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1 |  INTRODUCTION

It is generally perceived that a high-salt (HS) diet is asso-
ciated with many cardiovascular and metabolic disorders 
such as hypertension and exacerbation of inflammation. 
Evidences are no less to suggest that a HS diet is associated 

with higher biomarkers of inflammation. Many recent stud-
ies have also contributed to the fact that hypertension is 
a chronic inflammatory disease condition with an imbal-
ance between pro-inflammatory and anti-inflammatory 
cytokines. Such imbalance is induced by dysregulation of 
the renin-angiotensin system (RAS) and oxidative stress, 
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Abstract
High salt (HS) intake is usually considered as an aggravating factor to induce inflam-
matory renal injury. However, the changes in the renal levels of inflammatory cy-
tokines during HS intake is not yet clearly defined. We hypothesize that HS increases 
renal levels of tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) but de-
creases interleukin-10 (IL-10; anti-inflammatory cytokine) and these responses exac-
erbate in NO deficient conditions. Both wild-type (WT) and endothelial NO synthase 
knockout (eNOSKO) mice (~8 weeks old, n = 6 in each group) were given normal-
salt (NS; 0.3% NaCl) and HS (4% NaCl) containing diets for 2 weeks. Systolic blood 
pressure (SBP) was determined by tail-cuff plethysmography and urine collections 
were made using metabolic cages. Basal SBP was higher in eNOSKO than WT mice 
(131  ±  7 vs 117  ±  3  mmHg; p  <  .05). HS intake for 2  weeks increased SBP in 
eNOSKO (161 ± 5 mmHg) but not in WT mice. In NS groups, the cytokine levels 
in renal tissues (measured using ELISA kits and expressed in pg/mg protein) were 
significantly higher in eNOSKO than WT mice (TNF-α, 624 ± 67 vs. 325 ± 73; IL-6, 
619 ± 106 vs. 166 ± 61; IL-10, 6,087 ± 567 vs. 3,929 ± 378). Interestingly, these 
cytokine levels in HS groups were significantly less both in WT (TNF-α, 114 ± 17; 
IL-6, 81 ± 14; IL-10, 865 ± 130) and eNOSKO (TNF-α, 115 ± 18; IL-6, 56 ± 7; 
IL-10, 882 ± 141) mice. These findings indicate that HS induces downregulation of 
cytokines in the kidney. Such HS-induced reduction in cytokines, particularly TNF-α 
(a natriuretic agent), would facilitate more salt-retention, and thus, leading to salt-
sensitive hypertension in NO deficient conditions.
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which are associated with increased dietary salt intake 
and aging (Das, 2006; Guzik et al., 2007; Mattson, 2014; 
Rodriguez-Iturbe et  al.,  2004). Not only as an inducer of 
oxidative stress, but angiotensin II (AngII) is also known 
to induce increased production of inflammatory cytokines 
such as tumor necrosis factor-alpha (TNF-α) and inter-
leukin (IL-6) (Funakoshi et  al.,  1999; Han et  al.,  1999; 
Ruiz-Ortega et  al.,  2002; Sanz-Rosa et  al.,  2005). In ex-
periments with rodent models, chronic intake of the HS 
diet does not alter systemic blood pressure (BP) (Kopkan 
et  al.,  2010; Lara et  al.,  2012). However, HS diet fed to 
rodents-treated chronically with AngII or a NO synthase 
(NOS) inhibitor, nitro-L-arginine-methyl ester (L-NAME) 
or in endothelial NOS knockout (eNOSKO) mice exagger-
ated the hypertensive response, and renal inflammatory 
tissue injury (Francois et  al.,  2008; Kopkan et  al.,  2010; 
Kopkan & Majid,  2005; Nakamura et  al.,  2011; Singh 
et al., 2013, 2017). HS intake in eNOSKO mice has been 
shown to augment hypertension and renal injury associated 
with increased oxidative stress and the production of AngII 
(Nakamura et al., 2011). These results indicate that HS diet 
influences the production of inflammatory cytokines in 
the condition of increased oxidative stress or in enhanced 
RAS activity. We have reported previously that acute inhi-
bition of NOS by systemic infusion of L-NAME in mice 
increased the plasma and renal level of TNF-α (Shahid 
et al., 2010; Singh et al., 2014), with increased infiltration 
of macrophages in the kidney (Islam et al., 2011). Such sys-
temic NOS inhibition by acute L-NAME infusion in mice 
reduced the level of the anti-inflammatory cytokine, in-
terleukin-10 (IL-10) in the plasma and renal tissue (Singh 
et  al.,  2014). However, the changes in the inflammatory 
cytokine levels in response to chronic HS intake in normal 
conditions and the condition of chronic NO deficiency are 
not yet clearly determined.

We hypothesize that HS intake enhances renal levels of 
pro-inflammatory and reduces anti-inflammatory cytokines, 
and these responses exacerbate in the condition of NO defi-
ciency. To examine this hypothesis, we aimed to assess the 
changes in the status of inflammatory cytokines, particularly 
in the kidney during intake of HS diet, and to determine how 
these cytokines are affected by chronic NO deficiency. In this 
study, we measured the renal as well as plasma levels of pro- 
(IL-6 and TNF-α) and anti- (IL-10) inflammatory cytokines 
in wild-type (WT) and eNOSKO mice which were fed nor-
mal-salt (NS; 0.3% NaCl) and HS (4% NaCl) containing diets 
for 2 weeks.

2 |  MATERIALS AND METHODS

The experiments were performed in accordance with 
the guidelines and practices established by the Tulane 

University Animal Care and Use Committee. Male 
eNOSKO mice (B6.129P2-Nos3tm1Unc/J; stock no: 
002684) mice and their genetic background strain of WT 
(C57BL/6J; stock no: 002684) mice (Jackson Laboratory, 
Bar Harbor, ME) considered as control were used in this 
study. These mice were housed in a temperature- and light-
controlled room and allowed free access to a standard diet 
(Ralston-Purina, St. Louis, MO) and tap water. The mice 
(8–9 week of age; ∼20–22 g body weight) were randomly 
divided into different groups depending on the intake of 
NS diet (a standard diet containing 0.3% NaCl) and HS diet 
(HS, 4% NaCl; Harlan-Teklad, Madison, WI), respectively, 
comprised of six animals in each group. The groups are as 
follows:

1. WT-NS: Wild-type mice fed the NS diet
2. WT-HS: Wild-type mice fed the HS diet
3. eNOSKO-NS: eNOSKO mice fed the NS diet
4. eNOSKO-HS: eNOSKO mice fed the HS diet

2.1 | BP monitoring in conscious mice

The systolic BP (SBP) was measured in the experimental 
mice using the noninvasive tail-cuff plethysmography tech-
nique (Visitech Systems, Apex, NC). The mice were moni-
tored for 7–10 days on a standard laboratory diet, and basal 
BP was recorded before being switched to a high-salt diet 
(only for WT-HS and eNOSKO-HS mice) for the remainder 
of the study. In these groups of mice, BP was measured at 
the same time of the day (11  a.m. to 1  p.m.) to avoid the 
influence of the circadian cycle, and the value of SBP was 
obtained by estimating the average reading of 10 measure-
ments for a single trial. The mice were trained for tail-cuff 
BP measurements 7–10 days before starting the experiments. 
After 2–3 days of acclimatization to the tail-cuff device, the 
basal SBP was measured in all the mice on standard labora-
tory diet before the start of HS diet and considered as Day 0 
value. Then, the animals of HS group were switched to HS 
diet for the remainder of the study (subsequently SBP was 
measured on days 3, 6, 9, and 12 of NS/HS diets) on a 12:12-
hr light-dark cycle and received food and water ad libitum 
throughout the study.

2.2 | Animal treatment

After the recording of resting SBP, mice were fed with either 
a NS (0.3% NaCl) or HS (4% NaCl) diet for 2 weeks to evalu-
ate the responses to HS alone in WT and eNOSKO mice. 
Both these diets contained approximately similar concentra-
tion of other nutrients (19% protein, 5% fat, 3% crude fiber, 
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0.86% Ca, 0.64% P, 0.72% K, and 0.15% Mg). During the 
experimental period, the mice were allowed drinking freely 
from the water bottles attached to the cages. Food and water 
intake, along with bodyweight, of each mouse was measured 
during the experimental period.

2.3 | Collection and analysis of urine and 
blood samples

Twenty-four-hour urine samples were collected from con-
scious mice using metabolic cages on the basal day (Day 0) 
and on the last day (Day 13) to evaluate the excretory pa-
rameters with or without HS intake in these mice. All the 
groups of mice were placed in metabolic cages and urine, and 
the necessary parameters were collected at the same time. 
Animals were housed individually in metabolic cages, and 
urine was collected for 24  hr into sterile tubes. Urine vol-
umes were determined from each urine collection, and sam-
ples were centrifuged (3,000 rpm/5 min; 4°C) and preserved 
for determining urinary excretion of sodium and potassium. 
Urinary excretion of sodium and potassium was assessed by 
flame photometry (Singh et al., 2013, 2017).

At the end of the experimental period, all the animals 
were euthanized, and blood was collected. Plasma was im-
mediately separated from the blood and stored at −80ºC for 
estimation of pro- (IL-6 & TNF-α) and anti- (IL-10) inflam-
matory cytokines as conducted earlier (Singh et  al.,  2014, 
2017). The kidneys were also removed. One kidney was fixed 
in 10% of formalin solution and paraffin-embedded for eval-
uation of the renal injury. The other kidney was processed to 
measure the levels of inflammatory cytokines. A 100 mg kid-
ney comprising of both cortical and medullary regions was 
homogenized in sterile phosphate-buffered saline contain-
ing protease inhibitor at 4°C. The kidney homogenates were 
centrifuged at 9,000 g for 10 min at 4°C. The supernatants 
were transferred to clean micro-centrifuge tubes and stored at 
−80°C until analyzed.

2.4 | Enzyme-linked immunosorbent assay 
for IL-10, IL-6, and TNF-α level

Levels of IL-10, IL-6, and TNF-α in plasma and supernatants 
from kidney tissue homogenates were measured using ELISA 
Ready-SET-go kits (eBioscience, Inc., San Diego, CA). The 
detection levels of the kits (standard curve range) are as fol-
lows: IL-10 kit (Catalog no. 88-7105-88), 32–4000  pg/ml; 
IL-6 Kit (Catalog no. 88-7064-22), 4–500 pg/ml; TNF-α Kit 
(Catalog no. 88-7324-86), 8–1000 pg/ml. The levels of cy-
tokines in renal tissue were normalized by protein concen-
tration (measured by Bio-Rad detergent compatible protein 
assay method) (Cat. No. # 500-0112; Bio-Rad, Hercules, CA).

2.5 | Evaluation of renal injury

The formalin-fixed paraffin-embedded kidney sections 
were used for analyzing glomerulosclerosis using peri-
odic-acid-Schiff staining (Lara et  al.,  2012; Luna,  1992; 
Singh et  al.,  2013, 2017) and tubulointerstitial fibrosis 
using Gomori's trichrome staining (Gomori,  1950; Singh 
et al., 2013, 2017).

2.6 | Estimation of glomerulosclerosis

The extent of glomerulosclerosis was evaluated quanti-
tatively by automatic image analysis of each glomerulus 
using periodic-acid-Schiff stained renal sections (Mass 
Histology Service, Worcester, MA) (Lara et  al.,  2012; 
Luna, 1992; Singh et al., 2013, 2017). Twenty images from 
each kidney slide with at least one glomerulus per field 
were photographed using a Nikon Eclipse 50i microscope 
equipped with a Nikon DS Camera Head (DS Fi1) and DS 
camera control unit (DSU2). A dark purple color in the 
glomerulus was recognized as sclerosis. The percentage 
area covered by sclerosis in glomeruli in each field was 
analyzed using the Nikon NIS-Elements software (version 
2.34). The percentage of data obtained for each of the 20 
images were averaged to obtain the percentage area of scle-
rosis for the entire slide.

2.7 | Estimation of tubulointerstitial fibrosis

The extent of the interstitial collagen-positive area (fi-
brosis) was evaluated quantitatively by automatic image 
analysis of the renal section occupied by interstitial tissue 
staining positively for collagen in Gomori's trichrome-
stained sections (Gomori, 1950; Singh et al., 2013, 2017). 
Formalin-fixed paraffin-embedded renal sections were 
stained with a plasmin stain (chromotrope 2R) and a con-
nective tissue fiber stain (aniline blue) combined in a solu-
tion of phosphotungstic acid to which glacial acetic acid 
had been added. This stained the collagen blue, which 
indicates fibrosis. Slides were photographed as described 
above. The percentage area covered by collagen in each 
field was analyzed using the Nikon NIS-Elements software 
(version 2.34). The percentage of data obtained for each of 
the 20 images were averaged to obtain the percentage area 
of fibrosis for the entire slide.

2.8 | Statistical analysis

All results are expressed as means ± SE. Statistical analysis 
was performed using Sigma stat software (Systat Software, 
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Chicago, IL). A comparison of the responses within the same 
group and between the groups was conducted using the re-
peated measures ANOVA and Dunnett multiple comparisons 
test. p ≤ .05 is considered as significant.

3 |  RESULTS

3.1 | BP responses

The basal (Day 0) level of SBP was higher in eNOSKO than 
WT mice (131 ± 7 vs. 117 ± 3, mmHg; p < .05) as illustrated 
in Figure 1a. HS intake alone for 2 weeks caused a significant 
increase in SBP in eNOSKO but not in WT mice (161 ± 5 vs. 
125 ± 4, mmHg; p < .05; Figure 1a).

3.2 | Renal excretory responses

The basal rate of urine flow and sodium excretion was similar 
in eNOSKO and WT mice fed with the NS diet. The intake 
of HS containing diets for nearly 2 weeks increased the rate 
of water intake, urine flow, and sodium excretion in both the 
groups similarly.

The values for body weight, food, and water intake, and 
excretory parameters in urine collected from mice on day 0 
and day 13 (last day) of the experimental period are given 
in Table 1. The metabolic data that is obtained in the pres-
ent study is similar as was reported earlier from our labora-
tory (Kopkan et al., 2010). However, it should be noted that 
these metabolic data have been collected for only separate 

days within 2 weeks period of study without collecting the 
fecal matter and other measurements of insensible loss of salt 
and water. Thus, a comprehensive assessment in sodium and 
water balance during the whole experimental period is not 
possible from these collected parameters from the metabolic 
cages.

3.3 | Inflammatory cytokine levels

3.3.1 | TNF-α

Figure 2 depicts the plasma and renal tissue levels of TNF-α 
(Figure 2a and b) at the end of the experimental period. The 
TNF-α concentration in the plasma was undetected in NS 
intake groups, both WT and eNOSKO mice. However, in 
the HS intake groups of mice, the plasma TNF-α level was 
detected with high variability in WT, 202 ± 146 pg/ml and 
eNOSKO, 175 ± 68 pg/ml) mice. In the NS intake groups, the 
TNF-α level in renal tissue was higher in the eNOSKO than 
WT mice (624 ± 67 vs. 325 ± 73, pg/mg protein; p < .05). 
However, in the HS intake groups, renal tissue TNF-α levels 
were significantly lower in WT (114  ±  17  pg/mg protein) 
and eNOSKO (115 ± 18 pg/mg protein) mice compared to 
NS intake groups.

3.3.2 | IL-6

Figure 3 depicts the plasma and renal tissue levels of IL-6 
(Figure 3a and b). In the NS intake groups, IL-6 concentration 
in the plasma (180 ± 44 vs. 13 ± 11 pg/ml; p < .05) and in the 
kidney (619 ± 106 vs. 166 ± 61 pg/mg protein; p < .05) in 
eNOSKO was higher than WT mice. However, plasma IL-6 
level in HS intake groups was undetected in both WT and 
eNOSKO mice. Renal tissue IL-6 level was also lower sig-
nificantly in HS intake groups in both eNOSKO (56 ± 7 pg/
mg protein) and WT (81 ± 14 pg/mg protein) mice compared 
to the NS intake groups.

3.3.3 | IL-10

Figure 4 depicts the plasma and renal tissue levels of IL-10 
(Figure 4a and b). In NS intake groups, the plasma level of 
IL-10 in eNOSKO was lower than WT mice (510 ± 125 vs. 
701 ± 54 pg/ml; p <  .05). However, the renal tissue IL-10 
level was higher in the eNOSKO than WT mice (6,087 ± 567 
vs. 3,929 ± 378, pg/mg protein; p < .05). In HS intake group, 
plasma and renal tissue levels of IL-10 were significantly 
lower in both eNOSKO (327 ± 67 pg/ml; 882 ± 141 pg/mg 
protein) and WT (344 ± 52 pg/ml; 865 ± 130 pg/mg protein) 
mice.

F I G U R E  1  Systolic blood pressure (SBP) in WT and eNOSKO 
mice fed with either normal (NS) or high-salt (HS) diets. NS or HS 
diets were given for 2 weeks. The values at basal day before start 
of HS diet represent basal values at the start of the experiment and 
considered as Day 0 value. N = 6/group. Values are Mean ± SEM; 
*p < .05 versus WT-NS; #p < .05 versus WT-HS-NS; $p < .05 versus 
WT-HS
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3.4 | Renal injury parameters

3.4.1 | Glomerulosclerosis

The representative images of the periodic-acid-Schiff stained 
kidney sections providing the extent of glomerular sclero-
sis are given in Figure  5a and the percent of the sclerotic 

areas are illustrated in Figure 5b. Though we observed con-
tracted and thrombosed glomeruli in the NS-fed eNOSKO 
but not WT mice, there was no significant difference in the 
percent sclerotic area between WT-NS and eNOSKO-NS 
mice (11.4 ± 1% and 11.2 ± 1%). However, the percent scle-
rotic area was lower in WT-HS compared to WT-NS mice 
(7.7  ±  1% vs. 11.4  ±  1%; p  <  .05). On the contrary, the 

T A B L E  1  Water intake and urinary excretory parameters in different groups of mice on Day 0 and Day 13 of the experimental period with 
NS/HS intake

WT eNOSKO

NS HS NS HS

Body weight (g) Day 0 20.70 ± 0.20 20.60 ± 0.20 20.70 ± 0.40 20.30 ± 0.60

Day 13 22.42 ± 0.18 22.50 ± 0.50 21.00 ± 0.50 21.20 ± 0.60

Food intake (g/24 hr) Day 0 0.80 ± 0.30 0.60 ± 0.00 0.70 ± 0.20 0.60 ± 0.10

Day 13 0.62 ± 0.14 1.55 ± 0.38* 0.80 ± 0.20 1.6 ± 0.30# 

Water intake (ml/24 hr) Day 0 2.083 ± 0.400 1.300 ± 0.380 1.800 ± 0.307 1.833 ± 0.307

Day 13 1.917 ± 0.436 5.700 ± 0.464* 1.267 ± 0.410 4.300 ± 0.606# 

Urine flow (ml/24 hr) Day 0 1.697 ± 0.150 1.340 ± 0.094 1.410 ± 0.208 1.408 ± 0.208

Day 13 1.382 ± 0.102 2.704 ± 0.162* 1.058 ± 0.083 2.829 ± 0.469# 

Sodium excretion 
(mM/24 hr)

Day 0 0.176 ± 0.017 0.157 ± 0.014 0.201 ± 0.008 0.126 ± 0.010

Day 13 0.169 ± 0.013 1.325 ± 0.153* 0.152 ± 0.013 1.100 ± 0.222# 

Potassium excretion 
(mM/24 hr)

Day 0 0.211 ± 0.029 0.243 ± 0.015 0.282 ± 0.031 0.212 ± 0.058

Day 13 0.303 ± 0.051 0.252 ± 0.042 0.273 ± 0.008 0.132 ± 0.019

Note: Values are Mean ± SEM; n = 6/group.
Abbreviations: eNOSKO, endothelial nitric oxide synthase knockout mice; HS, High-salt (4% NaCl) containing diet; NS, normal-salt (0.3% NaCl) containing diet; 
WT, WT mice.
*p < .05 versus WT-NS. 
#p < .05 versus eNOSKO-NS. 

F I G U R E  2  Tumor necrosis factor-
alpha (TNF-α) levels (a – in plasma; b – in 
renal tissues) in WT and eNOSKO mice 
fed on either normal (NS) or high-salt (HS) 
diets. Values are Mean ± SEM; n = 6/group. 
*p < .05 versus WT-NS; #p < .05 versus 
eNOSKO-NS; UD = undetected level
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and eNOSKO mice fed on either normal 
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percent of sclerotic areas were similar in eNOSKO-NS and 
eNOSKO-HS mice (11.2 ± 1% and 11.3 ± 1%).

3.4.2 | Tubulointerstitial fibrosis

The representative images of Gomori's trichrome-stained 
sections providing the extent of renal interstitial fibrosis 

are given in Figure 6a, and the percent of the fibrotic areas 
are illustrated in Figure  6b. Overall, the fibrotic values 
in the renal interstitium are quantitatively lower in these 
mice models. In WT mice, the fibrotic area in the renal 
interstitium was similar in both NS and HS intake groups. 
Nevertheless, as expected, the fibrotic area was signifi-
cantly higher in eNOSKO-NS compared to WT-NS mice 
(2.2 ± 0.2% vs. 1.5 ± 0.2%; p < .05). However, the fibrotic 

F I G U R E  4  Interleukin-10 (IL-10) 
levels (a – in plasma; b – in renal tissues) in 
WT and eNOSKO mice fed on either normal 
(NS) or high-salt (HS) diets. Values are 
Mean ± SEM; n = 6/group. *p < .05 versus 
WT-NS; #p < .05 versus eNOSKO-NS
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F I G U R E  5  Renal injury as indicated 
by glomerular sclerosis responses WT and 
eNOSKO mice fed with either normal (NS) 
or high-salt (HS) diets. (a) illustrates the 
representative photomicrographs, and (b) 
illustrates the mean values of the percent 
areas of glomerular sclerosis in the renal 
tissues, respectively. *p < .05 versus WT-
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F I G U R E  6  Renal injury as indicated 
by interstitial fibrosis responses WT and 
eNOSKO mice fed with either normal 
(NS) or high-salt (HS) diets. (a) illustrates 
the representative photomicrographs, 
and (b) illustrates the mean values of the 
percent areas of interstitial fibrosis in the 
renal tissues, respectively. Values are 
Mean ± SEM; n = 6/group. *p < .05 versus 
WT-NS; #p < .05 versus eNOSKO-NS
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area in the renal interstitium was lower in eNOSKO-
HS than eNOSKO-NS mice (1.8 ± 0.1% vs. 2.2 ± 0.2%; 
p < .05).

4 |  DISCUSSION

Although chronic NO deficiency induces an enhancement 
in inflammatory cytokines, the results of the present study 
indicate that HS intake in mice, at least for 2 weeks, gener-
ally suppresses the levels of both pro- and anti-inflammatory 
cytokines, particularly in the kidney. The basal plasma level 
of TNF-α was mostly undetected in both WT and eNOSKO 
mice that were fed NS diets. However, a significant level of 
this cytokine was noted in both strains fed HS diet for 2 weeks 
period. Therefore, it indicates that HS intake stimulates the 
systemic production of TNF-α, as indicated in other stud-
ies (Costa et al., 2012; Liu et al., 2012; Yilmaz et al., 2012; 
Zhu et al., 2014). However, it is interesting to note that the 
renal levels of TNF-α are significantly lower in the HS in-
take groups of WT and eNOSKO mice compared to that in 
the NS intake groups. Such HS-induced reduction was also 
noted in other cytokines such as IL-6 and IL-10 in the kidney. 
Although the renal levels of IL-6 and IL-10 were higher in 
eNOSKO-NS mice than those in WT-NS mice, their plasma 
levels were variable. Compared to WT-NS mice, plasma 
levels of IL-6 were higher, IL-10 was lower, but the TNF-α 
level was not different in eNOSKO-NS mice. Anyway, 
the higher renal levels of pro-inflammatory cytokines in 
eNOSKO-NS mice is somewhat expected. NO is a signal-
ing molecule that usually plays an anti-inflammatory func-
tion under normal physiological conditions (Harrison, 1997; 
Moncada et al., 1991). NO deficiency is generally known to 
play a key role in inducing the inflammatory process (Liu & 
Huang, 2008). However, the level of a known anti-inflam-
matory cytokine, IL-10, is also higher in the renal tissue of 
eNOSKO-NS mice compared to that in WT-NS mice. This 
could be due to the fact IL-10 does not always act as an anti-
inflammatory agent but can also act as a pro-inflammatory 
cytokine in certain conditions linked to elevated RAS, as 
demonstrated earlier from our laboratory (Singh et al., 2017).

Although it is generally perceived that a HS diet is usually 
associated with the induction of higher biomarkers of inflam-
mation, most of these findings are observed in population 
studies in which HS diets are often coded for subjective food 
associated with more fat and protein-rich diets, which could 
be skewing some of these results (Zhu et al., 2014). An in-
teresting recent study also suggested that consumption of re-
fined salt, but not natural sea-salt, induces hypertension and 
cause abnormal kidney pathology in Dahl salt-sensitive rats 
(Lee et al., 2017). Thus, there exists a complex relationship 
between salt intake and immunity development in the human 
body. The present study is the first among the studies using 

animal models to demonstrate the responses to a more con-
trolled intake of HS diets on the levels of some inflammatory 
cytokines in plasma and in the kidney. The observed reduc-
tion in the renal production of cytokines during HS intake 
could be related to the suppression of RAS due to HS intake 
(Drenjančević-Perić et al., 2011).

It is noted that a considerably high level of plasma IL-10 
was detected in NS-fed WT mice, but its level was only 
slightly lower in NS-fed eNOSKO mice. On the contrary, 
a marked reduction of IL-10 was observed in response to 
acute systemic NOS inhibition in mice, as reported in our 
earlier study (Singh et al., 2014). However, IL-10 levels in 
plasma remained lower in WT and eNOSKO mice during HS 
intake in the present study. These data indicate that chronic 
HS intake generally suppresses the levels of both anti- and 
pro-inflammatory cytokines, particularly in the kidney. In 
eNOSKO mice, renal tissue nitrotyrosine level is lower com-
pared with that in WT mice (Kopkan et al., 2010) indicating 
that peroxynitrite production is less in these eNOS deficient 
mice and this may help to enhance IL-10 level in this strain of 
mice (Cook et al., 2003; Numanami et al., 2003). The higher 
plasma IL-10 level could produce an inhibitory effect on 
the plasma level of TNF-α in eNOSKO mice, as it has been 
shown that acute infusion of IL-10 in mice reduces TNF-α 
level in the kidney (Singh et al., 2014). In certain conditions, 
however, IL-10 is shown to act as a pro-inflammatory agent 
to induce renal injury, particularly during elevated angioten-
sin II in mice (Singh et al., 2017). Thus, it is possible that 
IL-10 acts as a pro-inflammatory cytokine in this eNOS gene 
knockout strain.

As usual, HS intake did not alter BP in WT but caused 
a significant increase in BP in eNOSKO mice (Kopkan 
et al., 2010) in which baseline BP was higher as compared 
to WT mice. As HS intake induces reductions in cytokine 
levels in both the strains of mice, such response in eNOSKO 
mice may not suggest any direct relationship between BP 
changes with the changes in the inflammatory cytokines. 
There is also no evidence available so far, that change in ar-
terial pressure directly influences the production of TNF-α 
but on the contrary, we and others have reported that intrave-
nous infusion of human recombinant TNF-α decreases BP in 
mice (Kramer et al., 1988; Shahid et al., 2008). In the present 
study, similar changes in plasma and renal levels of TNF-α 
and other cytokines in WT and eNOSKO mice have been ob-
served though BP increased only in the eNOSKO mice and 
not in WT mice. This observation would not be entirely sur-
prising as many other interventional studies in humans (Luo 
et  al.,  2016) also suggested such a nonlinear relationship 
with inflammatory cytokines and hypertension during HS 
intake. In a randomized placebo-controlled crossover study 
in untreated (pre)hypertensive subjects, it was also noted that 
a 4-week period of salt intake did not affect inflammatory 
markers such as plasma levels of TNF-α, IL-1β, IL-6, IL-8, 
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or MCP-1) (Gijsbers et al., 2015). It was also noted that BP 
in humans was remained unchanged during low salt intake 
that resulted in an increased production of pro-inflammatory 
cytokines like TNF-α, IL-6, or pro-calcitonin (Mallamaci 
et al., 2013). Thus, a direct correlation between the changes 
in inflammatory cytokines and the BP changes is not yet 
proven experimentally.

Our previous studies in rodents (Kopkan et  al.,  2010; 
Kopkan & Majid,  2005; Singh et  al.,  2017) have demon-
strated that endogenous NO production by eNOS minimizes 
salt-sensitivity in response to the intake of HS diet. Studies 
in animals under normal conditions suggest that chronic HS 
intake alone causes no or minimal change in BP. However, 
HS intake induces salt sensitivity and hypertension when 
NO production is compromised in eNOSKO mice (Kopkan 
et  al.,  2010) or rats (Kopkan & Majid,  2005) chronically 
treated with a NOS inhibitor, L-NAME. Our observation in 
the present study suggests that HS intake induces salt-sensi-
tive hypertension only in eNOSKO mice but not WT mice 
(Figure 1). This is most likely due to enhancement in tubular 
sodium reabsorption in the kidney that results from increased 
tissue superoxide level when NO production by eNOS activ-
ity is compromised (Kopkan et al., 2010). Chronic HS intake 
usually induces NO production by upregulating eNOS activ-
ity (Mattson & Higgins, 1996). Such an increase in NO level 
minimizes the tissue superoxide activity to maintain a con-
dition of “oxidative balance” that facilitates normal sodium 
homeostasis, and thus, minimize the increases in BP. We 
have also demonstrated that hypertensive response to chronic 
HS intake in Il-10 knockout mice is reduced due to enhance-
ment in eNOS expression in these mice (Singh et al., 2017). 
An increase in plasma TNF-α level during chronic HS intake 
also contributes in minimizing such enhancement in tubular 
sodium reabsorption, due to an increase in sodium load in 
WT mice despite a reduction in renal tissue level of TNF-α. 
However, in the condition of oxidative imbalance due to NO 
deficiency, such a protective effect of plasma TNF-α level 
is compromised, leading to enhanced sodium retention, and 
thus, caused salt sensitivity and hypertension in eNOSKO 
mice. We have previously demonstrated that an increase in 
plasma TNF-α level induces a natriuretic response via acti-
vation of tubular TNF-α receptor type 1 (TNFR1) (Castillo 
et  al.,  2012). Our recent preliminary data also demonstrate 
that TNFR1 protein expression is enhanced during chronic 
HS intake in WT mice but reduced in NO deficient condition 
either in eNOSKO mice (Majid et al., 2018) or in mice chron-
ically treated with L-NAME (Majid et al., 2017). Such a re-
duction in TNFR1 activity also contributes to salt sensitivity 
and hypertension during HS intake in eNOSKO mice. Thus, 
it is conceivable that eNOS has a significant role in minimiz-
ing the impact of chronic HS intake in WT mice.

Chronic HS intake, through “osmoreceptor function,” in-
duces an immune mechanism that activates the mononuclear 

phagocyte system (MPS) cells in the myeloid tissues in the 
bone marrow, spleen, and skin tissue which then circulates 
and infiltrates many organs including the kidney (Machnik 
et al., 2009). These activated MPS cells release TNF-α that 
appears in the circulation as its soluble form (sTNF-α). 
sTNF-α is formed by the proteolytic cleavage from mem-
brane-tethered form (mTNF-α) by TNF-α-converting enzyme 
(TACE), a sheddase that is also identified as a disintegrin and 
metalloprotease 17 (ADAM17) (Black et al., 1997; Kriegler 
et al., 1988; Moss et al., 1997). Along with the production 
of TNF-α, activated MPS cells also release abundant NO 
mostly from eNOS activation (Connelly et  al.,  2003). The 
critical observation of the differential TNF-α responses in 
the present study indicates that chronic HS intake, on the one 
hand, increases sTNF-α in the plasma, but reduces mTNF-α 
in the renal tissue, on the other hand, most likely by increas-
ing TACE activity (Black et al., 1997; Kriegler et al., 1988; 
Moss et al., 1997). Although it has been shown that DOCA-
salt hypertension was prevented by TACE knockdown in 
the brain (Xia et  al.,  2013), its exact regulation in the kid-
ney during chronic HS intake has not been clearly defined. 
Further investigation would be needed to address this tissue. 
However, it can be added here that TNF-α exerts its biologi-
cal responses via interaction with two cell surface receptors, 
TNF-α receptor type 1 (TNFR1) and type 2 (TNFR2), which 
are differentially expressed and regulated in the kidney (Al-
Lamki & Mayadas, 2015). While mTNF-α has an equal af-
finity for both the receptors, the circulating sTNF-α has the 
maximal high affinity to interact with TNFR1 with no or 
minimal affinity for TNFR2 (Grell et al., 1998). In the kid-
ney, where TNFR2 plays a role in renal inflammation (Singh 
et  al.,  2013), TNFR1 activation induces a natriuretic effect 
by inhibiting tubular Na+ transportation and ENaC activity 
(Castillo et al., 2012) indicating a protective role for TNF-α-
TNFR1 axis during chronic HS intake. In such a situation, 
the increases in plasma TNF-α (sTNF-α) in response to 
chronic HS intake observed in the present study would carry 
a more significant role in maintaining sodium homeostasis 
than the renal tissue changes in TNF-α (mTNF-α) levels. It 
is interesting to note that the chronic HS intake reduces the 
plasma level of IL-6 in the present study (Figure 3a), indicat-
ing a differential role of these pro-inflammatory cytokines 
in controlling sodium homeostasis. Therefore, it appears that 
while TNF-α is released into the circulation by the activated 
mononuclear phagocyte system (MPS) through osmoregula-
tory mechanism during HS intake, the release of IL-6 seems 
to mostly depend on other factors such as elevated renin-an-
giotensin system (Chamarthi et al., 2011). During HS intake 
alone, the renin-angiotensin system is downregulated, and 
thus, its impact on IL-6 formation is reflected in both plasma 
and renal concentration of this cytokine. Further experiments 
would be required to understand more about the regulatory 
role of IL-6 in renal excretory function.
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In the present study, it is noted that eNOSKO mice given 
the NS diet have a higher degree of renal tubulointerstitial 
fibrosis, but not glomerular sclerosis, compared to WT mice. 
These changes seem to be minimized in eNOSKO mice given 
the HS diet, reflecting the effects of the reduced level of 
pro-inflammatory cytokines (TNF-α and IL-6) in renal tissue. 
Such diminished renal injury findings in HS-fed eNOSKO 
mice seem contradicted with the findings in another study in 
eNOSKO mice reported earlier (Daumerie et al., 2010) which 
did not measure the renal cytokine levels. However, this dif-
ference in the renal injury effects in that study (Daumerie 
et al., 2010) compared to the present study could be related to 
the age of mice (experiments starts at 6 months vs. 2 months 
age) as well as the high salt content (8% vs. 4% NaCl) in the 
diet given for a longer period (8  weeks vs. 2  weeks). The 
results in the present study indicate that, at least in the short-
term, HS intake suppressed the renal cytokine levels that help 
to minimize renal injury at the early stage.

The physiological or pathophysiological significance of 
these findings that HS intake for at least 2 weeks induces a 
reduction in the renal levels of pro-inflammatory cytokines, 
may be important to explore further. Although pro-inflam-
matory cytokine, particularly TNF-α has been implicated in 
the development of salt-sensitivity and hypertension (Majid 
et al., 2015; Rodríguez-Iturbe et al., 2014; Schiffrin, 2013), 
earlier investigations in our laboratory (Shahid et al., 2008) 
demonstrate that TNF-α administration induces the diuretic 
and natriuretic responses which indicate that TNF-α plays a 
counter-regulatory role in the mediation of salt-sensitive hy-
pertension. Thus, a reduction in the renal levels of pro-in-
flammatory cytokines such as TNF-α in response to HS 
intake for 2  weeks may enhance the tubular reabsorptive 
function that may facilitate sodium retention in the body. 
Such retention of sodium may be enhanced manifold in the 
condition of oxidative stress induced by NO deficiency. Salt-
sensitivity observed in eNOSKO mice could result from 
such enhanced sodium retention in the condition of oxidative 
stress as we have demonstrated earlier (Kopkan et al., 2010). 
Further studies may be required to understand the compre-
hensive mechanistic relationship between the reductions in 
renal levels of pro-inflammatory cytokines and the induction 
of hypertension in response to chronic HS intake. However, 
it is reasonable to postulate that such decreases in renal lev-
els of TNF-α and other pro-inflammatory cytokines facilitate 
sodium retention leading to the induction of hypertension in 
response to the intake of HS diet.

5 |  CONCLUSION

The findings in the present study demonstrate that HS intake, 
at least given for the 2-week period, generally suppresses the 
renal levels of inflammatory cytokines in intact as well as 

in eNOS deficient condition. Overall, these data suggest that 
HS intake usually resulted in the downregulation of pro- and 
anti-inflammatory cytokine in the kidney. Such downregula-
tion of cytokine production, particularly TNF-α during HS 
intake, may be critical in the condition of eNOS deficiency 
that may enhance the renal tubular sodium reabsorption lead-
ing to salt-retention, and thus, facilitates the consequent de-
velopment of salt-sensitive hypertension.
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