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Introduction
Hypertension is a major risk factor for cardiovascular disease and a growing health care burden world-
wide. According to the recent American Heart Association and American College of  Cardiology classifi-
cation criteria, nearly half  of  the American population is hypertensive (1). Despite its significance as a risk 
factor, the pathogenesis of  essential hypertension is poorly understood. Extensive evidence demonstrates 
that excess dietary sodium (Na+) is a major risk factor for hypertension and cardiovascular disease (2, 3). 
Salt-sensitive hypertension is associated with increased risk of  mortality in normotensive and hypertensive 
subjects, suggesting it is an independent cardiovascular risk factor (4, 5). The American Heart Association 
recommends Na+ intake at a maximum of  2,300 mg per day, however; more than 90% of  the US popula-

Excess dietary salt contributes to inflammation and hypertension via poorly understood 
mechanisms. Antigen-presenting cells including DCs play a key role in regulating intestinal 
immune homeostasis in part by surveying the gut epithelial surface for pathogens. Previously, 
we found that highly reactive γ-ketoaldehydes or isolevuglandins (IsoLGs) accumulate in DCs and 
act as neoantigens, promoting an autoimmune-like state and hypertension. We hypothesized 
that excess dietary salt alters the gut microbiome leading to hypertension and this is associated 
with increased immunogenic IsoLG adduct formation in myeloid antigen-presenting cells. To 
test this hypothesis, we performed fecal microbiome analysis and measured blood pressure 
of healthy human volunteers with salt intake above or below the American Heart Association 
recommendations. We also performed 16S rRNA analysis on cecal samples of mice fed normal 
or high-salt diets. In humans and mice, high-salt intake was associated with changes in the gut 
microbiome reflecting an increase in Firmicutes, Proteobacteria, and genus Prevotella bacteria. 
These alterations were associated with higher blood pressure in humans and predisposed mice to 
vascular inflammation and hypertension in response to a subpressor dose of angiotensin II. Mice 
fed a high-salt diet exhibited increased intestinal inflammation, including the mesenteric arterial 
arcade and aorta, with a marked increase in the B7 ligand CD86 and formation of IsoLG protein 
adducts in CD11c+ myeloid cells. Adoptive transfer of fecal material from conventionally housed 
high-salt diet–fed mice to germ-free mice predisposed them to increased inflammation and 
hypertension. These findings provide potentially novel insights into the mechanisms underlying 
inflammation and hypertension associated with excess dietary salt and may lead to interventions 
targeting the microbiome to prevent and treat this important disease.
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tion does not observe this recommendation (4, 6). Thus, there is a need to identify novel therapeutic targets 
for treatment and/or prevention of  salt-induced hypertension.

Over the past decade, our work and that of others has implicated inflammation in the genesis of hyperten-
sion (7–10). T cells infiltrate the kidneys and perivascular space in response to hypertensive stimuli and release 
inflammatory cytokines that promote renal and vascular dysfunction and further elevate blood pressure (11–13). 
We also reported that DCs play a major role in initiating adaptive immune responses associated with hyperten-
sion following their accumulation of immunogenic isolevuglandins (IsoLGs; ref. 9). IsoLGs are oxidized lipid 
byproducts that rapidly react with lysines on self-proteins. We found that these modified proteins act as neoanti-
gens and that IsoLG scavenging blocks the ability of DCs to activate T cells and ultimately reduces hypertension 
(9). We then showed that IsoLGs activate DCs in mice with salt-sensitive hypertension (14–17).

The intestinal mucosa is the first and main absorption site for excess salt. DCs survey the mucosa and 
regulate intestinal immune homeostasis by (a) inducing tolerance to harmless antigens and (b) initiating pro-
tective immunity against intestinal pathogens. Recent studies demonstrated that excess salt may induce proin-
flammatory and hypertensive effects by acting on the gut microbiome (18, 19). Here, we examined the effect 
of  excess dietary salt in contributing to hypertension by altering the gut microbiome in mice and humans and 
investigated whether this is associated with immune cell activation and formation of  IsoLG protein adducts.

Results
A high-salt diet is associated with dysbiosis and hypertension in humans. To determine whether excess dietary salt is 
associated with dysbiosis and concomitant blood pressure elevation in humans, we analyzed the gut microbi-
ome composition in subjects with normal or high-Na+ intake based on American Heart Association recom-
mendations of <2.3 g sodium/d. Subjects were categorized into normal or high-Na+ intake groups based on 
their responses to surveys of both short-term (3-day) and long-term (1-year) Na+ consumption. Subjects’ general 
characteristics are shown in Table 1. The study design is shown in Figure 1A, and the rarefaction curve in fecal 
samples is represented in Figure 1B. As shown in Figure 1C, we found no significant difference in the α diversity 
measure in people eating a low-salt diet versus high-salt diet. However, there was a significant difference in β 
diversity between short-term high-salt and low-salt intake (Figure 1D). We found no differential clustering of  
bacteria from low- versus high-salt diet, as indicated by nonmetric multidimensional scaling (Figure 1E). The 
relative abundance of selected 16S rRNA gene targets with microbial primers for all taxa (Figure 1F) and for the 
50 most abundant taxa (Figure 1G) are shown. Additional global patterns of differences in gut microbiota with 
short- and long-term salt diets at the phylum, class, order, and family levels are shown in Supplemental Figure 1 
(Supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126241DS1).

High-Na+ intake (≥2.3 g/d) was associated with increased relative abundance of  several bacterial taxa, 
including operational taxonom ic units (OTUs) mapping to the genus Prevotella, family Ruminococcaceae, 
and genus Bacteroides (Figure 2A). Some associations were statistically significant only in the context of  
short-term Na+ consumption (e.g., Bacteroides), others were significant in long-term Na+ consumption (e.g., 

Table 1. Demographic and clinical characteristics of the subjects by short-term sodium intake

≤2.3 g/d sodium intake, n = 39 >2.3 g/d sodium intake, n = 93 P value (t test)
Age (y) 29.2 ± 8.1 30.1 ± 8.0 0.59
Sex (% male) 25.6 43.0 0.051
Race (% non-White) 48.7 41.9 0.56
White (%) 51.2 58.0
Black (%) 20.5 25.8
Asian (%) 25.6 5.3
Hispanic and multiracial (%) 2.5 10.7
Office SBP (mmHg) 109.0 ± 10.9 117.4 ± 11.0 <0.0001
Office DBP (mmHg) 65.6 ± 8.8 70.7 ± 7.8 0.0003
BMI (kg/m2) 23.8 ± 4.9 26.1 ± 5.6 0.02
Short-term sodium intake 1776.3 ± 402.7 3425.8 ± 888.8 <0.0001
Long-term sodium intake 2125.4 ± 1067.9 3165.2 ± 1796.8 <0.0001

Values are expressed as mean ± SD or as percentages. SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Prevotella), and others differed significantly in both contexts (e.g., Ruminococcaceae). However, trends were 
similar for both short- and long-term consumption. At the phylum level, high-Na+ intake was associated 
with a higher proportion of  Firmicutes and Proteobacteria but not Bacteroidetes, and these reached statis-
tical significance in the context of  long-term Na+ intake (Figure 2B).

We found that higher Na+ intake was significantly associated with increased systolic and diastolic blood 
pressure. Participants who consumed greater than the recommended 2.3 g/d of  Na+ based on short-term 
analysis had significantly higher systolic and diastolic blood pressures (Figure 3A), while increased long-
term Na+ intake was significantly correlated with higher systolic but not diastolic pressure (Figure 3B). We 
also observed a significant positive correlation between elevated systolic blood pressure and the presence of  a 
specific OTU mapping to Prevotella (Figure 3C). Linear regression to analyze the relationship between blood 
pressure and the bacteria controlling for age, sex, BMI, race, and sodium intake showed that the Firmicutes 
remained markedly associated with increased salt intake. Ruminococcaceae also remained associated with 
for short-term but not long-term elevated salt intake. The Firmicutes/Bacteroidetes ratio was also robustly 
correlated with short-term and long-term salt intake but did not reach statistical significance. While Prevotella 
was associated with elevated salt intake in the univariate analysis, this association was lost in the multivariate 
analysis. These results suggest overall that a high-salt diet may alter the human gut microbiome in a manner 
that favors colonization by Prevotella and other bacteria, an outcome associated with elevated blood pressure.

Hypertension is associated with increased gut pathology, inflammation, and IsoLG formation in humans. In addi-
tional experiments, we performed histological staining with H&E and Masson’s trichrome for fibrosis, as 
well as immunohistochemical analysis for infiltration of  T cells and macrophages of  colon sections of  
normotensive and hypertensive humans obtained from the Vanderbilt Cooperative Human Tissue Network 
(Figure 4A). We found that compared with normotensive individuals, hypertension was associated with 

Figure 1. Relationship between a high-salt diet and the human gut microbiome. (A) Study design; self-reported dietary 
Na+ intake was estimated from Food Frequency Questionnaires for 12 months (long-term) and 3-day food records prior 
to the study visit (short-term). 16S rRNA analysis was performed on fecal samples. (B) Rarefaction curve of OTUs in fecal 
samples. (C) α Diversity measure in people eating a normal salt diet versus a high-salt diet. (D) β Diversity measure in 
normal versus high salt. (E) Nonmetric multidimensional scaling (NMDS) of bacteria from people eating a low- versus 
high-salt diet. (F) Relative abundance of selected 16S rRNA gene targets with microbial primers for all taxa. (G) Relative 
abundance of selected 16S rRNA gene targets with given microbial primers of the 50 most abundant taxa. 16S rRNA data 
analyses were performed using R software and a type-I error rate of 0.05 was set to infer statistical significance.

https://doi.org/10.1172/jci.insight.126241
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increased arteriolar wall thickening and increased fibrosis (Figure 4, A and C). There was also a trend for 
increased infiltration of  immune cells, including T cells and macrophages in the intestinal wall of  hyperten-
sive when compared with normotensive individuals (Figure 4, A, D, and E). In additional experiments, we 
found increased accumulation of  IsoLGs in the colon sections from hypertensive when compared with nor-
motensive humans (Figure 4, B and F). These results suggest that hypertension is associated with increased 
gut pathology, inflammation, and accumulation of  IsoLGs.

A high-salt diet alters the mouse gut microbiome. To further confirm whether a high-salt diet alters the gut 
microbiome, we fed mice either an 8% NaCl diet + 1% NaCl water or a normal salt diet for 3 weeks and 
then aseptically collected cecal contents to conduct 16S rRNA-based identification of  bacterial species (Fig-
ure 5A). We did not find any significant differences in body weight between mice fed a normal salt diet and 
those fed a high-salt diet (Figure 5B). Mice fed a high-salt diet exhibited a markedly altered gut microbiome 
compared with those fed a normal salt diet and showed a relative decrease in species biodiversity (Figure 
5C). The relative abundance of  16S rRNA gene targets based on analysis with microbial primers of  either 
all taxa or the 50 most abundant is shown is shown in Figure 5, D and E, respectively. Nonmetric multidi-
mensional scaling revealed that bacteria from normal and high-salt–fed diet animals form distinct clusters 
(Figure 5F). In addition, we observed that a high-salt diet led to colonization of  the gut by bacteria of  
phylum Firmicutes (Figure 5G) rather than phylum Bacteroidetes (Figure 5H). Accordingly, we observed a 
significant increase in the Firmicutes/Bacteroidetes ratio following feeding with a high-salt diet (Figure 5I).

Figure 2. A high-salt diet is associated with differences in the human gut microbiome. Gut microbiome composition in subjects with normal or 
high-Na+ intake based on American Heart Association recommendations of <2.3 g sodium/d during short-term and long-term intake was analyzed. 
(A) Relationship between sodium intake and relative abundance of bacterial taxa, including OTUs mapping to the genus Prevotella, family Rumino-
coccaceae, and genus Bacteroides. (B) Effect of sodium intake on the proportion of Phyla Bacteroidetes, Firmicutes, and Proteobacteria (*P < 0.05, 
**P < 0.001 using 2-tailed unpaired Student’s t tests).

https://doi.org/10.1172/jci.insight.126241
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Recent studies have found that lactic acid–producing bacteria protect against salt-induced activation of  
T cells and hypertension (19). We found that potential lactic acid–producing bacteria, including the class 
Bacilli, order Lactobacillales, family Leuconostocaceae, and genus Leuconostoc, were depleted by high-salt 
feeding (Figure 6A). We also found that the relative number of  bacteria of  the order Bacillales, the genus 
Weissella (Figure 6B), and the family Streptococcaceae (Figure 6C) decreased after feeding a high-salt diet.

Bacteria of  the families Lachnospiraceae and Prevotellaceae have been linked to metabolic syndrome 
and chronic inflammation, including periodontal disease and rheumatoid arthritis (20–22). Mice fed 
a high-salt diet showed marked increases in Firmicutes bacteria belonging to class Clostridia, order 
Clostridiales, family Lachnospiraceae and the genera Lachnospiraceae UCG-006, Incertae Sedis, and the 
Lachnospiraceae FCS020 group (Figure 6D). A high-salt diet led to colonization of  the gut by the family 
Prevotellaceae and genus Prevotella (Figure 6E). These results overall suggest that high-salt intake leads to 
dysbiosis marked by depletion of  lactic acid–producing bacteria and colonization by bacteria previously 
implicated in inflammation and metabolic syndrome.

A high-salt diet increases inflammation and formation of  IsoLG protein adducts in the mouse gut. Over the last decade, 
our work and that of others has implicated cells of the adaptive immune system in development of salt-sensitive 
hypertension (7, 8). Accordingly, we also reported that DCs function in initiating adaptive immune responses 
associated with hypertension via accumulation of immunogenic IsoLGs (9). We performed flow cytometry 
on the mesenteric arterial arcade, including the perivascular fat, of mice fed a normal or high-salt diet using a 
gating strategy (Figure 7A) to identify inflammatory cells, including total leukocytes (CD45+ cells), total T cells 
(CD45+/CD3+ cells), and the T cell subtypes (CD3+/CD8+ and CD4+). We also performed surface staining for 
B7 ligand CD86 as well as intracellular staining for IsoLG adducts using the single-chain antibody D11 ScFv, in 
CD11c+ cells. We found that compared with a normal diet, high salt consumption resulted in infiltration of the 
mesenteric arterial arcade by CD45+, CD3+, CD4+, and CD8+ cells (Figure 7B). High-salt feeding also increased 
infiltration of the mesentery by CD11c+ cells, with a concomitant increase in surface expression of CD86 and 
accumulation of IsoLG protein adducts (Figure 7C). In additional experiments, we performed flow cytometry 
on the mesenteric lymph nodes using a gating strategy to identify memory T cell subtypes (Figure 7D). Rep-
resentative flow cytometry images are shown in Figure 7E. We found increased percentages (Figure 7F) and 
absolute numbers (Figure 7G) of CD45+ cells, CD3+ T cells, CD8+ T cells, and CD8+ effector memory T cells 
in the mesenteric lymph nodes of mice fed a high-salt diet when compared with those fed a normal salt diet.

To determine the spatial in situ distribution of  immune cells in the salt-fed mouse gut, we performed 
immunohistochemistry staining for T cells and monocyte/macrophages of  the entire intestinal tract. Most 
immune cells, especially the monocyte/macrophage F4/80+ cells, were localized in the large intestines 

Figure 3. A high-salt diet is associated with increased colonization of the human gut by genus Prevotella, and this correlates with hypertension. (A and 
B) Relationship between sodium intake and systolic and diastolic blood pressures during short-term and long-term intake. (C) Correlation between blood 
pressure and OTU mapping to Prevotella. (*P < 0.05, ****P < 0.00001 using 2-tailed unpaired Student’s t tests). Linear regression was used to analyze the 
relationship between blood pressure and Prevotella bacteria, and a type-I error rate of 0.05 was set to infer statistical significance.
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(Figure 8A). As shown in Figure 8, B and C, we found that high-salt feeding increased infiltration of  
the mouse colon and the Peyer’s patches with CD3+ cells and F4/80+ cells. Quantitative analysis by flow 
cytometry using a gating strategy to identify memory T cell subtypes (Figure 8D) confirmed a marked 
increase in CD45+/CD3+ cells and CD3+/CD8+ but not CD4+ T cells. There was also increased infiltration 
of  the colon with effector memory CD4+ and CD8+ T cells (Figure 8E). In additional experiments, we per-
formed flow cytometry quantification on the Peyer’s patches and did not find any significant differences in 
immune infiltration, except in CD4+ T cells and a reduction in T CD8+ cells (Figure 8F). These results sug-
gest that a high-salt diet increases the presence of  inflammatory cells in the gut potentially due to increased 
formation of  IsoLG protein adducts in antigen-presenting cells (APCs).

A high-salt diet sensitizes mice to a subpressor dose of  angiotensin II, leading to hypertension. To determine 
the mechanism by which high-salt intake predisposes to hypertension, we fed mice a normal or high-salt 
diet for 3 weeks and then implanted them with radiotelemeters to measure blood pressure and heart rate. 
Two weeks later, we implanted osmotic minipumps subcutaneously to deliver a continuous low dose of  
angiotensin II (140 mg/kg/h) for 2 weeks (Figure 9A). Mice consuming a normal salt diet and admin-
istered low-dose angiotensin II showed no increase in blood pressure. However, low-dose angiotensin II 
treatment caused a significant increase in systolic (Figure 9B), diastolic (Figure 9C), and mean arterial 
pressure (Figure 9D) in mice fed a high-salt diet, without altering heart rate (Figure 9E). These results 
suggest that a high-salt diet primes mice to hypertension.

A high-salt diet predisposes mice to aortic inflammation in response to a subpressor dose of  angiotensin II. To 
determine whether feeding mice a high-salt diet predisposes them to increased aortic inflammation in 
response to low-dose angiotensin II, we made single-cell suspensions from freshly isolated aorta tissue of  
mice fed a normal or high-salt diet and given low-dose angiotensin II. Mice fed a high-salt diet exhibited a 
marked increase in aortic infiltration of  both the number and percentage of  CD45+ total leukocytes (Figure 
10, A and B), number of  CD3+ T lymphocytes (Figure 10, C and D), and CD4+ and CD8+T cell subsets 
(Figure 10, E–G) in response to a subpressor dose of  angiotensin II. We observed no significant difference 
in numbers of  F4/80+ monocytes/macrophages (Figure 10, H and I) and CD19+ B lymphocytes (Figure 10, 
J and K) between normal salt–fed and high-salt diet–fed mice in response to low-dose angiotensin II nor did 

Figure 4. Effect of hypertension on gut pathology, inflammation, and isolevuglandin formation in humans. (A) Representative histological stain-
ing images with H&E and Masson’s trichrome for fibrosis as well as immunohistochemical analysis for infiltration of T cells and macrophages of colon 
sections of normotensive and hypertensive humans obtained from the Vanderbilt Cooperative Human Tissue Network. (B) Immunofluorescent represen-
tatives for isolevuglandin (IsoLG) staining. (C) Average data showing trichrome staining in normotensive and hypertensive individuals. (D) Average data 
for T cells. (E) Average data showing macrophages in hypertensive compared with normotensives. (F) Average data showing IsoLG accumulation in colon 
sections from hypertensive when compared with normotensive humans (*P < 0.05, **P < 0.001 using 2-tailed unpaired Student’s t tests).
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we detect any significant differences in inflammatory cells infiltrating the kidney (Supplemental Figure 2). 
These results suggest that a high-salt diet predisposes mice to aortic but not renal inflammation in response 
to a subpressor dose of  angiotensin II.

T cells from high-salt diet–fed mice treated with low-dose angiotensin generate high levels of  IFN-γ. We 
recently reported that exposure of  DCs to elevated concentrations of  salt drives cytokine production 
by T cells (23). Thus, we hypothesized that T cells from mice fed a high-salt diet would exhibit altered 
cytokine production in response to low-dose angiotensin II infusion. To address this, we isolated splen-
ic CD4+ and CD8+ T cells from normal and high-salt diet–fed mice infused with 140 ng/kg/min of  
angiotensin II for 2 weeks and then performed flow cytometry with intracellular staining for IFN-γ and 
IL-17A. The gating strategy to identify T cell populations among total splenocytes is shown in Figure 
11A. We found that among both CD4+ and CD8+ T cells, high-salt feeding followed by low-dose angio-
tensin II was associated with increased IFN-γ production (Figure 11, B–E). However, we observed 
no significant difference in T cell IL-17A production between normal salt and high-salt diet–fed mice 
treated with low-dose angiotensin II (Figure 11, F–I).

Fecal microbial transfer from mice fed a high-salt diet predisposes recipient germ-free mice to inflammation and 
hypertension. We performed fecal microbiota transplantation (FMT) from mice fed a high-salt diet into 
recipient germ-free mice using an experimental design shown in Figure 12A. We found that FMT from 

Figure 5. A high-salt diet alters the gut microbiome in mice. (A) Experimental design; cecal samples from C57BL/6 mice fed a high-salt diet for 3 weeks 
and regular diet (normal salt) were subjected to 16S rRNA analysis. (B) Body weight of normal salt diet– and high-salt diet–fed mice. (C) Species biodiver-
sity estimation in cecal samples of normal salt diet– and high-salt diet–fed mice. (D) Relative abundance of selected 16S rRNA gene targets with microbial 
primers for all taxa. (E) Relative abundance of selected 16S rRNA gene targets with given microbial primers of the 50 most abundant taxa. (F) Nonmetric 
multidimensional scaling (NMDS) showing that the bacteria from normal salt (NS) and high-salt (HS) diet–fed mice cluster separately. Effect of a high-salt 
diet on the phyla Firmicutes (G) and Bacteroidetes (H). (I) Effect of a high-salt diet on the Firmicutes/Bacteroidetes ratio (***P < 0.0001, n = 10 normal salt 
and n = 9 high salt using 2-tailed unpaired Student’s t tests).
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high-salt diet–fed mice to recipient germ-free mice resulted in significantly higher systolic blood pressure in 
response to a low subpressor dose of  angiotensin II when compared with mice with FMT from normal salt-
fed mice (Figure 12B). In additional studies, we found higher plasma levels of  IL-6 and IL-17 in recipient 
germ-free mice with FMT from high-salt diet–fed mice when compared with those with FMT from normal 
salt–fed mice (Figure 12, C and D). Our findings here clearly show that the gut microbiome plays a role in 
priming mice to hypertension in response to a low dose of  angiotensin II, which normally does not increase 
hypertension as previously reported (9, 23, 24).

Discussion
In the current studies, we identified what we believe to be a novel mechanism by which excess Na+ contrib-
utes to inflammation and hypertension. Our results indicate that a high-salt diet alters the gut microbiome 
in both humans and mice and is associated with increased IsoLG protein adduct formation in APCs, which 
leads to inflammation and hypertension (Figure 12E). We found that mice fed a high-salt diet have elevated 
blood pressure in response to an infusion of  angiotensin II at a dose that is generally subpressor. These mice 
also exhibited increased aortic and mesenteric arterial inflammation.

Figure 6. A high-salt diet depletes lactic acid–producing bacteria and leads to colonization of the gut by families Lach-
nospiraceae and Prevotellaceae in mice. (A) Effect of high salt on bacterial number of the Firmicutes phylum belonging 
to class Bacili, order Lactobacillales, family Leuconostocaceae, and genus Leuconostoc. (B) Effect of high salt on bacterial 
number of the class Bacilli belonging to the order Bacillales and genus Weissella. (C) Effect of high salt on bacterial num-
bers of the order Lactobacillales belonging to family Streptococcaceae. (D) Effect of high salt on bacterial number of the 
Firmicutes phylum belonging to class Clostridia, order Clostridiales, family Lachnospiraceae, and genus Lachnospiraceae 
UCG-006, Incertae Sedis, and the Lachnospiraceae FCS020 group and (E) family Prevotellaceae and genus Prevotella (*P < 
0.05, **P < 0.001, ***P < 0.0001, n = 10 normal salt and n = 9 high salt using 2-tailed unpaired Student’s t tests).
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Clinical and experimental studies have established a link among excessive salt intake, inflammation, 
and hypertension (25, 26), but the underlying mechanisms remain unclear. Resident DCs in the gut muco-
sa survey for pathogens and play a key role in regulating intestinal immune homeostasis. Previously, we 
showed that IsoLGs, which are oxidative products of  fatty acids, accumulate in DCs and act as neoantigens, 
promoting an autoimmune-like state and hypertension (9). Here, we found that excess dietary salt alters the 
gut microbiome and leads to hypertension by increasing immunogenic IsoLG protein adduct formation in 
CD11c+ APCs, leading to T cell activation and production of  the prohypertensive cytokine IFN-γ.

An important finding in the current studies is that salt-induced gut dysbiosis is associated with hyper-
tension and vascular inflammation following a subpressor dose of  angiotensin II in mice. The intestinal 
mucosa is rich in Na+ transporters and is the main absorptive site for dietary Na+. In our recent study, we 
demonstrated that DCs sense increased extracellular Na+ through amiloride-sensitive transporters, leading 
to calcium influx via the Na+/Ca2+ exchanger (23). Increased intracellular calcium activates protein kinase 
C, which phosphorylates and activates the NADPH oxidase subunit p47phox, leading to superoxide produc-
tion and formation of  immunogenic IsoLG protein adducts. DCs activated by excess Na+ secrete IL-1β and 
stimulate T cells to produce cytokines IL-17A and IFN-γ. When adoptively transferred into naive mice, 

Figure 7. A high-salt diet increases formation of isolevuglandin adducts and inflammation in the mesentery and mesenteric lymph nodes of mice. 
(A) Flow cytometry gating strategy to identify inflammatory cell subtypes. (B) Effect of a high-salt diet on mesenteric total CD45+ cells, CD3+ T cells, 
CD4+ T cells, and CD8+ T cells. (C) Effect of high salt on CD11c+ cells, surface expression of B7 ligand CD86 and intracellular isolevuglandin formation in 
CD11c+ cells. (D) Flow cytometry gating strategy to identify effector memory T cell subtypes. (E) Representative flow cytometry dot plots for T cell and 
effector memory T cell subtypes. (F and G) Effect of high-salt feeding on total CD45+ cells, CD3+ T cells, CD4+ T cell, and CD8+ T cells and effector memo-
ry CD4+ and CD8+ T cells in the mesenteric lymph nodes (percentages and numbers are shown; *P < 0.05, **P < 0.001 using 2-tailed unpaired Student’s 
t tests or Mann-Whitney according to the distribution).
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these activated DCs prime hypertension in response to a subpressor dose of  angiotensin II (23). Thus, it is 
conceivable that excess dietary Na+ is directly absorbed through the gastrointestinal wall to directly activate 
DCs via IsoLG protein adduct formation. These activated DCs then drive T cells to produce cytokines that 
can alter the gut microbiome and lead to inflammation and hypertension in a feed-forward fashion.

Recent evidence shows that gut microbiota play a role in the development of  cardiovascular disease, 
including hypertension (27, 28). Germ-free mice are resistant to hypertension and vascular dysfunction and 
have less renal and vessel infiltration of  immune cells after angiotensin II infusion (29). Importantly, trans-
plant of  the microbiome from hypertensive subjects increases blood pressure in germ-free recipient mice, 
suggesting a causal role of  the microbiome in development of  hypertension (30). A recent study found that 
the gut microbiome of  both hypertensive rats and humans is marked by an increase in the Firmicutes/Bacte-
roidetes ratio (31). Here, we found that a high-salt diet increased gut colonization by bacteria of  the phylum 
Firmicutes, with a resultant increase in the Firmicutes/Bacteroidetes ratio. This ratio reportedly increases in 
conditions of  obesity and metabolic syndrome in both experimental animals and in human subjects (32, 33).

Among members of  the Firmicutes phylum, we found that the bacteria enriched by high salt primarily 
belonged to family Lachnospiraceae, which belongs to the order Clostridiales and class Clostridia. This family 
has been linked to obesity and diabetes (20). We also found that a high-salt diet led to colonization of  the gut 
by Prevotella spp. in both mice and humans. Prevotella spp. have been associated with chronic inflammation, 
including periodontal disease (21) and rheumatoid arthritis (22), which are important risk factors for hyper-
tension and cardiovascular disease. Increases in Prevotella and decreases in Lactobacillus have been associat-
ed with the genesis of  autoinflammatory disease (34). Indeed, recent studies found that increased salt intake 
downregulated metabolite β-hydroxybutyrate (β-OHB). This was attributed to increased activation of  the 

Figure 8. A high-salt diet increases inflammation in the colon and Peyer’s patches of mice. (A) Immunohistochemistry images showing distribution of 
T cells and monocyte/macrophages in the entire gut of a high-salt diet–fed mouse. Scale bar: 100 μm. (B) Representative immunohistochemistry images 
showing increased infiltration of T cells and monocyte/macrophages in the colon of high-salt diet–fed mice compared with normal salt diet–fed mice. Scale 
bar: 100 μm. (C) Representative images showing increased infiltration of T cells and monocyte/macrophages in the Peyer’s patches of high-salt diet–fed 
mice compared with normal salt diet–fed mice. Scale bar: 100 μm. (D) Flow cytometry gating strategy to identify effector memory T cell subtypes. (E) Effect 
of high-salt feeding on total CD45+ cells, CD3+ T cells, CD4+ T cells, CD8+ T cells, and effector memory CD4+ and CD8+ T cells in the colon. (F) Effect of high-salt 
feeding on total CD45+ cells, CD3+ T cells, CD4+ T cells, CD8+ T cells, and effector memory CD4+ and CD8+ T cells in the Peyer’s patches (percentages and num-
bers are shown; *P < 0.05, **P < 0.001 using 2-tailed unpaired Student’s t tests).
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renal Nlrp3 inflammasome and increased production of  IL-1β leading to elevation in blood pressure, renal 
injury, and fibrosis. Consistent with our findings here and previously, elevated salt intake was associated with 
reduced Lactobacilli species and enrichment in Prevotella bacteria (6).

Convincing evidence gathered for over 50 years links inflammation with hypertension (9, 10). T cells 
infiltrate the kidneys and perivascular space in response to hypertensive stimuli and release inflammatory 
cytokines that promote renal and vascular dysfunction, leading to elevated blood pressure (11–13). One 
important finding in our studies is that excess dietary salt depletes the gut of  lactic acid–producing bacteria 
belonging to the order Lactobacillales, which exhibit immunomodulatory characteristics (35–42). A recent 
study by Mizoguchi et al. showed that oral administration of  lactic acid–producing bacteria attenuates 
atherosclerosis by inducing tolerogenic DCs (43). Moreover, treatment of  mice with Lactobacillus murinus 
prevented salt-sensitive hypertension (19). Our results confirm these findings and further provide a potential 
mechanism by which T cells are activated in response to an altered gut microbiome.

Alterations in gut microbiota composition may impair gut barrier function, allowing infiltration of  
microbial products into mesenteric fat and triggering an immune response and subsequent proinflammato-
ry cytokine production. We found that a high-salt diet increased DC infiltration into the mesenteric arterial 
arcade. These DCs showed increased expression of  B7 ligand and maturation/activation marker CD86, 
which was previously implicated in the genesis of  hypertension (44). Evidence reported here that high 

Figure 9. A high-salt diet predisposes to hypertension. Mice were fed a normal salt diet (black) or a high-salt diet, 8% 
NaCl (red), for 3 weeks. Osmotic minipumps were implanted at 3 weeks to deliver a subcutaneous low dose of angio-
tensin II (140 mg/kg/h) for 2 weeks. (A) Experimental strategy. Systolic (B), diastolic (C), mean arterial blood pressure 
(D), and heart rate (E) were monitored using radiotelemetry (n = 5 normal salt and 6 high salt; *P < 0.05, **P < 0.001, 
****P < 0.0001 high salt versus normal salt control, using 2-way repeated-measures ANOVA). D, day; N, night.
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dietary salt induces formation of  IsoLG protein adducts in DCs infiltrating the mesentery supports our 
prior work in which we found that IsoLG-adducted proteins accumulate in DCs, which become immu-
nogenic and promote inflammation and hypertension (9, 23). One limitation of  our study is that, while 
germ-free mice provide a powerful tool for studying the causative impact of  the gut microbiome to disease, 
their immune responses to pathological insults are considered naive to the “education” provided by the 
microorganisms present in the conventionally housed mice (1). We therefore took precaution to limit expo-
sure of  the germ-free mice to extreme stress and potential exposure to any pathogenic microorganisms by 
measuring blood pressure using the tail-cuff  method instead of  the state-of-the-art telemetry. A recent study 
found that while the tail-cuff  method systematically underestimates central blood pressure as recorded by 
telemetry simultaneously in the same mouse, tail-cuff  recordings are similar to those obtained by telemetry 
in undisturbed mice (2). Second, stress due to changes in housing could potentially influence blood pressure 
in addition to the microbiota. Despite these limitations, we found that germ-free mice that received FMT 
from high-salt diet–fed mice developed a significantly higher blood pressure in response to a low suppressor 
dose of  angiotensin II when compared with mice that received FMT from normal salt-fed mice. In addi-

Figure 10. A high-salt diet predisposes mice to aortic inflammation in response to low-dose angiotensin II. Mice 
were fed a normal salt diet or a high-salt diet, 8% NaCl, for 3 weeks. Osmotic minipumps were implanted at 3 weeks to 
deliver a subcutaneous low dose of angiotensin II (140 mg/kg/h) for 2 weeks. The mice were sacrificed, and single-cell 
suspensions were prepared from freshly isolated mouse aortas via enzymatic digestion and mechanical dissociation. 
Live-cell singlets were analyzed for vascular inflammatory cells including number and percentages CD45+ total leuko-
cytes (A and B), CD3+ T lymphocytes (C and D), CD4+/CD8+T cell subsets (E, F, and G), F4/80+ monocytes and macro-
phages (H and I), and CD19+ B lymphocytes (J and K). An unpaired t test was used to compare infiltrating leukocyte 
subsets between normal salt (NS) and high salt (HS) (*P < 0.05 using 2-tailed unpaired Student’s t tests).
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tion, germ-free mice that received FMT from high-salt diet–fed mice had higher levels of  IL-17 and IL-6. 
In previous studies, we found that DCs that accumulate IsoLGs produce elevated levels of  IL-6 and induce 
production of  IL-17 by T cells, promoting an autoimmune-like state and hypertension (9). Our results 
reveal a potentially novel pathway by which excess dietary salt promotes inflammation and hypertension 
by altering the gut microbiome. These findings may guide development of  therapeutic approaches tailored 
to reduce hypertension and attendant end-organ damage.

Methods
Human study population. We recruited 135 healthy volunteers (nonpregnant/nonlactating women and men, 
aged 18–50) for a single study visit at the University of  Pennsylvania from 2012 to 2014, as part of  the ABO 
Glycoproteomics in Platelets and Endothelial Cells (ABO) Study. Stool samples were collected as part of  
a microbiome-focused substudy. Exclusion criteria included history of  organ transplant, tobacco, and pre-
scription medication use (except oral contraceptives). Participants were instructed to avoid over-the-counter 
medications, dietary supplements, and vitamins for 2 weeks prior to the sample collection.

Human dietary sodium estimation. Dietary Na+ intake was estimated from self-reported dietary intake. Sub-
jects completed validated 3-day food records prior to the study visit, including on the day directly before the 
visit and a weekend day (high-quality records were available for n = 132; ref. 45). Nutrient composition from 
food records was analyzed using Food Processor 8.1 (ESHA Research). For our study, we consider these data 
to represent short-term dietary intake. All subjects also completed a Food Frequency Questionnaire (FFQ) to 
assess habitual dietary intake. This questionnaire prompted subjects to report frequency of  consumption and 

Figure 11. Cytokine production of T cells in the spleen of mice fed normal or high-salt diet. Mice were fed a normal salt diet or a high-salt diet, 8% NaCl, 
for 3 weeks. Osmotic minipumps were implanted at 3 weeks to deliver a subcutaneous low dose of angiotensin II (140 mg/kg/h) for 2 weeks. The mice 
were sacrificed, and single-cell suspensions were prepared from freshly isolated mouse spleens via enzymatic digestion and mechanical dissociation. (A) 
Gating strategy for identifying T cell populations among total splenocytes. Intracellular staining for IFN-γ (B–E) and IL-17A (F–I) production in T cell subsets 
(*P < 0.05 using 2-tailed unpaired Student’s t tests). NS, normal salt; HS, high salt.
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serving size of  134 food items over the previous year (the National Cancer Institute’s Diet History Question-
naire [DHQ I]; ref. 46). Completed subject responses were analyzed using Diet*Calc version 1.5.1. For our 
study, we consider these FFQ data to reflect long-term dietary intake. Self-reported dietary intake was typical 
of  the Philadelphia region, with the majority of  subjects eating omnivorous diets with macronutrient con-
sumptions consistent with the Standard American Diet (51% energy from carbohydrates, 34% energy from 
fat, 15% energy from protein). The American Heart Association recently issued dietary recommendations to 
maintain sodium intake <2.3 g/d. We thus grouped individuals into normal (<2.3 g sodium/d) or high (≥2.3 
g sodium/d) sodium intake based on the sodium estimates from short-term and long-term dietary reports.

Human sample processing, DNA extraction, and sequencing. Subjects collected a stool sample within 24 
hours prior to the study visit using a provided kit (Commode Specimen Collection System, Fisher Scientif-
ic). Samples were stored at 4°C and aliquots (~400 mg each) made within 36 hours of  collection. Samples 
were stored at –80°C prior to nucleic acid extraction. DNA was isolated using the PSP Spin Stool DNA 
Plus Kit (Stratec). DNA was quantified to ensure equal DNA input across samples for amplification and 
sequencing. The 16S rRNA gene region was amplified using barcoded primers (Eurofins Genomics; primer 
sequences were from Caporaso, et al.; ref. 47), and DNA libraries were purified using a MinElute PCR 
Purification kit (Qiagen) prior to quantification and pooling. Pooled DNA libraries were sequenced using 
the MiSeq platform, 300-bp paired-end reads, at an average depth of  158,000 reads/sample (Illumina Inc.). 
Samples were extracted and sequenced in 2 batches, one at the University of  Pennsylvania Next-Gen-
eration Sequencing Center (UPenn NGSC) and the other at the Vanderbilt Technologies for Advanced 
Genomics (VANTAGE) core. There were minor differences in microbiome profiles by batch (P = 0.04), but 
no differences in dietary sodium intake or other variables. Analysis by batch confirmed that the conclusions 
were not altered by batch effects, and thus all subjects were included in the analysis.

Figure 12. Fecal microbial transfer from mice fed a high-salt diet predisposes recipient germ-free mice to inflammation and hypertension. (A) 
Experimental design for fecal material transfer (FMT) from conventionally fed mice fed a high-salt diet into recipient germ-free mice. (B) Tail cuff 
systolic blood pressure of normal salt (NS) and high salt (HS) FMT recipient germ-free mice in response to a low subpressor dose of angiotensin II. (C 
and D) Plasma levels of IL-6 and IL-17 in recipient germ-free mice with FMT from high-salt diet–fed mice when compared with those with FMT from 
normal salt–fed mice (*P < 0.05 using 2-way repeated-measures ANOVA). (E) Paradigm illustrating how excess dietary salt alters the gut microbiome 
and activates DCs, leading to hypertension. A high-salt diet compromises the microbiome and induces production of IsoLG protein adduct formation 
in CD11c+ cells. The DCs become activated and promote T cell production of IL-17 and IFN-γ, leading to hypertension.
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Animals. Three-month-old C57Bl/6 male mice purchased from The Jackson Laboratory were fed a 
high-salt (8% NaCl) diet + 1% NaCl water or regular chow and water ad libitum for 3 weeks, as described 
previously (48). Osmotic minipumps (Alzet, model 2002) were then implanted in mice anesthetized with 
xylazine/ketamine for infusion of  low-dose angiotensin II (140 ng/kg/min) over a 2-week period as previ-
ously described (9). Blood pressure was monitored by radiotelemetry. After telemetry implantation, mice 
were allowed to recover for 10 days before implantation of  osmotic minipumps. Mice were housed in indi-
vidual cages and were randomized to either high-salt or normal salt feeding for the duration of  the entire 
experiment. The high-salt and normal salt diets were obtained from the same company (Research Diets 
Inc.) and were custom-made in such a way that only the concentration of  NaCl was different between the 
diets. All the experiments and data analyses were performed in a blinded fashion.

Gut microbiota characterization. Mouse cecal samples were aseptically collected at sacrifice and stored at 
–80°C until processing. Microbial DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, 
catalog 51504) according to the manufacturer’s instructions. 16S rRNA gene amplicons were generated 
using a method reported by the Schloss laboratory (49). That protocol uses PCR with dual-indexed primers 
targeting the V4 region of  the 16S rRNA gene and including Illumina sequencing adapters, allowing for 
sequencing directly after PCR cleanup. Sequencing was performed on the Illumina MiSeq using V2 2X250 
BP chemistry at the VANTAGE core facility.

Isolation of  immune cells from the mouse gut tissue. Single-cell suspensions of  Peyer’s patches, colon, 
and mesenteric lymph nodes were prepared, with some modifications as described previously (50). 
Briefly, mice were perfused with PBS, and 4 lymph nodes located closest to the cecum were collected. 
Ten centimeters of  small intestines were cut below the pyloric sphincter, and large intestines were 
removed and separated. Peyer’s patches (4 per mice) were isolated from the small intestine. Both small 
and large intestines were completely cleaned of  mesenteric fat and intestinal content with PBS and 
placed in 5 mL of  HBSS/10 mM HEPES, 8% FBS, and 0.1 mg/mL collagenase D. Intestinal pieces 
were mechanically dissociated using with scissors for 2 minutes and digested while rotating at 7 g and 
37°C for 20 minutes. Intestinal pieces were filtered using a 70-μm cell strainer and washed with cold 
RPMI 1640 medium. Lymph nodes were gently dissociating through a 70-μm cell strainer using the 
plunger of  a 3-mL syringe. Samples were centrifuged at 400 g for 5 minutes at 4°C. Small intestines and 
colon were resuspend in 6 mL of  44% Percoll solution at room temperature and underlaid with 3 mL 
of  room temperature 67% Percoll solution. Samples were centrifuge at 1600 g for 20 minutes at room 
temperature without using the brake. Buffy coats at the 44%–67% interface were collected, and flow 
cytometry staining was performed.

Flow cytometry. Single-cell suspensions of  aorta, mesentery, colon, mesenteric lymph nodes, Peyer’s 
patches, kidney, and spleen were prepared, as described previously (24). In brief, the aorta and mesenteric 
arteries plus surrounding perivascular fat were minced with fine scissors and digested with 1 mg/mL col-
lagenase A and 1 mg/ml collagenase B in phenol-free RPMI 1640 medium with 5% FBS for 30 minutes at 
37°C, with intermittent agitation. Kidneys were similarly dissociated mechanically and then digested with 
collagenase D (1 mg/ml) and DNase I (100μg/ml) in RPMI 1640 medium supplemented with 5% FBS. 
Mechanical dissociation was performed using a semiautomated dissociater device (Miltenyi) according to 
the manufacturer’s instructions followed by enzymatic dissociation for 20 minutes at 37°C.

Cell viability was evaluated using a LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Thermo Fisher, 
L34955). The following antibodies were used for flow cytometry: APC anti-CD45, APC-Cy7 anti-F4/80, 
PE-Cy7 anti-CD11c, Pacific Blue anti-CD86, BV510 anti-CD19, PE anti-CD3e, PerCP-Cy5.5 anti-CD4 
and FITC anti-CD8a. IsoLG protein adducts were detected by intracellular staining with the single-chain 
antibody D-11 labeled with a fluorochrome using the APEX Alexa Fluor 488 Antibody Labeling kit 
(Invitrogen). Cells were fixed and permeabilized for intracellular IsoLG detection using a cell permeabili-
zation kit (Invitrogen). For each experiment, we performed flow minus one controls for each fluorophore 
to establish gates. Data were analyzed using FlowJo software (Tree Star Inc.).

Analysis of  cytokine production by T cells using intracellular staining. Splenocytes (1 × 106) were suspended in 
1 mL RPMI supplemented with 5% FBS and stimulated with 2 μl/mL BD Leukocyte Activation Cocktail 
(ionomycin and phorbol myristic acetate plus the Golgi inhibitor brefeldin A) at 37°C for 5 hours. Dead 
cells were excluded using a Fixable Violet Dead Cell Stain kit (Thermo Fisher Scientific). The following 
antibodies were employed to stain cell surface proteins of  T cells: PerCP-Cy5.5 anti-CD45 (BD Pharmigen, 
clone 30-F11), PE anti-CD3 (Biolegend, clone 145-2C11), PE-Cy7 anti-CD4 (Biolegend, clone GK1.5), 
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and APC-H7 anti-CD8 (BD Bioscience, clone 53-6.7). Intracellular staining was then performed using 
APC anti-IL17A and FITC anti-IFN-γ antibodies (eBioscience) and a Cytofix/Cytoperm Plus fixation/
permeabilization solution kit (BD Biosciences).

Histology. All histology processing and immunohistochemistry staining for immune cells were performed 
as previously described (51). IsoLG protein adducts were analyzed by immunofluorescence using a D11 ScFv 
antibody that identifies IsoLG-lysine adducts independent of the protein backbone as previously described (22) 
and quantified using the NIH ImageJ software. The human tissue samples were provided by the NCI Coopera-
tive Human Tissue Network. Other investigators may have received specimens from the same tissue specimens.

FMT. Conventionally housed 3-month-old C57Bl/6 male mice were fed a high-salt diet or regular chow 
for 3 weeks. Fecal pellets were harvested and transported to Taconic on dry ice for fecal transfer into recip-
ient germ-free mice over a period of  7 days. The recipient mice were transferred to Vanderbilt, where they 
were housed conventionally and implanted with osmotic minipumps (Alzet, model 2002) for infusion of  
low-dose angiotensin II (140 ng/kg/min) over a 2-week period. Blood pressure was monitored by tail cuff.

Availability of  data and material. The data sets used and/or analyzed during the current study are 
available in the Sequence Read Archive (accession SRP153041) and Figshare (https://figshare.com/arti-
cles/16S_Mouse_data/6845525).

Statistics. Continuous data are expressed as mean ± SEM. Normality of  distribution of  continuous 
data was accessed by Shapiro-Wilk test. Comparisons made between 2 continuous variables were per-
formed using 2-tailed unpaired Student’s t tests or Mann-Whitney according to the distribution. Two-
way repeated-measures ANOVA was used to compare changes in blood pressure over time followed 
by Bonferroni multiple comparison test. Relationships between continuous variables were assessed by 
Pearson correlation. Statistical analyses were performed by GraphPad Prism 5.00 and SigmaPlot 12.0. 
For 16S sequence analysis, DNA sequences in Fastq files were assembled, clustered, and phylogenet-
ically classified using the Mothur pipeline (52). Phylogenetic classification was performed against the 
Silva V123 16S database. Mothur was run using standard cutoffs, creating OTU clusters at 97% identity. 
For 16S rRNA gene abundance analysis, OTU tables generated from Mothur were analyzed using 2 R 
packages: Phyloseq (53) and MGSAT (https://bitbucket.org/andreyto/mgsat [commit ID cf60252]). A 
type-I error rate of  0.05 was set to infer statistical significance. Statistical analysis controlling for age, sex, 
BMI, race, and sodium was conducted in R software. Log2 transformation was performed on bacteria 
with highly skewed data distribution. Multiple imputation was performed to impute missing data with 
Hmisc package in R. Linear regression was used to analyze the relationship between blood pressure and 
the bacteria. Age, sex, BMI, race, and sodium were also included in the regression model.

Study approvals. All human subjects provided written informed consent. The study was approved by the 
Institutional Review Boards of  the University of  Pennsylvania and Vanderbilt University. Animal studies 
were approved by the Institutional Animal Care and Use Committee at Vanderbilt University. The Vander-
bilt Animal Care and Use Program is registered with the United States Department of  Agriculture (USDA 
registration63-R-0129) and operates under a Public Health Service Animal Welfare Assurance Statement 
(PHS assurance A3227-01) in AAALAC-accredited facilities.
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