
Neurobiology of Disease

Serum Amyloid A-Mediated Inflammasome Activation of
Microglial Cells in Cerebral Ischemia

Jin Yu,1 Hong Zhu,1 Saeid Taheri,1 William Mondy,1 Leonardo Bonilha,2 Gayenell S. Magwood,3 Daniel Lackland,2

Robert J. Adams,2 and Mark S. Kindy1,4,5

1Department of Pharmaceutical Sciences, College of Pharmacy, University of South Florida, Tampa, Florida 33612, 2Department of Neurology, College of Medicine,
Medical University of South Carolina, Charleston, South Carolina 29425, 3College of Nursing, Medical University of South Carolina, Charleston, South Carolina
29425, 4James A. Haley Veterans Administration Medical Center, Tampa, Florida 33612, and 5Shriners Hospital for Children, Tampa, Florida 33612

Serum amyloid A (SAA) proteins are acute-phase reactant associated with high-density lipoprotein (HDL) particles and increase in the
plasma 1000-fold during inflammation. Recent studies have implicated SAAs in innate immunity and various disorders; however, the
precise mechanism eludes us. Previous studies have shown SAAs are elevated following stroke and cerebral ischemia, and our studies
demonstrated that SAA-deficient mice reduce inflammation and infarct volumes in a mouse stroke model. Our studies demonstrate that
SAA increases the cytokine interleukin-1� (IL-1�), which is mediated by Nod-like receptor protein 3 (NLRP3) inflammasome, cathepsin
B, and caspase-1 and may play a role in the pathogenesis of neurological disorders. SAA induced the expression of NLRP3, which
mediated IL-1� induction in murine BV-2 cells and both sex primary mouse microglial cells, in a dose- and time-dependent fashion.
Inhibition or KO of the NLRP3 in microglia prevented the increase in IL-1�. N-acetyl-L-cysteine and mito-TEMPO blocked the induction
of IL-1� by inhibiting ROS with SAA treatment. In addition, inhibition of cathepsin B with different drugs or microglia from CatB-
deficient mice attenuated inflammasome activation. Our studies suggest that the impact of SAA on inflammasome stimulation is medi-
ated in part by the receptor for advanced glycation endproducts and Toll-like receptor proteins 2 and 4. SAA induced inflammatory
cytokines and an M1 phenotype in the microglial cells while downregulating anti-inflammation M2 phenotype. These studies suggest that
brain injury to can elicit a systemic inflammatory response mediated through SAA that contributes to the pathological outcomes.
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Introduction
Stroke is the third leading cause of death and the most frequent
cause of permanent disability worldwide, and inflammation ap-
pears to play an important role in the pathogenesis of ischemic

stroke and other forms of ischemic brain injury (Donnan et al.,
2008). In the clinical setting, the vulnerability of the patients to
stroke and the ensuing prognosis are influenced by inflammation
in the systemic circulation (Emsley and Hopkins, 2008; McColl et
al., 2009). Stroke patients with systemic inflammation demon-
strate poorer outcomes clinically (Baird et al., 2002; Elkind et al.,
2004; McColl et al., 2007). In experimental models, focal cerebral
ischemia provokes a time-dependent recruitment and subse-
quent activation of inflammatory cells, which include neutro-
phils, T cells, and monocytes/macrophages, and inhibition of the
inflammatory process can reduce infarct size and improve neu-
rological deficits (Wang, 2005; Yilmaz and Granger, 2008). A
multitude of animal models studies have shown that anti-
inflammatory approaches are successful; however, translational
advances have been unsuccessful and failed due to the heteroge-
neity in the mechanisms that are involved in brain inflammation
and the complex interaction between beneficial and detrimental
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Significance Statement

In the present study, serum amyloid A can induce that activation of the inflammasome in microglial cells and give rise to IL-1�
release, which can further inflammation in the brain following neurological diseases. The also presents a novel target for thera-
peutic approaches in stroke.
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inflammation (Zhang et al., 1995, 2003; Prestigiacomo et al.,
1999; Enlimomab Acute Stroke Trial Investigators, 2001; Becker,
2002). Therefore, a better understanding of how inflammatory
cells are recruited following stroke, how these cells contribute to
ischemic brain injury, and the role of systemic inflammatory fac-
tors in stroke outcomes is a necessary to develop successful ther-
apeutic interventions for the treatment of stroke.

Inflammation is part of the immune response pathway, which
has the ability to perceive specific tissue damage and infection.
The innate immune responses appear to be the first line of de-
fense against specific pathogens (Herman and Pasinetti, 2018;
Herman et al., 2019). This process responds to certain conserved
characteristics not normally seen in the host. In the brain, the
microglial cells are the “primary mediators” that respond and
proliferate in the presence of foreign entities. Via “priming” and
“activation” steps, the microglia are triggered to different pheno-
typic states that will determine the response to the pathogen or
injury. These detrimental processes can be sensed at the inception
and progression of stroke by activating a number of pattern rec-
ognition receptors, which include Toll-like receptors (TLRs),
RIG-I-like receptors, and NOD-like receptors (NLRs), all of
which are cytosolic sensors or receptors (Ye and Ting, 2008). The
NLRs have been identified as crucial constituents of the inflam-
masome, and the inflammasomes are comprised of a multipro-
tein complex by the activation of NLRs. The inflammasome
complex involves a number of members that include the follow-
ing: Nod-like receptor protein 1 (NLRP1), NLRP3, NLRC4,
NLRC5, NLRP6, NLRP7, NLRP12, NLRC4, and AIM2 (Pedra et
al., 2009). The NLRP3 inflammasome is probably the most
broadly examined and has the closest link to sterile inflammation.
However, the mechanisms associated with how the NLRP3 is
activated remains elusive. The NLR proteins encompass three
specific domains: a C-terminal leucine-rich repeat domain, a central
nucleotide binding (NACHT) domain, and an N-terminal pyrin
domain (PYD) (Martinon and Tschopp, 2007). The ligands interact
with leucine-rich repeat regions and regulate their own inhibition,
and the NACHT domain mediates oligomerization and assembly of
the inflammasome (Duncan et al., 2007; Lamkanfi and Dixit, 2009).

Activation of the NLRP3 inflammasome occurs via a num-
ber of danger-associated molecular patterns and pathogen-
associated molecular patterns. Upon signal activation, formation
of the NLRP3 inflammasome begins, which is the assembly of the
NLRP3, an adaptor protein ASC (apoptosis-associated speck-like
protein containing a caspase activation and recruitment do-
main), and pro-caspase-1. Recent studies have demonstrated that
the leucine-rich repeats can regulate the function of the NLRP3
by preventing oligomerization under normal cellular environ-
ments (Latz et al., 2013). However, when activated, the NLRP3
can oligomerize via the NACHT domains. Next, association of
the ASC proteins into fiber-like structures that cooperate with
PYD, thus recruiting pro-caspase-1, giving rise to activated
caspase-1 (Garg, 2011; Gross et al., 2011; Schmidt et al., 2016).
Studies have implicated a reduction in intracellular K� concen-
trations, generation of mitochondrial ROS, and disruption of the
lysosomal membranes, and release of cathepsin B can stimulate
the NLRP3 inflammasome (Martinon et al., 2002; Lamkanfi et al.,
2009).

Serum amyloid A (SAA) proteins are highly conserved acute-
phase proteins, which are stimulated in response to inflammation
or infection. The production of acute-phase SAA (A-SAA,
SAA1.1, and SAA2.1) is triggered by proinflammatory cytokines,
such as interleukin-6 (IL-6), IL-1�, TNF-�, interferon-�, and

TGF-�. The normal concentration of A-SAAs is �1–5 �g/ml,
and the levels increase dramatically during acute inflammation
and injury, reaching �1 mg/ml within 6 – 8 h (Migita et al., 2011;
Nakamura, 2011; Cai et al., 2014). The liver is the primary source
of plasma SAA, yet the production of SAA by several other tissues
and cell types has been described; this includes Alzheimer’s dis-
ease, various cancers, in diabetes, obesity, insulin resistance,
metabolic syndrome, and atherosclerosis (Yang et al., 2006;
Targonska-Stepniak et al., 2010; Wang and Nakayama, 2010).
SAA proteins have been referred to as adipokine in nature due to
the relationship with inflammation and obesity (Connolly et al.,
2012). In addition, a number of studies have implicated SAAs in
various pathological roles as the proinflammatory cascade in the
course of rheumatoid arthritis (Xie et al., 2010). SAAs are apoli-
poproteins (apo) and play an important role in cholesterol me-
tabolism, by altering high-density lipoprotein (HDL) protein
content. During inflammation, SAA levels increase and displace
apoA-I as the major protein constituent of the HDL, accounting
for �80% of the total apolipoprotein content. This impairs the
anti-inflammatory nature of the HDL particle, becoming more
proinflammatory, and can increase the oxidation of low-density
lipoprotein (LDL) and thus may be associated with cardiovascu-
lar disease and atherosclerosis (Connolly et al., 2012; Shridas et
al., 2018).

Recent studies have demonstrated that, following brain in-
jury, SAA levels are dramatically increased in the plasma and may
contribute to the disease process (Brea et al., 2009). In addition,
activation of the inflammasome has been implicated in the devel-
opment and progression of these disorders (Gao et al., 2017). To
better understand the impact of SAA on microglial function, we
determined the effect of SAA on inflammasome activation of
microglial cells. We found that SAA activated the NLRP3 inflam-
masome via the production of ROS, release and activation of
cathepsin B from the lysosomes, and partially mediated by alter-
ation in potassium levels. These results demonstrate that SAA
may be critical in the response of the brain to the pathological
effects of stroke conceptualized in the context of systemic
inflammation.

Materials and Methods
Animals. Mice deficient in both SAAs, NLRP3, cathepsin B, cathepsin L,
receptor for advanced glycation endproducts (RAGE), TLR2/4, and
RAGE/TLR2/4 were provided by various sources as described previously
(Arancio et al., 2004; de Beer et al., 2010; Hook et al., 2014). C57BL/6
mice were purchased from The Jackson Laboratory. Animals were bred
and as described below; 7- to 9-week-old male and female animals were
used, and microglial cells were isolated and used in culture (Keller et al.,
1999). Institutional Animal Care and Use Committee protocols were
approved by University of South Florida.

HDL isolation. Acute-phase HDL particles (density � 1.063–1.21)
were isolated from C57BL/6, SAA1.1 KO, and SAA2.1 KO mice and
humans by density gradient ultracentrifugation, dialyzed against 150 mM

NaCl, 0.01% EDTA, sterile filtered, and stored at 4°C (Webb et al., 2002).
Purification and use of SAA. Mouse SAA (mSAA) and human SAA

(hSAA) were purified as previously described (Liao et al., 1994). mSAA
was isolated from HDL as described above 24 h after mice were injected
with 100 �g/mouse of lipopolysaccharide (LPS). The HDL fractions were
delipidated, and the proteins were separated by gel filtration on Sephacryl
S-200 columns in buffer containing 7 M urea, 20 mM Tris, 150 mM NaCl,
and 1 mM EDTA, pH 8.0. The SAA was determined by SDS-PAGE, and
the fractions pooled and dialyzed with 2 mM Tris, 15 mM NaCl, and 0.1
mM EDTA, pH 8.4, and then concentrated using centrifugation filters
(EMD Millipore Amicon). The proteins were sterile filtered with 0.22 mM

filters and stored at 4°C. mSAA was a mixture of SAA1.1, SAA2.1, and
SAA3 (limited) for the studies.
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Cell culture and treatments. Murine BV-2 microglial cells, an immor-
talized mouse microglial cell line, was a kind gift from Dr. Dennis Selkoe
(Harvard University). The cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and antibiotic-
antimycotic mixture. Stock cultures maintained in 100 mm dishes were
subcultured as needed into 6-well and 24-well plates. HMC3 human
microglial cells were obtained from ATCC and grown in Earle’s modified
Eagles medium (EMEM) with 10% FBS.

Induction of ischemia. The mice were anesthetized with isoflurane
(1%–2% in 70%/30% NO2/O2 by mask) (Yu et al., 2016). Measurement
of mean arterial blood pressure occurred via tail cuff apparatus. The
mean arterial blood pressure and heart rate were recorded using a blood
pressure monitor (Visitech System). Brain temperature was monitored
using a rectal thermometer, and thermistor probe inserted into the tem-
poralis muscle. The animals’ body temperature was preserved at 37 �
0.3°C by using water-jacketed heating pads. The temperature of the brain
was monitored for 1 h before ischemia to 6 h following the start of
reperfusion. After the start of anesthesia, and the external carotid artery
(ECA) and common carotid artery (CCA) were sequestered. The left
CCA was exposed through a midline incision in the neck. The superior
thyroid and occipital arteries were electrocoagulated and divided. A mi-
crosurgical clip was placed around the origin of the ECA. The distal end
of the ECA was ligated with 6 – 0 silk and transected. A 6 – 0 silk was tied
loosely around the ECA stump. After the clip was removed, the fire-
polished tip of a 5– 0 nylon suture (silicone coated) was gently inserted
into the ECA stump. The loop of the 6 – 0 silk was tightened around the
stump, and the nylon suture was advanced �13 mm (adjusted for body
weight) into and through the internal carotid artery until it rested in the
anterior cerebral artery, thereby occluding the anterior communicating
and middle cerebral arteries. After the nylon suture was in place for 1 h, it
was pulled back into the ECA and the incision closed.

Histological examination. For histological analyses, the animals were
anesthetized with an intraperitoneal injection of sodium pentobarbital
(50 mg/kg) at the indicated times of reperfusion after ischemia was in-
duced. The brains were transcardially perfused with 4°C, 10% PBS. The
brains were removed and chilled for 15 min at �20°C before being placed
in a Rodent Brain Matrix. Coronal sections (1 mm thickness) were pre-
pared and subjected to 2% triphenyltetrazolium chloride staining at
37°C. The triphenyltetrazolium chloride stains live tissue (red) versus
dead or dying tissue (white). Seven serial 1-mm-thick coronal sections
through the rostral to caudal extent of the infarction were obtained from
each brain, beginning 2 mm from the frontal pole. The triphenyltetrazo-
lium chloride-stained sections were placed in 10% neutral-buffered for-
malin and kept in darkness at 4°C for at least 24 h. The infarct area in each
section was determined with a computer-assisted image analysis system,
consisting of a Power Macintosh computer equipped with a Quick Cap-
ture frame grabber card, Hitachi CCD camera mounted on an Olympus
microscope, and camera stand. National Institutes of Health’s ImageJ
analysis software (version 1.55) was used. The images were captured, and
the total area of damage determined over the seven sections. A single
operator blinded to treatment status performed all measurements. The
infarct volume was calculated by summing the infarct volumes of the
sections. Infarct size (%) was calculated by using the following formula:
(contralateral volume � ipsilateral undamaged volume) � 100/con-
tralateral volume to eliminate effects of edema.

Behavioral assessment. Behavioral analyses (neurological deficit) were
determined in the mice before and after ischemic injury. Neurological
scores were as follows: 0, normal motor function; 1, flexion of torso and
contralateral forelimb when the animal was lifted by the tail; 2, circling to
the contralateral side when held by tail on flat surface, but normal pos-
ture at rest; 3, leaning to the contralateral side at rest; and 4, no sponta-
neous motor activity.

Isolation and treatment of primary microglial cells. All of the following
isolation and purification steps were performed by using a sterile PBS
(8 g/L NaCl, 0.4 g/L KCl, 3.56 g/L Na2HPO4�12H2O, 0.78 g/L
NaH2PO4�2H2O, and 2 g/L D-(�)-glucose, pH 7.4). Animals were killed
by CO2 asphyxiation, then perfused slowly via the ascending aorta with
200 –250 ml of cold PBS containing 2 U/ml heparin (Sigma-Aldrich), at
an approximate hydrostatic pressure of 1 m of water. After perfusion of

the circulatory system, the brain and spinal cord were removed into
ice-cold PBS containing 0.02% (w/v) isotonic BSA and mechanically
dissociated through a stainless-steel sieve. The dissociated CNS material
was collected into one 50 ml centrifuge tube and washed by centrifuga-
tion at 400 � g for 10 min. Supernatant was removed, and the prepara-
tion was enzymatically digested for 60 min at 37°C by addition to the
slurry of 5–15 U Type II collagenase (Sigma-Aldrich) and 500 U DNase I
(Sigma-Aldrich). The enzymes were resuspended in enzyme buffer (4.00
g/L MgCl2, 2.55 g/L CaCl2, 3.73 g/L KCl, and 8.95 g/L NaCl, pH 6 –7).
During the course of the digestion, the preparation was gently resus-
pended twice. The preparation was washed twice with 40 ml PBS/BSA
and pelleted by centrifugation. After removing supernatant, the material
was resuspended in �20 ml of isotonic Percoll, diluted in PBS/BSA to a
density (p) of 1.03 g/ml. This was underlayered with 10 ml of Percoll (p)
of 1.095 and overlaid with 10 ml PBS/BSA. This initial gradient was
centrifuged at 1250 � g for 30 min at 20°C. The cells were collected from
the top of the 1.095 g/ml layer after discarding the myelin debris on top of
the p � 1.03 layer. After washing once with 50 ml PBS/BSA and centrif-
ugation (400 � g; 10 min), the cell pellet was resuspended in 2 ml PBS/
BSA and layered onto the top of the second gradient. This consisted of 2
ml steps of isotonic (p, 1.12 g/ml), 1.088 g/ml, 1.072 g/ml, and 1.03 g/ml
Percoll. This gradient was centrifuged at 1250 � g for 20 min at 20°C.
Cells were collected from the 1.072 g/ml and 1.088 g/ml interfaces. After
washing the cells in PBS/BSA, their viability was determined immediately
by trypan blue.

Isolation of RNA and qRT-PCR analysis. Total RNA was isolated from
cultured cells according to the manufacturer’s instructions (RNeasy
MiniKit, QIAGEN). RNA samples were incubated with DNase I
(QIAGEN) for 15 min at room temperature before reverse transcription.
RNA from cultured cells (0.2–0.5 �g) was reverse-transcribed into cDNA
using the Reverse Transcription System (Applied Biosystems). After fourfold
dilution, 5 �l was used as a template for real-time RT-PCR. Amplification
was done for 40 cycles using Power SYBR Green PCR Mastermix kit (Ap-
plied Biosystems). Quantification of mRNA was performed using the ddCT
method and normalized to GAPDH. Primer sequences are as follows:
GAPDH (NM_008084), 5	-CTCATGACCACAGTCCATGCCA-3	, 5	-
GGATGACCTTGCCCACAGCCTT-3	; IL-1� (NM_008361), 5	-GTCAC
AAGAAACCATGGC ACAT-3	, 5	GCCCATCAGAGGCAAGGA-3	; and
NLRP3 (XR_388400), 5	-TGCTCTTCACT GCTATCAAGCCCT-3	, 5	-
ACAAGCCTTTGCTCCAGACCCTAT-3	.

Western blot analysis. Cell lysates containing equal amounts of protein
were electrophoresed on 4%–20% SDS-polyacrylamide gels and trans-
ferred to PVDF membranes. The membranes were blocked with 5% BSA
in TBST (20 mM Tris, pH 7.5, 137 mM NaCl, 0.1% Tween 20) and incu-
bated with TBST-1% BSA containing primary antibodies (p49/p20,
NLRP3, cathepsin B, �-actin, Arg-1 from Abcam) at appropriate dilu-
tions. After washing 3 times with TBST for 5 min each, membranes were
incubated in secondary antibodies conjugated to HRP at dilutions of
1:10,000 in TBST-1% BSA. Membranes were washed 4 times in TBST for
5 min each before the detection of the bands using enhanced chemilu-
minescence (Pierce).

SAA and cytokine assays. Spent medium from experimental cultures
was harvested at the indicated times after different treatments and used
for ELISAs. Aliquots of samples determined to be within the linear range
of detection were incubated in 96-well plates at 4°C overnight, wells were
washed with PBS-T, followed by the addition of the primary antibody (in
50 �l volume), and incubated for 2 h at room temperature. Wells were
washed again and incubated for 1 h at room temperature with biotinyl-
ated secondary per milliliter. After another round of washing, a 1:1000
dilution of avidin-HRP was added to each well and incubated for 30 min
at room temperature, and wells were washed and incubated with
3,3	,5,5	-tetramethylbenzidine for 8 –10 min. Samples were read at 630
nm using microplate reader. The protein concentration was estimated
against recombinant mouse standards (IL-1�, IL-18, TNF-�, IL-6 from
R&D Systems).

2,7-Dichlorofluorescin (DCF) fluorescence analysis. For determinations
of ROS formation, cells were exposed to the fluorescent ROS indicator
DCF (Invitrogen). Cell cultures were plated onto 24-well plates and
treated with various reagents for the times indicated. During the last 30
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min of treatment, DCF was added (10 �M) to
cultures. Following incubation with DCF, cul-
tures were washed three times with Locke’s so-
lution and the fluorescence measured using a
FLUOstar Optima plate reader (BMG) as de-
scribed previously (Webb et al., 2002).

Statistical analysis. Experiments were per-
formed a minimum of three times. The data
(mean � SEM) were analyzed using ANOVA
followed by post hoc test.

Results
mSAA and hSAA induce IL-1�
expression and secretion in
microglial cells
Previous studies have shown that SAA is
induced in response to various neurolog-
ical injuries, such as cerebral ischemia and
traumatic brain injury (TBI), suggesting
that SAA may play a role in regulation of
inflammation. To help understand the
role of SAA in the control of IL-1� pro-
duction in the brain following injury,
BV-2 mouse microglial cells were treated
with purified mSAA proteins at 50 �g/ml
for 12 h showed a significant increase in
IL-1� mRNA as well as protein secreted
into the media (Fig. 1A,B). We also
showed that SAA induced a dose-response
and time-dependent expression of IL-1�
in the BV-2 cells (Fig. 1B,C). We also val-
idated that these changes were seen in pri-

Figure 1. SAA stimulates inflammasome activation in microglial cells. A, BV-2 cells were incubated with 50 �g/ml of mSAA for 12 h before quantification of IL-1� mRNA by qRT-PCR. B, BV-2 cells
were incubated with the indicated concentrations of mSAA for 24 h, and IL-1� levels were determined by ELISA. C, BV-2 cells were incubated with 10 �g/ml of mSAA for the indicated times, and
IL-1� was assayed in the media by ELISA. D, Primary mouse microglial cells were incubated with 25 �g/ml of mSAA for 8 h and assayed for IL-1� mRNA levels by qRT-PCR. E, Primary mouse
microglial cells were incubated with 25 �g/ml of mSAA and the amount of IL-1� in the media determined by ELISA. F, MHC3 human microglial cells were incubated with 25 �g/ml hSAA and the
level of IL-1� determined by ELISA in the media. Data are mean � SE. The measurements are from 8 to 10 repeats per treatment. *p 
 0.001 compared with control. Data are considered
significantly different at p 
 0.05.

Figure 2. Impact of mSAA isoforms on inflammasome activation in BV2 microglial cells. A, BV-2 cells were incubated with 25
�g/ml of mouse total SAA, SAA1.1, or SAA2.1 for 12 h before quantification of IL-1� mRNA by qRT-PCR. B, BV-2 cells were
incubated with 10 �g/ml of mouse total SAA, SAA1.1, or SAA2.1 for the indicated times and IL-1� was assayed in the media by
ELISA. C, BV-2 cells were incubated with 10 �g/ml of mouse total SAA, SAA1.1, or SAA2.1 for the indicated times, and IL-18 was
assayed in the media by ELISA. D, BV-2 cells were incubated with 10 �g/ml of mSAA for 24 h, and activation of caspase-1 was
determined by immunoblot analysis; the migration of procaspase-1 (p49) and the active capase-1 (p20) cleavage product is
indicated. Data are mean � SE. The measurements are from 8 to 10 repeats per treatment. *p 
 0.001 compared with control.
Data are considered significantly different at p 
 0.05.
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mary mouse microglial cells isolated from the brains for C57BL/6
mice (Fig. 1D,E). To validate that these changes occur in hu-
mans, we used a human microglial cell line (HMC3) and hSAA to
show that IL-1� was induced in the cells in a similar manner as
with the mouse cells (Fig. 1F).

SAA isoforms all activate the NLRP3 inflammasome
To determine the impact of the individual mSAA isoforms on
activation of the NLRP3 inflammasome, SAA1.1 and SAA2.1
were isolated from the appropriate SAA KO mice (de Beer et al.,
2010; Kim et al., 2013). In Figure 2A, B, with specific SAA iso-
forms isolated from SAA1.1 and SAA2.1 KO mice, we treated the
BV-2 microglial cells with 25 mg/ml of each SAA and examined
the cells for expression and secretion of IL-1�. As seen in the
figure, both SAA1.1 and SAA2.1 were capable of inducing IL-1�.
SAA proteins also increased IL-18 levels in the BV-2 microglial
cells (Fig. 2C). These data suggest that there are no differences in
the SAA isoforms in activation of the inflammasome.

SAA stimulates NLRP3 inflammasome activation and IL-1�
generation in microglia
Since IL-1� expression is mediated by the NLRP3 inflam-
masome, we determined the impact of SAA on activation. Treat-
ment of BV-2 microglial cells with 50 �g/ml of SAA for 12 h
elicited a fivefold increase in NLRP3 mRNA expression (Fig. 3A).
Western blot analysis showed that SAA increased the protein
expression of NLRP3 in the BV-2 cells, which is consistent with
the mRNA data (Fig. 3B,C). Activation of NLRP3 leads to the
cleavage of procaspase-1 to caspase-1, which results in the cleav-
age of pro-IL-1� and pro-IL-18 to IL-1� and IL-18 (Latz et al.,
2013). As seen in Figure 2B, the “activation” step of the inflam-

masome complex involves the intracellular assembly, which
results in the activation of caspase-1. Western blot analysis dem-
onstrated an increase in the p20 fragment of caspase-1 when
incubated with 20 �g/ml of mSAA for 24 h. To further validate
the impact of SAA on NLRP3 activation and subsequent produc-
tion of IL-1�, primary microglial cells isolated from WT
(C57BL/6) mice were treated with 50 �g/ml of mSAA in the
absence or presence of YVAD (caspase-1 specific inhibitor) at
different concentrations (Fig. 3D). As seen in the figure, mSAA
increased IL-1� levels in the microglia, and YVAD was able to
block IL-1� release in a dose-dependent fashion. Additionally,
we isolated microglial cells from NLRP3-deficient mice (Latz et
al., 2013) and compared them with the WT mice for elaboration
of IL-1� (Fig. 3E). As seen in the figure, IL-1� is increased in the
WT mice, whereas the NLRP3-deficient mice have attenuated
IL-1� expression. Additionally, the inflammasome complex re-
quires the recruitment of ASC in order for activation to occur
(Latz et al., 2013). Using microglial cells isolated from ASC-
deficient mice, we were able to show that the SAA-mediated in-
crease in IL-1� was inhibited in the cells (Fig. 3F). Since the IL-1�
is significantly reduced in the NLRP3-deficient mice microglia,
we can say with reasonable certainty that SAA stimulates IL-1�
through the inflammasome complex (Shridas et al., 2018).

SAA impacts outcomes from cerebral ischemia and
reperfusion injury in the mouse
To put into perspective the impact of SAA in an animal model of
cerebral ischemia and reperfusion injury, SAA double KO
(SAADKO) mice subjected to 1 h ischemia and 24 h or 7 d of
reperfusion showed not only a reduction in the total infarct
volume [63.35 � 4.017 mm 3 (WT) compared with 35.83 � 2.641

Figure 3. SAA stimulates NLRP3 inflammasome activation and IL-1� generation in microglia. A, BV-2 cells were incubated with 50 �g/ml of mSAA for 12 h, and RNA was isolated for
quantification of NLRP3 mRNA by qRT-PCR. B, BV-2 cells were incubated with 50 �g/ml of mSAA for 24 h, and NLRP3 protein levels were determined by Western blot analysis. C, Quantification of
Western blots generated in B. D, IL-1� levels were determined in BV-2 cells incubated with 10 �g/ml of mSAA with and without the addition of YVAD (caspase-1 specific inhibitor) at the indicated
concentrations. E, IL-1� levels assayed in the media from primary microglial cells from WT and NLRP3-deficient mice in the presence and absence of mSAA at 10 �g/ml for 24 h. F, IL-1� levels
assayed in the media from primary microglial cells from WT and ASC-deficient mice in the presence and absence of mSAA at 10 �g/ml for 24 h. Data are mean � SE. The measurements are from 8
to 10 repeats per treatment. *p 
 0.001 compared with control. **p 
 0.01 compared to control. Data are considered significantly different at p 
 0.05.
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mm 3 (SAADKO)], but a decrease in the
infarct volume over time (see 24 h to 7 d in
each of the groups) (Fig. 4A). Further-
more, the SAADKO mice showed a signif-
icant reduction in IL-1� levels in the brain
following ischemia and reperfusion injury
(Fig. 4B). The Neurological Severity Score
was also reduced (or was not increased) as
seen in the WT mice (Fig. 4C).

SAA-mediated activation of the
inflammasome requires K � efflux and
not P2X7R activation
Previous studies have implicated potas-
sium (K�) in the activation of the NLRP3
inflammasome, and a recent study showed
that SAA could function through this
mechanism in monocytes/macrophages
(Shridas et al., 2018). To determine
whether microglia function in the same
fashion as macrophages, we treated BV-2
cells with 10 �g/ml of mSAA in the pres-
ence or absence of glyburide at 200 �M or
in the presence of 20 mM K� (Fig. 5A). As
shown in the figure, SAA induced IL-1�
secretion, whereas glyburide inhibited the
increase in IL-1�. In addition, the pres-
ence of increased extracellular K� levels
also inhibited the SAA increase in IL-1�,
suggesting that the SAA-mediated NLRP3
induction is regulated by K� efflux. Stud-
ies have shown that the K� efflux is
mediated by the P2X7 receptor via an
ATP-mediated mechanism and that SAA
in macrophages did not use this pathway
in the K�-mediated increase in inflam-
masome activation and IL-1� release
(Shridas et al., 2018). To determine the
impact of the P2X7 receptor on SAA-
mediated inflammasome activation and
IL-1� production, BV-2 cells were treated
with a P2X7r-specific negative allosteric
modulator (AZ10606120) or a P2X7r-
specific antagonist (A438079) (Fig. 5B).
As seen in the figure, neither the negative
allosteric modulator (10 �M) nor the an-
tagonist (25 �M) was able to block the in-
duction of IL-1� in the microglial cells.

SAA instigates ROS production in microglial cells, and
blocking ROS attenuates IL-1� production
Oxidative stress is implicated in neuronal apoptosis that occurs in
physiological settings and in neurodegenerative disorders. ROS
are generated during ischemia and reperfusion injury that may
contribute to the disease progression. In addition, studies have
shown that ROS contribute to the activation of the inflam-
masome complexes mediating cytokine production (Bauer et al.,
2010). To determine the impact of SAA on the production of ROS
and the subsequent activation of the NLRP3 inflammasome,
BV-2 cells were treated with 10 �g/ml of mSAA, and the genera-
tion of ROS was calculated by DCF fluorescence (Fig. 6A). As seen
in the figure, addition of the SAA to the culture media resulted in
a 2.5-fold increase in DCF fluorescence compared with control

samples. When N-acetylcysteine (NAC, free-radical scavenger)
was added to the cultures, significantly attenuated the increase in
ROS associated with SAA treatment. As shown previously, the
induction of IL-1� expression by SAA was also prevented by the
addition of NAC to the cultures in BV-2 cells (Fig. 6B). In Figure
6C, treatment with NAC only partially blocked the increase in
IL-1� mRNA in the BV2 cells. We also tested the effect of a
mitochondrial-specific ROS scavenger, mito-TEMPO on SAA-
mediated changes in IL-1� expression (Fig. 6D). The mito-
TEMPO prevented the increase in IL-1� as did NAC. Finally, we
determined the impact of both NAC and mito-TEMPO on pri-
mary microglial cells and the production of IL-1� in the presence
of SAA (Fig. 6E,F). As seen with the BV-2 cells, SAA treatment
resulted in increased levels of IL-1�, and this increase was

Figure 4. SAA contributes to the infarct volume in cerebral ischemia and enhanced toxicity. A, C57BL/6 and SAADKO mice were
subjected to 1 h ischemia and 24 h or 7 d of reperfusion (I/R) and the infarct volume determined. B, Brains from mice similarly
treated in A were examined for IL-18 levels. C, Mice were subjected to Neurological Severity Score (NSS) analysis at each day
following the start of reperfusion. Data are mean � SE. The measurements are from 8 to 10 mice per treatment. *p 
 0.001
compared with control. †p 
 0.001 compared to WT I/R. Data are considered significantly different at p 
 0.05.

Figure 5. SAA-mediated activation of the inflammasome requires K � efflux and not P2X7R activation. A, IL-1� levels were
measured in the media of BV-2 cells untreated or in the presence of mSAA at 10 �g/ml and 200 �M glyburide (potassium channel
blocker) or 20 mM K � by ELISA. B, IL-1� levels in media from BV-2 cells treated with mSAA (10 �g/ml) � 10 �M AZ10606120 or
25 �M A438079 (P2X7R specific antagonist) were measured by ELISA. IL-1� levels assayed in the media from primary microglial
cells from WT and ASC-deficient mice in the presence and absence of mSAA at 10 �g/ml for 24 h. Data are mean � SE. The
measurements are from 8 to 10 repeats per treatment. *p 
 0.001 compared with control. Data are considered significantly
different at p 
 0.05.
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blocked by treatment with ROS inhibitors. The studies suggest
that SAA action, in part, is mediated through the generation of
ROS, and specifically, ROS generated by the mitochondria.

IL-1� production is mediated by SAA induction of
cathepsin B
Previous studies have implicated cathepsin B as a �-secretase and
as an activator of the NLRP3 inflammasome complex (Latz et al.,
2013). Cathepsin B is released into the cytoplasm following in-
jury, trauma, or exposure to danger-associated molecular pat-
terns that cause disruption of the lysosomal membrane, and then
cathepsin B sparks inflammasome activation (Shridas et al.,
2018). To determine the impact of SAA on cathepsin B activation
of IL-1� production, BV-2 cells were treated with 10 �g/ml of
mSAA as well as several cathepsin B inhibitors (Fig. 7A). As seen
in the figure, treatment of BV-2 cells with mSAA in the presence
of CA-074Me (catB specific inhibitor), E64d (aspartyl protease
inhibitors), or Z-FY-CHO (catL specific inhibitor) at 20 �M;
IL-1� levels were significantly attenuated with the catB (90% and
91% inhibition, respectively) inhibitors, but not the catL inhibi-
tor (0% inhibition). To validate these studies, primary microglial
cells were isolated from WT, catB KO, and catL KO and treated
with SAA (10 �g/ml), and only the cells from the catB KO mice
showed reduced IL-1� levels (Fig. 7B). Examination of the catB
protein levels in the control and SAA-treated BV-2 cells showed

that SAA not only released catB from the lysosomes but increased
the total protein levels (Fig. 7C,D).

IL-1� production mediated by SAA induction in microglia
from receptor-deficient mice
A number of receptors have been implicated in the signaling
mechanisms associated with SAA-mediated cellular actions. Our
previous studies have suggested that AA amyloid and SAA may
function through the receptor for advanced glycation endprod-
ucts (RAGE) (Yan et al., 2000). To determine the receptors that
may mediate the effects of SAA on microglial cells, we isolated
cells from RAGE KO, TLR2/4 KO, and RAGE/TLR2/4 KO mice
(Fig. 8). As seen in the figure, SAA activated IL-1� expression in
WT microglia but was significantly blunted in RAGE KO,
TLR2/4, and RAGE/TLR2/4 KO mice. These data suggest that all
three receptors may function in a tripartite fashion to activate the
inflammasome complex (Baranova et al., 2017).

Induction of proinflammatory cytokines and M1 phenotype
in microglial cells by SAA
As previously indicated, SAA induces a proinflammatory condi-
tion by stimulation of proinflammatory cytokines. To determine
the impact of SAA on BV-2 cells, SAA induced the expression of
both TNF-� and IL-6 mRNA and protein in a dose-dependent
fashion, similar to the increase by LPS (Fig. 9A,B,D,E). Like

Figure 6. SAA instigates ROS production in microglial cells, and blocking ROS attenuates IL-1� production. A, BV-2 cells were treated with 10 �g/ml of mSAA for 24 h in the presence or absence
of 20 �M NAC (free radical scavenger) and were quantified for DCF fluorescence. B, IL-1� levels were determined by ELISA in the media of BV-2 cells and treated with 10 �g/ml of mSAA in the
presence or absence of 20 �M NAC. C, BV-2 microglial cells were incubated with 25 �g/ml of mSAA for 8 h and assayed for IL-1� mRNA levels by qRT-PCR. D, IL-1� levels were determined by ELISA
in the media of BV-2 cells, incubated with 10 �g/ml mSAA in the presence or absence of 500 �M mito-TEMPO (mitochondria-targeted antioxidant) for 24 h. E, Primary mouse microglial cells were
incubated with 10 �g/ml of mSAA for 24 h in the presence or absence of 20 �M NAC and assayed for IL-1� mRNA levels by qRT-PCR. F, Primary mouse microglial cells were incubated with 10 �g/ml
of mSAA in the presence or absence of 500 �M mito-TEMPO and the amount of IL-1� in the media determined by ELISA. Data are mean � SE. The measurements are from 8 to 10 repeats per
treatment. *p 
 0.001 compared with control. **p 
 0.01 compared to SAA alone. ***p 
 0.001 compared to control and SAA alone. Data are considered significantly different at p 
 0.05.
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macrophages, microglial cells have altered
phenotypes depending on the inflamma-
tory nature of the cells (Shridas et al.,
2018). When the BV-2 cells are treated
with LPS or SAA, the BV-2 cells express
the M1 inducible nitric oxide synthase
(iNOS) when treated with SAA in a dose-
dependent fashion (Fig. 9C). Addition-
ally, when primary microglial cells are
incubated with SAA and different concen-
trations, they show an increase in TNF-�,
IL-6, and iNOS (Fig. 9F–H). These data
suggest that SAA induces a M1 proinflam-
matory process in the microglial cells that
will have an impact on brain function fol-
lowing injury.

Inhibition of anti-inflammatory
cytokines and M2 phenotype in
microglial cells by SAA
As indicated above, microglial cells
demonstrate different phenotypes repre-
sentative of proinflammatory or anti-
inflammatory activities. Since SAA
induces an M1 phenotype (Fig. 8), we ex-
amined the impact of SAA on anti-
inflammatory M2 phenotype (Fig. 10).
M2 phenotype is determined by the ex-
pression of specific proteins, such as
arginase-1 (Arg-1), CD206, and Fizz1. As
seen in the figure, incubation of the BV-2 cells with SAA at dif-
ferent concentrations (along with LPS) did not induce an M2
phenotype that was seen in the presence of dexmedetomidine.
Both in BV-2 cells (Fig. 10A–C) and primary microglial cells (Fig.
10D,E), mSAA did not induce an M2 phenotype. In Figure 10G,
H, SAA actually reduced the levels of Arg-1 in the cells. When
dexmedetomidine and SAA were incubated together, SAA pre-
vented an M2 phenotype (Fig. 10I). These data suggest that SAA
is capable of inducing an M1 proinflammatory and preventing an
M2 anti-inflammatory phenotype in the microglial cells.

Discussion
The experiments performed in this study demonstrated that SAA
plays an important role in the activation of microglial cells and in
the production of IL-1� mediated by the inflammasome. Previ-
ous studies have demonstrated that plasma SAA levels are ele-
vated in neurological diseases, such as stroke and TBI, and that
IL-1� and the NLRP3 inflammasome may contribute to the de-
velopment and progression of these disorders (Azurmendi et al.,
2017). These findings are significant in that they suggest that SAA
is a vital factor involved in activation of IL-1� and the secretion of
SAA in the disease process is indicative of disease modification.
Therefore, a better understanding of the mechanisms associated
with increased SAA levels and the relationship to inflammasome
activation may provide unique approaches to treat or reduce the
impact of the disease.

SAAs are acute-phase proteins that are increased 1000-fold in
response to inflammatory signals and mainly produced in
hepatocytes (Liao et al., 1994). During the acute phase, SAA is
normally found on HDL particles and converts the anti-
inflammatory nature of the HDL to a pro-inflammatory entity
that contributes to a number of different diseases, including ath-
erosclerosis (Feingold and Grunfeld, 2016). Over the years, stud-

ies have indicated that SAAs can exist in the absence of HDL and
contribute to inflammation, amyloidosis, rheumatoid arthritis,
etc. (Gavrila et al., 2016; Getz et al., 2016; Dieter et al., 2019;
Vahdat Shariat Panahi et al., 2019). Also, SAAs have been shown
to stimulate a number of different types of cells, macrophages,
dendritic cells, neutrophils, and even microglia to induce IL-1�
and other inflammatory signals, some mediated by the inflam-
masome (Ather et al., 2011). We have shown that purified mSAA
and hSAA were able to induce microglia response in both mouse
and human microglial cell lines. In addition, the SAA proteins
come in several different flavors (Sack, 2018). In the mouse,
SAA1.1, SAA2.1, and SAA3 demonstrate acute-phase activity

Figure 7. IL-1� production is mediated by SAA induction of cathepsin B. A, IL-1� levels in BV-2 cells were determined by ELISA
after treatment with 10 �g/ml mSAA for 24 h in the presence or absence of CA-074Me or E64d (cathepsin B inhibitors) or Z-FY-CHO
(cathepsin L inhibitor) at 20 �M. B, IL-1� levels as determined by ELISA from primary microglia isolated from WT, cathepsin B KO
(CatBKO), and cathepsin L (CatLKO) mice treated with vehicle (control) or mSAA (10 �g/ml) for 24 h. C, Representative Western
blot of proteins isolated from BV-2 cells treated with 10 �g/ml of mSAA for 12 h probed for �-actin and cathepsin B. D, Quanti-
tative analysis of Western blots in C. Data are mean � SE. The measurements are from 8 to 10 repeats per treatment. *p 
 0.001
compared with control. **p 
 0.001 compared with treated cells. Data are considered significantly different at p 
 0.05.

Figure 8. IL-1� production mediated by SAA induction in microglia from receptor-deficient
mice. IL-1� levels were determined by ELISA in primary microglial cells isolated from receptor-
deficient mice (RAGE, TLR2/4, and RAGE/TLR2/4 KO mice) after treatment with vehicle or 10
�g/ml mSAA for 24 h. KO mice were verified by PCR analysis. Data are mean � SE. The mea-
surements are from 8 to 10 repeats per treatment. *p 
 0.001 compared with control. **p 

0.001 compared with WT cells. Data are considered significantly different at p 
 0.05.
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(SAA3 not as much); whereas in humans, SAA1 and SAA2 are the
major acute-phase SAA proteins (Kindy et al., 2000). SAA3 in
humans is a pseudogene, and the SAA4 protein is constitutively
expressed in both mouse and humans. Our studies here show that
both SAA1.1 and SAA2.1 isoforms are equivalent in their ability
to induce IL-1� induction.

Activation of the NLRP3 inflammasome can occur via various
mechanisms (Ather et al., 2011). The NLRP3 must be primed
before activation, and this process involves two discrete steps.
The first, an NF- �B- and MAPK-activating stimulus, such as
danger-associated molecular patterns binding to pattern recog-
nition receptors (TLRs, RAGE, and IL-1R1), induces elevated
expression of NLRP3 inflammasome proteins, and pro-IL-1 and
pro-IL-18 (Ather et al., 2011). After priming, the second signal
required to activate NLRP3 and lead to the formation of the
NLRP3 inflammasome complex. The stimuli include potassium
efflux through ion channels, cathepsin B release following lyso-
somal membranes destabilization, intracellular Ca 2� accumula-
tion, cell swelling, and the sensation of mitochondrial factors
released into the cytosol (ROS). These stimuli trigger the NLRP3
inflammasome complex by facilitating the oligomerization of
NLRP3, ASC, and procaspase-1 (Sack, 2018). This process results
in the activation pro-caspase-1 into cleaved caspase-1, which cat-
alyzes the transformation from proIL-1b and proIL-18 into

IL-1� and IL-18. During ischemia and reperfusion injury, influx
of Ca 2� ions, generation of lactic acid, and destabilization of
lysosomal membrane can all lead to activation of the NLRP3
inflammasome (Bu et al., 2019). In addition, release of ATP binds
to the P2X4 and P2X7 receptors on the neurons, astrocytes, or
microglia, which leads to the efflux of K� ions, and decrease in
intracellular K� concentration leads to NLRP3 activation (Rich-
ter et al., 2017). Finally, mitochondria changes during ischemic
injury, increases ROS formation in the cytoplasm, which leads to
TXNIP and NLRP3 stimulation. We have shown that SAA acti-
vates the inflammasome by mediating ROS in the microglial cells
through the inhibition by NAC and mito-TEMPO. The release of
cathepsin B by SAA through lysosomal degradation was demon-
strated by inhibition of cathepsin B, leading to attenuation of
NLRP3 activation. Finally, blocking K� efflux also inhibited the
increase in IL-1� release. Therefore, the presence of SAA leads to
further activation of the NLRP3 inflammasome in the brain.

The activation of caspase-1 and the production/release of
IL-1� and IL-18 initiate programmed cell death pathways, such
as pyroptosis and necroptosis (Martinet et al., 2019; Van Opden-
bosch and Lamkanfi, 2019). Caspase-1 results in the cleavage of a
cytoplasmic protein referred to as gasdermin D (GSDMD),
which promotes the formation of GSDMD membrane pores,
which leads to cell lysis (Pandeya et al., 2019). This family of

Figure 9. Induction of proinflammatory cytokines and M1 phenotype in microglial cells by SAA. A–C, Induction of TNF-� (A), IL-6 (B), and iNOS (C) mRNA in BV-2 cells by mSAA at the indicated
concentrations for 12 h and determined by qRT-PCR. D, E, TNF-� (D) and IL-6 (E) protein levels in the media of BV-2 cells by mSAA at the indicated concentrations for 24 h by ELISA. F–H, Induction
of TNF-� (A), IL-6 (B), and iNOS mRNA (C) in primary microglial cells by mSAA at the indicated concentrations for 12 h and determined by qRT-PCR. Data are mean � SE. The measurements are from
8 to 10 repeats per treatment. *p 
 0.001 compared with control. **p 
 0.001 compared with LPS-treated cells. NS, Not significant compared with LPS-treated cells. Data are considered
significantly different at p 
 0.05.
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proteins encode large 12–20 nm oligomeric membrane pores that
form in both the cell membrane as well as intracellular organelles,
but GSDMD is the only constituent that responds to inflamma-
tory caspases (Tonnus et al., 2019). So the stimulation of micro-
glia (and possibly macrophages) by SAA contributes to activation
and secretion of IL-1� and IL-18, pyroptosis, and release of ad-
ditional DMAPs, which further exacerbate the disease process
(Voet et al., 2019; Wang et al., 2019). Since the IL-1� and IL-18
lack secretion signals, the release of the entities from glial cells
activated in disease is most likely related to pyroptosis (Zhaolin et
al., 2019), although transient secretion of NLRP3 leaderless cyto-
kines can be seen under certain conditions (Herman and Pasi-
netti, 2018). Therefore, the role of SAA in activation of the glial
cells following cerebral ischemia and stroke results in activation
of pyroptosis and the eventual release of IL-1�/IL-18, which ag-
gravates the outcomes (Platnich and Muruve, 2019).

One concern, pointed out by Shridas et al. (2018), is that SAA
is predominantly found associated with HDL particles. During
inflammation or an acute-phase response, SAA becomes the ma-
jor apolipoprotein on the HDL particles (Kindy et al., 2000).
Throughout this process, SAA is exchanged for apoA-1 on the
HDL, converting the normal anti-inflammatory nature of the

HDL to a pro-inflammatory entity. This in turn appears to play a
role in the pathogenesis of HDL possibly contributing to athero-
sclerosis, cardiovascular disease, and possibly amyloidoses. How-
ever, of the many studies on SAA, these have been the result of
experiments with purified SAA or rather non-HDL bound SAA
(Shridas et al., 2018). Shridas et al. (2018) showed that, when SAA
was HDL-associated, the various biological effects of increased
NLRP3 activation were attenuated. Two possibilities exist to ex-
plain the data presented here and in other reports on the impact
of SAA. First, SAA, which is HDL-associated, might be dissoci-
ated from the HDL when it reaches a target organ, such as the
heart, brain, or vasculature, by interaction with any of the various
“SAA receptors” or through some process that alters the structure
of the HDL to allow the SAA to be released (Yan et al., 2000). A
second possibility is that SAA is locally produced and gives rise to
many of the effects seen in inflammation (Sano et al., 2015). It is
possible that both may occur and this process gives rise to inflam-
masome activation in the tissue and exacerbates the disease
pathogenesis.

In the present study, SAA can induce that activation of the
inflammasome in microglial cells and give rise to IL-1� release,
which can further inflammation in the brain following neurolog-

Figure 10. Inhibition of anti-inflammatory cytokines and M2 phenotype in microglial cells by SAA. A–C, Evaluation of Arg-1 (A), CD206 (B), and Fizz1 (C) mRNA in BV-2 cells by mSAA or
dexmedetomidine (Dex) at the indicated concentrations for 12 h and determined by qRT-PCR. D–F, Evaluation of Arg-1 (D), CD206 (E), and Fizz1 (F ) mRNA in primary microglial cells by mSAA or Dex
at the indicated concentrations for 12 h and determined by qRT-PCR. G, Representative Western blot of proteins isolated from BV-2 cells treated with 1–20 �g/ml of mSAA for 24 h probed for �-actin
and Arg-1. H, Quantitative analysis of Western blots in G. I, Evaluation of Arg-1, CD206, and Fizz1 mRNA in BV-2 microglial cells by mSAA and/or Dex at 12 h and determined by qRT-PCR. Data are
mean � SE. The measurements are from 8 to 10 repeats per treatment. *p 
 0.001 compared with control. **p 
 0.001 compared with WT cells. Data are considered significantly different at
p 
 0.05. NS, not significant.
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ical diseases. We and others have shown that plasma SAA is in-
duced following stroke or TBI and that SAA KO mice have
reduced inflammation and reduction infarct or lesion volumes
(Chen et al., 2018; Wicker et al., 2019). It is likely that the isch-
emia and reperfusion injury or TBI results in the release of in-
flammatory mediators from the brain (i.e., IL-1�, IL-6, TNF-�,
and others that travel to the other organs, including the liver),
which results in the activation of SAA (Kindy et al., 2000). This
results in the generation of SAA-HDL which can flow back to the
brain; and with the breakdown of the blood– brain barrier, the
SAA may interact with neurons and glia to cause further inflam-
masome activation and cell death. How these processes work is
not known, and additional investigation is needed to determine
the mechanisms associated with SAA contribution to stroke and
TBI.
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