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Inter-alpha inhibitor proteins attenuate
lipopolysaccharide-induced blood–brain
barrier disruption and downregulate
circulating interleukin 6 in mice
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Abstract

Circulating levels of inter-alpha inhibitor proteins change dramatically in acute inflammatory disorders, which suggest an

important contribution to the immunomodulatory system. Human blood-derived inter-alpha inhibitor proteins are

neuroprotective and improve survival of neonatal mice exposed to lipopolysaccharide. Lipopolysaccharide augments

inflammatory conditions and disrupts the blood–brain barrier. There is a paucity of therapeutic strategies to treat blood–

brain barrier dysfunction, and the neuroprotective effects of human blood-derived inter-alpha inhibitor proteins are not

fully understood. To examine the therapeutic potential of inter-alpha inhibitor proteins, we administered human blood-

derived inter-alpha inhibitor proteins to male and female CD-1 mice after lipopolysaccharide exposure and quantified

blood–brain barrier permeability of intravenously injected 14C-sucrose and 99mTc-albumin. We hypothesized that human

blood-derived inter-alpha inhibitor protein treatment would attenuate lipopolysaccharide-induced blood–brain barrier

disruption and associated inflammation. Lipopolysaccharide increased blood–brain barrier permeability to both
14C-sucrose and 99mTc-albumin, but human blood-derived inter-alpha inhibitor protein treatment only attenuated

increases in 14C-sucrose blood–brain barrier permeability in male mice. Lipopolysaccharide stimulated a more robust

elevation of male serum inter-alpha inhibitor protein concentration compared to the elevation measured in female

serum. Lipopolysaccharide administration also increased multiple inflammatory factors in serum and brain tissue, includ-

ing interleukin 6. Human blood-derived inter-alpha inhibitor protein treatment downregulated serum interleukin 6 levels,

which were inversely correlated with serum inter-alpha inhibitor protein concentration. We conclude that inter-alpha

inhibitor proteins may be neuroprotective through mechanisms of blood–brain barrier disruption associated with

systemic inflammation.
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Introduction

The blood–brain barrier (BBB) regulates the entry of
blood-borne substances into the central nervous
system (CNS). Lipopolysaccharide (LPS) is a gram-
negative endotoxin that can disrupt the BBB under
several experimental conditions.1–4 The use of LPS
to induce BBB disruption was first pioneered by
Eckman et al.5 and Allen.6 Subsequent studies
have used LPS to study the CNS transport of che-
motherapeutic agents,7 viruses,8 and peptides9 under
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conditions of systemic inflammation. The mechanisms
of LPS-induced BBB disruption are complex and
thought to be driven by inflammatory mediators
including cytokines.3,10,11 Thus, models of LPS-
induced BBB disruption are useful in the study of
novel neuroprotective agents to attenuate systemic
inflammation and related mechanism(s) of BBB
disruption.

Inter-alpha inhibitor proteins (IAIPs) are a family of
structurally related serine protease inhibitors. Two
major forms are found in human blood: inter-alpha
inhibitor (two heavy chains and a light chain called
bikunin) and pre-alpha inhibitor (one heavy chain
and bikunin).12 The light chain bikunin, also known
as urinary trypsin inhibitor or ulinastatin, has two pro-
tease inhibitor domains facilitating its function as a
serine protease inhibitor.13 The heavy chains are
important in stabilizing and creating extracellular
matrixes in tissues and synergizing with the activity of
bikunin.14 IAIPs also inhibit destructive serine prote-
ases and pro-inflammatory cytokines, increase anti-
inflammatory cytokine levels, decrease complement
activation during systemic inflammation, and enhance
survival during inflammatory challenge in neonates and
adults.15–17 Therefore, IAIPs have potentially critical
roles as immunomodulatory proteins in many inflam-
matory disorders.18

The light chain is reported to have important neuro-
protective effects.19–23 Bikunin pretreatment attenuates
the severity of stroke-related infarcts in adult rats21 and
protects oligodendrocytes and augments remyelination
in experimental autoimmune encephalitis in adult
rats.22 In addition, we have recently shown that intact
human blood derived inter-alpha inhibitor proteins
(hIAIPs) decreases neuronal cell death, enhances neur-
onal plasticity, reduces complex auditory processing
deficits, and improves behavioral outcomes in male
neonatal rodents after hypoxia/ischemia.24–26 Bikunin
has recently been shown to reduce BBB disruption after
global ischemia and to protect against cerebral ischemia
and reperfusion by downregulating matrix metallopro-
tease expression and reducing the loss of tight junction
proteins at the BBB.27,28 However, information is not
available regarding the potential effects of the intact
blood-derived form of hIAIPs on BBB function.

As outlined above, IAIPs and bikunin have import-
ant anti-inflammatory effects.15,29,30 Moreover, we have
shown that attenuating inflammatory responses can
reduce BBB disruption.1,31–33 Therefore, given the con-
siderations summarized above, the objective of this
study was to determine whether the hIAIPs attenuate
LPS-induced BBB disruption to a small molecule
(sucrose, MW 342 Da) and a large molecule (albumin,
MW 66.5 kDa) in relation to associated inflammation
in both brain and blood.

Materials and methods

Animals

Male CD-1 (N¼ 68) and female CD-1 (N¼ 68) mice
(Charles River) aged 10–12 weeks (25–35 g) were used
for this study. All mice had ad libitum access to food
and water were maintained under a 12-h light/dark cycle
and group housed. All animals were housed and handled
in accordance with protocols approved by the Veterans
Affairs Puget Sound Health Care System’s Institutional
Animal Care and Use Committee, and all experiments
were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. All experiments reported are in
compliance with the ARRIVE guidelines.

Human inter-alpha inhibitor proteins

As previously described,25 hIAIPs were extracted from
fresh frozen human plasma (Rhode Island Blood
Center, RI, USA). A scalable purification process to
extract hIAIPs using a monolithic anion-exchange
chromatographic media (CIMmultusTM, BIA
Separation, Ajdovščina, Slovenia) has been devel-
oped18,34,35 and an additional separation step using a
proprietary synthetic chemical ligand affinity chroma-
tographic media (Prometic Bioseparations, Cambridge,
UK) was applied to obtain high yield, high purity
(>90%), and biologically active hIAIPs.12,25

Eluted proteins were concentrated and buffer-
exchanged using a tangential flow filtration device
(Labscale, Millipore, Taunton, MA, USA). As part of
the characterization of hIAIPs, endotoxin in the puri-
fied products was monitored using a limulus amebocyte
lysate endotoxin-based chromogenic test (Pierce
Biotechnology, ThermoFisher Scientific, Waltham,
MA, USA). The chromatographic equipment and con-
tainers/tubing were treated with 1M NaOH to reduce
or eliminate potential endotoxin contamination during
the purification process. Purified hIAIPs were frozen
until use. The highly purified IAIP was reconstituted
in sterile phosphate-buffered saline (PBS) then shipped
frozen to the Veterans Affairs Puget Sound Health
Care System to be administered to mice for subsequent
experiments.

Experimental design

LPS (Sigma, St. Louis, MO) was prepared in sterile
normal saline (NS). For BBB disruption experiments,
equal numbers of male (N¼ 36) and female (N¼ 36)
mice were randomly assigned to one of four groups:
NSþPBS (n¼ 7), LPSþPBS (n¼ 11), NSþ hIAIP
(n¼ 7), or LPSþ hIAIP (n¼ 11). For biochemical
experiments, equal numbers of male (N¼ 32) and
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female (N¼ 32) mice were randomly assigned to one of
four groups: NSþPBS (n¼ 7), LPSþPBS (n¼ 9),
NSþ hIAIP (n¼ 7), or LPSþ hIAIP (n¼ 9). For both
experiments, the effect size (a¼ 0.05; power¼ 0.95) was
calculated using G*power statistical software.36

Mice in the LPS groups were given three intraperi-
toneal injections of LPS (3mg/kg) at t¼ 0, 6, and 24 h.
Experimental control mice were given three injections
of sterile NS at the same time points. Mice in the IAIP
groups were given three intraperitoneal injections of
hIAIP (60mg/kg), 15min after each LPS or NS injec-
tion. Vehicle control mice were given three injections of
sterile PBS. We selected a 60mg/kg dose of hIAIPs
based upon our previous work in neonatal rats.25 In
our previous studies, we examined the effects of hypoxic
ischemic injury in neonatal rats and found significant
attenuation in brain injury with the hIAIP dose of
30mg/kg.25 However, in this study, we administered
three doses of LPS to adult mice, and, consequently,
elected to test a larger dose of hIAIPs in this setting.
Future work will also need to determine if smaller doses
are also efficacious in reducing BBB permeability. No
differences in BBB permeability or bioplex measure-
ments were observed between hIAIP injected controls
and NS injected controls (p> 0.05). Therefore, the two
control groups were combined to form a collective NS

group for subsequent analyses. The experimental design
is shown in Figure 1.

Competitive ELISA for endogenous mouse IAIP

Mouse serum concentrations of IAIPs were measured
using a competitive ELISA with a purified biotinylated
rat polyclonal antibody (R-21 pAb) as previously
described.37 Purified rat IAIPs were coated on 96-well
high-binding microplates (Microlon 600, Greiner Bio-
One, Monroe, NC, USA) for 1 h at room temperature
or overnight at 4�C. After blocking with 200 mL of 5%
nonfat dried milk in PBS plus 0.05% Tween, 50 mL of
mouse serum sample and the serially diluted rat serum-
derived IAIP standards were added to the wells. Then,
50 mL of biotin-conjugated R-21 pAb (1:500 dilution in
PBS) was also added to each well. Plates were incu-
bated for 1 h at room temperature and washed with
PBS plus 0.05% Tween. Streptavidin-poly-horserad-
ish-peroxidase (Pierce Biotechnology, ThermoFisher)
was added to each well to detect the bound biotinylated
R-21 pAb, and the plate was incubated for 1 h at room
temperature. After washing, 100 mL enhanced K-Blue
TMB substrate (Neogen Corp, Lexington, KY, USA)
was added to the wells and the reaction was stopped
with 100 mL 1N HCl solution. The absorbance at

Figure 1. Experimental design for blood–brain barrier permeability and biochemical studies. LPS: lipopolysaccharide; NS: normal

saline; PBS: phosphate-buffered saline; hIAIP: human inter-alpha inhibitor proteins; BBB: blood–brain barrier.
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450 nm was measured on SpectraMAX Plus microplate
reader (Molecular Devices, Sunnyvale, CA, USA).
Sample concentrations were calculated by comparison
of the absorbance signal to the established standard
curve. Each sample was measured in triplicate and
assays were repeated at least twice on all samples.

Multiplex ELISA array for cytokines, chemokines,
and growth factors

Cytokine, chemokine, and growth factor levels were
measured using a mouse Bio-Plex ProTM 23-plex
Luminex assay (Bio-Rad Laboratories, Inc.; Hercules,
CA, USA) in serum and brain tissue. Serum was
obtained from the supernatant of coagulated blood
from the descending aorta after centrifugation for
10min at 2000g. Brain tissue was lysed in a 0.02%
Triton-X homogenization buffer of 10mM HEPES,
1.5mM MgCl2, and 10mM KCl, with fresh protease/
phosphatase inhibitor cocktail (Sigma). All serum sam-
ples were diluted 1:4 in sample diluent provided with
the Luminex assay; brain samples were diluted 1:3 in
the homogenization buffer mentioned above. All pre-
pared samples were then incubated with multiplex plate
according to the manufacturer’s protocol. Plates were
read on a Bio-Plex 200 (Bio-Rad). Serum cytokine
values (pg/ml) were compared to Luminex assay stand-
ard curve. Brain cytokine values (pg/mg) were normal-
ized to their respective bicinchoninic acid assay
concentration (Pierce Biotechnology, Thermo Fisher).

Radiolabeled tracer preparation

Following established procedures,1 albumin (Sigma) was
labeled with 99mTc (GE Healthcare, Piscataway, NJ,
USA). A mixture of 240mg/ml stannous tartrate and
1mg/ml albumin was adjusted to pH 3.0 with
HCl. One millicurie of 99mTc-NaOH4 was added to this
mixture and allowed to incubate for 20min. The 99mTc-
albumin was purified on a column of G-10 Sephadex
(GE Healthcare) in 0.1ml fractions of phosphate buffer
(0.25M). Radioactivity in the purified 99mTc-albumin
peak was more than 90% acid precipitable in an equal
volume of 1% bovine serum albumin (BSA) and tri-
chloroacetic acid (30%); 2� 106 cpm/mouse of purified
99mTc-albumin fraction was combined with 2�106 dpm/
mouse of 14C-sucrose (Perkin Elmer, Waltham, MA,
USA) in a final volume (0.1ml/mouse) of lactated
Ringer’s solution containing 1% BSA.

Radiolabeled tracer intravenous injections

At 28 h after the first LPS or NS injection, mice were
anesthetized with urethane (Sigma; 4 g/kg; 0.2ml; ip).
The mice were given an intravenous co-injection

of 99mTc-albumin (2� 106 cpm) and 14C-sucrose
(2� 106 dpm) in 0.1ml of lactated Ringer’s solution
in the jugular vein, followed by 10min circulation
time. Blood was collected from the descending abdom-
inal aorta. The vascular space of the brain was then
washed free of blood by opening the thorax, clamping
the descending thoracic aorta, severing both jugular
veins, and perfusing 20ml of lactated Ringer’s solution
through the left ventricle of the heart. After washout,
the mouse was immediately decapitated, the brain was
removed, and weighed. Brains with visible blood after
washout were excluded from analysis (n¼ 2). Serum
was obtained by centrifuging coagulated blood for
10min at 2000g. Levels of 99mTc radioactivity in the
serum and brain were determined in a gamma counter.
The brain and sera were then solubilized, and the level
of 14C radioactivity was determined by liquid scintilla-
tion counting. Brain tissue radioactivity was calculated
by dividing the cpm (gamma) or dpm (beta) by brain
weight (g). Serum radioactivity was calculated by divid-
ing the cpm or dpm by serum volume (ml). The brain
tissue radioactivity was then divided by the correspond-
ing serum radioactivity and the results given in units of
microliters per gram of brain tissue.

Statistical analysis

Statistical analyses were performed with GraphPad
Prism� 8.0 (GraphPad Software, Inc., La Jolla, CA,
USA) by at least two researchers blinded to experimental
groups. Sample sizes are indicated in the figure legends
and were estimated for this study according to our pre-
vious report of BBB disruption in this LPS model.1

Error bars represent the mean� standard deviation
(SD). Serum IAIPs were compared using a two-way ana-
lysis of variance (ANOVA) followed by a Sidak’s mul-
tiple comparisons test. BBB permeability and bioplex
analyses were made using one-way ANOVA followed
by a Tukey’s post hoc test. A Pearson linear regression
analysis was used to find correlations between endogen-
ous IAIP levels and cytokine levels.

Results

LPS effects on serum IAIP concentration in male
and female mice

Blood levels of IAIPs change dramatically under
inflammatory conditions.38–40 Therefore, we used a
competitive ELISA to measure endogenous serum
IAIP in male and female mice administered LPS. A
two-way ANOVA revealed a significant treatment
(p� 0.001) and sex effect (p� 0.001) for serum IAIP
levels. A Sidak multiple comparisons test found that
LPS treatment significantly increased serum IAIP
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levels in both male (Figure 2; t¼ 5.57; p� 0.001) and
female mice (Figure 2; t¼ 2.76; p� 0.05) compared to
NS controls. To compare the effects of sex, a Sidak test
determined that males given LPS exhibited a signifi-
cantly higher IAIP elevation compared to females
given LPS (Figure 2; t¼ 5.15; p� 0.001). No differences
were observed between NS males and NS females
(Figure 2; t¼ 2.13; p> 0.05). The neuroprotective
effects of IAIPs in other inflammatory models20–22

allowed us to hypothesize that IAIPs may protect
against LPS-induced BBB disruption. As such, we
decided to administer exogenous hIAIP to male and
female mice exposed to LPS and determine whether
we could measure effects on BBB permeability.

hIAIPs attenuate LPS-induced BBB disruption to
14C-sucrose in male mice

It is well established that LPS administration disrupts
the BBB.1,41 As an initial examination, we tested whether
hIAIP administration could mitigate LPS-induced
14C-sucrose permeability. Using well established meth-
ods,1 we quantified specific BBB permeability to
peripherally co-administration of 14C-sucrose and
99mTc-albumin, both of which poorly cross the BBB
under normal conditions.42–46

A significant LPS treatment effect of 14C-sucrose
permeability was observed in both male (Figure 3(a);
F(3,32)¼ 12.25; p� 0.001) and female mice (Figure 3(b);
F(3,32)¼ 6.95; p� 0.01). Tukey’s post hoc analysis

confirmed that LPS significantly increased 14C-sucrose
permeability (ml/g) compared to NS injected male con-
trols (Figure 3(a); p� 0.001; q¼ 6.99) and NS female
controls (Figure 3(b); p� 0.01; q¼ 5.24). hIAIP admin-
istration after each LPS injection significantly attenu-
ated LPS-induced BBB disruption to 14C-sucrose in
males (Figure 3(a); p� 0.05; q¼ 3.86) but not females
(Figure 3(b); p> 0.05). These results suggest that under
inflammatory conditions, hIAIPs may reduce BBB dis-
ruption to small molecules in a sex-specific manner.

hIAIPs do not attenuate LPS-induced 99mTc-albumin
permeability

The mice were co-injected with 14C-sucrose and
99mTc-albumin, so we could determine whether
hIAIPs would also attenuate LPS-induced BBB disrup-
tion to larger molecules. A significant LPS treatment
effect of 99mTc-albumin permeability was observed in
both males (Figure 3(c); F(3,32)¼ 11.95; p� 0.001) and
females (Figure 3(d); F(3,32)¼ 7.91; p� 0.01). Tukey’s
post hoc analysis confirmed that LPS significantly
increased 99mTc-albumin permeability compared to
male NS controls (Figure 3(c); p� 0.05; q¼ 3.85) and
female NS controls (Figure 3(d); p� 0.01; q¼ 4.71).
hIAIP administration after each LPS injection was asso-
ciated with increases in 99mTc-albumin permeability
compared to male NS controls (Figure 3(c); p� 0.001;
q¼ 6.84) and female NS controls (Figure 3(d); p� 0.01;
q¼ 4.80), but not compared to LPS alone (p> 0.05).
This further suggests that LPS is associated with
increases in BBB disruption to albumin and that
hIAIP administration does not alter this process.

Overall, the permeability studies suggest that hIAIPs
have the ability to protect against LPS-induced BBB
disruption to small, but not large molecules. In con-
junction with our permeability studies, we investigated
a panel of cytokines, chemokines, and growth factors to
determine whether any changes were correlated with
the BBB-protective effects of hIAIPs.

Brain cytokines upregulated by LPS were not affected
by hIAIP treatment

LPS increases brain levels of inflammatory cytokines.1,3,41

Therefore, we employed a Bio-Rad Luminex assay to
detect the concentrations of 23 distinct cytokines, chemo-
kines, and growth factors in brain tissue from mice
exposed to LPS and then compared these data with
mice exposed to hIAIP after LPS. A significant increase
in 10 of 23 brain analytes were measured in males given
LPS (IL-1a, IL-1b, IL-6, IL-12, GCSF, CXCL1, CCL2,
CCL3, CCL4, CCL5; see Table 1), and a significant
increase in 11 of 23 brain analytes was measured in
females given LPS (IL-1a, IL-1b, IL-6, IL-12, GCSF,

Figure 2. LPS increases endogenous serum IAIPs in male and

female mice. IAIP concentration was measured in serum by

competitive ELISA (mg/ml), and a significant effect of LPS was

observed in male and female mice. Male LPS mice (n¼ 10)

exhibited a more robust IAIP elevation compared to female LPS

mice (n¼ 9). Differences were not observed between male and

female NS control mice (p> 0.05; n¼ 8). Two-way ANOVA;

Sidak’s multiple comparisons test. Values represent mean� SD

(***p� 0.001; *p� 0.05). NS: normal saline; LPS: lipopolysac-

charide; IAIP: inter-alpha inhibitor proteins.
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GMCSF, CXCL1, CCL2, CCL3, CCL4, CCL5; see
Table 1). The remaining 12 analytes were not significantly
elevated by LPS (Table 2). hIAIP administration did not
significantly affect brain analyte levels (Table 2). These
findings suggest that peripherally administered hIAIPs
have minimal influence on inflammatory factors in the
brain. As such, we also measured serum analytes using
the same Luminex assay after LPS and hIAIP treatment.

hIAIPs downregulated elevated serum IL-6 in both
male and female mice exposed to LPS

LPS is known to induce a myriad of inflammatory cyto-
kines that can be detected in serum of mice.1,3,10,41 We
used the same Biorad Luminex assay mentioned above
to detect the concentrations of 23 distinct cytokines,
chemokines, and growth factors in serum from male
and female mice exposed to LPS and then compared
these data with mice exposed to hIAIP after LPS.

A significant increase in 15 of 23 serum analytes was
measured in males given LPS (IL-1a, IL-1b, IL-2, IL-6,
IL-10, IL-12, IL-17, CCL11, GCSF, GMCSF, CXCL1,

CCL2, CCL3, CCL4, CCL5; see Table 2). A significant
increase in 16 of 23 serum analytes was measured in
females given LPS (IL-1a, IL-1b, IL-5, IL-6, IL-10,
IL-12, IL-17, CCL11, GCSF, GMCSF, IFNg,
CXCL1, CCL2, CCL3, CCL4, CCL5; see Table 2).
hIAIPs downregulated serum IL-6, and IL-17 in male
mice given LPS (Table 2), and hIAIPs downregulated
serum IL-6, CCL11, and CCL5 in female mice given
LPS (Table 2). Notably, hIAIP treatment downregu-
lated serum IL-6 levels in both male (Figure 4(a);
p� 0.05; q¼ 4.06) and female mice (Figure 4(b);
p� 0.01; q¼ 7.70) exposed to LPS.

Serum IAIPs are inversely correlated to serum IL-6 in
males, but not females, after LPS

Because we found that exogenous hIAIPs downregu-
lated serum IL-6 after LPS (Table 2, Figure 4(a)
and (b)), and LPS increased endogenous serum IAIP
concentration (Figure 2), we determined whether serum
IAIPs were correlated with serum IL-6. Male mice
given LPS exhibited a significant inverse correlation

Figure 3. Exogenous hIAIPs attenuate LPS-induced BBB disruption to 14C-sucrose, but not 99mTc-albumin, in male mice. (a) Brain/

serum ratios (ml/g) of 14C-sucrose were significantly increased in male LPS mice (n¼ 11) compared to male NS mice (n¼ 14), and

hIAIP treatment (n¼ 11) significantly attenuated the effect. (b) 14C-sucrose was also significantly increased in female LPS mice (n¼ 11)

compared to female NS mice (n¼ 14), but hIAIP treatment (n¼ 11) did not attenuate the effect (p> 0.05). 99mTc-albumin was

significantly increased in the same male LPS mice (c) and female LPS mice (d), compared to NS control mice. No differences were

observed between LPS mice and LPS mice treated with hIAIP (p> 0.05). One-way ANOVA; Tukey’s post hoc test. Values represent

mean� SD (*p� 0.05; **p� 0.01; ***p� 0.001). hIAIP: human inter-alpha inhibitor protein; NS: normal saline; LPS: lipopolysaccharide.
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between serum IAIPs and serum IL-6 (Figure 4(c);
p� 0.05; r2¼ 0.47). Female mice did not show a signifi-
cant correlation between IAIP and IL-6 after LPS expos-
ure (Figure 4(d); p> 0.05; r2¼ 0.26). Other serum
analytes were downregulated by hIAIP treatment in
both male and female mice given LPS (Table 2), and
therefore, we determined whether those analytes were
correlated to serum IAIP concentration as well.

hIAIPs downregulated serum IL-17 in male mice
exposed to LPS (Figure 5(a); p� 0.05; q¼ 3.66), but
the IL-17 levels did not correlate to serum IAIP con-
centration (Figure 5(d); p> 0.05; r2¼ 0.05). In female
mice exposed to LPS, hIAIP treatment downregulated
CCL11 (Figure 5(b); p� 0.05; q¼ 3.97) and CCL5
(Figure 5(c); p� 0.05; q¼ 6.08). No significant correl-
ation was observed between serum IAIP concentrations
and CCL11 levels (Figure 5(e); p> 0.05; r2¼ 0.12), or

CCL5 levels (Figure 5(f); p> 0.05; r2¼ 0.28). These
data suggest that although IAIPs may have an effect
on multiple inflammatory factors, IL-6 maintains the
strongest association to hIAIP treatment.

Discussion

IAIPs play an important role in modulating inflamma-
tory responses in several experimental models of new-
born and adult systemic inflammation and in models of
inflammation-related premature labor.15,16,47,48 hIAIPs
are highly conserved in rodents (�70%), and no adverse
effects have been observed when multiple doses of
hIAIPs had been administered to adult24 or neonatal
rodents.25 In addition, we find that hIAIP alone did
not provoke a significant difference in BBB permeability
or cytokine production (see Experimental design).

Table 1. 23-Plex analytes in mouse brain (pg/mg).

Male Female

Analyte NS LPS LPSþ hIAIP NS LPS LPSþ hIAIP

IL-1a 0.9� 0.6 79.7� 77.6*** 62.0� 33.5** 0.6� 0.3 191.3� 144.8*** 118.2� 81.4**

IL-1b 3.9� 1.6 7.7� 3.8** 8.9� 1.9*** 3.4� 1.2 11.0� 3.8*** 10.2� 5.0***

IL-2 5.9� 1.4 5.5� 1.5 5.7� 0.8 6.3� 1.1 5.2� 1.6 6.7� 3.0

IL-3 6.1� 2.4 5.7� 2.1 5.9� 1.8 4.7� 1.7 5.6� 2.6 7.3� 3.0*

IL-4 9.7� 5.2 12.5� 9.1 12.1� 6.2 9.9� 6.0 10.8� 4.0 12.4� 5.2

IL-5 2.7� 1.0 2.8� 1.2 2.8� 0.8 2.1� 0.8 2.9� 1.2 3.5� 1.2**

IL-6 28.9� 19.4 199.1� 188.8** 159.7� 113.3* 27.7� 23.1 437.9� 203.5** 382.8� 417.6**

IL-9 174.8� 141.9 145.3� 159.9 127.9� 105.0 141.2� 99.9 102.8� 91.7 99.9� 100.5

IL-10 47.80� 21.8 57.5� 35.0 49.0� 16.5 54.3� 32.4 52.1� 14.4 54.4� 13.1

IL-12(p40) 142.7� 46.6 10,442� 5490*** 13,102� 8937*** 144.7� 43.0 15,665� 9390*** 13,170� 3653***

IL-12(p70) 980.9� 508.0 1037� 845.1 712.0� 264.2 1069� 572.5 675.2� 254.0 711.5� 380.3

IL-13 99.1� 50.0 108.5� 72.0 88.7� 41.6 106.0� 63.8 88.7� 56.1 105.1� 52.6

IL-17 31.1� 12.7 29.5� 10.2 31.6� 11.7 27.7� 9.1 27.8� 13.5 39.0� 20.2

CCL11 277.1� 277.2 263.9� 304.1 212.7� 164.4 273.3� 264.4 158.2� 137.3 229.8� 200.1

GCSF 88.8� 169.7 5810� 5049*** 3904� 2320** 21.8� 18.5 13,239� 6166*** 11,748� 9102***

GMCSF 7.9� 4.5 9.8� 4.9 10.5� 3.5 5.3� 2.7 12.5� 5.7** 15.4� 6.8***

IFNg 234.1� 209.5 213.9� 239.6 168.0� 158.4 219.1� 215.9 108.7� 111.7 126.3� 140.9

CXCL1 46.5� 22.7 3845� 1711*** 3592� 1055*** 32.9� 12.3 7015� 1503*** 5668� 2337***

CCL2 38.4� 19.5 1495� 1344** 2433� 1240*** 25.6� 7.2 2276� 830.5*** 1765� 1008***

CCL3 6.3� 2.8 611.8� 681.1** 536.5� 244.1** 6.5� 2.4 1605� 1454*** 1252� 1006**

CCL4 16.0� 5.3 101.1� 110.7* 129.8� 80.5** 14.7� 2.6 179.3� 133.7*** 139.2� 116.7**

CCL5 13.0� 5.8 646.3� 258.5*** 543.6� 170.6*** 8.4� 4.8 1480� 1467*** 1276� 472.6**

TNFa 546.4� 353.0 539.9� 424.0 392.4� 92.3 506.9� 262.5 416.2� 312.8 501.7� 516.1

Note: Values represent mean difference� SD; one-way ANOVA; Tukey’s post hoc test (*p� 0.05; **p� 0.01; ***p� 0.001 vs. NS). Statistical differ-

ences occurred only relative to the NS group; there were no significant differences between the LPS vs. LPSþ hIAIP groups. hIAIP: human inter-alpha

inhibitor proteins; LPS: lipopolysaccharide; NS: normal saline; IL-1a: interleukin 1 alpha; IL-1b: interleukin 1 beta; IL-2: interleukin 2; IL-3: interleukin 3;

IL-4: interleukin 4; IL-5: interleukin 5; IL-6: interleukin 6; IL-9: interleukin 9; IL-10: interleukin 10; IL-12(p40): interleukin 12 p40 homodimer; IL-12(p70):

interleukin 12 p70 homodimer; IL-13: interleukin 13; IL-17: interleukin 17; CCL11: C-C motif chemokine ligand 11; GCSF: granulocyte colony-

stimulating factor; GMCSF: granulocyte-macrophage colony-stimulating factor; IFNg: interferon gamma; CXCL1: C-X-C motif chemokine ligand 1;

CCL2: C-C motif chemokine ligand 2; CCL3: C-C motif chemokine ligand 3; CCL4: C-C motif chemokine ligand 4; CCL5: C-C motif chemokine ligand

5; TNFa: tumor necrosis factor alpha.
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This suggests that hIAIP administration alone is not
associated with an immunological reaction in mice.
Due to the conservative nature of hIAIP, we were not
concerned with any off-target effects, and therefore, we
predicted hIAIP to primarily modulate effects associated
with LPS administration.

A growing body of evidence suggests that LPS-
induced systemic inflammation impairs BBB func-
tion.1,4,5,49–51 Thus, the primary objective of this
study was to determine the effects of IAIPs on LPS-
induced BBB disruption and its associated inflamma-
tory mechanisms in male and female CD-1 mice. We
measured the BBB permeability to 14C-sucrose and
99mTc-albumin in LPS-exposed mice with and without
hIAIP treatment. We found that LPS administration
was associated with increased BBB permeability to
14C-sucrose and 99mTc-albumin, which is consistent

with our previous work.1 However, hIAIP treatment
only attenuated LPS-induced BBB disruption to 14C-
sucrose, but not to 99mTc-albumin, in the male mice.
There was a nonsignificant decline in BBB disruption in
the female mice, and so, the sex difference may be one
of relative sensitivity.

Sucrose (MW 343 Da) is a small vascular tracer that
does not readily cross the BBB and is often used as a
marker for solute and ion permeability which predom-
inantly leak through a disrupted BBB via a paracellular
route.1,52 Albumin (MW 66.5 kDa) is a larger tracer
that can be predominantly transported through the
BBB by adsorptive-mediated transcellular endocyto-
sis.1,52 Tight junction proteins (TJPs) play a critical
role in BBB integrity by reducing the paracellular leak-
age of blood-borne molecules.45,46,53 Previously, we
report TJP disorganization in our in vitro LPS model;

Table 2. 23-Plex analytes in mouse serum (pg/ml).

Male Female

Analyte NS LPS LPSþ hIAIP NS LPS LPSþ hIAIP

IL-1a 15.8� 8.5 63.3� 19.9*** 78.1� 36.7*** 15.7� 10.3 92.9� 45.6*** 78.3� 48.8***

IL-1b 61.9� 21.4 103.7� 29.7** 115.5� 35.9*** 50.9� 14.4 126.3� 36.2*** 116.1� 51.1***

IL-2 19.7� 7.4 34.6� 16.5* 31.1� 11.5 17.2� 6.5 29.9� 9.7* 29.7� 17.7

IL-3 23.3� 7.8 25.8� 8.4 31.6� 10.3 21.2� 6.2 29.2� 12.3 30.3� 13.8

IL-4 25.2� 11.9 14.2� 6.1 21.7� 10.0 18.7� 8.1 16.5� 11.1 19.6� 11.5

IL-5 29.5� 8.3 27.9� 8.1 31.4� 9.6 25.1� 6.7 38.8� 17.3* 41.1� 13.5*

IL-6 46.8� 39.8 25,024� 12,345*** 14,080� 9216***,# 21.4� 16.8 43,763� 20,895*** 13,991� 9410*,###

IL-9 91.9� 35.6 72.2� 30.7 88.7� 36.7 83.3� 30.9 83.0� 39.8 87.0� 43.6

IL-10 184.2� 59.5 666.1� 182.6*** 546.9� 188.1*** 161.3� 49.3 1152� 561.1*** 1120� 695.6***

IL-12(p40) 1312� 423.8 5452� 1835*** 6174� 2035*** 1121� 817.6 6986� 3245*** 5293� 2475***

IL-12(p70) 830.5� 417.5 1004� 505.7 1118� 551.7 734.1� 342.6 1168� 668.9 1095� 636.7

IL-13 243.0� 134.3 308.7� 122.7 366.5� 177.1 253.0� 125.8 369.4� 175.3 392.8� 230.9

IL-17 136.9� 38.8 298.0� 61.2*** 237.6� 51.7***,# 114.3� 23.0 277.3� 118.8*** 216.7� 88.5***

CCL11 861.7� 353.6 5368� 1884*** 4686� 2000*** 751.0� 318.9 5295� 2485*** 2967� 2217*,#

GCSF 1265� 996.0 453,430� 132,765*** 354,222� 96,063*** 753.6� 543.4 524,700� 156,551*** 586,491� 127,551***

GMCSF 86.8� 23.4 167.4� 39.0** 170.4� 81.6** 77.8� 17.9 315.6� 178.2* 280.3� 347.7

IFNg 99.7� 22.1 101.5� 25.7 118.0� 22.9 90.2� 20.7 141.1� 66.3* 129.1� 53.9

CXCL1 276.7� 101.0 14,239� 4258*** 13,437� 6172*** 255.6� 135.3 32,799� 21,151*** 17,369� 14,547*

CCL2 645.4� 390.5 77,110� 39,764*** 69,689� 46,305*** 553.1� 389.3 88,821� 36,072*** 62,675� 73,504**

CCL3 7.8� 2.9 92.1� 37.0*** 99.0� 26.6*** 6.8� 2.2 94.5� 35.4*** 79.5� 41.1***

CCL4 52.8� 31.0 677.6� 329.7*** 722.9� 310.6*** 45.4� 25.8 630.0� 207.6*** 519.4� 430.9***

CCL5 181.9� 101.3 9986� 2913*** 8013� 4480*** 140.8� 93.8 13,940� 4849*** 7413� 3842***,###

TNFa 150.2� 88.9 201.2� 110.0 243.7� 133.6 133.1� 70.1 225.8� 128.5 231.2� 148.1

Note: Asterisks represent statistical differences in comparison to NS; hashes represent statistical differences in comparison to LPS. Values represent

mean difference� SD; one-way ANOVA; Tukey’s post hoc test (*p� 0.05, **p� 0.01, ***p� 0.001 vs. NS; #p� 0.05, ###p� 0.001 vs. LPS). hIAIP:

human inter-alpha inhibitor proteins; LPS: lipopolysaccharide; NS: normal saline; IL-1a: interleukin 1 alpha; IL-1b: interleukin 1 beta; IL-2: interleukin 2;

IL-3: interleukin 3; IL-4: interleukin 4; IL-5: interleukin 5; IL-6: interleukin 6; IL-9: interleukin 9; IL-10: interleukin 10; IL-12(p40): interleukin 12 p40

homodimer; IL-12(p70): interleukin 12 p70 homodimer; IL-13: interleukin 13; IL-17: interleukin 17; CCL11: C-C motif chemokine ligand 11; GCSF:

granulocyte colony-stimulating factor; GMCSF: granulocyte-macrophage colony-stimulating factor; IFNg: interferon gamma; CXCL1: C-X-C motif

chemokine ligand 1; CCL2: C-C motif chemokine ligand 2; CCL3: C-C motif chemokine ligand 3; CCL4: C-C motif chemokine ligand 4; CCL5: C-C

motif chemokine ligand 5; TNFa: tumor necrosis factor alpha.
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however, we did not observe changes in TJP expression
in mouse brain after LPS administration.1 It is cur-
rently unknown whether IAIPs attenuate BBB disrup-
tion via modulation of TJP function. Our findings
suggest that the protective effects of IAIPs under
inflammatory conditions are through paracellular,
rather than transcellular mechanisms of BBB disrup-
tion. Sucrose is considered a sensitive paracellular
marker of BBB disruption, as it has been shown to
penetrate a BBB devoid of the TJP claudin-5.53 On
the other hand, albumin has been implicated as a sen-
sitive marker of transcellular BBB disruption due to a
low baseline permeability measurement in vivo as well
as a low signal-to-noise ratio compared to that of
sucrose. The effects of hIAIPs on TJPs with LPS expos-
ure will be investigated in future studies.

We and others have previously reported a decrease
in endogenous IAIP concentration under inflammatory
conditions,18,38,40,54 although in the context of human
sepsis, which we are not modeling and often represents
an immune suppressed state. In contrast, our three-dose
LPS model invokes a hyperinflammatory state,1 and we
measured an increase in endogenous serum IAIP

concentration. Moreover, another LPS model reported
decreased IAIPs15; however, that study was performed
in neonatal Balb/c mice, which inherently evoke differ-
ent immune responses to inflammatory stimuli.55

Alternatively, timing of our endogenous IAIP measure-
ments could also explain the differences between our
study and the study by Singh et al.15 Perhaps measuring
IAIP levels shortly after a single LPS injection would
have decreased serum IAIP levels; however, we would
have dampened our BBB effect based on prior studies
in our laboratory.3

A number of mechanisms have been described for
the BBB disruption caused by LPS.50 Although LPS
can cause BBB disruption through cell-autonomous
mechanisms in brain endothelial cells in vitro, including
modification of TJ protein architecture,1 increased
blood concentration of inflammatory factors in
response to LPS is also likely to contribute to paracellu-
lar pathways of BBB disruption in vivo.1,4,50,56,57 We
found that mice given LPS exhibited an increase in mul-
tiple inflammatory factors in serum (Table 2), which is
consistent with our previous studies using the same LPS
model.3,41 Recent studies have identified the ability of

Figure 4. hIAIPs downregulate LPS-induced serum IL-6 levels, which were inversely correlated to male serum IAIP concentration.

(a) Serum IL-6 levels (pg/ml) measured by luminex assay were significantly increased in male LPS mice (n¼ 9) compared to male NS

controls (n¼ 14), and hIAIP treatment (n¼ 9) significantly downregulates the LPS effect. (b) Serum IL-6 levels were significantly

increased in female LPS mice (n¼ 8) compared to female NS controls (n¼ 14), and hIAIP treatment (n¼ 10) significantly down-

regulates the LPS effect. One-way ANOVA; Tukey’s post hoc test. Values represent mean� SD. (*p� 0.05; ***p� 0.001). (c) LPS male

serum IL-6 levels were inversely correlated to serum IAIP concentration (p¼ 0.03; r2¼ 0.47). (d) LPS female serum IL-6 levels did not

correlate to serum IAIP concentration (p> 0.05). Linear regression was performed on the LPS data points to determine statistical

correlation. IL-6: interleukin 6; NS: normal saline; LPS: lipopolysaccharide; hIAIP: human inter-alpha inhibitor protein.
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IAIPs to inhibit the production of inflammatory factors
and have suggested its potential as an effective thera-
peutic agent for systemic inflammation in neonates and
adults.15,58–60 In our study, we found that exogenous
hIAIP treatment downregulated four inflammatory fac-
tors (IL-6, IL-17, CCL5, and CCL11) in mice exposed
to LPS. IL-6 was the only analyte downregulated by
hIAIP in both male and female mice given LPS. IL-6
was also inversely correlated with endogenous IAIP
concentrations in LPS-treated male mice. These data
suggest that IL-6 may be a common target of IAIPs
and may play a vital role in LPS-induced BBB
disruption.

IL-6 has been demonstrated to increase BBB perme-
ability in a mouse model of bacterial meningitis.61 This
inflammatory cytokine has also been shown to reduce
occludin and claudin-5 expression in microvessels iso-
lated from sheep62 and can downregulate human brain
microvascular endothelial barrier function through
modification of TJPs.63 We have found that IL-6 inhib-
ition modulates TJPs and attenuates BBB disruption in
ovine fetuses with ischemic-reperfusion brain injury.33

Recent studies have shown that IAIPs inhibit systemic

cytokines, including IL-6 in mice with histone chal-
lenge64 and granzyme K-induced increases of IL-6 pro-
duction in vitro.65 Thus, our findings suggest that
IAIPs ability to inhibit serum IL-6 production could
contribute to the improvement of BBB disruption to
small molecule permeability after LPS exposure. We
also cannot rule out the possibility that IAIPs could
have modulated LPS-mediated BBB permeability
through other inflammatory mechanisms within the
cerebral vascular endothelium, which could be tested
as a future direction in an in vitro system.

We also found that the LPS injections increased the
brain expression of multiple inflammatory factors
(Table 1). This is consistent with our earlier studies in
mice after LPS injections.3,66 LPS given peripherally
can induce inflammatory responses in the brain,
which may be caused by indirect effects.67 It is likely
that LPS invokes neuroinflammation by activating LPS
receptors located outside the BBB, stimulating afferent
nerves, and/or acting at circumventricular organs.66

Serum inflammatory factors can also cross the BBB
through a saturable transport mechanism and affect
CNS function.68–70 Peripheral LPS injections can also

Figure 5. hIAIPs downregulate LPS-induced IL-17, CCL11, and CCL5; however, IL-17, CCL11, and CCL5 did not correlate with

serum IAIP concentration. (a) LPS significantly increased serum IL-17 levels in male mice compared to male NS controls, and hIAIPs

significantly downregulate the LPS effect. LPS significantly increased (b) serum CCL11 and (c) serum CCL5 levels in female mice

compared to female NS controls, and hIAIPs significantly downregulate the LPS effect on both inflammatory factors. One-way

ANOVA; Tukey’s post hoc test. Values represent mean� SD. (*p� 0.05; ***p� 0.001). (d) LPS male serum IL-17 levels did not

correlate to serum IAIP concentration (p> 0.05). LPS female serum (e) CCL11 and (f) CCL5 levels both did not correlate to serum

IAIP concentration (p> 0.05). Linear regression was performed on the LPS data points to determine statistical correlation. IL-17:

interleukin 17; CCL11: C-C motif chemokine 11; CCL5: C-C motif chemokine 5; IL-6: interleukin 6; NS: normal saline; LPS: lipo-

polysaccharide; hIAIP: human inter-alpha inhibitor protein.

Logsdon et al. 1099



activate brain microglia to elevate CNS inflammatory
factors,67 including IL-6, which has the ability to dis-
rupt the BBB.52 The lack of an hIAIP effect on inflam-
matory factors in brain tissue suggests that IAIP may
specifically protect the BBB through luminal mechan-
isms associated with peripheral inflammatory factors.

Sexually dimorphic immune responses could influ-
ence the brain’s response to a systemic inflammatory
insult such as LPS exposure.41 Our results did show a
sexually dimorphic cytokine response of after LPS,
which is consistent with our previous publication.41

Our results also show a sex difference in both the
endogenous IAIP response to LPS, and the exogenous
hIAIP effects on LPS-induced BBB permeability.
Although we observed a sexually dimorphic inflamma-
tory response to hIAIP treatment following LPS, we
did observe that serum levels of IL-6 were downregu-
lated by hIAIPs in both males and females. However, a
significant correlation between the serum IL-6 levels
and IAIP levels were only observed in males. These
findings may suggest that attenuation of LPS-induced
BBB disruption by hIAIP treatment could be achieved
in part by a common IL-6-mediated pathway.
Nevertheless, we cannot rule out the possibility that
other signal transduction pathways could also have
contributed to the hIAIP-mediated reduction of sucrose
permeability in male mice exposed to LPS.

There are several limitations to our study along with
potential opportunities for future study. First, the
molecular/cellular mechanisms of IAIP in relation to
TJPs at the BBB under inflammatory conditions have
not yet been examined, but are likely candidates for
future mechanistic studies. Second, sexually dimorphic
responses to LPS and effects of LPS on the BBB may
vary by mouse strain,41,71 and future studies along these
lines could identify important genetic components of
BBB responses to inflammatory stimuli. Furthermore,
mechanistic studies could also be explored to determine
whether the IAIP/IL-6 axis is mediating BBB disrup-
tion with LPS. Finally, we only studied a single time
point following LPS administration, and therefore,
future studies should consider measuring the inflamma-
tory factors known to peak at earlier time points prior
to BBB disruption.3

In conclusion, LPS increased endogenous serum
levels of IAIPs compared to saline-injected controls.
IAIP treatment attenuated LPS-induced BBB disrup-
tion to 14C-sucrose, but not 99mTc-albumin in CD-1
male mice. IAIP treatment also downregulated serum
IL-6, IL-17, CCL5, and CCL11 in mice exposed to
LPS. IAIP treatment did not affect brain cytokines
after LPS exposure. Finally, endogenous serum IAIPs
were inversely correlated to serum IL-6 levels in male
mice given LPS. This study provides important insights
into the effects of hIAIPs on BBB disruption and

related inflammatory mechanisms, providing new
potential targets for inflammatory disorders.
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