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Abstract

Immune system activation contributes to the pathogenesis of hypertension and the resulting 

progression of chronic kidney disease (CKD). In this regard, we recently identified a role for pro-

inflammatory Th1 T lymphocyte responses in hypertensive kidney injury. As Th1 cells generate 

IFN-γ and TNF-α, we hypothesized that IFN-γ and TNF-α propagate renal damage during 

hypertension induced by activation of the renin-angiotensin system (RAS). Therefore, after 

confirming that mice genetically deficient of Th1 immunity were protected from kidney 

glomerular injury despite a preserved hypertensive response, we subjected mice lacking IFN-γ or 

TNF-α to our model of hypertensive CKD. IFN-deficiency had no impact on blood pressure 

elevation or urinary albumin excretion during chronic angiotensin II infusion. By contrast, TNF-

deficient (KO) mice had blunted hypertensive responses and reduced end-organ damage in our 

model. As Ang II-infused TNF KO mice had exaggerated eNOS expression in the kidney and 

enhanced nitric oxide (NO) bioavailability, we examined the actions of TNF-α generated from 

renal parenchymal cells in hypertension by transplanting wild-type or TNF KO kidneys into wild-

type recipients prior to the induction of hypertension. Transplant recipients lacking TNF solely in 

the kidney had blunted hypertensive responses to Ang II and augmented renal eNOS expression, 

confirming a role for kidney-derived TNF-α to promote Ang II-induced blood pressure elevation 

by limiting renal NO generation.
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An accumulating body of evidence indicates that activation of the adaptive immune system 

contributes to the pathogenesis of hypertension and the associated progression of chronic 

kidney disease (CKD). In the majority of CKD patients, agents that inhibit the renin 

angiotensin system (RAS) reduce blood pressure and urinary albumin excretion indicating 
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that inappropriate RAS activation drives blood pressure elevation in this population.1 The 

key effector molecule of the RAS, angiotensin (Ang) II, activates the immune system in the 

setting of hypertension, leading to the infiltration of T lymphocytes into the kidney and 

vasculature.2, 3 Blocking this T cell accumulation limits kidney damage in hypertension, and 

complete deficiency of T cells blunts the chronic hypertensive response to Ang II.2, 3 Thus, 

T cells can potentiate blood pressure elevation and the progression of CKD in Ang II-

dependent hypertension.

The precise actions of individual T cell subsets in hypertension vary according to the 

cytokines they secrete. For example, Th17 T cells that produce IL-17 are pro-hypertensive 

as animals lacking IL-17 are protected from Ang II-induced hypertension.4 By contrast, 

repeated transfer of T regulatory cells that produce IL-10 and TGF-β can limit Ang II-

induced blood pressure elevation.5 In our own experiments, mice lacking pro-inflammatory 

Th1 cells that produce IFN-γ and TNF-α were protected from hypertensive damage to the 

kidney glomerulus despite a preserved blood pressure response to Ang II.6 However, the 

mechanisms through which Th1 cells instigate hypertensive renal injury and the relative 

contributions of IFN-γ and/or TNF-α to Th1-mediated CKD progression require elucidation. 

In the present studies, we therefore interrogated the actions of IFN-γ and TNF-α in Ang II-

induced CKD by using mice genetically deficient of these cytokines.

Methods

Experimental animals

T-bet−/− (B6.129S6-Tbx21tm1Glm/J) and TNF-α knockout (B6129S-Tnftm1Gkl/J) mice on the 

C57BL/6 background were obtained from Jackson Laboratory and backcrossed to the 129/

SvEv strain for 6 generations to increase susceptibility to kidney damage. Then, T-bet or 

TNF-α heterozygotes were intercrossed to yield the wild-type (WT) and knockout (KO) 

littermates for our experiments. All of the animal studies were approved by the Durham 

Veterans’ Affairs Medical Center Institutional Animal Care and Use Committee and 

conducted in accordance with the National Institutes of Health Guide for the Care and Use 

of Laboratory Animals. Eight to twelve-week-old male mice were employed in the current 

studies.

Model of Ang II-induced Hypertensive CKD

Experimental mice (n≥9) underwent left nephrectomy followed one week later by 

implantation of a pressure-sensing catheter (TA11PA-C10, Data Sciences International) via 

the left common carotid artery as previously reported.7 After allowing 7 days for 

reestablishment of diurnal blood pressure variation, baseline blood pressure measurements 

were recorded for 3 days continuously by radiotelemetry in conscious, unrestrained animals. 

Next, an osmotic minipump (Alzet model 2004; DURECT) was implanted to infuse Ang II 

(1,000 ng·kg 1·min 1; Sigma-Aldrich) continuously for 28 days as described.7, 8

Additional Methods are available in the online Data Supplement.
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Results

T-bet Deficiency Mitigates Nephrinuria during Hypertension

In previous studies using our Ang II infusion model of CKD, T-bet-deficient (T-bet KO) 

mice that are unable to mount a Th1 response excreted less urinary albumin than controls 

despite a similar increase in mean arterial pressure.6 To confirm that the Th1 immune 

response mediates damage to the kidney glomerulus without altering blood pressure 

elevation, we analyzed systolic and diastolic blood pressures in Ang II-infused T-bet KO 

mice and wild-type controls (WT) and measured urinary excretion of nephrin, a marker for 

the glomerular podocytes that prevent the loss of albumin in the urine. Throughout the 

experimental period, both the WT and T-bet KO groups sustained a robust and similar 

increase in systolic and diastolic blood pressures as measured by radiotelemetry (Figure 1A–

B), confirming that Th1 immune responses do not influence the chronic hypertensive 

response to Ang II-mediated regulation of blood pressure. Following 4 weeks of Ang II 

infusion, both WT and T-bet KO mice had markedly increased urinary nephrin excretion 

compared to those infused with saline, signifying substantial loss of glomerular podocytes in 

the setting of Ang II-induced hypertension (Figure 1C). However, T-bet KO mice excreted 

50% less nephrin than the WTs (9.6±1.7 vs. 20.4±2.2 μg/24hrs; P=0.0005). Thus, Th1 

immune responses mediate damage to the kidney glomerulus during Ang II-induced 

hypertension through a blood pressure-independent mechanism.

Deficiency of TNF-α but not IFN-γ leads to blunted hypertensive response to Ang II

As Th1 T cells secrete both TNF-α and IFN-γ, we further dissected the contribution of Th1 

immunity to hypertensive CKD by subjecting TNF-α- and IFN-γ-deficient (TNF and IFN 

KO) mice to our CKD model in which one native kidney is removed prior to chronic Ang II 

infusion, rendering the remaining kidney more susceptible to hypertensive damage. At 

baseline, WT and TNF KO mice had similar mean arterial blood pressures (MAPs) (128±4 

vs. 124±1 mm Hg; P=NS; Figure 2A). However, chronic Ang II infusion induced 

significantly less blood pressure elevation in the TNF KO group than in WT controls (166±5 

vs. 183±4 mm Hg during Ang II infusion; P=0.01; Figure 2A). Consistent with their lower 

blood pressures, the Ang II-infused TNF KOs exhibited less cardiac hypertrophy following 4 

weeks of Ang II (8.5±0.5 vs. 10.0±0.4 mg heart weight/g body weight; P=0.02; Figure 2B). 

To assess kidney injury, we first measured urinary albumin excretion, and found that mice 

lacking TNF-α had more than 50% less albuminuria than the WT mice following 4 weeks of 

Ang II (2812±647 vs. 5803±1036 μg/24 hr; P<0.03; Figure 3A). As seen with the T-bet 

KOs, urinary nephrin excretion in the Ang II-infused TNF KOs was reduced by 

approximately 50% versus WT controls (Figure 3B). Moreover, by blinded semi-quantitative 

scoring, Ang II-infused TNF KO mice had over 20% less kidney injury compared to Ang II-

infused WTs (7.9±0.6 vs. 10.1±0.5 arbitrary units; P=0.012; Figure 3C–E). Consistent with 

the reduced levels of kidney damage, gene expression for the kidney injury marker 

neutrophil gelatinase-associated lipocalin (NGAL) was diminished by half in the TNF KO 

group compared to controls (Figure 4A). Collectively, these data suggest that TNF-α 

contributes to both Ang II-mediated blood pressure elevation and kidney damage in our 

hypertensive CKD model. By contrast, IFN KO mice mounted a blood pressure response 

similar to their WT controls during the Ang II infusion period, and exhibited no difference in 
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urinary albumin excretion following 4 weeks of Ang II (Supplemental Figure S1). Thus, 

TNF-α rather than IFN-γ contributes to the hypertensive CKD mediated by Th1 immune 

responses in our T-bet KO experiments. However, the muted hypertensive response in the 

Ang II-infused TNF KO group coupled with the preserved blood pressure elevation in the 

Ang II-infused T-bet KO cohort suggests that TNF-α generated by a cell lineage other than 

T lymphocytes drives blood pressure elevation in our model.

TNF KO mice have enhanced eNOS expression and renal nitric oxide production

We therefore explored whether TNF-α produced by non-immune cell lineages could 

influence the hypertensive response to Ang II. We considered the hypothesis that TNF-α 

produced in the vasculature promotes blood pressure elevation. However, we found that WT 

and TNF KO mice had similar elevations in blood pressure after increasing doses of acute 

intravenous Ang II infusion (Supplemental Figure S2), indicative of a preserved vascular 

response in the TNF KO cohort.

As the thick ascending limb in the kidney nephron is a potent source of TNF-α during RAS 

activation,9 we turned next to the possibility that TNF-α produced by renal parenchymal 

cells could regulate the hypertensive response. First, we quantitated mRNA expression in 

the kidney of several molecules implicated in blood pressure regulation. By realtime RT-

PCR, levels of neither renin nor Interleukin-1β expression were altered in kidneys from Ang 

II-infused TNF KO mice compared to their littermate WT controls (Figure 4A). By contrast, 

mRNA expression of nitric oxide synthase 3 (eNOS) was 4-fold higher in the kidneys from 

Ang II-infused TNF KO mice than in the WTs (4.02±1.36 vs. 1±0.17; P=0.04; Figure 4A). 

As eNOS catalyzes the generation of nitric oxide (NO)10, we quantitated NO bio-availability 

in the kidney by measuring the metabolites of NO in the urine. Despite similar levels of food 

and water intake (Supplemental Figure S3), the Ang II-infused TNF KO mice excreted 

markedly higher levels of nitrate/nitrite compared to WT controls (27.3±9.4 vs. 9.8±5.5 

nmol/24hours; P=0.01; Figure 4B). These data support the notion that TNF-α potentiates the 

hypertensive response by suppressing NO bio-availability within the kidney.

An essential role for kidney-derived TNF-α in Ang II-dependent hypertension

To determine whether TNF-α produced in the kidney suppresses eNOS and thereby 

promotes blood pressure elevation, we transplanted TNF KO or WT kidneys into genetically 

matched WT recipients and subjected these “KO→WT” mice lacking TNF only in the 

kidney or “WT→WT” transplant controls to our chronic Ang II infusion model. Even at 

baseline, the absence of TNF-α in the kidney alone in the KO→WT cohort was associated 

with an 8 mm Hg reduction in blood pressure versus WT→WT controls (122.6±2.0 vs. 

114.2±3.5 mmHg; P=0.05; Figure 5A). During Ang II infusion, both groups of transplanted 

mice had a robust increase in blood pressure. However, just as seen in the global TNF KOs, 

the KO→WT mice had a blunted hypertensive response compared to the WT→WT cohort 

(153.2±3.5 vs. 166.3±3.4 mmHg; P=0.02). Consistent with the lower blood pressures in the 

Ang II-infused KO→WT mice, cardiac hypertrophy in this group was less severe than in the 

WT→WTs (6.7±0.2 vs. 7.6±0.2 mg/gm; P=0.017; Figure 5B). The blunted hypertensive 

response in the KO→WT group was associated with less damage to the kidney glomerulus 

as measured by albuminuria (Figure 5C) and nephrinuria (Figure 5D), whereas renal T cell 
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infiltration (Supplemental Figure S4) and renal mRNA expression for NGAL (1.0±0.1 vs. 

1.0±0.1 au; P=NS) were similar in the KO→WT and WT→WT groups. Thus, TNF-α 

produced in the kidney plays an essential role in mediating Ang II-induced blood pressure 

elevation.

Renal TNF-α suppresses eNOS expression and nitric oxide production in the kidney

Next, we tested whether TNF-α produced by kidney cells directly regulates renal eNOS 

expression. Just as seen in the global TNF KOs, mRNA expression of eNOS was 

dramatically higher in the kidneys from Ang II-infused KO→WT mice than in WT→WT 

controls (2.04±0.43 vs. 1±0.05; P=0.037; Figure 6A). In turn, following 4 weeks of Ang II, 

KO→WT mice lacking TNF-α only in the kidney excreted 8-fold higher levels of urinary 

nitrate/nitrite compared to the WT→WTs (66.9±15.6 vs. 8.6±2.6 nmol/24hours; P=0.004; 

Figure 6B). These data suggest that kidney-derived TNF-α potentiates the chronic 

hypertensive response to Ang II by suppressing local eNOS expression and thereby 

diminishing local generation of NO.

Discussion

The current study pinpoints with increased precision how effectors of the Th1 immune 

response contribute to blood pressure elevation and hypertensive CKD. T-bet is a Th1 cell-

specific transcriptional factor that controls expression of the hallmark Th1 cytokines, IFN-γ 

and TNF-α.11 Accordingly, T-bet-deficient mice are unable to mount a Th1 immune 

response as illustrated in several models of autoimmunity.12, 13 In our model of hypertensive 

CKD, T-bet KO mice have a hypertensive response that is nearly identical to wild-type 

controls. In spite of this preserved hypertensive response to Ang II, T-bet deficiency limits 

the urinary excretion of nephrin, consistent with reduced glomerular podocyte loss in the 

absence of a Th1 immune response.6

Among the Th1 effectors, IFN-γ signaling has the capacity to regulate glomerular podocyte 

function in immune-mediated models of renal injury.14 Nevertheless, we were unable to 

detect differences in blood pressure or albuminuria between wild-type and IFN-γ KO mice 

during Ang II-dependent hypertension in the present studies. Thus, consistent with reports 

from other groups, our data do not implicate IFN-γ in potentiating blood pressure elevation 

or Th1-induced damage to the kidney glomerulus.3, 15

By contrast, we found that mice lacking TNF-α had a blunted hypertensive response and 

protection from target organ damage in our hypertensive CKD model. The finding that TNF-

α promotes blood pressure elevation is consistent with observations from several in vivo 

models of hypertension both in the presence or absence of renal injury, suggesting that the 

effects of TNF-α to raise blood pressure during RAS activation do not depend on TNF-

induced kidney damage.3, 16, 17 Conversely, as TNF-blockade2, 18 or T-bet deficiency6 can 

reduce kidney injury in hypertension without alterations in blood pressure, TNF-α appears 

to potentiate hypertensive renal damage independently of blood pressure.

TNF-α could potentially regulate blood pressure by acting in several cardiovascular control 

centers, including the immune system, the vasculature, the sympathetic nervous system, and 
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the kidney. Within the immune system, TNF-α can control the expression of other cytokines 

such as IL-1 through the activation of NF-κB,19 and our preliminary studies point to a role 

for IL-1 receptor signaling in the pathogenesis of hypertension.20 Nevertheless, renal levels 

of IL-1 were similar between our WT and TNF KO groups, and the persistence of a full 

chronic hypertensive response in our T-bet-deficient animals suggests that TNF-α produced 

by Th1 T lymphocytes is not a major contributor to Ang II-induced blood pressure elevation.

Within the vasculature, TNF-α can act at the level of the vascular smooth muscle cell 

(VSMC) or the endothelium. In VSMCs, for example, TNF activates NADH leading to 

oxidative stress.21 Accordingly, TNF-α drives blood vessel remodeling in the airway during 

pulmonary inflammation,22 and TNF blockade relieves aortic stiffness detected in human 

patients with inflammatory arthropathies.23 Within the vascular endothelium, TNF-α 

induces adhesion molecules including ICAM-1 and VCAM-1 via an NF-κB-dependent 

pathway.24, 25 These pleiotropic effects of TNF-α in the vasculature might be expected to 

enhance susceptibility to a hypertensive stimulus. Nevertheless, TNF-deficiency had no 

impact on the acute in vivo vasopressor response in our experiments.

Within the nervous system, TNF-α can similarly potentiate sympathetic outflow by 

activating the NF-κB signaling pathway. Through this mechanism TNF-α generates reactive 

oxygen species in the paraventricular nucleus, which can have profound effects on the 

sensitivity to Ang II-induced blood pressure elevation.26, 27 In this regard, our kidney 

transplant model will admittedly underrepresent a contribution of the sympathetic nervous 

system (SNS) as the transplanted kidneys are denervated.8 Nevertheless, our transplanted 

wild-type animals mounted a robust blood pressure elevation in our hypertensive CKD 

model that was similar to our non-transplanted wild-type cohort, suggesting that the effects 

of the renal nerve on the hypertensive response in our particular model may be limited.

In the absence of measurable effects of immune-, vascular-, or SNS-derived TNF-α on the 

hypertensive response in our model, we focused the remainder of our experiments on a 

possible role of TNF-α derived specifically from the kidney in mediating Ang II-induced 

blood pressure elevation. We found that transplanted mice lacking TNF-α solely in the 

kidney had a markedly blunted chronic hypertensive response. Thus, TNF-α generated by 

kidney parenchymal cells contributes to the pathogenesis of hypertension in the setting of 

RAS activation.

TNF-α could act within several cell lineages in the kidney to modulate blood pressure.28 In 

juxtaglomerular cells, TNF-α regulates transcription of renin, which would impact the 

hypertensive response via RAS activation.29 However, in the current experiments renin 

expression in the kidney was not different between the Ang II-infused WT and TNF KO 

groups, which may reflect renin suppression in both groups by exogenous Ang II 

administration. Similarly, the Majid group has clearly demonstrated that TNF-α can provoke 

renal vasoconstriction by activating TNFR1 in the renal vasculature,30 but in our 

experiments the induction of an acute pressor response by Ang II did not require TNF-α.

We therefore focused on the possible actions of TNF-α in the renal epithelium, particularly 

as the thick ascending limb is a potent source of TNF-α in the setting of RAS activation 9 
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and TNF-α has been reported to have both suppressive and stimulatory effects on activity of 

the NKCC2 sodium co-transporter in this nephron segment 10, 31. Garvin and colleagues 

have reported that in the thick ascending limb, TNF-α negatively regulates expression of 

eNOS via the Rho/Rho kinase signaling pathway.10 Consistent with this notion, we find that 

deficiency of TNF-α in the kidney permits exaggerated renal eNOS expression leading to 

enhanced bioavailability of NO in the kidney. NO, in turn, acts to suppress blood pressure 

elevation as evidenced by the hypertensive phenotype of L-NAME-treated or eNOS-

deficient animals.32, 33

Perspectives

Judging by the broad efficacy of angiotensin receptor blockers in treating large numbers of 

hypertensive patients with CKD, inappropriate activation of the RAS makes a critical 

contribution to blood pressure elevation and progressive renal injury. The current studies 

indicate that, in the setting of RAS activation, TNF-α produced by pro-inflammatory T-bet-

expressing Th1 lymphocytes mediates kidney damage without impacting blood pressure 

whereas TNF-α produced by kidney parenchymal cells raises blood pressure, likely through 

the suppression of local nitric oxide generation. Given the availability of TNF antagonists 

for the treatment of human inflammatory diseases, pinpointing the precise cell lineages 

through which TNF mediates pathological cardiovascular effects will be paramount, 

particularly as global, untargeted TNF blockade at higher doses may be detrimental in 

patients with cardiac dysfunction 34. By elucidating cell-specific actions of TNF in the 

pathogenesis of hypertension and CKD, the current studies should aid the design of more 

targeted therapeutics to confront these highly prevalent cardiovascular diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is New?

• The mechanisms through which Th1 immune responses direct kidney damage in 

hypertension during RAS activation are not established. The in vivo contribution 

of TNF-α in the kidney to angiotensin II-dependent blood pressure elevation 

requires elucidation.

What is Relevant?

• Understanding the precise actions of Th1 cytokines in kidney injury and blood 

pressure elevation is critical as antagonists of cytokine signaling are now in 

clinical use.

Summary

• The Th1 immune response mediates damage to the kidney in hypertension 

through the actions of TNF-α. By contrast, TNF-α produced by renal 

parenchymal cells potentiates blood pressure elevation by suppressing nitric 

oxide generation during RAS activation.
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Figure 1. 
Th1 immune responses exaggerate urinary excretion of nephrin in Ang II-dependent 

hypertension. A, Systolic and B, Diastolic blood pressures measured by radiotelemetry in 

the experimental groups at baseline (“pre”) and during chronic Ang II infusion. Wild-type 

(WT), circles. T-bet KO (KO), squares. n = 7 per group. C, Urinary nephrin excretion (μg/

24hrs) after 25 days of Ang II.
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Figure 2. 
TNF-α potentiates Ang II-induced hypertension and cardiac hypertrophy. A, Mean arterial 

blood pressures measured by radiotelemetry in wild-type (WT) and TNF-α-deficient (KO) 

groups at baseline (“pre”) and during 3 weeks of chronic Ang II infusion. WT, circles. KO, 

triangles. n = 9 per group. B, Ratio of heart weight/body weight (mg/g) after 28 days of Ang 

II.
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Figure 3. 
TNF-α contributes to the progression of hypertensive CKD. A, Urinary albumin and B, 

nephrin excretion (μg/24hrs) in wild-type (WT) and TNF KO (KO) groups after 25 days of 

Ang II. C–D, Representative images of kidney sections from (C) WT and (D) TNF KO 

groups. E, Semi-quantitative kidney injury scores calculated per Methods after 4 weeks of 

Ang II.
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Figure 4. 
TNF-α suppresses generation of nitric oxide (NO) in the kidney during hypertension. A, 

mRNA expression of renin, IL-1b, eNOS, and NGAL in the WT and TNF KO kidneys 

measured by real-time PCR after 4 weeks of Ang II. B, Total urinary excretion of NO 

metabolites after 25 days of Ang II.
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Figure 5. 
Ang II mediates blood pressure elevation through TNF-α generated in the kidney. A, Mean 

arterial blood pressures measured by radiotelemetry in wild-type recipients of TNF KO 

kidneys (KO→WT, triangles) or wild-type kidneys (WT→WT, circles) at baseline (“pre”) 

and during 3 weeks of Ang II infusion. * P=0.04 for baseline, #P=0.02 over Ang II infusion 

period, n 6 per group. B, Ratio of heart weight/body weight (mg/g) after 4 weeks of Ang II. 

C–D, Urinary excretion of (C) albumin (μg/mg creatinine) and (D) nephrin (μg/24hrs) 

following 4 weeks of Ang II.
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Figure 6. 
Renal generation of nitric oxide (NO) in kidney transplantation groups. A, mRNA 

expression of eNOS measured by real-time PCR in the transplanted kidney after 4 weeks of 

Ang II. B, Urinary excretion of NO in the transplant groups at day 25 of Ang II.
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