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Introduction
It is well established that inflammation is involved in the genesis of 
hypertension (1). T cells and macrophages accumulate in the kid-
neys and vasculature of animals with experimental hypertension 
and likely contribute to the end-organ damage that accompanies 
this disease (2, 3). Immunosuppression ameliorates end-organ 
damage resulting from hypertension, and the renin-angioten-
sin system has been reported to regulate immune responses (4). 
Previous studies from our laboratory and others have shown that 
cells of the adaptive immune system are involved in the genesis of 
hypertension (5). Mice lacking lymphocytes (Rag1–/– mice) develop 
blunted hypertension and are protected from vascular dysfunc-
tion and vascular oxidative stress in response to various stimuli, 
including angiotensin II, norepinephrine, and deoxycorticoster-
one acetate plus NaCl (DOCA-salt). Adoptive transfer of T cells, 
but not B cells, restores hypertension in these animals. In addi-

tion, mice with severe combined immunodeficiency are protected 
from experimental hypertension (6), as are mice lacking the T cell 
cytokine IL-17A (7). The triggering events that lead to T cell activa-
tion in hypertension are currently not known.

Antigen-presenting dendritic cells (DCs) capture and process 
antigens and present antigenic peptides to T cells, leading to T cell 
proliferation, cytokine production, and alterations in surface mole-
cule expression (8). DC-derived cytokines also influence the ultimate 
polarization of T cells and thus have long-lasting influence on the 
inflammatory milieu associated with the activated T cell. We have 
shown previously that DCs from hypertensive mice have increased 
surface expression of the B7 ligands CD80 and CD86, suggestive of 
DC maturation and activation (9). Blockade of these costimulatory 
molecules prevents hypertension and T cell activation during both 
angiotensin II– and DOCA-salt–induced hypertension (9).

There is also ample evidence that ROS produced by the 
NADPH oxidases are involved in hypertension. Mice lacking 
components of the NADPH oxidases, including p47phox, Nox1, and 
Nox4, are protected against hypertension and its end-organ dam-
age (10, 11). Overexpression of either p22phox or Nox1 sensitizes 
mice to hypertension (12). Isoketals (alternatively named isole-
vuglandins or γ-ketoaldehydes) are formed via rearrangement of 
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sion. These studies define a new mechanism of hypertension and 
provide a potentially new therapeutic approach for the treatment 
of this disease.

Results
Angiotensin II–induced hypertension increases superoxide produc-
tion in DCs. We have shown previously that DCs in the spleens 
and lymph nodes undergo maturation during angiotensin II–
induced hypertension (9). Because mice lacking components of 
the NADPH oxidase are protected against hypertension, we con-
sidered the hypothesis that the NADPH oxidase in DCs might  

H2-isoprostane intermediates in the F2-isoprostane pathway of 
free radical–mediated lipid peroxidation (13). Isoketals adduct 
to lysine residues on proteins and extensively crosslink proteins, 
leading to alteration of protein function. Increased formation of 
isoketal protein adducts has been found in several diseases asso-
ciated with oxidative stress, including alcohol-induced liver dam-
age, atherosclerosis, Alzheimer’s disease, and asthma (14–17). In 
the current studies, we show that hypertension causes isoketals to 
accumulate in DCs and that they promote DC cytokine production 
and immunogenicity. We further show that compounds that scav-
enge isoketals prevent DC activation and experimental hyperten-

Figure 1. Angiotensin II–induced hypertension increases O2
·– production in DCs and isoketal formation in tissues. (A) WT and Nox2–/– mice received 

angiotensin II or sham infusions for 2 weeks, and CD11c+ cells were isolated from the spleens. O2
·– was determined using HPLC to monitor conversion of 

dihydroethidium to the O2
·– oxidation adduct 2-hydroxyethidium, as indicated by the first peak (arrows) of the HPLC tracings. (B) Quantification of O2

·– in 
WT and Nox2–/– mice (n = 6). (C) O2

·– was measured in DCs at either baseline or following 24 hours of angiotensin II treatment in vitro (100 nM) (n = 7). (D) 
Pathway illustrating lipid peroxidation and formation of isoketals. The isoketals react with lysine residues on proteins forming lactam adducts that cross-
linked proteins. This process is prevented by scavenging with 2-HOBA. (E) Immunohistochemistry of heart and aortic sections showing accumulation of 
isoketals in hypertension using a single-chain antibody that recognizes isoketal-lysine adducts on all proteins (scale bar: 100 μm). (F) Quantification of 
isoketals in the hearts and aortas (n = 6–7, *P < 0.05).
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determine whether isoketals are formed in hypertension and to 
examine their role in this disease, we used several approaches. 
Immunohistochemistry analysis, using a single-chain antibody 
that recognizes isoketal-lysine adducts on any protein (19), 
showed that there was an exuberant accumulation of isoketals 
in the hearts and vasculatures of hypertensive mice (Figure 1, E 
and F). Coadministration of 2-HOBA prevented isoketal immu-
noreactivity in these tissues (Figure 1, E and F). We also exam-
ined the ability of 2-HOBA and several other isoketal scavengers 
to prevent hypertension using telemetry to monitor blood pres-
sure. We also treated control mice with compounds with related 
chemical structures that are unable to scavenge isoketals (20). 
We found that compounds known to scavenge isoketals with 
high efficacy, including 2-HOBA, 5-methyl-2-HOBA, and penty-
lpyridoxamine, blunted the hypertensive response to angioten-
sin II (Figure 2A). Conversely, related compounds that exhibit 
low reactivity with isoketals, including N-methyl-2-HOBA and 
4-HOBA, did not affect angiotensin II–induced hypertension 
(Figure 2A). Supplemental Table 1 (supplemental material avail-
able online with this article; doi:10.1172/JCI74084DS1) shows 
the relative scavenging efficacy and specificity of these com-
pounds for isoketals and malondialdehyde (MDA). Of note, all 
of these compounds demonstrated slow rate constants for reac-

participate in this process. In initial experiments, we measured DC 
superoxide (O2

·–) using HPLC to monitor conversion of dihydro-
ethidium to the specific O2

·– adduct 2-hydroxyethidium. We found 
that angiotensin II infusion markedly increased DC O2

·– produc-
tion (Figure 1, A and B). This increase in O2

·– was absent in Nox2–/– 
(gp91phox–/–) mice, indicating that it is Nox2 dependent (Figure 1B). 
In vitro treatment of DCs with angioten-
sin II (100 nM) for 24 hours also modestly 
increased their O2

·– production (Figure 1C).
Isoketals contribute to hypertension and 

kidney damage. A potential mechanism by 
which O2

·– and related ROS could promote  
T cell activation is via oxidative protein 
modification and formation of proteins not 
identified as self. One such modification is 
formation of isoketals via the isoprostane 
pathway of lipid peroxidation. Once formed, 
isoketals react with lysine residues on pro-
teins forming lactam adducts and cross-
linked proteins (Figure 1D). This process can 
be prevented using isoketal scavengers, such 
as 2-hydroxybenzylamine (2-HOBA) (18). To 

Table 1. Effect of hypertension on cytokine production in DCs

Cytokine Sham Ang II Ang II + 2-HOBA
IL-1α 7.82 ± 3.74 5.86 ± 2.19 0.00 ± 0.00
IL-1β 136.21 ± 60.00 253.47 ± 83.03A 95.25 ± 10.80
IL-2 9.75 ± 1.03 10.45 ± 1.77 10.164 ± 3.63
IL-6 920.98 ± 501.21 2385.13 ± 1017.10B 214.87 ± 143.61
IL-12p40 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
IL-12p70 0.87 ± 0.25 0.19 ± 0.03 0.16 ± 0.06
IL-23 23.30 ± 17.17 85.13 ± 36.69B 14.80 ± 7.56
GM-CSF 80.43 ± 28.01 132.21 ± 34.62 110.48 ± 65.12
TGF-β1 596.91 ± 53.55 697.89 ± 28.97 681.63 ± 11.92
TGF-β2 213.09 ± 46.99 295.57 ± 18.56 309.85 ± 7.13
TGF-β3 6.70 ± 0.52 7.09 ± 0.36 6.99 ± 0.23
AP < 0.05, BP < 0.001.

Figure 2. Isoketals contribute to angiotensin II 
hypertension and kidney damage. (A) Effect of 
isoketal scavengers 2-HOBA, 5-methyl-2-HOBA 
(5-Me-2-HOBA), and pentylpyridoxamine (PnPM) 
and control compounds N-methyl-2-HOBA 
(N-Me-2-HOBA) and 4-HOBA on the hypertensive 
response to angiotensin II. (B) Masson’s Trichrome 
immunohistochemistry showing fibrosis (green 
arrows) in kidney section from mice with angioten-
sin II–induced hypertension (scale bar: 100 μm). (C) 
Quantification of total renal fibrosis. (D) Collagen 
IV staining in kidney sections (scale bar: 10 μm). 
(E) Anti-CD3 staining showing T cell infiltration in 
kidney sections from angiotensin II–infused mice 
(scale bar: 10 μm). (F) Quantification of collagen IV 
staining. (G) Nephrin and (H) albumin concentra-
tions were measured in urine using an ELISA-based 
assay (n = 6–7, *P < 0.05, **P < 0.01, ***P < 0.001).
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Scavenging isoketals with 2-HOBA also prevented angioten-
sin II–induced renal damage. This was demonstrated by a preven-
tion of renal fibrosis, as indicated by trichrome staining (Figure 
2, B and C). Renal injury in mice and humans is characterized by 
accumulation of collagen IV (21), which we found to be markedly 
increased in the kidneys of angiotensin II–treated mice and to 
be prevented by 2-HOBA treatment (Figure 2, D and F). Immu-
nostaining with anti-CD3 revealed a striking renal infiltration of 
T cells in response to angiotensin II, which was completely pre-
vented by 2-HOBA (Figure 2E). Angiotensin II–induced hyperten-
sion was associated with a 10-fold increase in urinary albumin and 
nephrin, both indicative of glomerular damage, and these pertur-
bations were completely normalized by treatment with 2-HOBA 
(Figure 2, G and H). These results suggest that isoketals contribute 
to the genesis of hypertension and its associated renal damage.

Isoketals accumulate and activate DCs in hypertension. To exam-
ine isoketal adduct formation in DCs, we used flow cytometry and 
intracellular staining using an Alexa Fluor 488–tagged single-chain 

tions with MDA, and these rates were unrelated to their ability 
to lower blood pressure. In other experiments, we showed that 
2-HOBA has no scavenging activity for either O2

·– or peroxyni-
trite (Supplemental Figure 1).

Natural killer T cells (NKT) cells respond to the MHCI- 
related glycoprotein CD1d and specialize in presentation of lipid 
antigens. Because isoketal-adducted proteins could represent lip-
id-modified antigens, we studied mice lacking Jα18 (Ja18–/– mice), 
an invariant α chain of the T cell receptor on NKT cells. Using 
telemetry, we found that Ja18–/– mice developed similar degrees 
of hypertension in response to angiotensin II as those observed 
in WT mice (Supplemental Figure 2, A–C). NKT cells respond to 
lipid antigens presented in the context of CD1d. In separate exper-
iments, we found that the hypertensive response to angiotensin II 
in Cd1d–/– mice was also similar to that in WT mice (Supplemental 
Figure 2D). These data indicate that NKT cells do not play a role 
in angiotensin II–induced hypertension and that isoketals do not 
act via the CD1d/NKT axis.

Figure 3. DC accumulation of isoketals in hypertension. (A) Intracellular staining of isoketals using Alexa Fluor 488–tagged D11 in CD11b+/CD11c–, (B) 
CD11b+/CD11c+, and (C) CD11b–/CD11c+ cells from sham and angiotensin II–infused mice with or without 2-HOBA treatment. Mean data are shown in the bar 
graphs (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001). (D) Analysis of isoketals in various DC subtypes from sham or angiotensin II–infused mice (shown are 
representative data of 6 mice per group). (E) Stable isotope dilution multiple reaction monitoring mass spectrometry analysis of isoketal-lysine-lactam 
adduct in DCs. Representative LC/MS chromatographs from pooled samples for each group are shown. The top row shows multiple reaction monitoring 
chromatographs for isoketal-lysine-lactam (IsoK-Lys) in sample, while the bottom row shows multiple reaction monitoring chromatograph for [13C6

15N2] 
internal standard for same samples.
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also accumulated a modest amount of isoketals in angiotensin 
II–treated animals.

To further confirm that DCs accumulate isoketal protein 
adducts in hypertension, we used mass spectrometry. DCs were 
pooled from 10 sham-infused mice, 10 mice treated with angi-
otensin II, and 10 mice treated with angiotensin II and 2-HOBA, 
and liquid chromatography mass spectrometry analysis was per-
formed using methods established in our laboratories (22). These 
studies confirmed that hypertension increases isoketals in DCs 
and that 2-HOBA reduces this (Figure 3E).

Maturation of DCs upon antigen uptake and presentation is 
associated with an increase in surface expression of the costimu-
latory B7 ligands CD80 and CD86. We found that cells staining 
positively for isoketal protein adducts also exhibited a striking 
increase in surface expression of CD80 and CD86 (Figure 4). 
This was most significant in the CD11b+/CD11c+ DCs and was pre-
vented by treatment with 2-HOBA (Figure 4, C and F).

Another aspect of DC activation is production of cytokines 
that influence the local inflammatory milieu and guide T cell 
polarization. We isolated DCs from spleens of sham or angiotensin  

antibody specific for isoketal adduct D11 (19). A gating strategy for 
MHC class II I-Ab–positive splenocytes was based on the presence 
of surface markers CD11b and CD11c (Supplemental Figure 3A). 
We found that angiotensin II infusion increased intracellular accu-
mulation of isoketals to the greatest extent in CD11b+/CD11c– (Fig-
ure 3A) and CD11b+/CD11c+ cells (Figure 3B) and to a lesser extent 
in CD11b–/CD11c+ cells (Figure 3C). Subsequent gating strategies 
using the markers MerTK and CD64 showed that these cells were 
not macrophages (Supplemental Figure 3B).

To further characterized the specific subtypes of DCs that 
accumulate isoketal-modified proteins, we used a gating strategy 
to identify CD8+, B220+, MHCIIhi, and MHCIIint, and endothelial 
surface adhesion molecule high (ESAMhi) and ESAMlo CD11c+/
CD11b+ cells (Supplemental Figure 4). We found that hyperten-
sion is associated with an increase in isoketal-adducted proteins 
in all of these, but the most prominent accumulation was pres-
ent in CD11b+/CD11c+ cells, independent of ESAM status (Figure 
3D). The B220+ cells, which correspond to plasmacytoid cells, 
had the least accumulation of isoketal protein adducts. The CD8+ 
DCs, which are known to cross-present antigens to CD8+ T cells, 

Figure 4. Accumulation of isoketals in activated DCs. Mice were made hypertensive with angiotensin II, as in Figure 1. (A) Gating strategy to identify 
CD11c+/CD11b+ cells. (B and E) Intracellular staining of isoketals in CD11b+/CD11c–, (C and F) CD11b+/CD11c+, and (D and G) CD11b+/CD11c– cells expressing CD80 
and CD86 (n = 6, *P < 0.05, **P < 0.01 ***P < 0.001).
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II–infused mice and measured a panel of cytokines using a Luminex
-based assay (Table 1). Angiotensin II–induced hypertension was 
associated with a 2-fold increase in IL-6 and IL-1β and a 3-fold 
increase in IL-23 production by DCs. These responses were com-
pletely normalized by cotreatment with 2-HOBA. Other cytokines 
that released into the media but were not produced at significantly 
different rates when compared across treatment groups included 
GM-CSF, TGF-β1, and TGF-β2. Other cytokines were produced by 
DCs in only trace amounts (Table 1). Taken together, these results 
suggest that hypertension and the formation of isoketals increase 
maturation and cytokine production by DCs.

Isoketals contribute to DOCA-salt hypertension. To determine 
whether isoketals contribute to hypertension caused by stimuli 
other than angiotensin II, we produced DOCA-salt hypertension 
in mice. DOCA-salt hypertension was associated with 
formation of isoketal protein adducts in DCs, and this 
was prevented by 2-HOBA treatment (Figure 5, A and B). 
As with angiotensin II–induced hypertension, 2-HOBA 
significantly reduced the hypertensive response to 
DOCA-salt challenge (Figure 5C).

DCs from angiotensin II–hypertensive mice promote T cell 
survival, proliferation, and cytokine production. In additional 
experiments, we sought to determine whether isoketal- 
modified proteins in DCs cause T cell activation in hyperten-
sion. To accomplish this, we developed an assay to specifically 
examine the ability of DCs from hypertensive, angiotensin  
II–treated mice to activate T cells from normotensive mice not 
treated with angiotensin II (Figure 6A). DCs from sham-treated 
mice failed to support survival (Figure 6, B–F) or proliferation 
of either CD4+ or CD8+ T cells (Figure 6, G and H), as reflected 
by CSFE dilution assays. In contrast, DCs from angiotensin  
II–treated mice supported both survival and proliferation of 
CD8+ T cells. Cotreatment of the DC donor mice with 2-HOBA 
prevented both survival and proliferation of the recipient T cells 
in this assay (Figure 6, F–H). In additional experiments, we mea-
sured cytokine release by T cells into the media. T cells exposed 
to DCs from angiotensin II–treated mice released increased 
amounts of IFN-γ, IL-17A, and TNF-α compared with T cells 
exposed to DCs of sham-treated mice. Cotreatment of donor 
mice with 2-HOBA during angiotensin II infusion eliminated  
T cells production of these cytokines (Figure 6I).

Oxidant stress and isoketals alter DC gene expression in hyper-
tension. In additional experiments, we demonstrated that hyper-
tension modulates DC gene expression (Figure 7A). Microarray 
analysis of DC gene expression indicated that 505 genes were 
altered in mice that were made hypertensive by angiotensin II 
for 2 weeks. Of these, 150 genes were not altered in Nox2–/– mice 
and 141 were normalized by 2-HOBA treatment. Fifty-five genes 
altered by angiotensin II infusion were commonly normalized 
in both Nox2–/– and 2-HOBA–treated groups (Figure 7B). A com-
prehensive list of the top genes altered by angiotensin II infusion 
and returned to baseline both by absence of Nox2 and by isoketal 
scavenging is shown in Supplemental Table 2. To determine 
whether this change in DC gene expression was simply mediated 
by blood pressure lowering, we normalized blood pressure dur-
ing angiotensin II infusion in a group of mice by cotreatment with 
a combination of hydralazine and hydrochlorothiazide (Figure 
7C). While lowering blood pressure reduced the alteration in DC 
gene expression in response to angiotensin II, this effect was not 
as great as that observed in Nox2–/– mice or upon treatment with 
2-HOBA (Figure 7, D–G). These data demonstrate that angioten-
sin II–induced hypertension alters DC gene expression and that 
many of these gene changes are dependent on oxidative stress 
and subsequent isoketal protein modification.

Table 2. General characteristics of study groups for analysis of 
plasma isoprostanes

NT (n = 16) HT (n = 44) RH (n = 86)
Age (yr) 51.0 ± 5.8 59.2 ± 10.5A 57.7 ± 10.1A

Gender (female/male) 7/9 27/17 53/33
Type 2 diabetes 0 (0%) 13 (30%)A 30 (35%)A

BMI (kg/m2) 25.0 ± 2.6 31.0 ± 6.3A 29.7 ± 5.3A

Office SBP (mmHg) 120 ± 14 129 ± 8A 148 ± 20AB

Office DBP (mmHg) 77 ± 9 80 ± 6 87 ± 15AB

Office PP (mmHg) 43 ± 8 50 ± 7 61 ± 15AB

Fasting glucose (mg/dl) 84 ± 9 103 ± 20A 107 ± 37A

HbA1C (%) 5.2 ± 0.2 6.1 ± 1.0A 6.9 ± 1.8A

Total cholesterol (mg/dl) 211 ± 40 194 ± 41 196 ± 31
LDL (mg/dl) 128 ± 37 122 ± 36 118 ± 25

Drugs
Statins (%) 0 39 49

Thiazide diuretics (%) 0 78 93B

ACEi (%) 0 29 47
ARB (%) 0 46 52
CCB (%) 0 34 88B

Beta-blockers (%) 0 27 75B

Other anti-HT drugs (%) 0 17 61B

NT, normotensive subjects; HT, patients with well-controlled hypertension; 
RH, patients with resistant hypertensive; SBP, systolic blood pressure; DBP, 
diastolic blood pressure; PP, portal pressure; HbA1C, glycated hemoglobin; 
ACEi, angiotensin I–converting enzyme inhibitor; ARB, angiotensin 
receptor blocker; CCB, calcium channel blocker. AP < 0.05, BP < 0.01.

Figure 5. Isoketals contribute to DOCA-salt hypertension. 
(A and B) Intracellular staining of isoketal adducts in CD11c+ 
cells from sham mice and mice with DOCA-salt hypertension, 
treated or not with 2-HOBA. (C) Systolic pressures from radiote-
lemetry recordings showing the effect of 2-HOBA on DOCA-salt 
hypertension (n = 6, **P < 0.01).
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Additional experiments were performed to determine how 
isoketals alter DC immunogenicity. To determine whether MHCI is 
directly modified by isoketals, we immunoprecipitated MHCI from 
DCs of sham and angiotensin II–treated mice and performed West-
ern blots using D11 antibody. Neither the heavy nor the light chain 
of MHCI demonstrated D11 reactivity, suggesting that MHCI was 
not directly modified by isoketals either at baseline or in response 
to angiotensin II (Figure 8A). To determine whether lipid-modified 
proteins could act as neoantigens that drive T cell activation, we 
exposed mouse kidney homogenates (100 μg total protein) to 100 
μmol/liter of isoketals, hydroxynonenal, MDA, or methylglyoxal 
for 30 minutes. One million DCs were then pulsed with these mod-
ified proteins for 1 hour, washed, and exposed to T cells prelabeled 
with CFSE at a ratio of 1 DC to 10 T cells for 7 days. DCs pulsed 
with isoketal-modified proteins caused robust proliferation of CD8+  
T cells (Figure 8B, left panel). In striking contrast, responses to homo-
genates modified by hydroxynonenal, methylglyoxal, and MDA 
were minimal. The effect of isoketal-modified proteins was greater 
for T cells from angiotensin II–treated mice than for those from 

sham-treated mice (Figure 8B, middle panel), suggesting that in vivo 
exposure to hypertension primes responsiveness of T cells to isoketal-
modified proteins. Direct exposure of DCs to lipid adducts alone had 
no effect (Figure 8B, right panel). CD4+ T cells demonstrated similar 
albeit less robust responses (Figure 8C). In additional experiments, 
we found that CD8+ memory T cells isolated from the spleens of 
angiotensin II–treated mice robustly proliferated in response to DCs 
pulsed with isoketal-modified proteins. CD4+ memory T cells also 
proliferated, albeit to a lesser extent. Naive T cells from angiotensin 
II–treated mice did not respond in this assay (Figure 8D).

Since DCs from angiotensin II–infused mice predominantly 
support proliferation of CD8+ T cells, we examined surface expres-
sion of MHCI. We found increased expression of both H-2Db and 
H-2Kb in hypertensive mice (Supplemental Figure 5A). The fluo-
rescence intensity of H-2Kb increased by 15.7% while that of H-2Db 
increased by 20.3% among CD11c+ cells from angiotensin II–
infused mice when compared with sham mice, and these changes 
were prevented by treatment with 2-HOBA. These data suggest 
that the MHCI surface repertoire is altered by hypertension.

Figure 6. DCs from angiotensin II–hypertensive mice promote T cell survival, proliferation, and cytokine production. (A) Experimental approach for 
the immunization assay. Flow cytometry was used to determine percentages of live cells using (B) 7-AAD, (C) CD45+ cells, and (D) CD3+ cells. (E) Total 
number of live cells, CD45+ cells, and CD3+ cells. (F–H) Representative flow cytometry profiles and graph showing percentages and numbers of CD4+ and 
CD8+ T cells. Proliferation of (G) CD8+ T cells and (H) CD4+ T cells, as reflected by CSFE dilution assays. (I) Cytokines IFN-γ, IL-17a, and TNF-α released by 
T cells stimulated with sham, angiotensin II, or angiotensin II and 2-HOBA DCs (n = 6–12, *P < 0.05, **P < 0.01, ***P < 0.001).
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enhanced green fluorescent protein were used for adoptive 
transfer. Using flow cytometry of various tissues in the recipient 
mice 10 days later, we found that these cells predominantly accu-
mulated in the spleens of recipient mice, and to a lesser extent in 
the kidneys and aortas, and this is increased if the donor mouse 
was treated with angiotensin II (Supplemental Figure 6C).

Induction of oxidative stress in DCs promotes isoketal forma-
tion, activation of T cells, and hypertension. To confirm the role of 
oxidative stress and isoketals in T cell activation and hyperten-
sion, we treated DCs ex vivo with 1 mM tert-butyl hydroperox-
ide (t-BHP) for 30 minutes. We found that this brief exposure of 
DCs to t-BHP led to intracellular isoketal formation, particularly 
in CD11b+/CD11c+ cells (Figure 9, C–E), and surface expression 
of CD86 (Figure 9F). Coculture of t-BHP–treated DCs with  
T cells promoted survival and proliferation of CD8+ T cells (Fig-
ure 9G). The formation of isoketal-modified proteins in DCs and 
the enhanced capacity of these cells to drive T cell proliferation 
was prevented by cotreatment with 2-HOBA (Supplemental Fig-
ure 7, A–C). In additional experiments, we found that adoptive 
transfer of t-BHP–treated DCs augmented the systolic (Figure 
9H), diastolic (Supplemental Figure 7D, and mean arterial pres-
sure (Supplemental Figure 7E) elevation in response to low-dose 
angiotensin II in recipient mice. These results further support 
the concept that oxidative stress in DCs is sufficient to activate  
T cells and promote hypertension.

Increased F2-isoprostanes and isoketals in hypertensive humans. 
Isoketals and F2-isoprostanes are coproduced in the isoprostane 
pathway of lipid peroxidation. To determine whether isoket-
als play a role in human hypertension, we studied 2 cohorts of 
patients. In the first, we measured levels of F2-isoprostanes levels 

Because DCs from hypertensive mice seem to present 
isoketal-modified antigens more efficiently, we sought to deter-
mine whether this extended to irrelevant peptides. DCs were 
pulsed with the ovalbumin peptide OVA257-264 (SIINFEKL) 
and cocultured with T cells from OT1 transgenic mice for 3 days. 
Surprisingly, DCs from angiotensin II–infused mice were less 
efficient in presenting OVA257-264 peptide to OT1 cells, and this 
was prevented by 2-HOBA treatment (Supplemental Figure 5B 
and C). We also used flow cytometry and the SIINFEKL/H-2Kb 
antibody, which identifies SIINFEKL bound to MHCI. Follow-
ing incubation of DCs with 10 μg/ml SIINFEKL for 1 hour, we 
found that DCs from angiotensin II–infused mice were less effi-
ciently loaded with the peptide, and 2-HOBA normalized this 
(Supplemental Figure 5D). These data show that alterations of 
DC immunogenicity in response to hypertension do not extend 
to irrelevant antigens like the OT1 peptide.

Transfer of hypertension by DCs. In additional studies, we 
examined the ability of DCs to confer hypertension to recipi-
ent mice. One million DCs obtained from either sham or angi-
otensin II–infused mice were adoptively transferred to recipient 
WT mice. Ten days later, recipient mice were implanted with 
minipumps for infusion of angiotensin II at what is generally a 
subpressor rate. This experimental design is shown in Figure 9A. 
Telemetry was used to monitor systolic (Figure 9B), diastolic 
(Supplemental Figure 6A), and mean arterial pressure (Supple-
mental Figure 6B). This normally subpressor dose of angiotensin 
II had no effect on blood pressure in mice that received DCs from 
sham mice but caused severe hypertension in mice that received 
DCs from angiotensin II–infused mice. Cotreatment of donor 
mice with the isoketal scavenger 2-HOBA prevented DCs from 
angiotensin II–infused mice from priming hypertension (Figure 
9B). In additional experiments, we adoptively transferred DCs 
from angiotensin II–infused mice into Rag1–/– mice. Unlike the 
response in WT mice, low-dose angiotensin II failed to increase 
blood pressure in Rag1–/– mice, indicating that T cells are required 
for the DC-mediated priming of hypertension. Additional stud-
ies were performed in which DCs from mice transgenic for 

Table 3. Multiple linear regression for log-transformed plasma 
8-isoprostane levels

β SEM P value
Unadjusted model
Constant 1 0.056 <0.001
HT 0.196 0.066 0.003A

RH 0.317 0.061 <0.001
Adjusted model

Constant 0.836 0.157 <0.001
BMI (kg/m2) 0.004 0.004 0.296
HbA1C (%) –0.009 0.014 0.524
LDL (mg/dl) 0.0008 0.0006 0.231
Statin use –0.003 0.044 0.948
HT 0.191 0.071 0.009A

RH 0.348 0.068 <0.001A

Unadjusted model, R2 = 0.173. Adjusted model, R2 = 0.161, R2 = 0.232,  
R2 = 0.194. AP < 0.05.

Table 4. General characteristics of study groups for detection of 
intracellular isoketals

NT (n = 8) HT (n = 12) NT vs. HT
Age (yr) 40.3 ± 3.6 51.3 ± 3.1 NS (8/12)
Gender (female/male) 6/2 10/2 NS (8/12)
Type 2 diabetes 0 (0%) 0 (0%) NS (8/12)
BMI (kg/m2) 25.2 ± 1.5 31.5 ± 2.8 NS (8/12)
Office SBP (mmHg) 120 ± 4.1 130 ± 4.6 NS (8/12)
Office DBP (mmHg) 73 ± 5 76 ± 3 NS (8/12)
Office PP (mmHg) 38 ± 8 53 ± 4 NS (8/12)
Fasting glucose (mg/dl) 80 ± 3 100 ± 5 <0.03 (7/11)
HbA1C (%) 5.5 ± 0.2 5.6 ± 0.3 NS (4/7)
Total cholesterol (mg/dl) 201 ± 18 185 ± 10 NS (6/9)
LDL (mg/dl) 134 ± 18 118 ± 7 NS (6/9)

Drugs
Statins (%) 0 9.1
Thiazide diuretics (%) 0 36.4
ACEi (%) 0 54.5
ARB (%) 0 27.3
CCB (%) 0 0
Beta-blockers (%) 0 0
Other anti-HT drugs (%) 0 0

Numbers in the NT vs. HT column indicate the number of NT and HT 
subjects included in the analysis.
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controlled and normotensive subjects (23.2 ± 11.5 vs. 18.3 ± 10.3 
vs. 11.6 ± 7.0 pg/ml, respectively, P < 0.05; Figure 10A). The asso-
ciation between F2-isoprostane levels and hypertension grade was 
confirmed by multiple linear regression adjusted for BMI, HbA1C, 
LDL, and statin use (Table 3).

In a second cohort of patients, mononuclear cells were 
obtained from the buffy coats of 12 humans with hypertension 
and 8 normotensive subjects and analyzed for isoketal protein 
adduct content using flow cytometry. Demographics of these 
individuals are presented in Table 4. Because the hyperten-
sive patients were generally well treated, there was no signifi-
cant difference in blood pressures obtained at the time of blood 
donation. The gating strategy for these experiments is shown 

in the plasma of normotensive subjects, patients with controlled 
hypertension, and patients with resistant hypertension. The gen-
eral characteristics of these groups are shown in Table 2. BMI, glu-
cose, and HbA1C were higher in the 2 hypertensive groups com-
pared with the normotensive volunteers. Subjects with resistant 
hypertension were taking a mean of 4.3 classes of antihyperten-
sive drugs, while well-controlled patients were taking an average 
of 2.3 drugs daily. There were differences in proportion of diuret-
ics, calcium channel blockers, and beta-blockers between hyper-
tension and resistant hypertension subjects. As expected, systolic, 
diastolic, and pulse pressures were highest in patients with resis-
tant hypertension. The patients with resistant hypertension had 
increased levels of plasma F2-isoprostanes compared with well-

Figure 7. Oxidant stress and isoketals alter DC gene expression in hypertension. (A) Microarray analysis of CD11c+ cells from spleens of WT mice infused 
with either sham or angiotensin II with or without 2-HOBA treatment or cotreatment with a combination of hydralazine and hydrochlorothiazide as well 
as cells from spleens of Nox2–/– mice. The gene expression profiles for the various treatment groups. (B) Genes altered by angiotensin II (blue), genes 
reversed by Nox2–/– (pink), genes reversed by 2-HOBA treatment (green), and a Venn diagram summarizing altered genes, including those normalized in 
both Nox2–/– and 2-HOBA–treated groups. (C) Normalization of angiotensin II–induced hypertension by cotreatment with a combination of hydralazine and 
hydrochlorothiazide. (D) Volcano plot showing the 505 genes altered by angiotensin II compared with sham and colored by P value. Red represents high 
and blue represents low P values in WT angiotensin II vs. WT sham. Color codes for each gene in D were used in E–G. The genes altered by angiotensin II in 
C but plotted based on how these genes behaved (E) after 2-HOBA treatment, (F) in Nox2–/– mice, and (G) after treatment with a combination of hydrala-
zine and hydrochlorothiazide, when compared with WT sham (n = 6, **P < 0.01)
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of DC activation and ameliorates hypertension. Exposure of DCs 
to the prooxidant t-BHP promotes their ability to support CD8+ 
T cell proliferation and hypertension, thus mimicking the effect 
of angiotensin II in vivo. Likewise, DCs pulsed with isoketal-
modified proteins from renal homogenates potently stimulate 
T cell proliferation, while DCs pulsed with other oxidized lipid 
products do not. Finally, we have shown that humans with hyper-
tension have elevated plasma F2-isoprostanes and increased 
isoketal adducts in their mononuclear cells and that these 
increase with the severity of hypertension. Our data strongly 
suggest that isoketal-modified proteins serve as neoantigens that 
promote an immune response in hypertension.

DCs and similar antigen-presenting cells are essential for T cell 
activation by presenting antigenic peptides in MHCs and by pro-
viding costimulation. In a prior study, we showed that hyperten-
sion increases expression of the costimulatory ligands CD80 and 
CD86 on DCs and that inhibition of costimulation either pharma-
cologically or genetically prevents hypertension caused by either 
angiotensin II or DOCA-salt (9). Our current study provides insight 
into mechanisms responsible for DC activation and immunogenic-
ity. Our data strongly suggest that isoketal-modified proteins act as 
neoantigens in hypertension. These modified proteins accumulate 
in DCs and promote DC maturation. Removal of these by isoketal 
scavengers prevents DC immunogenicity and maturation. Increas-
ing DC isoketals either by a strong oxidant or by addition of isoketal- 
modified proteins promotes the ability of DCs to activate T cells. 
Thus, protein modification by isoketals likely leads to formation of 
neoepitopes that are not recognized as self and promote an autoim-
mune-like reaction, leading to hypertension.

in Figure 10B. The presence of isoketal adducts in monocytes 
of humans with hypertension, as detected by surface staining 
for CD14, was 3-fold greater than in humans without hyperten-
sion (Figure 10, C and D). We also observed a small population 
(<0.5%) of circulating CD83+ cells in these subjects and found a 
similar increase in isoketal protein adducts in these cells among 
those with hypertension (Figure 10, E and F). While CD83 is 
considered a marker of human DCs, subsequent analysis indi-
cated that about one-half of these cells were positive for the  
B cell marker CD19. The percentage of isoketal-positive CD14+ 
and CD83+ cells correlated with their respective systolic blood 
pressures (Table 5). After adjusting the levels of BMI, glucose, 
and age in the multivariable linear model, systolic blood pres-
sure remained a statistically significant predictor of isoketals in 
both CD14+ and CD83+ cells (Tables 6 and 7).

Discussion
The present studies describe a new pathway that contributes to 
hypertension (Figure 10G). We demonstrate for the first time 
that DCs play a causal role, likely related to increased formation 
of ROS and ultimately isoketal protein adducts in DCs. Our find-
ings indicate that DCs from angiotensin II–infused mice produce 
increased amounts of O2

·–, accumulate isoketal protein adducts, 
and release cytokines, such as IL-6, IL-1β, and IL-23. DCs from 
angiotensin II–infused mice promote T cell proliferation and 
polarize T cells to an inflammatory phenotype involving produc-
tion of IL-17, IFN-γ, and TNF-α. DCs from hypertensive mice 
also prime a hypertensive response in recipient mice to low-dose 
angiotensin II. Scavenging isoketals prevents these parameters 

Figure 8. Effect of isoketal protein 
modification on DC immunogenicity. 
(A) MHCI was immunoprecipitated 
from DCs of sham and angiotensin 
II–treated mice, and Western blot 
using D11 antibody was performed. 
Mouse kidney homogenates (100 μg 
total protein) were exposed to 100 
μmol/liter of isoketal, hydroxynon-
enal (HNE), MDA, or methylglyoxal 
(MGO) for 30 minutes. One million 
DCs were then pulsed with these 
modified proteins for 1 hour, washed, 
and exposed to T cells prelabeled 
with CFSE at a ratio of 1 DC to 10 
T cells for 7 days. (B) Effect of DCs 
pulsed with lipid-modified proteins 
on CD8+ T cells. (C) Effect of DCs 
pulsed with lipid-modified proteins 
on CD4+ T cells. The left and middle 
panels of B and C show proliferation 
of T cells that were obtained from 
sham or angiotensin II–treated mice, 
respectively. The right panels of B 
and C show the effects of the lipid 
adducts directly added to DCs. (D) 
Proliferation of memory and naive 
T cells from angiotensin II–treated 
mice in response to DCs pulsed with 
isoketal-adducted proteins.
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biologically important ROS, including hydrogen peroxide, lipid 
peroxides, peroxynitrite, and hydroxyl and hypohalous acids. The 
electron potential of these indicate that they are more likely to 
react with arachidonic acid than O2

·– (23). Thus, while we demon-
strated an increase in DC production of O2

·–, it is likely that other 
ROS, derived from O2

·–, are responsible for isoketal formation.
We found that exposing DCs to isoketal-modified proteins 

promoted their ability to drive CD8+ and, to a lesser extent, CD4+ 
T cell proliferation. This was most pronounced if T cells were 
obtained from angiotensin II–treated mice, suggesting that these 
cells had been primed or enriched to respond to such antigens. 
This indicates that oxidative injury of other cells, aside from DCs, 
might lead to formation of immunogenic isoketal protein adducts 
that can be phagocytosed by DCs and cross-presented to CD8+  
T cells. Thus, activation of the NADPH oxidase in vascular or renal 
cells might initiate this immune-like reaction. Of note, NADPH 

The definition of DCs is evolving, and it is now clear that sub-
sets of these cells have unique roles and functions. Importantly, 
we found that hypertension induced formation of isoketal-mod-
ified proteins in all subsets, except for the plasmacytoid subset. 
Of particular interest, both ESAMlo and ESAMhi CD11b+/CD11c+ 
cells exhibited the most striking modification. CD11b+/ESAMhi 
cells are known to present antigens to CD4+ T cells, while the role 
of CD11b+/ESAMlo cells is less well defined. We also observed 
isoketal protein adducts in CD8+ DCs, which cross-present to 
CD8+ T cells. In keeping with these findings, we observed that 
DCs of hypertensive mice promoted proliferation of both CD4+ 
and CD8+ T cells, although the response was greatest for the latter.

An important finding of the present study is that O2
·– pro-

duction by DCs is absent in Nox2-deficient mice. We and others 
have shown that the NADPH oxidase is critical for many forms of 
hypertension. Importantly, O2

·– serves as a progenitor for many 

Figure 9. Transfer of hypertension by DCs. (A) DCs were obtained from either sham or angiotensin II–infused mice, and 1 × 106 cells were adoptively trans-
ferred to recipient WT or Rag1–/– mice, and blood pressure was monitored using telemetry. (B) Systolic blood pressure in response to low-dose angiotensin 
II infusion (140 ng/kg/min) 10 days after DC adoptive transfer (n = 5–7, **P < 0.01). DCs were treated with 1 mM t-BHP, and isoketals were measured by 
flow cytometry using Alexa Fluor 488–tagged D11 antibody in (C) CD11b+/CD11c–, (D) CD11b+/CD11c+, and (E) CD11b–/CD11c+ cells. (F) Expression of CD86 in 
DCs. (G) Coculture of t-BHP–treated DCs with T cells promoted survival of CD8+ T cell. (H) Adoptive transfer of t-BHP–treated DCs in mice increased systolic 
blood pressure (n = 4–7, *P < 0.05, **P < 0.01, ***P < 0.001).
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IFN-γ, which have also been implicated in hypertension (5, 29, 
30). In keeping with a critical role of DCs in this disease, we also 
found that hypertension causes a striking alteration of DC gene 
expression and that these alterations were in large part mediated 
by ROS derived from the NOX2 containing NADPH oxidase and 
by isoketal formation. These data further support a rather diverse 
effect of isoketal formation on DC function.

We also found that humans with hypertension have increased 
levels of circulating isoprostanes and increased isoketal protein 
adducts in monocytes, which can give rise to DCs similar to the 
CD11b+/CD11c+ subset we observed in mice. We also observed 
an increase in isoketal protein adducts in CD83+ cells, which rep-
resent both DCs and activated B cells, both of which can present 
antigens. Of note, the level of both plasma F2-isoprostanes, which 
are formed in the same pathway as isoketals, and cellular isoket-
als was increased as the severity of hypertension increased. These 
findings indicate that oxidative stress and lipid peroxidation occurs 
in humans with hypertension in a fashion similar to that observed 
in mice with experimental hypertension. It is therefore attractive to 
speculate that drugs like 2-HOBA might be effective for treatment 
of hypertension and prevention of end-organ damage in humans.

For the past two decades, it has become clear that ROS are 
central to the pathogenesis of hypertension, likely via several 
mechanisms (31). Unfortunately, treatment with common antiox-
idants, such as vitamins E and C, has proven ineffective for many 
cardiovascular diseases and in some instances has proven delete-
rious (32). In prior work, we have established that very high doses 
of vitamin E are necessary to suppress isoprostane production in 
humans (33). Such high doses paradoxically increase cardiovas-
cular events (32). It is therefore possible that specific scavenging 
of isoketals will be more effective than traditional antioxidants for 
treatment of hypertension. It is of interest that we recently found 
that 2-HOBA also prevents the development of working memory 

oxidase–derived O2
·– alters antigen cross-presentation in the con-

text of MHCI (24). Redox regulation has also been found to facil-
itate optimal class I peptide selection during antigen processing 
(25). DCs increase H2O2 production during antigen presentation, 
and scavenging of H2O2 using ebselen reduces DC cytokine pro-
duction and T cell activation (26). Thus, a complex interplay may 
exist between ROS formed in DCs and that formed in other cells to 
promote T cell activation and inflammation in hypertension.

Oxidative injury and inflammation are intimately linked. 
Redox-sensitive transcription factors stimulate vascular cell 
adhesion molecule expression and chemotaxis of inflammatory 
cells into the subendothelial space. Oxidation promotes endo-
thelial permeability and injury, critical features of inflammation. 
Our current results provide a direct link between lipid oxidation 
and immune activation. It is possible that a similar cascade of 
events contributes to other diseases in which oxidant stress has 
been implicated. T cells are often present in sites of inflamma-
tion for unexplained reasons. It is possible that their activation 
involves the presence of isoketal adducts. In keeping with these 
considerations, oxidatively modified macromolecules have been 
proposed to serve as neoantigens that participate in recognized 
autoimmune diseases (27).

In addition to antigen presentation, an important role of 
DCs is the release of mediators that promote T cell polarization. 
Indeed, hypertension augmented the capacity of DCs to pro-
duce IL-1β, IL-6, and IL-23, which are known to polarize T cells 
to produce IL-17. There has been substantial interest in the role of 
this cytokine in hypertension. We found that mice lacking IL-17A 
exhibit blunted hypertensive responses to angiotensin II (7), and 
others have found that infusion of IL-17A raises blood pressure, in 
part by altering activation of the endothelial nitric oxide synthase 
(28). In keeping with this, we found that DCs from hypertensive 
mice stimulate T cell production of IL-17A as well as TNF-α and 

Table 5. Spearman correlations between isoketal content of CD14+ and CD83+ cells and predictors

Predictors response Age (yr) BMI SBP  
(mmHg)

Fasting glucose  
(mg/dl)

Total cholesterol  
(mg/dl)

LDL (mg/dl) Triglycerides  
(mg/dl)

HDL  
(mg/dl)

CD83IsoK (%) 0.2038 0.059 0.6396 0.3574 –0.1707 –0.1129 –0.1051 0.211
(0.3889) (0.8047) (0.0024) (0.1454) (0.5429) (0.6887) (0.7093) (0.4503)

CD14IsoK (%0 0.217 0.1097 0.5197 0.3193 –0.1299 –0.1863 0.0667 0.189
(0.3580) (0.6452) (0.0188) (0.1966) (0.6446) (0.5063) (0.8134) (0.5000)

The value in parentheses is P value of Spearman correlation.

Table 6. Adjusted model of the Spearman correlations between 
isoketal content of CD14+ cells and predictors

CD14+ cells β SEM P value
BMI (kg/m2) 0.9 0.74 0.24
Glucose (mg/dl) 0.27 0.36 0.47
Age (yr) –0.06 0.46 0.90
SBP (mmHg) 1.06 0.39 0.02

R2 = 0.49; R2
adj = 0.35.

Table 7. Adjusted model of the Spearman correlations between 
isoketal content of CD83+ cells and predictors

CD83+ cells β SEM P value
BMI (kg/m2) –0.35 0.92 0.71
Glucose (mg/dl) 0.27 0.36 0.47
Age (yr) –0.39 0.57 0.50
SBP (mmHg) 1.14 0.49 0.03

R2 = 0.42; R2
adj = 0.27
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1 × 106 DCs in 100 μl physiological buffered saline via the lateral tail 
veins in mice anesthetized with xylazine/ketamine. Angiotensin II 
infusion was started 10 days after adoptive transfer of DCs.

Gene expression analysis. Data were uploaded into Partek Genom-
ics Suite version 6.6 (Partek Incorporated) and RMA normalized. 
Gene functions were determined using NCBI Entrez Gene, Stanford 
SOURCE, Aceview, and PubMed databases. The online Gene Ontol-
ogy Enrichment Analysis and Visualization (GOrilla) tool (38, 39) was 
also used to explore gene ontology process, function, and component 
enrichment within each gene list, using a flexible threshold of 0.05. 
Final data were submitted to GEO (accession no. GSE59422).

Studies of F2-isoprostanes in humans. A cross-sectional study was 
performed with eligible patients from Outpatient Resistant Hyper-
tension Clinic of the University of Campinas. Clinical follow-up was 
conducted for a 6-month period with ambulatory BP monitoring, 
screening for secondary causes of hypertension (pheochromocy-
toma, coarctation of the aorta, Conn’s or Cushing’s syndrome, and 
renal artery stenosis), and pseudoresistance hypertension (white coat 
hypertension and adherence assessment). Inclusion criteria were 
as follows: male or female, over 35 years of age, and diagnosis with 
true resistant hypertension according to American Heart Association 
Statement (40). We excluded patients with symptomatic ischemic 

defects in hApoE4 mice (16). Given the emerging recognition of 
the association between blood pressure and cognitive decline, it 
is possible that isoketal scavenging will be useful for the constella-
tion of illnesses linked to hypertension.

Methods
Please see the Supplemental Methods for additional details.

Animals. WT, Nox2–/– mice, and mice transgenic for enhanced 
green fluorescent protein were obtained from The Jackson Labora-
tory. All experiments were performed in male animals at approxi-
mately 3 months of age. Ja18–/–, and Cd1d–/– mice were gifts of Luc 
Van Kaer at Vanderbilt University. Osmotic minipumps (Alzet, 
Model 2002) were implanted for infusion of angiotensin II (490 or 
140 ng/kg/min) for 2 weeks. DOCA-salt hypertension was produced 
as previously described (34). In some experiments, hydrochloro-
thiazide and hydralazine were administered by drinking water to 
prevent the elevation of blood pressure caused by angiotensin II, as 
previously described (35). Blood pressure was monitored noninva-
sively using tail cuff and invasively using radiotelemetry, as previ-
ously described (5, 36, 37). After telemetry implantation, mice were 
allowed to recover for 10 days before the osmotic minipumps were 
placed. Adoptive transfer of DCs was accomplished by injection  

Figure 10. Increased isoprostanes and isoketals in hypertensive humans. (A) Plasma levels of F2-isoprostanes in normotensive subjects (NT) as well as 
well-controlled hypertension (HT) and resistant hypertensive (RH) patients (*P < 0.05 vs. NT; #P < 0.05 vs. HT). (B) Gating strategy for flow cytometric 
analysis of isoketals in mononuclear cells obtained from the buffy coats of humans with or without hypertension. (C) Isoketal adducts in human mono-
cytes, as detected by surface staining for CD14. (D) Quantification of isoketals in CD14+ cells (***P < 0.001). (E) Isoketal adducts in human CD83+ cells. (F) 
Quantification of isoketals in CD83+ cells(*P < 0.05). (G) Proposed pathway for DC activation. Hypertensive stimuli increase ROS production and formation 
of isoketals and protein isoketal adducts in DCs. These adducts enhance DC immunogenicity and promote DC cytokine production. These activated DCs 
promote T cell proliferation and cytokine production. Activated T cells infiltrate target tissues, including the kidney and vasculature, and release cytokines, 
such as IL-17, TNF-α, and IFN-γ, that promote hypertension.
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validity and refine the model. Each test of the model parameters was 
2-sided at the 0.05 level of significance. All statistical analysis was 
performed using R package with version 3.1.0 for Windows. For gene 
microarray analysis, data were uploaded into Partek Genomics Suite 
version 6.6 (Partek Incorporated) and RMA normalized before fur-
ther analysis. Partek was used to perform pairwise comparisons of 
average group values, and 1-way ANOVA was used for the 4 groups. 
Only probes that resulted in a fold change of at least 1.5 and P value 
of less than 0.05 were considered significantly altered.

Study approval. All animal procedures were approved by Vander-
bilt University’s Institutional Animal Care and Use Committee, and 
the mice were housed and cared for in accordance with the Guide for 
the Care and Use of Laboratory Animals, US Department of Health 
and Human Services. The institutional review boards of Vanderbilt 
University and the University of Campinas approved the human stud-
ies. The patients signed the written informed consent form before 
enrolling in the study.
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heart disease, liver disease, impaired renal function, and history of 
stroke and peripheral vascular disease. Eighty-six patients classi-
fied as resistant hypertension, 44 mild-to-moderate (stages I and II) 
hypertension subjects, and 16 normotensive volunteers were included 
in this study. Plasma F2-isoprostane levels were determined using the 
Enzyme Immunoassay EIA Kit (Cayman Chemical Company) accord-
ing to the manufacturer’s instructions.

An additional cohort of 8 normotensive and 12 hypertensive 
humans was recruited at Vanderbilt for detection of isoketal adducts 
in blood mononuclear cells. We defined patients as hypertensive if they 
had a systolic blood pressure greater than 140 mmHg or were currently 
being treated for hypertension. Buffy coat samples were labeled with 
anti-CD45, anti-CD83, anti-CD14, and D11, as shown in Figure 10.

Statistics. All data are expressed as mean ± SEM. Comparisons 
made between 2 variables were performed using 1- and 2-tailed Stu-
dent’s t tests. Comparisons among more than 2 variables were per-
formed using 1-way ANOVA with a Tukey’s post-hoc test. To compare 
differences in O2

·– production in WT and Nox2–/– DCs, we used 2-way 
ANOVA. Comparisons of blood pressure over time were made using 
a mixed-effects model. For the human studies, normality of distri-
bution was assessed by the Kolmogorov-Smirnov test. According to 
data distribution, we used ANOVA or Kruskal-Wallis test followed by 
post-hoc test. The χ2 test was used for categorical variables. P values 
of less than 0.05 were considered statistically significant. To model 
the correlation between isoketals in both CD14+ and CD83+ cells and 
systolic blood pressure, LDL, BMI, glucose, sex, and age, the gen-
eral nonlinear model based on the restricted cubic splines method 
was used. The multiple imputation method was used to deal with 
missing values, and bootstrap sampling was used to assess internal 
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