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Inappropriate immune system activation has been proposed 
as a unifying mechanism linking the 3 major organ systems 
that are dysregulated in the development and maintenance 
of hypertension—the cardiovascular system, the kidneys, 
and the autonomic nervous system.1,2 However, the exact 
mechanisms that initiate this deleterious response, thereby 
contributing to further increases in blood pressure, are not 
well understood.1,2 Although the participation of the adap-
tive immune system, and specifically T cells, in the patho-
genesis of hypertension is not in question,3,4 there are still 
gaps surrounding how it is signaled for involvement in the 
first place.

Immune system recognition and response to danger is 
becoming apparent in a wide range of disease states, including 
cardiovascular diseases.5 In this paradigm, the immune sys-
tem responds to stimuli that it perceives as indicative of dan-
ger.6 As such, molecules released from cell injury and death, 

called damage-associated molecular patterns (DAMPs), as 
well as pathogen-associated molecular patterns, signals to 
the immune system that a response is required. Normally, 
endogenous molecules are shielded from the immune sys-
tem via compartmentalization within plasma membranes. 
However, when a cell dies or undergoes undue stress, these 
molecules can be released and are able to activate pattern 
recognition receptors on immune and nonimmune cells.5

Toll-like receptors (TLR) are a class of innate immune sys-
tem pattern recognition receptors that recognize and respond 
to DAMPs.2,7 We have recently observed that mitochondrial 
DNA (mtDNA), a DAMP that activates TLR9, is increased 
in the circulation of spontaneously hypertensive rats (SHR).8 
Specifically, TLR9 recognizes unmethylated cytosine–phos-
phate–guanine (CpG) dinucleotides and these are common 
in prokaryotic DNA and mtDNA, but not nuclear DNA.9 
Upon recognition of unmethylated CpG dinucleotides in 
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BACKGROUND
Innate immune system responses to damage-associated molecular pat-
terns (DAMPs) are involved in hypertension. However, the mechanisms 
of this contribution are not well understood. Circulating mitochondrial 
DNA is a DAMP that activates Toll-like receptor (TLR) 9 and is elevated 
in spontaneously hypertensive rats (SHR). Therefore, we hypothesized 
that lysosomotropic agent chloroquine (CQ) would impair TLR9 signal-
ing, as well as prevent the development of hypertension and immune 
cell recruitment to the vasculature, in SHR.

METHODS
Initially, adult SHR and Wistar–Kyoto (WKY) rats (12 weeks old), as well 
as a group of young SHR (5 weeks old), were treated with CQ (40 mg/kg/
day) or vehicle (saline) via intraperitoneal injections for 21 days and then 
TLR9–myeloid differentiation primary response protein (MyD88) signal-
ing proteins were assessed in mesenteric resistance arteries (MRA) via 
western blot. Subsequently, young SHR and WKY were treated from 5–8 
weeks of age and then were allowed to mature without further treat-
ment. Blood pressure was measured pretreatment, posttreatment, and 

after maturation, and immune cell recruitment to the vasculature was 
measured via flow cytometry after maturation.

RESULTS
In MRA from adult SHR, CQ increased the expression of MyD88-
dependent proteins, whereas young SHR MRA exhibited a decrease. 
This inhibition was subsequently associated with suppression of blood 
pressure, as well as decreased counts of circulating T cells and vascular 
infiltrating leukocytes in SHR, when CQ was administered during the 
prehypertensive phase.

CONCLUSIONS
These data bring into question the participation of TLRs during the 
maintenance phase of hypertension and promote the exploration of 
innate immune system therapy during the critical developmental phase.
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endosomes, TLR9 traffics from the endoplasmic reticulum 
to endolysosomal compartments.10 Inflammatory signaling 
is then initiated through myeloid differentiation primary 
response protein (MyD88) and proceeds through interleu-
kin-1-receptor-activated kinase (IRAK) and tumor-necrosis 
factor receptor-associated factor 6 (TRAF6). This signaling 
leads to the activation of transcription factors activator pro-
tein 1 (AP-1) and nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) resulting in the subsequent gen-
eration of proinflammatory cytokines and interferons.2

Previously, we observed that TLR9 was able to increase 
arterial blood pressure and cause endothelial dysfunction 
in rats with a normotensive background.8 Nonetheless, the 
link between the innate immune system and the subsequent 
recruitment of the adaptive immune system in hypertensive 
rats remains unclear. Therefore, in this investigation, we 
hypothesized that inhibition of TLR9 with the lysosomotro-
pic agent chloroquine (CQ), which has long been used as 
an inhibitor of endosomal TLR signaling,11–13 would lower 
blood pressure and prevent the subsequent recruitment of 
immune cells to the vasculature in SHR. We treated SHR 
of 2 different ages (young and adult) to see if CQ treatment 
had differential effects on endosomal TLR-signaling during 
the developmental and maintenance phases of hyperten-
sion. We hypothesized that in adult SHR CQ would reduce 
TLR9 signaling proteins, whereas in young SHR it would 
prevent an age-dependent increase, similar to what has been 
reported for TLR4.14

METHODS

Animals

Male SHR and Wistar–Kyoto (WKY) rats were used for 
this investigation (Envigo, Indianapolis, IN). In accord-
ance with the National Institutes of Health proposed gender 
equity policy, the justification for not using female rats was 
based on our previous publication observing no differences 
in circulating mtDNA expression in female WKY or SHR.8 
Adult SHR and WKY were 12 weeks of age at the onset of 
treatment and young SHR and WKY were 5 weeks of age at 
the onset of treatment. The sample size indicated per experi-
ment (see figures and figure legends) is the number of inde-
pendent rats used for statistical analysis, respective of strain 
and treatment group.

All rats were maintained on a 12:12 h light–dark cycle with 
both chow and water ad libitium. All procedures were per-
formed in accordance with the Guide for the Care and Use of 
Laboratory Animals and were reviewed and approved by the 
Institutional Animal Care and Use Committee of Augusta 
University. All surgical procedures were undertaken on rats 
under isoflurane anesthesia, administered via nose cone (5% 
in 100% O2). Rats were killed by thoracotomy and exsan-
guination via cardiac puncture.

Treatment

Rats were randomly assigned to receive either 40 mg/
kg/day CQ (Sigma-Aldrich, St Louis, MO) or vehicle (Veh; 
saline), administered via intraperitoneal injections for 

21  days. This dose of CQ was chosen based on the inves-
tigation by Long et al.15 who observed beneficial effects on 
indices of pulmonary hypertension at 25 and 50 mg/kg/day. 
To investigate the therapeutic potential of CQ to inhibit 
TLR signaling proteins in hypertension, adult (12 week old) 
SHR (Veh n = 13; CQ n = 13) and WKY (Veh n = 11; CQ 
n = 11) rats, as well as a group of young (5 week old) SHR 
(Veh n = 6; CQ n = 6), were killed at the conclusion of the 
21-day treatment and mesenteric resistance arteries (MRA) 
were harvested (this is referred to as study A). In a follow-up 
investigation to further assess the preventive actions of CQ 
on hypertension, young SHR (Veh n = 6; CQ n = 6) and young 
WKY (Veh n = 4; CQ n = 4) were treated for 21 days, from 5 
to 8 weeks of age. Then from 8 to 12 weeks of age, these rats 
were allowed to mature without any further treatment (this 
is referred to as study B) (Supplementary Figure 1).

Immunoblotting and protein expression

MRA were cleaned of perivascular adipose tissue, snap 
frozen in liquid nitrogen, and then homogenized in ice-cold 
tissue protein extraction reagent (Thermo Fisher Scientific, 
Waltham, MA), with protease inhibitors (sodium orthova-
nadate, phenylmethanesulfonylfluoride, and protease inhib-
itor cocktail) and phosphatase inhibitors (sodium fluoride 
and sodium pyrophosphate) (all Sigma-Aldrich). Equal 
amounts of protein (30–50  µg) were loaded onto sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis gels 
(8–12%) for western blotting. Polyvinylidene difluoride or 
nitrocellulose membranes were probed for the expression of 
endosomal TLR signaling proteins (Supplementary Table 1). 
Phosphorylated protein expression was normalized to total 
protein expression; all other proteins were normalized to β 
actin. Densitometric analysis was performed by Un-Scan-It 
software (version 6.1) (Silk Scientific, Orem, UT).

Blood pressure

Systolic blood pressure (SBP) was measured in conscious 
rats via tail cuff using a RTBP1001 blood pressure system 
(Kent Scientific Corporation, Torrington, CT). Young rats 
were treated with CQ or Veh starting at 5 weeks of age for 
21  days and SBP was measured before treatment (day 0–
BPpre) and 24 hours after the last intraperitoneal injection 
(day 22–BPpost). Subsequently, these rats were not subjected 
to any further treatment for 4 weeks. Blood pressure was 
then measured for a third time in these rats (BPadult) at the 
conclusion of this maturation period (12 weeks of age). An 
average of the SBP from 10 cycles was taken from each ani-
mal and then averaged within group.

Flow cytometry

Flow cytometry was used to evaluate whether CQ admin-
istered during the prehypertensive phase of SHR (5–8 weeks) 
would prophylactically inhibit vascular immune cell recruit-
ment upon maturation to adulthood (12 weeks). Whole 
blood was collected in microhematocrit capillary tubes 
(Thermo Fisher Scientific) and thoracic aortas (cleaned of 
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perivascular adipose tissue to reduce intra-assay variability) 
were homogenized with a Polytron (Kinematica, Bohemia, 
NY) and pushed through a 100  µm nylon cell strainer 
(Thermo Fisher Scientific) to create single cell suspensions. 
Aortic single cell suspensions were lysed of red blood cells 
with Ammonium–Chloride–Potassium (ACK) lysing buffer 
(Life Technologies-Thermo Fisher Scientific) and resus-
pended in 1X phosphate buffered saline.

Phenotypic and intracellular analyses of whole blood and 
aortic single cell suspensions were performed as described 
previously.16,17 Briefly, cells were incubated with antibodies 
for surface markers including CD45, CD3, and CD44 (BD 
Biosciences, San Jose, CA) for 15 minutes on ice in the dark. 
Cells were then washed, run through a 4-color flow cytome-
ter (FACS Calibur, BD Biosciences), and data were collected 
using CellQuest software (BD Biosciences).

Statistical analysis

The statistical procedures used included Student’s t-test 
and 1-way and 2-way analysis of variance. Tukey’s post-hoc 
testing was used in all cases using a 1-way analysis of vari-
ance and the Bonferroni post-hoc was used in all cases using 
a 2-way analysis of variance. Statistical significance was set 
at α = 0.05 and P-values less than 0.05 were considered sig-
nificant for all statistical tests. All analyses were performed 
using the data analysis software GraphPad Prism 5.0 (La 
Jolla, CA). The data are presented as mean ± SEM.

RESULTS

CQ has long been used as a pharmacological agent to 
disrupt endosomal TLRs,11–13 which include TLR3, TLR7, 
TLR8, and TLR9. With this knowledge, we hypothesized that 
CQ would decrease the expression of TLR signaling proteins 
in SHR (study A). Expression of endosomal TLRs and TLR 
signaling proteins were all unchanged in MRA isolated from 
normotensive WKY after CQ treatment (Supplementary 
Figure 2). Similarly, we did not observe protein expression 
changes for TLRs 3, 7, or 9 (Figures 1A and B and 2D) in adult 
or young SHR MRA. However, TLR8 expression increased 
in adult, but not young, SHR MRA (Figure  1C). In MRA 
from young SHR, CQ decreased expression of TLR signal-
ing proteins MyD88 (Figure  1E) and TRAF6 (Figure  1G). 
On the other hand, in MRA from adult SHR, CQ increased 
expression of TLR signaling proteins MyD88 (Figure 1E) and 
IRAK (Figure 1F), and did not change TRAF6 (Figure 1G). 
Toll-interleukin-1 receptor (TIR)-domain-containing adap-
tor inducing interferon-β (TRIF), which is the adaptor mol-
ecule for TLR3, was unchanged after CQ treatment in young 
and adult SHR MRA (Figure 1H). Overall, these results indi-
cate that CQ could inhibit vascular TLR signaling proteins in 
young SHR, but not adult SHR.

To evaluate the downstream consequences of CQ treat-
ment on MyD88-dependent signaling, we investigated 
NF-κB. Interestingly, canonical NF-κB signaling, as indi-
cated by phosphorylation of inhibitor of κB (IκB)α, was not 
changed after CQ treatment in either age of SHR (Figure 2A). 
However, in MRA from young SHR, phosphorylation of 

NF-κB transcription factor p65 (RelA) was reduced after CQ 
treatment, indicative of less NF-κB-dependent transcription 
(Figure 2B). In MRA from adult SHR, there was no change 
in the phospho-to-total p65 expression ratio; however, 
total p65 protein expression was increased after CQ treat-
ment (Figure 2B). These changes in NF-κB indicate that the 
contrasting effects of CQ treatment on MyD88-dependent 
signaling proteins in young and adult SHR has downstream 
consequences on inflammation via noncanonical NF-κB 
signaling.

Given that TLR-signaling proteins from young SHR, 
but not adult SHR, were sensitive to inhibition by CQ, we 
hypothesized that inhibition of MyD88-dependent signaling 
during the critical prehypertensive phase of SHR would pro-
phylactically prevent the development of hypertension and 
immune cell recruitment to the vasculature upon matura-
tion to adulthood (study B). To test these, we treated young 
SHR from 5 to 8 weeks of age with CQ, as we did previously. 
We then allowed the SHR to mature to 12 weeks of age with-
out any further treatment (Supplementary Figure  1). CQ 
did not affect WKY or SHR body mass across treatment 
(Supplementary Figure 3A), nor did it decrease total heart 
mass (Supplementary Figure  3B) or right ventricle mass 
(Supplementary Figure 3D). However, CQ did lower SHR LV 
mass (Supplementary Figure 3C) and wet-to-dry lung mass 
(Supplementary Figure 3E). Although we did not observe a 
decrease in the development of SBP in SHR immediately fol-
lowing CQ treatment at 8 weeks of age, SBP was significantly 
lower at 12 weeks of age compared to Veh-treated SHR 
(Figure 3A). We also observed that the inhibition of endoso-
mal MyD88-dependent signaling proteins in young (prehy-
pertensive) SHR was associated with decreased immune cell 
recruitment and infiltration into the vasculature. Specifically, 
CQ treatment during this critical period prevented aortic 
accumulation of CD45+ leukocytes (Figure 3B), attenuated 
the expression of cell adhesion protein CD44+ on CD3+ T 
cells from aorta (Figure 3C), reduced circulating counts of 
CD3+ T cells (Figure 3D), and decreased the expression of 
CD44+ on CD3+ T cells from whole blood (Figure 3E).

DISCUSSION

The first significant observation of the present investiga-
tion was that CQ treatment inhibited MyD88-dependent 
signaling proteins in young SHR, but not adult SHR. As a 
result of these age-specific responses, we went on to observe 
that CQ prevents the development of hypertension and 
modulates circulating and vascular infiltrating immune 
cells when administered prophylactically during the critical 
prehypertensive phase. Overall, these data bring into ques-
tion whether TLRs are involved in the development and/or 
maintenance of hypertension and promotes the exploration 
of TLRs and the innate immune system during the develop-
mental phase (Figure 4).

Endosomal acidification and processing of CpG DNA pre-
cedes activation of NF-κB and AP-1 transcription factors.11–13 
It was first observed by Ahmad-Nejad et al.11 that CpG DNA 
and TLR9 are co-localized in endosomal compartments. 
Upon stimulation by CpG DNA, TLR9 recruits MyD88 and 
this can be blocked by the administration of CQ.11 It has 
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also been proposed that CQ can act as a nucleic-acid bind-
ing compound, in conjunction with its action as acidifica-
tion inhibitor. Therefore, CQ accumulates in endosomes and 
masks TLR ligand-binding epitopes, subsequently prevent-
ing TLR activation.18 Collectively, these studies demonstrate 

that CQ prevents TLR9–MyD88-dependent signaling in 
response to CpG DNA.

At the onset of this investigation, we wanted to use CQ 
as an inhibitor of TLR9–MyD88-dependent signaling in 
SHR. Our rationale for investigating TLR9 was based on 

Figure 1.  CQ inhibited MyD88-dependent signaling proteins in young, but not adult, SHR MRA. MRA were isolated from SHR treated with CQ or Veh 
for 21 days starting at 12 weeks of age (adult) or 5 weeks of age (young). Protein expression analysis for (a) TLR3, (b) TLR7, (c) TLR8, (d) TLR9, (e) MyD88, 
(f) IRAK, (g) TRAF6, and (h) TRIF, all normalized for β actin, in young and adult SHR MRA. Above, representative images of immunoblots; below, densito-
metric analysis. Sample sizes for statistical analyses are presented within figure. Student’s t-test: *P < 0.05 vs. Veh. Abbreviations: CQ, chloroquine; IRAK, 
interleukin-1-receptor-activated kinase; MRA, mesenteric resistance arteries; MyD88, myeloid differentiation primary response protein; SHR, spontane-
ously hypertensive rats; TRAF6, tumor-necrosis factor receptor-associated factor 6; TRIF, Toll-interleukin-1 receptor-domain-containing adaptor inducing 
interferon-β; Veh, vehicle.
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knowledge that hypertension presents an exaggerated lev-
els of cell death19 that could contribute to the release of 
DAMPs,2 and our subsequent observations that representa-
tive mtDNA genes have greater expression in the circulation 
of SHR compared to normotensive WKY.8 Mitochondrial 
DNA is particularly immunogenic because mitochondria 
were once a prokaryote that entered into eukaryotic cells 
to become an essential organelle (endosymbiosis).20 This 
ancestry of mitochondria means they still express evolution-
arily conserved similarities to bacteria and thus predispose 
immune responses.21 Therefore, we hypothesized that treat-
ing SHR with CQ would abrogate the deleterious contribu-
tion of mtDNA on hypertension.8

Although our data support the notion that TLR9 contrib-
utes to hypertension in SHR, the use of CQ as our pharma-
cological inhibitor of choice did not exclude the possibility 
that other MyD88-dependent TLRs located on endosomes 
similarly contribute, namely TLR7 and TLR8. Interestingly, 

TLR7 and TLR9 have been reported to evoke the greatest 
proinflammatory responses to angiotensin (Ang) II when 
primed with their respective ligands in young SHR sple-
nocytes.22 This report further supported our use of CQ as 
a pharmacological agent to ubiquitously inhibit endosomal 
TLRs. We observed that CQ impaired MyD88-dependent 
signaling proteins in young SHR MRA, and therefore sug-
gest a disruption of TLR7, TLR8, and TLR9 signaling simi-
larly. TLR7 and TLR8 are akin to TLR9 in that they all share 
MyD88 as a common adapter protein, and they use the same 
trafficking pathway from the endoplasmic reticulum upon 
recognition of their ligand, single stranded RNA, in endolys-
osomes.23 Interestingly, TRIF, the adaptor protein for TLR3 
(and that also functions through TLR4), did not change after 
treatment with CQ in young SHR MRA. Although the TRIF 
adaptor protein has been observed to be important for the 
development of Ang II-dependent hypertension and car-
diac hypertrophy in knockout mice,24 TLR4 inhibition only 

Figure  2.  CQ inhibited noncanonical NF-κB signaling in young, but not adult, SHR MRA. MRA were isolated from SHR treated with CQ or Veh for 
21  days starting at 12 weeks of age (adult) or 5 weeks of age (young). Protein expression analysis for (a) phospho-IκB normalized for total IκB and  
(b) phospho-p65 and total p65 normalized for β actin, as well as phospho-p65 normalized for total p65, in young and adult SHR MRA. Above, representa-
tive images of immunoblots; below, densitometric analysis. Sample sizes for statistical analyses are presented within figure. Student’s t-test: *P < 0.05 
vs. Veh. Abbreviations: CQ, chloroquine; IκB, inhibitor of κB; MRA, mesenteric resistance arteries; NF-κB, nuclear factor kappa-light-chain-enhancer of 
activated B cells; SHR, spontaneously hypertensive rats; Veh, vehicle.
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decreased MyD88 protein expression, and did not change 
TRIF, in SHR MRA.25

Although CQ did not decrease the expression of any 
endosomal TLR regardless of age or strain, it decreased the 
expression of signaling proteins MyD88 and TRAF6 in MRA 
from young SHR. On the other hand, in adult SHR MRA, 
CQ increased TLR8, MyD88, and IRAK and no effect was 
observed in WKY MRA (probably due to the fact that WKY, 
in the absence of infection, generally lack inflammation in 
which to inhibit). The reason for these age-dependent dif-
ferences could be a result of the fact that naïve (untreated) 
young SHR MRA have changes in TLR signaling proteins 

that suggesting increased activity relative to both WKY and 
adult SHR (Supplementary Figure 4). Therefore, CQ func-
tions as we initially hypothesized and inhibits this signaling. 
On the other hand, TLR signaling proteins in naïve adult 
SHR MRA were surprisingly not different from WKY, sug-
gesting a possible desensitization of the signaling as the SHR 
aged. Therefore, we can extrapolate that the administration 
of CQ as therapeutic in adult SHR results in the compen-
satory upregulation of TLR signaling proteins to maintain 
innate immune defense. For example, cross-talk between 
effector pathways and feedback inhibition are vital aspects of 
normal molecular signaling that allows cellular responses to 

Figure 3.  Prophylactic treatment with CQ during the prehypertensive phase of SHR prevented the development of hypertension and immune cell 
recruitment to the vasculature upon maturation to adulthood. (a) The values of SBP before treatment (5 weeks old), concluding treatment (8 weeks old), 
and following maturation to adulthood (12 weeks old) were measured in Veh- or CQ-treated WKY and SHR. Immune cell recruitment analysis included: (b) 
aortic accumulation of leukocytes (CD45+), (c) CD44+ expression on T cells (CD3+) from aorta, (d) circulating T cell (CD3+) counts (left, quantification; right, 
dot plots representing live gating for T cells from whole blood cells), and (e) CD44+ expression on circulating T cells (CD3+) from whole blood cells (left, 
quantification; right, representative histogram based on live gating for T cells—Figure 3E dot plots). Sample sizes for statistical analyses are presented 
within figure. Two-way (treatment × age) ANOVA and 1-way ANOVA: *P < 0.05 vs. WKY-Veh; †P < 0.05 vs. SHR-Veh. Abbreviations: ANOVA, analysis of vari-
ance; CQ, chloroquine; SBP, systolic blood pressure; SHR, spontaneously hypertensive rats; Veh, vehicle; WKY, Wistar–Kyoto.
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be dynamic and adaptable. However, when this signaling is 
blocked by an inhibitor (e.g., CQ), regulatory feedback loops 
are often disrupted, causing upregulation of pathway com-
ponents and/or activation of parallel circuits.26 We hypothe-
size that these age-dependent differences in naïve adult SHR 
MRA, compared to young SHR MRA, are to prevent exces-
sive inflammatory signaling via TLRs (Figure 4). It is inter-
esting to note that these data surrounding the expression of 
TLR signaling proteins are in contrast with plasma mem-
brane located TLR4, which is known to contribute to hyper-
tension and vascular dysfunction in SHR.14 Specifically, 
TLR4 protein expression was augmented in MRA from 
adult SHR compared to normotensive Wistar rats, as well as 
young SHR (however, whether TLR4 expression was differ-
ent between young SHR and Wistar was not clear).14

Our data demonstrate that inhibition of endosomal 
MyD88-dependent signaling proteins during the critical 
prehypertensive phase of young SHR can mitigate the blood 
pressure of adult SHR, and this is due in part to impaired 
immune cell recruitment directly into the vasculature. 
Although the perivascular adipose tissue can serve as signifi-
cant source of infiltrating immune cells that can modulate 
vascular function,27 we dissected it off in the current study so 
we could measure immune cell infiltration into the vascula-
ture and as a means of reducing intra-assay variability for our 
flow cytometry experiments. The participation of the adap-
tive immune system in the pathogenesis of hypertension has 
been known for a number of years,4 including that thymec-
tomy of 4-week-old SHR delayed blood pressure elevation 
and produced significant reductions in lymphocyte counts.28 

Nonetheless, the principal meditator of the adaptive immune 
response in hypertension and vascular dysfunction was not 
determined until recently. It was Guzik et al. who observed 
that mice lacking T cells are resistant to the development of 
both Ang II and deoxycorticosterone acetate–salt induced 
hypertension, and adoptive transfer of T cells, but not B cells, 
restored hypertension in these mice.3 Despite this investiga-
tion and others29,30 considerably improving our understand-
ing of the adaptive immune system in the pathogenesis of 
hypertension and vascular dysfunction, there are still gaps in 
knowledge surrounding how it is signaled for involvement 
in the first place.

We proposed that MyD88-dependent signaling during 
the prehypertensive phase contributes to this inappropri-
ate activation in SHR. CQ treatment during this critical 
phase reduced leukocytes in the aorta, suggesting reduced 
vascular injury31 and also decreased the number of circu-
lating T cells, which is of importance because they are the 
lymphocyte subtype primarily responsible for increases in 
blood pressure.3 Finally, decreased expression of adhesion 
protein CD44 on circulating and aortic T cells is important 
because CD44 can mediate adhesion of T cells to endothe-
lium,32 as well as stimulate the release of proinflammatory 
mediators.33 Previous studies have indicated that CQ (and 
its analogs) can be immunosuppressive by direct inhibition 
of T cell activation and proliferation.34,35 Therefore, in the 
current investigation, we cannot rule out the possibility that 
systemic CQ treatment has actions on the thymus that pre-
vents T cell maturation and release in SHR, analogous to 
thymectomy.28

In conclusion, our investigation attempted to address the 
contribution of the innate immune system on the patho-
genesis of hypertension, which is an area currently not well 
understood. We observed that lysosomotropic agent CQ, 
a well-established inhibitor of endosomal TLRs, inhibits 
MyD88-dependent signaling proteins in young SHR MRA, 
but not adult SHR MRA. Therefore, prophylactic treatment 
of young SHR with CQ subsequently prevented the devel-
opment of high blood pressure and recruitment of immune 
cells to the vasculature. Overall, our results promote the 
exploration of innate immune system mechanisms in hyper-
tension during the critical developmental phase of hyper-
tension, as opposed to the maintenance phase, when the 
adaptive immune system may already be recruited.

Our understanding of the immune system in the patho-
genesis of hypertension has expanded exponentially in the 
past several years, and as mentioned above, has provided 
general model for the involvement of T cells as the primary 
proinflammatory mediator.3,29,30 T cells also have a central 
role in the development of autoimmune disorders, and as a 
result, loss of immunological tolerance has been proposed 
as an underlying factor in hypertension.36 Interestingly, CQ 
and other antimalarial agents have long been used as thera-
peutic agents in the treatment of autoimmune conditions 
(e.g., rheumatoid arthritis and systemic lupus erythemato-
sus37,38), even though their precise mechanism(s) of action 
are still not known.39 Our results indicate that CQ also has 
antihypertensive actions, possibly through regulation of 
TLR signaling, which may lower cardiovascular disease risk 
in autoimmune patients with hypertension.40

Figure  4.  Hypothesized schematic of how the innate and adaptive 
immune systems synergize during the development and maintenance 
of hypertension. After an inappropriate spike in blood pressure due to 
genetics or a prohypertensive factor such as angiotensin II, high salt, or 
chronic stress, the innate immune system initially responds. With the 
continued presence of prohypertensive factors and increasing blood 
pressure, the contribution of the innate immune system begins to wane 
and the adaptive immune system becomes increasingly engaged. In 
a feed-forward manner, chronic pressure- and ischemic-induced cell 
death and remodeling in hypertension fosters the escalating presence of 
DAMPs and the continued participation of the adaptive immune system 
during the maintenance phase of hypertension. Therefore, we propose a 
critical therapeutic window during the development of hypertension if 
the innate immune system is to going be targeted. Abbreviation: DAMPs, 
damage-associated molecular patterns.
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Supplementary materials are available at American Journal 
of Hypertension (http://ajh.oxfordjournals.org).
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