively, Additional
file 2: Figure S2) suggesting DFO may facilitate learning.
During the testing trials, both control and sham groups
maintained similar latencies as in the last training session whereas the surgery group spent more time locating
the hidden platform up to postoperative day 14 compared to control and sham-operated mice (P < 0.05 and
0.01, respectively, Fig. 6a). DFO treatment significantly
improved the latency compared to non-treated mice
during testing trials at all time points (P < 0.05), suggesting that DFO attenuated surgery-induced memory impairment. Moreover, in the probe trial, mice from
surgery group spent significantly less time in the platform target quadrant and less times crossing over the
platform area (P < 0.05 and 0.01, respectively). DFO pretreatment significantly improved the performance during
probe trial after surgery (Fig. 6b, c). No differences of
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Fig. 3 DFO reduced neuroinflammation in hippocampus. a Representative bands of western blot for CD68 in hippocampus. b Quantification of
CD68 protein level in hippocampus. c Representative pictures of Iba1 staining in hippocampus. d The cell body/cell size ratio of Iba1-labeled
microglia. e, f Hippocampal IL-1β and TNF-α. Surgery significantly increased the upregulation of microglia activation, as well as CD68, IL-1β, and
TNF-α level in hippocampus. These effects were attenuated by DFO pretreatment. n = 4/group, *P < 0.05, **P < 0.01. Data are expressed as mean ± SD.
Scale bar 50 μm. DFO deferoxamine, NS normal saline

swimming speed were observed between groups at all
the time points (data not shown).
In FC, freezing time was significantly reduced after
surgery at all time points (P < 0.05 vs control and sham
groups, respectively). Treatment with DFO restored
memory function with no difference compared to naïve
or sham-operated mice up to postoperative day 14
(Fig. 6d).

Anti-inflammatory effects of DFO in LPS-exposed
microglia cells

We used BV2 cell line to further investigate the effects
of DFO on microglia. DFO pretreatment significantly
decreased LPS-induced CD68 expression (P < 0.01,
Fig. 7a, b) and improved BDNF level following LPS
stimulation (P < 0.01, Fig. 7a, c). In addition, LPSinduced gp91phox and p38-MAPK were significantly
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Fig. 4 Effects of DFO on oxidative stress markers in the hippocampus.
Surgery significantly elevated hippocampal levels of MDA (a) and ROS
(b) on postoperative days 3 and 7. This effect was reduced by DFO
pretreatment. n = 4/group, *P < 0.05, **P < 0.01. Data are expressed as
mean ± SD. ROS reactive oxygen species, MDA malondialdehyde, DFO
deferoxamine, NS normal saline

reduced by DFO pretreatment (P < 0.01, Fig. 7d, f ). LPS
also increased levels of IL-6, TNF-α, and IL-1β in cell
culture media compared to naïve or DMSO alone group
(P < 0.01). This effect was significantly reduced by DFO
pretreatment (P < 0.01, Fig. 7g–i).
Looking at iron signaling in BV2 cells, LPS stimulation
significantly increased labile iron, total iron, and ferrous
iron in microglial cells compared to naïve and DMSO
control groups (P < 0.01). These effects were abolished
by DFO pretreatment (P < 0.01, Fig. 8a–d). In this model,
DFO also regulated LPS-induced changes in hepcidin,
DMT1, Fpn1, and ferritin (P < 0.01, Fig. 8e–i).

Discussion
The present study investigated the relationship between iron deposition and cognitive impairment after

Fig. 5 DFO improved BDNF expression after surgery. Image showed
the representative western blot bands for BDNF. Surgery caused a
reduction in BDNF protein, which was restored by DFO, as quantified
using relative density. n = 4/group, *P < 0.05, **P < 0.01. Data are
expressed as mean ± SD. DFO deferoxamine, BDNF brain-derived
neurotropic factor, NS normal saline

abdominal surgery in a mouse model of POCD. Our
data suggest a novel role for iron accumulation in response to surgical trauma in causing neuroinflammation and cognitive dysfunction. Treatment with DFO,
an iron chelator, prevented POCD by ameliorating reactive microgliosis and regulating iron homeostasis
after surgery.
Neuroinflammation has been described as a hallmark
of POCD [29], yet the mechanisms of surgery-induced
neuroinflammation remain poorly understood. Dysregulated iron homeostasis is a common feature of many
conditions, including disorders of the CNS [30]. In
addition, iron and neuroinflammation have been related
in pathologies like AD and common neurodegenerative
diseases [17]. Iron is essential for several biological activities but requires controlled regulation due to its toxicity
when present in abundance [31]. In this study, we found
iron concentration significantly elevated in the hippocampus after surgery and long-lasting changes in iron
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Fig. 6 Surgery-induced hippocampal-dependent memory impairment is mitigated by DFO. Mice after surgery showed significant longer latency
in MWM acquisition trials compared to naïve and sham-operated controls (a). Moreover, in probe trials, mice with surgery spent less time in target
quadrant (b) and had fewer crossings over platform location (c) compared to controls. Contextual fear conditioning memories was impaired in
mice after surgery compared to naïve and sham-operated controls (d). DFO pretreatment significantly improved the performance of mice in
MWM and FC tests after surgery. n = 8/group, *P < 0.05, **P < 0.01 vs control group, #P < 0.05 vs NS + surgery group, $P < 0.05, $$P < 0.01 vs sham
group. Data are expressed as mean ± SD. DFO deferoxamine, NS normal saline

transporting signaling. These findings are consistent
with An et al. that suggested iron accumulation and oxidative stress contribute to POCD after splenectomy in
rats [32]. Since inflammation is one of the key mechanisms implicated in POCD, we used a model of abdominal surgical model without removal of the spleen to
obviate any confounding effects mediated by this immunological organ.
Inflammation and iron homeostasis are tightly regulated. DMT1 has been proposed as a key interface between iron signaling and immunity and is upregulated
by pro-inflammatory cytokines like IL-1β [33]. Hepcidin
was also found increased in the CNS after surgery,
which is consistent with the role of inflammation in triggering iron overload [34]. During chronic inflammation,
higher levels of hepcidin and IL-6 have been related to
anemia of inflammation, a condition that prevents release of iron from intracellular store [35]. To confirm

the role of iron signaling and inflammation in POCD,
we used DFO and reported therapeutic effects on both
iron transporter signaling and inflammation after surgery, including cytokines like IL-1β and IL-6. Inflammation and iron overload are correlated in chronic
inflammatory conditions [36], and systemic cytokines
are increased after surgery both in preclinical and human POCD [37–39]. The relationship between systemic
changes in iron homeostasis and the CNS is complex
and requires further elucidation. Surgery was shown to
reduce systemic levels of iron, yet inducing profound expression in the hippocampus [32]. It is possible that
these changes observed in the CNS are mediated by proinflammatory cytokines affecting iron-related genes at
the choroid plexus, the interface between blood and
cerebrospinal fluid, by tissue-specific endothelial cells
[40]. However, opening of the blood-brain barrier and
endothelial dysfunction after surgery [8, 41, 42] makes it
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Fig. 7 Anti-inflammatory effects of DFO on microglia cells in vitro. a Image of western blot protein bands for CD68 and BDNF in microglia cells. b, c
Quantification of CD68 and BDNF protein levels. d Image of western blot protein bands for gp91phox and p38 in microglia cells. e, f Quantification of
gp91phox and p38 protein levels. g-i Pro-inflammatory cytokines in microglia cells culture medium. DFO exerted anti-inflammatory effects on BV2 cells.
n = 6/group except for p38MAPK (n = 4/group), *P < 0.05, **P < 0.01. Data are expressed as mean ± SD. DFO deferoxamine, LPS lipopolysaccharide, BDNF
brain-derived neurotropic factor

possible for the systemic milieu to affect the brain after
peripheral trauma, possibly activating directly microglial
cells. Notably, DFO administration to control animals
had no significant effect on either iron homeostasis or
hematological parameters [43].
In the CNS, microglia are critical for surveiling and
maintaining homeostasis [44]. Our data support a critical role of microglia activation in POCD both in vivo
and in vitro. Surgery activated microglia as noted by
CD68 and Iba-1 immunoreactivity up to 14 days after
injury, but reactive microgliosis was effectively decreased
following DFO treatment. In addition, DFO reduced oxidative stress and cytokine production in microglia cultures. DFO treatment on LPS-stimulated microglia
prevented the increase of TNF-α, IL-1β, and IL6, and
these cytokines have been shown to increase iron uptake
in human monocytes from patients with rheumatoid
arthritis [45]. Mechanistically, DFO downregulated levels
of gp91phox, the nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH) oxidase subunits which are

participated in oxidative stress signaling. Dysfunctional
iron transporters and excessive free iron induce ROS
production affecting redox-sensitive cell signaling and
transcription factors [46, 47]. Oxidative stress, including
dysregulated NADPH and NADPH oxidase isoform 2
(NOX2) activity, have been recently implicated in POCD
[22, 48]. In addition, DFO also inhibited activation of
p38 MAPK, which is consistent with the overall reduction in pro-inflammatory cytokines.
Activation of microglia in the hippocampus has been
linked to cognitive dysfunction and is causally related to
impairment in long-term potentiation [49]. Our data
found hippocampal-dependent contextual memory impairment after abdominal exploratory surgery and worse
performance in the MWM. This is in-line with previous
evidence of hippocampal-dependent cognitive decline in
POCD [50]. DFO improved memory impairment by
ameliorating inflammation and microglia activation.
DFO was previously tested in AD patients to slow progression of dementia [51]. Also, DFO improved cognitive
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Fig. 8 DFO regulates iron content and transport proteins in LPS-activated microglial cells. a, b Fluorescence staining of metal-sensitive probe
calcein showed labile iron in microglia cells. DFO increased labile iron content in both resting and activated microglia cells. DFO also inhibited
LPS-induced increase in total iron (c) and ferrous ion (d) content in microglia cells. Representative images of western blot protein bands of target
proteins (e). DFO significantly attenuated LPS-induced changes in protein levels for Fpn1 (f), hepcidin (g), and DMT1 (i). Ferritin levels (h) were
decreased in microglia cells after LPS or DFO treatments. n = 4/group for LIP, n = 6/group for total iron and iron marker, n = 8/group for ferrous
ion, *P < 0.05, **P < 0.01. Data are expressed as mean ± SD. Scale bar 50 μm. DFO deferoxamine, LPS lipopolysaccharide, Fpn1 ferroportin, DMT1
divalent mental transporter1, LIP labile iron pool

decline, hippocampal inflammation, and cell death after
endotoxemia [52]. In our study, we found an effect of
DFO on BDNF, which has been implicated in synaptic
plasticity and memory processing [53–56]. As we found
changes in the calculated area under the curve during

MWM training, the effects of DFO on neuronal activity, synaptic plasticity, and BDNF may be critical in
alleviating memory deficits. In addition, other mechanisms may contribute to this protective effect, including
modulation of neurogenesis, pain, and neurotoxic
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peptides like β-amyloid [57–59]. Although iron is heterogeneous and widely distributed in every organ including the brain, it remains important to understand
why the hippocampus in particular is more susceptible
to inflammatory damage.

Conclusions
In summary, our results indicate that surgery-induced
cognitive dysfunction is associated with iron deposition
and neuroinflammation. Treatment with an iron chelator, DFO, prevented memory dysfunction in this model
by restoring iron homeostasis, neuroinflammation, and
oxidative stress. Regulation of microglia activity, including p38 MAPK signaling, and pro-inflammatory cytokines are critical targets to prevent POCD.
Additional files
Additional file 1: Figure S1. Hippocampal iron content is correlated
with neuroinflammation. There is significant correlation between
hippocampal iron content and Iba1-indicated microglial activation
(r = 0.6811, P = 0.0147, A), as well as between iron content and CD68
level (r = 0.9561, P < 0.001, B) on postoperative day 3. (PDF 109 kb)
Additional file 2: Figure S2. Effects of DFO on learning during MWM
training. (A) The latency of MWM training trails before surgery. (B) DFOtreated group had significantly reduced the area under the curve during
MWM training trials. *P < 0.05, **P < 0.01. Data are expressed as mean ±
SD. DFO = deferoxamine; NS = normal saline; AUC = area under the curve.
(PDF 36 kb)
Abbreviations
AD: Alzheimer’s disease; BDNF: Brain-derived neurotropic factor; CNS: Central
nervous system; DFO: Deferoxamine; DMT1: Divalent metal transporter-1;
ELISA: Enzyme-linked immunosorbent assay; FC: Fear conditioning; Fpn1: Ferroportin; IL: Interleukin; i.p.: Intraperitoneal; LIP: Labile iron pool;
LPS: Lipopolysaccharide; MAPK: Mitogen-activated protein kinase;
MDA: Malondialdehyde; MWM: Morris water maze; NADPH: Nicotinamide
adenine dinucleotide phosphate-oxidase; NF-kB: Nuclear factor-kappa B;
NOX2: NADPH oxidase isoform 2; OCT: Optimal cutting temperature
compound; PFA: Paraformaldehyde; POCD: Postoperative cognitive
dysfunction; ROS: Reactive oxygen species; TNF-α: Tumor necrosis factor-alpha
Acknowledgements
The murine microglial cell line BV2 was kindly provided by Dr. Wenjuan He
(Department of Neurobiology, College of Basic Medical Sciences, Third
Military Medical University).
Funding
This work was supported by the National Natural Science Foundation, People’s
Republic of China, no. 81171034.
Availability of data and materials
Original data from this work are publicly accessible on Zenodo.org
(http://dx.doi.org/10.5281/zenodo.51563).
Authors’ contributions
YL, JG, and GT conceived and designed the experiments. YL, KP, LC, JN, and
XL performed the experiments. YL, JG, GT, TY, and NT carried out the data
analyses and interpretation of the study. YL, JG, TY, and NT wrote the paper.
All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.

Page 11 of 12

Consent for publication
Not applicable
Ethics approval and consent to participate
The procedures were approved by the Committee of Ethics on Animal
Experiments at Southwest committee of laboratory animal committee of
PLA, Chongqing, China (protocol number: SYXK20120031), and followed the
guidelines for the care and use of Laboratory Animals. Human samples were
not used in this study.
Author details
1
Department of Anesthesiology, Southwest Hospital, Third Military Medical
University, 30 Gaotanyan Road, Chongqing 400038, China. 2Department of
Medicine, Division of Nephrology, Duke University Medical Center, Durham
27710, NC, USA. 3Department of Anesthesiology, Basic Science Division, Duke
University Medical Center, Durham 27710, NC, USA.
Received: 17 May 2016 Accepted: 30 September 2016

References
1. Mashour GA, Woodrum DT, Avidan MS. Neurological complications of
surgery and anaesthesia. Br J Anaesth. 2015;114:194–203.
2. Terrando N, Brzezinski M, Degos V, Eriksson LI, Kramer JH, Leung JM, Miller
BL, Seeley WW, Vacas S, Weiner MW, et al. Perioperative cognitive decline in
the aging population. Mayo Clin Proc. 2011;86:885–93.
3. Berger M, Nadler JW, Browndyke J, Terrando N, Ponnusamy V, Cohen HJ,
Whitson HE, Mathew JP. Postoperative cognitive dysfunction: minding the
gaps in our knowledge of a common postoperative complication in the
elderly. Anesthesiol Clin. 2015;33:517–50.
4. Steinmetz J, Christensen KB, Lund T, Lohse N, Rasmussen LS, Group I. Longterm consequences of postoperative cognitive dysfunction. Anesthesiology.
2009;110:548–55.
5. Moller JT, Cluitmans P, Rasmussen LS, Houx P, Rasmussen H, Canet J,
Rabbitt P, Jolles J, Larsen K, Hanning CD, et al. Long-term postoperative
cognitive dysfunction in the elderly ISPOCD1 study. ISPOCD investigators.
International Study of Post-Operative Cognitive Dysfunction. Lancet. 1998;
351:857–61.
6. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL,
Jacobs AH, Wyss-Coray T, Vitorica J, Ransohoff RM, et al. Neuroinflammation
in Alzheimer’s disease. Lancet Neurol. 2015;14:388–405.
7. Najjar S, Pearlman DM, Alper K, Najjar A, Devinsky O. Neuroinflammation
and psychiatric illness. J Neuroinflammation. 2013;10:43.
8. Terrando N, Eriksson LI, Ryu JK, Yang T, Monaco C, Feldmann M, Jonsson
Fagerlund M, Charo IF, Akassoglou K, Maze M. Resolving postoperative
neuroinflammation and cognitive decline. Ann Neurol. 2011;70:986–95.
9. Degos V, Vacas S, Han Z, van Rooijen N, Gressens P, Su H, Young WL, Maze
M. Depletion of bone marrow-derived macrophages perturbs the innate
immune response to surgery and reduces postoperative memory
dysfunction. Anesthesiology. 2013;118:527–36.
10. Culley DJ, Snayd M, Baxter MG, Xie Z, Lee IH, Rudolph J, Inouye SK,
Marcantonio ER, Crosby G. Systemic inflammation impairs attention and
cognitive flexibility but not associative learning in aged rats: possible
implications for delirium. Front Aging Neurosci. 2014;6:107.
11. Tang JX, Baranov D, Hammond M, Shaw LM, Eckenhoff MF, Eckenhoff RG.
Human Alzheimer and inflammation biomarkers after anesthesia and
surgery. Anesthesiology. 2011;115:727–32.
12. Xie Z, McAuliffe S, Swain CA, Ward SA, Crosby CA, Zheng H, Sherman J,
Dong Y, Zhang Y, Sunder N, et al. Cerebrospinal fluid abeta to tau ratio and
postoperative cognitive change. Ann Surg. 2013;258:364–9.
13. Cunningham AJ, Murray CA, O’Neill LA, Lynch MA, O’Connor JJ. Interleukin-1
beta (IL-1 beta) and tumour necrosis factor (TNF) inhibit long-term
potentiation in the rat dentate gyrus in vitro. Neurosci Lett. 1996;203:17–20.
14. Murray CA, Lynch MA. Evidence that increased hippocampal expression of the
cytokine interleukin-1 beta is a common trigger for age- and stress-induced
impairments in long-term potentiation. J Neurosci. 1998;18:2974–81.
15. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of iron in brain
ageing and neurodegenerative disorders. Lancet Neurol. 2014;13:1045–60.
16. Ke Y, Ming Qian Z. Iron misregulation in the brain: a primary cause of
neurodegenerative disorders. Lancet Neurol. 2003;2:246–53.

Li et al. Journal of Neuroinflammation (2016) 13:268

17. Ong WY, Farooqui AA. Iron, neuroinflammation, and Alzheimer’s disease. J
Alzheimers Dis. 2005;8:183–200. discussion 209-115.
18. Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, Johnson
RW. Exaggerated neuroinflammation and sickness behavior in aged mice
after activation of the peripheral innate immune system. Faseb J. 2005;19:
1329–31.
19. Terrando N, Yang T, Ryu JK, Newton PT, Monaco C, Feldmann M, Ma D,
Akassoglou K, Maze M. Stimulation of the alpha7 nicotinic acetylcholine
receptor protects against neuroinflammation after tibia fracture and
endotoxemia in mice. Mol Med. 2014;20:667–75.
20. Ottens TH, Dieleman JM, Sauer AM, Peelen LM, Nierich AP, de Groot WJ,
Nathoe HM, Buijsrogge MP, Kalkman CJ, van Dijk D, Group DEfCSS. Effects of
dexamethasone on cognitive decline after cardiac surgery: a randomized
clinical trial. Anesthesiology. 2014;121:492–500.
21. Klebe D, Krafft PR, Hoffmann C, Lekic T, Flores JJ, Rolland W, Zhang JH.
Acute and delayed deferoxamine treatment attenuates long-term sequelae
after germinal matrix hemorrhage in neonatal rats. Stroke. 2014;45:2475–9.
22. Qiu LL, Ji MH, Zhang H, Yang JJ, Sun XR, Tang H, Wang J, Liu WX, Yang JJ.
NADPH oxidase 2-derived reactive oxygen species in the hippocampus
might contribute to microglial activation in postoperative cognitive
dysfunction in aged mice. Brain Behav Immun. 2016;51:109–18.
23. Vizcaychipi MP, Xu L, Barreto GE, Ma D, Maze M, Giffard RG. Heat shock
protein 72 overexpression prevents early postoperative memory decline
after orthopedic surgery under general anesthesia in mice. Anesthesiology.
2011;114:891–900.
24. Vorhees CV, Williams MT. Morris water maze: procedures for assessing spatial
and related forms of learning and memory. Nat Protoc. 2006;1:848–58.
25. Hovens IB, van Leeuwen BL, Mariani MA, Kraneveld AD, Schoemaker RG.
Postoperative cognitive dysfunction and neuroinflammation; cardiac surgery
and abdominal surgery are not the same. Brain Behav Immun. 2016;54:178–93.
26. Righi M, Mori L, De Libero G, Sironi M, Biondi A, Mantovani A, Donini SD,
Ricciardi-Castagnoli P. Monokine production by microglial cell clones. Eur J
Immunol. 1989;19:1443–8.
27. Liu C, Chen L, Zeng J, Cui J, Ning JN, Wang GS, Belguise K, Wang X, Qian
GS, Lu KZ, Yi B. Bone morphogenic protein-2 regulates the myogenic
differentiation of PMVECs in CBDL rat serum-induced pulmonary
microvascular remodeling. Exp Cell Res. 2015;336:109–18.
28. Piloni NE, Fermandez V, Videla LA, Puntarulo S. Acute iron overload and
oxidative stress in brain. Toxicology. 2013;314:174–82.
29. Vacas S, Degos V, Feng X, Maze M. The neuroinflammatory response of
postoperative cognitive decline. Br Med Bull. 2013;106:161–78.
30. Andrews NC. Disorders of iron metabolism. N Engl J Med. 1999;341:1986–95.
31. Papanikolaou G, Pantopoulos K. Iron metabolism and toxicity. Toxicol Appl
Pharmacol. 2005;202:199–211.
32. An LN, Yue Y, Guo WZ, Miao YL, Mi WD, Zhang H, Lei ZL, Han SJ, Dong L.
Surgical trauma induces iron accumulation and oxidative stress in a rodent
model of postoperative cognitive dysfunction. Biol Trace Elem Res. 2013;
151:277–83.
33. Hansen JB, Tonnesen MF, Madsen AN, Hagedorn PH, Friberg J, Grunnet LG,
Heller RS, Nielsen AO, Storling J, Baeyens L, et al. Divalent metal transporter
1 regulates iron-mediated ROS and pancreatic beta cell fate in response to
cytokines. Cell Metab. 2012;16:449–61.
34. Pigeon C, Ilyin G, Courselaud B, Leroyer P, Turlin B, Brissot P, Loreal O. A
new mouse liver-specific gene, encoding a protein homologous to human
antimicrobial peptide hepcidin, is overexpressed during iron overload. J Biol
Chem. 2001;276:7811–9.
35. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, Ganz T. IL-6
mediates hypoferremia of inflammation by inducing the synthesis of the
iron regulatory hormone hepcidin. J Clin Invest. 2004;113:1271–6.
36. Wessling-Resnick M. Iron homeostasis and the inflammatory response. Annu
Rev Nutr. 2010;30:105–22.
37. Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze M. Tumor
necrosis factor-alpha triggers a cytokine cascade yielding postoperative
cognitive decline. Proc Natl Acad Sci U S A. 2010;107:20518–22.
38. Barrientos RM, Hein AM, Frank MG, Watkins LR, Maier SF. Intracisternal
interleukin-1 receptor antagonist prevents postoperative cognitive decline
and neuroinflammatory response in aged rats. J Neurosci. 2012;32:14641–8.
39. Peng L, Xu L, Ouyang W. Role of peripheral inflammatory markers in
postoperative cognitive dysfunction (POCD): a meta-analysis. PLoS One.
2013;8:e79624.

Page 12 of 12

40. Marques F, Falcao AM, Sousa JC, Coppola G, Geschwind D, Sousa N, CorreiaNeves M, Palha JA. Altered iron metabolism is part of the choroid plexus
response to peripheral inflammation. Endocrinology. 2009;150:2822–8.
41. He HJ, Wang Y, Le Y, Duan KM, Yan XB, Liao Q, Liao Y, Tong JB, Terrando N,
Ouyang W. Surgery upregulates high mobility group box-1 and disrupts the
blood-brain barrier causing cognitive dysfunction in aged rats. CNS
Neurosci Ther. 2012;18:994–1002.
42. Hughes CG, Morandi A, Girard TD, Riedel B, Thompson JL, Shintani AK, Pun BT,
Ely EW, Pandharipande PP. Association between endothelial dysfunction and
acute brain dysfunction during critical illness. Anesthesiology. 2013;118:631–9.
43. Dexter DT, Statton SA, Whitmore C, Freinbichler W, Weinberger P, Tipton KF,
Della Corte L, Ward RJ, Crichton RR. Clinically available iron chelators induce
neuroprotection in the 6-OHDA model of Parkinson’s disease after
peripheral administration. J Neural Transm (Vienna). 2011;118:223–31.
44. Ousman SS, Kubes P. Immune surveillance in the central nervous system.
Nat Neurosci. 2012;15:1096–101.
45. Telfer JF, Brock JH. Proinflammatory cytokines increase iron uptake into
human monocytes and synovial fibroblasts from patients with rheumatoid
arthritis. Med Sci Monit. 2004;10:BR91–5.
46. Eaton JW, Qian M. Molecular bases of cellular iron toxicity. Free Radic Biol
Med. 2002;32:833–40.
47. Welch KD, Davis TZ, Van Eden ME, Aust SD. Deleterious iron-mediated
oxidation of biomolecules. Free Radic Biol Med. 2002;32:577–83.
48. Terrando N, Gomez-Galan M, Yang T, Carlstrom M, Gustavsson D, Harding
RE, Lindskog M, Eriksson LI. Aspirin-triggered resolvin D1 prevents surgeryinduced cognitive decline. FASEB J. 2013;27:3564–71.
49. Griffin R, Nally R, Nolan Y, McCartney Y, Linden J, Lynch MA. The age-related
attenuation in long-term potentiation is associated with microglial
activation. J Neurochem. 2006;99:1263–72.
50. Tan H, Cao J, Zhang J, Zuo Z. Critical role of inflammatory cytokines in
impairing biochemical processes for learning and memory after surgery in
rats. J Neuroinflammation. 2014;11:93.
51. Crapper McLachlan DR, Dalton AJ, Kruck TP, Bell MY, Smith WL, Kalow W,
Andrews DF. Intramuscular desferrioxamine in patients with Alzheimer’s
disease. Lancet. 1991;337:1304–8.
52. Zhang XY, Cao JB, Zhang LM, Li YF, Mi WD. Deferoxamine attenuates
lipopolysaccharide-induced neuroinflammation and memory impairment in
mice. J Neuroinflammation. 2015;12:20.
53. Catlow BJ, Song S, Paredes DA, Kirstein CL, Sanchez-Ramos J. Effects of
psilocybin on hippocampal neurogenesis and extinction of trace fear
conditioning. Exp Brain Res. 2013;228:481–91.
54. Bekinschtein P, Cammarota M, Medina JH. BDNF and memory processing.
Neuropharmacology. 2014;76 Pt C:677-683.
55. Fan D, Li J, Zheng B, Hua L, Zuo Z. Enriched environment attenuates
surgery-induced impairment of learning, memory, and neurogenesis
possibly by preserving BDNF expression. Mol Neurobiol. 2016;53:344–54.
56. Yang J, Harte-Hargrove LC, Siao CJ, Marinic T, Clarke R, Ma Q, Jing D,
Lafrancois JJ, Bath KG, Mark W, et al. proBDNF negatively regulates neuronal
remodeling, synaptic transmission, and synaptic plasticity in hippocampus.
Cell Rep. 2014;7:796–806.
57. Trang T, Beggs S, Salter MW. Brain-derived neurotrophic factor from
microglia: a molecular substrate for neuropathic pain. Neuron Glia Biol.
2011;7:99–108.
58. Zhang MD, Barde S, Yang T, Lei B, Eriksson LI, Mathew JP, Andreska T,
Akassoglou K, Harkany T, Hokfelt T, Terrando N. Orthopedic surgery
modulates neuropeptides and BDNF expression at the spinal and
hippocampal levels. Proc Natl Acad Sci U S A. 2016, in press.
59. Guo C, Wang T, Zheng W, Shan ZY, Teng WP, Wang ZY. Intranasal
deferoxamine reverses iron-induced memory deficits and inhibits
amyloidogenic APP processing in a transgenic mouse model of Alzheimer’s
disease. Neurobiol Aging. 2013;34:562–75.

