ORIGINAL BASIC SCIENCE REPORT

Involvement of Toll-Like Receptor 4 in
Decreased Vasopressor Response Following

Trauma/Hemorrhagic Shock

OBJECTIVES: Refractory vascular failure due to the inability of vascular smooth
muscle to respond to vasoconstrictors such as phenylephrine is a final common
pathway for severe circulatory shock of any cause, including trauma/hemorrhagic
shock. Increased inflammation, Toll-like receptor 4 activation, and decreased re-
sponse of the alpha-1 adrenergic receptors which control vascular tone have
been reported in trauma/hemorrhagic shock.

HYPOTHESIS: In trauma/hemorrhagic shock, Toll-like receptor 4 activation con-
tributes to vascular failure via decreased bioavailability of adrenergic receptors.

DESIGN AND MEASUREMENTS: Trauma/hemorrhagic shock was induced
in Wistar rats (laparotomy combined with mean arterial pressure at 40mm Hg
for 90 min followed by 2 hr resuscitation with Lactated Ringers solution). To in-
hibit Toll-like receptor 4, resatorvid (TAK-242) and resveratrol were used, and
plasma was collected. Smooth muscle cells were incubated with lipopolysaccha-
ride (10ng/mL) or plasma. Inflammatory cytokines were screened using dot-blot.
Toll-like receptor 4 and nuclear factor xB activation and cellular localization of the
alpha-1 adrenergic receptor were measured by immunofluorescence imaging and
Western blot analysis. Clustered regularly interspaced short palindromic repeats/
Cas9 was used to knock out Toll-like receptor 4, and calcium influx following stim-
ulation with phenylephrine was recorded.

MAIN RESULTS: Trauma/hemorrhagic shock caused a decreased response to
phenylephrine, whereas Toll-like receptor 4 inhibition improved blood pressure.
Trauma/hemorrhagic shock plasma activated the Toll-like receptor 4/nuclear fac-
tor kB pathway in smooth muscle cells. Double labeling of Toll-like receptor 4 and
the alpha-1 adrenergic receptor showed that these receptors are colocalized on
the cell membrane. Activation of Toll-like receptor 4 caused cointernalization of
both receptors. Calcium influx was impaired in cells incubated with trauma/hem-
orrhagic shock plasma but restored when Toll-like receptor 4 was knocked out or
inhibited.

CONCLUSIONS: Activation of the Toll-like receptor 4 desensitizes vascular
smooth muscle cells to vasopressors in experimental trauma/hemorrhagic shock
by reducing the levels of membrane alpha-1 adrenergic receptor.

KEY WORDS: adrenergic receptor; biological availability; shock hemorrhagic;
Toll-like receptor 4; vascular smooth muscle; vasoconstrictor

rauma/hemorrhagic shock (T/HS) is a major cause of death worldwide

and is the leading cause of death in those 1-44 years in the United States

(1, 2). During late stages of ongoing hemorrhage, vasodilatory shock

and hypotension may ensue that are refractory to fluid resuscitation or blood
transfusion (3).

Vasodilatory shock includes multiple etiologies (e.g., late hemorrhagic,

septic, cardiogenic, neurogenic, and anaphylactic shock) and ultimately results
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in uncontrolled vessel relaxation. The mechanism is
multifactorial and includes activation of vasodilatory
pathways and vascular hyporesponsiveness to vaso-
pressors, leading to arterial hypotension, multiple
organ failure, and death (4-7).

Contraction of arteriolar smooth muscle cells
(SMCs) is mediated primarily by alpha-1 adrenergic
receptors (alARs), G-protein—coupled receptors that
are important mediators of the sympathetic nervous
system involved in vasoconstriction. alARs are acti-
vated by catecholamines such as phenylephrine and
norepinephrine, and their activation leads to signal
transduction events, including activation of phospho-
lipase C and generation of inositol triphosphate and
diacylglycerol, which cause increases in intracellular
calcium and vessel constriction (6).

Recalcitrant hypotension following T/HS is impli-
cated in the release of inflammatory mediators which
lead to multiple organ dysfunction syndrome, similar
to what is seen in septic patients (7, 8). Indeed, in-
hibition of inflammation prevents end organ damage
in a rat model of T/HS (9, 10). A pivotal mediator
of inflammatory cytokine release seen in T/HS is
activation of the nuclear factor kB (NF-xB) tran-
scription pathway, which correlates with the severity
of the acute inflammatory response (11, 12). When
activated, the associated protein nuclear factor of
kappa light polypeptide gene enhancer in B-cells in-
hibitor, alpha undergoes phosphorylation, leading
to the translocation of p65 into the nucleus, where
it promotes the transcription of many inflammatory
cytokines (13). Specifically for the alAR, studies have
shown a dysfunctional contractile response in SMCs
following activation of NF-xB, whereas inhibition of
this pathway restores normal contractility (14, 15).

A putative activator of the NF-xB is the Toll-like
receptor 4 (TLR4) (16, 17). TLR4 is implicated in
poor outcomes from shock, and its inhibition serves
to mitigate its deleterious effects in several experi-
mental models (10, 18, 19). When activated (e.g., by
Lipopolysaccharides [LPS]), the receptor initiates a
signal transduction cascade to induce inflammation
leading to increased production of inflammatory cyto-
kines such as interleukin-6, tumor necrosis factor-a,
and others (13, 20) and is rapidly endocytosed into
endosomes (21, 22).

Although ample evidence describes TLR4 activation
by bacterial substances such as LPS, recent data show
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activation of TLR4 in conditions where no bacterial
infection is present, where it is involved in mediating
inflammation and organ damage, and its inhibition
results in a favorable outcome (10, 16, 17). In these
cases, the activating agents are damage-associated
molecular pattern molecules, endogenous molecules
released after cellular damage or stress, such as fibrin-
ogen, high mobility group box-1 (HMGBL1), and oth-
ers (23-26).

A role for TLR4 and NF-xB activation in mediating
the alAR response was suggested in shock. Inhibition
of NF-xB served to restore the otherwise decreased lev-
els of a1l AR following circulatory failure, and Eritoran,
a TLR4 inhibitor, prevented LPS-induced loss of con-
tractility in a mouse model of septic shock (9, 18).

Given the demonstrated contribution of TLR4 to
the outcomes of circulatory shock and the modulation
of the adrenergic response by this receptor, we sought
to determine the mechanism for decreased alAR re-
sponse seen following experimental T/HS in rats. A
decreased translation and expression of the al AR, as
is seen hours into septic shock, cannot fully explain
the rapid decrease in vascular response to vasopres-
sors seen in T/HS. Thus, we tested the hypothesis that
activation of TLR4 during T/HS will result in a rapid
decrease in the bioavailability of a1AR on the cell sur-
face, rendering the vascular system resistant to vaso-
constrictor administration.

METHODS

Animals

The animal protocol was approved by the Institutional
Animal Care and Use Committee at the University
of California, San Diego (approval number: $16062).
Animals were housed in a vivarium with controlled
temperature (20-22°C) and humidity (70-75%), and
light-dark cycles were maintained according to stan-
dardized procedures for animal housing. Food and
water were supplied ad libitum, and the health of
the animals was visually verified before the experi-
ments. Fifteen 250-400g male Wistar rats (Harlan
Laboratories, Indianapolis, IN) were used for the
experiments. The TLR4 inhibitors resatorvid (TAK-
242) (1 mg/kg; Sigma) and resveratrol (10 mg/kg) were
administered to the experimental groups (n = 5) before
induction of T/HS. A control group was subjected to
T/HS without the administration of TLR4 inhibitors.
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Anesthesia was induced by 5% isoflurane and main-
tained with 1.5% through a nose cone at a rate of 0.8 L/
min at 21% F10,. The right femoral vein and artery were
cannulated for blood withdrawal, drug administration,
and monitoring of blood pressure (Power Laboratory
acquisition system; ADInstruments, Dunedin, New
Zealand). Body temperature was maintained at 37°C
by a water-heated platform. T/HS was induced by lap-
arotomy followed by blood withdrawal (0.5mL/min)
to a target mean arterial pressure (MAP) of 40 mm Hg.
Pressure was maintained between 35 and 45mm Hg
for 1.5 hours followed by reperfusion with Lactated
Ringers (LR) solution (2mL/min) to achieve a MAP
of 65mm Hg, and the animals were monitored for an
additional 120 minutes. To measure acute vascular re-
sponse to an al agonist, following 20 minutes of base-
line pressure measurement (animals under anesthesia
without any interaction or intervention), a single
bolus of phenylephrine (4 ug/kg) was IV infused,
and blood pressure increase was recorded. The effect
lasted for ~10 seconds, and after 1 minute, the blood
pressure returned to preinfusion values. This proce-
dure was repeated 120 minutes following reperfusion.
Animals were subsequently euthanized, and plasma
was collected.

Cell Culture

Rat SMCs (SMCs; Cell-applications, San Diego, CA)
were cultured in Dulbecco’s Modified Eagle’s Medium
(Gibco, Rockville, MD) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco), 100 U/mL
penicillin, and 100 pg/mL streptomycin. Cells were
maintained at 37°C in a Co, incubator with a con-
trolled atmosphere composed of 95% air and 5% Co,.
Before experiments, the complete media was replaced
with serum-free media for 2 hours. Cells were incu-
bated with plasma (1:4 plasma/media) from the exper-
imental and control groups. For in vitro activation of
TLR-4, cells were incubated with LPS (10ng/mL) in
serum-free media. To knock out TLR4, single guide
RNA clustered regularly interspaced short palindromic
repeats All-in-One Lentivirus set (ABM, Vancouver,
BC, Canada) was used. Briefly, vectors were ampli-
fied in DH5a cells and purified using a miniprep kit
(Qiagen, Valencia, CA). SMCs were transfected using
lipofectamine 2000 (Invitrogen, Waltham, MA) and
selected using puromycin (0.3 pg/mL). TLR4 deletion
was confirmed by Western blot.
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Western Blot

Proteins were separated by SDS-PAGE and transferred
to nitrocellulose membranes in transfer buffer (20%
methanol, 25 mmol/L tris, 192 mmol/L glycine). Signal
was detected using the chemiluminescence reagents of
the EZ-ECL kit (Pierce, Waltham, MA). The follow-
ing antibodies were used: mouse anti-TLR4 (Abcam,
Waltham, MA), rabbit anti-alAR (Abcam), rabbit
anti-NF-kB P65 (Cell Signaling, Danvers, MA), goat
antiphospho-inhibitor of nuclear factor kappa B (IkB)
(Cell Signaling), and goat anti-IxB (Cell Signaling).

Immunofluorescent Imaging

Cells were fixed for 10 minutes in 2% paraformalde-
hyde, blocked in 5% normal donkey serum in 0.1%
Tris Buffered Saline Buffer with Tween 20 for 1 hour
followed by overnight incubation with primary anti-
body. Following washes, slides were incubated with
fluorescein isothiocyanate/Texas Red secondary anti-
bodies and imaged by fluorescent microscopy.

Cytokine Detection

Cytokines in the plasma of rats before and after T/
HS were evaluated using the Proteome Profiler Rat
Cytokine Array Kit (R&D Systems, Minneapolis, MN).
The panel consists of 29 cytokines and is semiquantita-
tive by the use of a reference between samples. HMGB1
levels were measured using a commercial enzyme-
linked immunosorbent assay (LSBio, Seattle, WA).

Calcium Imaging

Cells were incubated for 2 hours with plasma from
the experimental groups. Following the addition of
phenylephrine (1ng/mL), intracellular calcium was
measured using the Fluo-4 am tracer kit according to
the manufacturer’s instructions (Molecular Probes,
Eugene, OR).

Statistics

Values are presented as means + sp. Data were ana-
lyzed using two-way analysis of variance (ANOVA) for
repeated measurements. When appropriate, post hoc
analyses were performed with the Tukey multiple com-
parisons test. Bands and fluorescence intensities were
measured using the NIH Image-] software. A paired or
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unpaired two-tailed Student ¢ test was used for com-
parisons between groups as applicable. Results were
determined to be significant at p value of less than 0.05.

RESULTS

Decreased Blood Pressure Response to
Vasopressors After T/HS

To validate vasopressor resistance in our model, the
vascular response to phenylephrine was measured in
terms of increase in systolic blood pressure (SBP) (Fig.
1). Phenylephrine induced a rapid increase in SBP be-
fore T/HS, which then returned to higher levels than
baseline for up to 30 seconds (Fig. 14). Analyzing the
difference in peak response, phenylephrine caused
SBP to increase by an average of 32 mm Hg before T/
HS but only by 20mm Hg following reperfusion (p <
0.05) (Fig. 1B).

Plasma From T/HS Activates NF-xB in SMCs

T/HS plasma incubated with SMCs caused a rapid phos-
phorylation of IkB which was evident after 10 minutes,
peaked after 20 minutes, and remained elevated over
30 minutes. In contrast, when incubated with control
plasma, increase in phospho-IkB was detected only at
20 minutes and returned to baseline after 30 minutes.
For each time point measured, the increase in IkB phos-
phorylation was higher in T/HS plasma-treated cells

(Fig. 2A). In addition, translocation of p65 to the nu-
clei was induced by T/HS but not control plasma, as ev-
idence by immunofluorescence imaging (Fig. 2B) and
Western blot analysis of p65 nuclei extracts (Fig. 2C).

Activation of TLR4 Induces Endocytosis of
the a1AR

SMCs were incubated with control and T/HS plasma,
as well as LPS, a specific activator of TLR4. In untreated
cells, colabeling of TLR4 and alAR showed colocaliza-
tion that was mostly confined to the cell membrane
(Fig. 3A). Coculture with LPS or T/HS plasma caused
internalization of receptors as seen on fluorescent im-
aging (Fig. 3A). To confirm alAR internalization fol-
lowing TLR4 stimulation, we stimulated SMCs with
either T/HS plasma or LPS and measured the ex-
pression of the membrane versus cytosolic alAR. As
shown in Figure 3B-E, in resting cells, a1 AR is mainly
expressed in the membrane with low intracellular ex-
pression. Both T/HS plasma and LPS caused an in-
crease in intracellular expression concomitantly with
reduced membrane expression ([p < 0.05] vs untreated
control), confirming alAR internalization follow-
ing TLR4 stimulation. It should be emphasized, that
although internalization was evident following treat-
ment with both activators, the ratio of extra- versus
intracellular expression was lower in LPS-treated cells
compared with both control- and T/HS-treated cells.
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Figure 1. Trauma/hemorrhagic shock (T/HS) induces vasopressor resistance. A, A representative systolic blood pressure (SBP)
response to a single phenylephrine (PE) dose before T/HS and following reperfusion. B, Difference in SBP response to PE following
T/HS. PE (2 ng/kg) was injected before T/HS and 2 hr following resuscitation with Lactated Ringers solution. 'p < 0.05 SBP following

resuscitation versus before shock; n=b.
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Figure 2. The nuclear factor kB pathway is activated by trauma/hemorrhagic shock (T/HS) plasma. A, Smooth muscle cells were
treated with plasma from T/HS and control group. IxB phosphorylation was measured at selected time points, and results are
presented as mean of the relative density units of the ratio between the phosphorylated and nonphosphorylated forms. “p < 0.01 for
T/HS treated cells at 10, 20, and 30 min post stimulation versus unstimulated cells; *p < 0.05 for cells treated with control plasma

at 20 min versus unstimulated cells; Tp <0.01 T/HS plasma versus control plasma at corresponding time points. n = 3 for all groups.
B, Inmunofluorescence labeling of P65 demonstrating nuclei localization following treatment with T/HS plasma (white arrows; bar =
10 pm). C, Western blot analysis of P65 in nuclei extracts from cells treated with T/HS plasma versus controls. 'p < 0.05, n=3.
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Figure 3. A, Double immunofluorescence imaging of the alpha-1 adrenergic receptor (a.1AR) and Toll-like receptor 4 (TLR4)

in cells treated with lipopolysaccharide (LPS) or plasma from trauma/hemorrhagic shock (T/HS) or control rats. Red indicates

the localization of the a1AR; green indicates the localization of the TLR4, and blue (DAPI) was used to stain the cell nuclei.
Colocalization (white arrows) is indicated in yellow in the merged images, bar = 10 pm. B, Representative Western blot for
detection of a1AR in membrane and cytosolic fractions of cells treated with control and T/HS plasma as well LPS.

C and D, Western blot analysis for the levels of membrane (C) and cytosolic (D) a1AR in the experimental groups. E, Ratio between
membrane and cytosolic expression of the a1AR. Data are expressed as mean density units + sp. p < 0.05 for T/HS and LPS
versus control; n = 6. DAP| = 4/,6-diamidino-2-phenylindole, RDU = relative density unit.
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TLR4 Inhibition Increases Calcium Influx Upon
a1AR Stimulation

We used calcium imaging to measure the response of
SMC:s to stimulation with phenylephrine following incu-
bation with T/HS or control plasma. Decreased calcium
labeling intensity was recorded when cells were preincu-
bated with T/HS plasma compared with control plasma
(24.6 £9.3vs49.9 £ 17.5 mean fluorescent intensity [MFI];
p < 0.01) (Fig. 4, A and B). Knocking out TLR4 (TLR4"
) served to restore the otherwise decreased calcium la-
beling due to T/HS plasma (36.9 = 12.8 MFL; p < 0.05
vs T/HS plasma). Last, we treated the cells with resvera-
trol to block TLR4 (19, 27). As with the TLR4, resver-
atrol restored calcium labeling intensity in cells treated
with T/HS plasma (43.8 + 17.6 MFL p < 0.01 vs T/HS).

TLR4 Inhibition Improves Blood Pressure
Following T/HS

We administered resveratrol as well as TAK-242 prior
to induction of T/HS and measured SBP following
a single phenylephrine bolus during resuscitation.
SBP values were higher in the TLR4 inhibited groups
compared with the control (p < 0.05 TAK-242 vs LR;
p<0.01resveratrol vs LR) (Fig.4C). TAK-242 improved
SBP during resuscitation, and the values had a down-
trend up to 220 minutes. This decrease in SBP was not
apparent in the resveratrol group (p < 0.05 resveratrol
vs TAK-242) which remained stably increased.

Inflammatory Cytokines Are Elevated Following
T/HS

To address possible activators of TLR4 in T/HS, we
screened for inflammatory cytokines as well as meas-
ured levels of HMGBI1 (Fig. 5). Of 21 cytokines de-
tectable on our dot-blot screen, we found 10 to be
significantly increased following T/HS (Figure 5,
A and B). In addition, HMGBI significantly increased
from time 0 to 220 minutes after reperfusion (1.05 +
0.25 pg/mbbL vs 1.81 + 0.3 pg/mL respectively; p <
0.01) (Fig. 5C).

DISCUSSION

In the present study, we sought to determine a role for
TLR4 in vasopressor resistance following T/HS. Our
results indicate that T/HS induces activation of the
TLR4/NF-kB pathway and promotes cointernalization

Critical Care Explorations

of the receptor together with the alAR, thus reducing
its bioavailability. Inhibition of TLR4 served to restore
alAR response to the vasopressor phenylephrine,
explaining, at least in part, vasopressor resistance seen
following severe T/HS.

Hypotension refractory to fluids and vasopressor
agents is a universal phenomenon in advanced shock
states. Among the mechanisms contributing to re-
sistant hypotension is adrenergic receptor desensitiza-
tion in vascular smooth muscle (4, 5). In agreement,
we found that following resuscitation, the vascular
response to phenylephrine was markedly reduced
compared with the preshock response, confirming va-
sopressor resistance in our model.

Data suggest involvement of inflammation and ac-
tivation of the NF-kB pathway in end organ damage
following T/HS, where activation of NF-kB in SMCs
promotes dysfunctional contraction, and inhibition
of this pathway restores normal contractility (14, 15).
Thus, we focused our efforts to study whether inflam-
mation can also be a link between T/HS and vaso-
pressor resistance.

We found that the NF-xB pathway is activated in
SMCs by T/HS plasma, as evidenced by increased
phosphorylation of IkB and nuclear translocation of
p65 (13). Our results are in agreement with others
who have shown different mechanisms for NF-xB ac-
tivation and subsequent inflammation in T/HS, even
before resuscitation, such as oxidative stress, cytokine
release, and others (11, 12, 28).

Of specific interest in shock is activation of the
TLR4, as its inhibition serves to mitigate its deleterious
effects in several experimental models (10, 18, 19).
We thus used TLR4 internalization as a marker for
the receptor activation in SMCs and found that T/HS
plasma, as for LPS, induced rapid internalization of the
receptor into the cell cytosol.

We found that activation of TLR4 induces desen-
sitization of the alAR, thereby explaining in part the
decreased response to phenylephrine following T/
HS. In other experimental models of shock, activation
of TLR4, NF-xB, and inflammatory cytokines have
been described as promoting down-regulation of the
alAR, decreasing overall sensitivity to vasopressors
(4, 29, 30). However, this down-regulation is recorded
hours into shock and cannot explain the short time-
frame for decreased vasopressor response following T/
HS. Thus, we hypothesized that another mechanism
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Figure 4. Toll-like receptor-4 (TLR-4) inhibition restores calcium influx. A, Representative fluorescence labeling of calcium influx as
detected by the Fluo-4 am tracer (Molecular Probes, OR). Smooth muscle cells were incubated with plasma from control, trauma/
hemorrhagic shock (T/HS), and T/HS animals treated with resveratrol. In addition, TLR-4 was knocked out, and cells were incubated
with T/HS plasma. B, Image analysis of calcium influx. Data are presented as digital units of the mean fluorescent intensity (MFI) % sp.
Results are derived from three experiments and calculated for n = 100 cells. "p < 0.01 T/HS versus control, resveratrol and TLR™~; p
< 0.05 TLR™ and resveratrol versus T/HS plasma. C, Systolic blood pressure values following resuscitation in rats pretreated with the
TLR4 inhibitors resatorvid (TAK-242) and resveratrol. *p < 0.05 TAK-242 versus Lactated Ringers (LR); 'p < 0.01 resveratrol versus LR;
“p < 0.05 resveratrol versus TAK-242; n = 5 for resveratrol and LR, n = 3 for TAK-242,

might be dependent on the spatial location of the ization reduces B2 receptor bioavailability (32, 33).

alAR and TLR4. We found that both receptors are
colocalized on the membrane of SMCs, and once TLR4
is activated, it internalizes together with the al AR into
intracellular vesicles. Colocalization promoting coin-
ternalization has been previously described for other
receptors; the adenosine A2A receptor cointernalizes
with the dopamine D2 receptor, and activation of either
will decrease their activity (31). Likewise, the angio-
tensin IT AT1 receptor and the bradykinin B2 receptor
colocalize in SMC membranes, and their cointernal-

8 www.ccejournal.org

Finally, CD13, a membrane metallopeptidase, is coin-
ternalized with TLR4 and modulates the receptor ac-
tivity (34). Thus, it is plausible that the al AR, due to its
cellular localization with TLR4, is cointernalized once
the receptor is activated, explaining the reduced vaso-
pressor response in T/HS.

To further characterize the physiologic relevance
of reduced alAR bioavailability following TLR4 stim-
ulation, we measured intracellular calcium flux as a
marker for cell activation following stimulation with

July 2021 « Volume 3 * Number 7



Original Basic Science Report

A CINCA1 CINC3 OaCL
e . o
TIHS (T=220) 0 ke L@ ©0 0
cxcLo e 99 ¢ 080
. .. . . .. R ) CXCL9
RANTES VEGF
TIHS (T=0)
B
mT=220 =T=0
300 - P<0.01
0
=
c
-
2
(72}
e
[
a

+@®cco

o

25 - i
E 2]
=)
o
= 15 -
S
I 1
0.5
0 -
T-220

Figure 5. Trauma/hemorrhagic shock (T/HS) promotes secretion of cytokines. A and B, A Representative dot-blot for inflammatory
cytokines screen in response to T/HS. Plasma was collected before shock and 220 min following resuscitation with LR. From the
panel available, we found 10 cytokines that were at least x2.5 higher after shock. Data are presented as the mean density units * sp;
“p<0.01 plasma at T = 220 min versus plasma at baseline; n = 3. C, Levels of high mobility group box-1 (HMGB1) were measured
by enzyme-linked immunosorbent assay, ‘p < 0.01 plasma at T = 220 min versus plasma at baseline; n = 5. IL = interleukin.

phenylephrine (35). Using the Fluo-4 calcium indi-
cator for its ability to allow stable calcium imaging
under normal imaging techniques, we found increased
signal in cells treated with control plasma that was
markedly decreased when cells were preincubated
with T/HS plasma. Knocking out TLR4 as well as phar-
macologic inhibition of the receptor with resveratrol
(19, 27) served to restore calcium signaling. Other
studies have shown that cytokine-induced calcium
influx is inhibited in pulmonary artery SMCs treated
with a TLR4 inhibitor (36), supporting our data point-
ing to decreased response to vasopressors following
TLR4 stimulation.

Given our findings showing TLR4 dependent re-
duction in alAR bioavailability and response to
phenylephrine, we examined in vivo the effect of
TLR4 inhibition on blood pressure response to phen-
ylephrine following T/HS. We used resveratrol and
TAK-242, which were reported to have beneficial
effects in other models of shock through inhibition

Critical Care Explorations

of TLR4 and inflammation (19, 37). We found that
TLR4 inhibition increased SBP response, with res-
veratrol being the most effective. The superiority of
resveratrol over the specific TLR4 inhibitor TAK-242
may be explained by its additional attributes such
as antidiabetic, anti-inflammatory, antioxidant, and
cardioprotective properties that may be beneficial in
shock (38). Nevertheless, by using two different phar-
macologic inhibitors, our results unequivocally show
that vasopressor resistance is significantly decreased
by TLR4 inhibition.

In an attempt to address possible TLR4 activa-
tors following T/HS, we screened plasma before and
after T/HS for increased inflammatory cytokines. We
detected over 10 different inflammatory mediators
that were over two-fold expressed in plasma following
T/HS. Of specific interest, CXC motif chemokine-10
and HMGB1 have been shown to act as TLR4 ago-
nists (25, 39), whereas HMGBI1 suppresses vascular
reactivity in septic shock (40).

www.ccejournal.org
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To summarize, our studies in this T/HS rat model
suggest a role for TLR4 in desensitization of the
alAR through a mechanism that involves cointer-
nalization of both receptors and reduced bioavail-
ability of the alAR on the cell membrane. This
decreased expression explains, at least in part, the
decreased vasopressor response seen in these an-
imals following experimental T/HS. Some limita-
tions are associated with our study: the relatively
small number of animals and cell culture experi-
ments need to be broadened to fully understand the
kinetics and exact mechanism by which TLR4 affects
the bioavailability of the alAR. Furthermore, LPS as
a result of bacterial translocation is increased fol-
lowing shock (41), and its levels were not controlled
in the conditioned media. However, inhibition of
TLR4 activation improved vasopressor response,
and hence supports future studies aimed at evalu-
ating the therapeutic value of TLR4 inhibition in
T/HS. Furthermore, studies are needed to identify
potential activators of TLR4 in T/HS. Inhibition of
such mediators and their subsequent effects in T/HS
remain to be elucidated.
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