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1  |  INTRODUC TION

High-salt intake is a common risk factor of hypertension. However, 
individual blood pressure responses to dietary sodium intake are 
heterogeneous which termed as salt sensitivity.1 Salt sensitivity is 
an intermediate phenotype of hypertension, which is the results of 
the interactions of genetic and environmental factors.2 Compelling 
evidence identified that salt-sensitive individuals had higher risks of 

hypertension and other cardiovascular disease and were prone to 
have poorer clinical outcomes.3 Therefore, a better understanding 
of salt sensitivity and salt-sensitive hypertension will contribute to 
more specific dietary intervention on the prevention and treatment 
of hypertension.

Klotho, an important anti-aging protein, was mainly expressed 
in distal convoluted tubules. Compelling evidence suggested the 
interaction between Klotho and blood pressure (BP). The expres-
sion of Klotho was down-regulated in spontaneous hypertensive 
rats (SHRs) and in patients with hypertension.4 Klotho haplo-defi-
ciency resulted in the elevation of BP, arterial stiffness, and renal 
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Abstract
Klotho was involved in sodium reabsorption and the regulation of blood pressure. 
Animal studies indicated Klotho deficiency could mediate the development of salt-
sensitive hypertension, indicating its correlation with salt sensitivity. We aimed to 
explore the responses of Klotho to salt intake through dietary intervention in Chinese 
adults. Forty-four participants were enrolled from Lantian county of Shaanxi, China. 
All participants sequentially underwent a 3-day normal diet, a 7-day low-Na+ diet, and 
a 7-day high-Na+ diet. The concentrations of serum Klotho were assessed by using 
ELISA kits. Serum level of Klotho was 360.44 ± 93.89 pg/mL at baseline and increased 
while changed to low-salt diet (478.65 ± 183.25 vs 360.44 ± 93.89 pg/mL, P < .001). 
During high-salt diet, serum Klotho decreased to 354.37 ± 98.16 pg/mL (P <  .001, 
compared to low-salt diet). The overall responses of Klotho were more prominent 
in salt-resistant participants. Serum Klotho of salt-resistant group changed from 
353.92 ± 97.65 pg/mL to 496.76 ± 196.21 pg/mL while changed from normal diet to 
low-salt diet (P < .001) and decreased to 350.37 ± 99.50 pg/mL during high-salt intake 
(P < .001). Furthermore, the response of serum Klotho to low-salt intervention was 
much greater in salt-resistant individuals than in salt-sensitive ones. The responses of 
serum Klotho to dietary salt intervention were influenced by salt sensitivity, which 
was more prominent in salt-resistant participants.
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dysfunction,4-6 whereas exogenous Klotho delivery could miti-
gate the elevation of BP in SHRs, Otsuka Long–Evans Tokushima 
Fatty (OLETF) rats and in db/db mice.7,8 Clinical study also in-
dicated the single-nucleotide polymorphisms of Klotho gene 
could predict the development of hypertension.9 These results 
suggested Klotho gene was intimately involved in the regulation 
of BP.

In addition, Zhou et al also found Klotho deficiency could medi-
ate the development of salt-sensitive hypertension.5 Compared to 
wild mice, the BP of KL± mice increased significantly after 2% sa-
line intake. Meanwhile, the protein expressions of thiazide-sensitive 
NaCl cotransporter (NCC) and other related molecules were upreg-
ulated and further increased by high-salt intake in kidney of Klotho 
haplo-deficient mice. This study implied the correlation of Klotho 
and salt sensitivity.

Recently, Andrukhova et al proposed Klotho could act as the 
co-receptor of fibroblast growth factor 23(FGF23) in distal con-
voluted tubules involving in the reabsorption of sodium through 
the regulation of NCC.10 This function might partially mediate the 
influence of Klotho on BP and salt sensitivity. Previously, we and 
other researchers have found salt intake could influence serum 
level of FGF23, and the response of FGF23 was more significant 
in salt-resistant participants.11 Therefore, it is intriguing to figure 
out the responses of Klotho to dietary salt intake and the influence 
of salt sensitivity on the responses of Klotho. After that, we would 
get a better understanding on the regulation of sodium balance 
and the differences of sodium regulation between salt-sensitive 

and salt-resistant participants. However, no one has focused on 
this topic.

Thus, we conducted a dietary intervention study to explore the 
responses of Klotho to dietary salt changes in human for the first 
time. Besides, we also aimed at elucidate the potent interrelation-
ship of Klotho with salt sensitivity and BP.

2  |  Methods

2.1  |  Participants

There were 72 volunteers with similar dietary habits from Lantian 
county of Shaanxi province going through baseline investigation, 
and the selection process was depicted in Figure  1. Trained staff 
collected basic demographic information through a standard ques-
tionnaire and conducted anthropometric and blood pressure meas-
urements. The exclusion criteria including hypertension ≥ stage 2, 
secondary hypertension, taking antihypertensive medicine, history 
of severe cardiovascular disease, diabetes mellitus, liver or renal 
dysfunction, infectious disease, and alcohol abuse. At last, 44 par-
ticipants aged 18-65 met the criteria and well finished dietary in-
tervention. This study was approved by the ethics committee of the 
First Affiliated Hospital of Medical School, Xi'an Jiaotong University 
(Code: 2015-128) and strictly complied with the Declaration of 
Helsinki. All participants provided written informed consents before 
the dietary intervention started.

F I G U R E  1  Flow diagram
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2.2  |  Dietary intervention

As described before, this intervention study included three periods, 
namely, a 3-day normal diet, a 7-day low-Na+ diet (51.3 mmol/d so-
dium or 3.0 g/d NaCl), and a 7-day high-Na+ diet (307.7 mmol/d so-
dium or 18  g/d NaCl) (Figure  2).11 Anthropometric data (including 
height, weight, waist circumference) were collected during baseline 
period. To ensure the accuracy of dietary intervention, all partici-
pants were instructed to avoid extra food and beverages consump-
tion at home and gathered together to eat in the research kitchen 
during the entire study period. The dieticians of the study prepared 
food and beverages free from salt. Trained staff prepackaged salt for 
each participant and added salt to the participant's meal. Participants 
finished each meal under the supervision of staff.

2.3  |  BP measurement

BP of each participant was obtained by 3 certified physicians 
using standard mercury sphygmomanometer at each day of base-
line and the 6th and 7th day of low-salt and high-salt period. BP 
of each day was measured for 3 times with 1-min interval. The 
BP of each individual was calculated as the mean of all measure-
ments during each period. Before BP measurement, participants 
were asked to have a rest in sitting position more than 5 min and 
avoid exercise, smoking, alcohol, coffee, or tea. Salt-sensitive par-
ticipants were defined as an increment of mean arterial pressure 
(MAP)≥10mmHg while changed from low-salt diet to high-salt 
diet. The others were salt-resistant individuals.12 MAP = systolic 
BP/3 + diastolic BP*2/3.

2.4  |  Laboratory measurements

Blood samples were obtained by peripheral venous puncture after 
overnight fasting at the last day of each period, which were centri-
fuged at 3000 × g, 4°C for 10 min. Blood samples were packaged 
in aliquots and stored at − 80°C for further analysis. Lipid profiles, 
serum creatinine, uric acid, blood glucose, and C-reactive protein 
were analyzed using automatic biochemical analyzer (Hitachi, Ltd.). 

Human serum Klotho were measured by using commercial enzyme-
linked immunosorbent assay kits (USCN Life Science Inc). Intra-
assay and inter-assay coefficients of human Klotho ELISA kit were 
reported to be < 10% and < 12%, respectively. The minimum detect-
able dose of Klotho was ≤ 6.2 pg/mL.

2.5  |  Analysis of 24 h urine

The 24-hour urine samples were collected under the guidance of 
trained staff during the last two days of each period. After meas-
ured the volume, 10 ml urine samples were packaged in aliquots and 
stored at −40℃. Urine sodium and potassium concentrations were 
analyzed using ion-selective electrodes (Hitachi, Ltd). 24 h excretion 
of sodium/potassium = 24 h total urine volume × sodium/potassium 
concentration.

2.6  |  Statistical analyses

All statistical analyses were performed by using SPSS Statistics 22.0 
(IBM Corp). Continuous variables were expressed as mean ± stand-
ard deviations, and categorical variables were expressed as frequen-
cies with percentages [n (%)]. Differences between SS and SR groups 
were examined by student's t test or chi-square test. Alterations 
among different periods were assessed using one-way ANOVA with 
repeated measures. Pearson or Spearman correlation analyses were 
conducted as appropriate. A two-sided P < .05 was considered sta-
tistical significant.

3  |  Result s

3.1  |  Profiles of all participants

As previously reported, 44 participants well completed the die-
tary intervention. Among them, there were 9 salt-sensitive and 35 
salt-resistant participants. We depicted the characteristics of par-
ticipants by their salt sensitivity in Table  1. The age, BMI, rate of 
hypertension, SBP, DBP, and baPWV were higher in salt-sensitive 

F I G U R E  2  The protocol of dietary intervention. This intervention study had three periods, including baseline for 3 days, low-sodium diet 
(51.3 mmol/d sodium or 3.0 g/d NaCl) for 7 days, and high-sodium diet (307.7 mmol/d sodium or 18 g/d NaCl) for 7 days. Anthropometric 
data were collected during baseline. BP measured at each day of baseline and the 6th and 7th day of low-sodium and high-sodium period. 
Blood and 24-hour urine samples were obtained at the last day of each period
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participants. Biochemical parameters showed no obvious difference 
between two groups, except for fast blood glucose.

3.2  |  Responses of BP,24-hour urinary sodium and 
potassium to dietary intervention

SBP of all participants was 124.5 mmHg at baseline, 115.7 mmHg 
during low-salt diet, and 127.6  mmHg while high-salt intake. DBP 

was 79.0  mmHg, 77.3  mmHg, and 80.0  mmHg, respectively. SBP 
changed significantly during salt intervention in both salt-sensi-
tive (P =  .004) and salt-resistant (P =  .016) participants, while DBP 
showed on obvious changes in both groups.

The 24-hour urinary sodium and potassium excretions were 
good indicators of dietary salt intake. In the present study, 24-hour 
urinary sodium and potassium decreased after low-salt diet and in-
creased after high-salt diet well reflecting the compliance of partici-
pants to dietary intervention.

Parameters Salt sensitive (n = 9) Salt resistant (n = 35)
P 
value

Age (y) 56.9 ± 7.1 49.5 ± 13.2 .117

BMI (kg/m2) 26.82 ± 3.11 24.35 ± 3.05 .036

Hypertension (%) 55.6% 11.4% .014

SBP (mmHg) 138.6 ± 14.7 120.9 ± 15.0 .003

DBP (mmHg) 85.2 ± 9.6 77.4 ± 8.0 .027

BaPWV (cm/s) 1787.67 ± 385.75 1397.17 ± 196.67 <.001

TC (mmol/L) 4.52 ± 0.61 4.63 ± 0.95 .734

TG (mmol/L) 1.80 ± 1.21 1.32 ± 0.78 .153

HDL-C (mmol/L) 1.39 ± 0.47 1.49 ± 0.41 .537

LDL-C (mmol/L) 2.51 ± 0.41 2.61 ± 0.71 .665

Cre (mmol/L) 55.78 ± 10.90 54.86 ± 9.06 .795

UA (μmol/L) 278.79 ± 85.43 261.46 ± 84.10 .586

FBG (mmol/L) 5.88 ± 0.71 5.22 ± 0.71 .017

CRP (mmol/L) 0.780 ± 0.776 0.879 ± 1.28 .826

KL (pg/mL) 389.69 ± 75.11 352.92 ± 97.65 .300

FGF23 (pg/mL) 83.84 ± 50.19 62.07 ± 41.76 .146

Note: Abbreviations: BaPWV, brachial-ankle pulse wave velocity; BMI, body mass index; CRE, 
creatinine; CRP, C-reactive protein; DBP, diastolic blood pressure; FBG, fasting blood glucose; 
FGF23, fibroblast growth factor 23; HDL-C, high-density lipoprotein cholesterol; KL, Klotho; 
LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, 
triglyceride; UA, uric acid.

TA B L E  1  Baseline characteristics of 
participants by salt sensitivity

F I G U R E  3  The 24-hour urinary sodium excretion in salt-sensitive and salt-resistant individuals during salt intervention. The 24-hour 
UNa decreased after low-salt diet and increased while high-salt diet. The changes of 24-hour UNa excretion were more prominent in salt-
resistant participants, regardless of the response to low-salt or to high-salt diet (Figure 3A,B). UNa, urinary sodium

(A) (B)
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Previous studies demonstrated the dysregulation of sodium ex-
cretion could partially explain the differences between salt-sensitive 
and salt-resistant participants. In the present study, 24-hour urinary 
sodium and potassium excretion were significantly higher in salt-re-
sistant participants during high-salt intake (P  =  .011) (Figure  3A). 
Furthermore, the responses of 24-hour urinary sodium excretion 
were both significant during intervention but more pronounced in 
salt-resistant participants, regardless of the response to low-salt or 
to high-salt diet (Table 2, Figure 3B).

3.3  |  The responses of Klotho to dietary 
intervention

Serum level of Klotho was 360.44 ± 93.89 pg/mL at baseline and 
increased while changed to low-salt diet (478.65  ±  183.25 vs 
360.44 ± 93.89 pg/mL, P < .001). During high-salt diet, serum Klotho 
decreased to 354.37 ± 98.16 pg/mL(P < .001, compared to low-salt 
diet).

To elucidate the correlations between salt sensitivity and re-
sponses of Klotho to dietary intervention, we then conducted sub-
group analysis stratified by salt sensitivity. We then found the overall 
responses of Klotho were more prominent in salt-resistant partici-
pants (Figure 4A). Serum Klotho of salt-resistant group changed from 
353.92 ± 97.65 pg/mL to 496.76 ± 196.21 pg/mL after low-salt diet 
(P < .001) and decreased to 350.37 ± 99.50 pg/mL while high-salt in-
take (P < .001). The serum Klotho concentrations of salt-sensitive indi-
viduals were 389.69 ± 75.11, 408.21 ± 99.37, and 369.91 ± 96.83 pg/
mL from baseline to high-salt period. Nevertheless, the alteration 
showed no obvious difference. Furthermore, the response of serum 

Klotho to low-salt intervention was much greater in salt-resistant 
individuals than in salt-sensitive ones. However, the difference of 
response to high-salt intervention only reached marginal statistical 
significance (Table 3, Figure 4B).

Furthermore, we explored the relationship between Klotho 
and BP influenced by salt sensitivity. To exclude the influence of 
dietary factors, we only used the data from low-salt and high-salt 
diet. At last, we found a weak negative correlation between Klotho 
and SBP after adjusting age, gender, BMI, and hypertension status 
(r = −0.232, P = .009) (Figure 5A). This correlation was much stronger 
in SS participants (r = −0.562, P = .015) (Figure 5B) but showed no 
obvious statistical significance in SR ones (Figure 5C).

3.4  |  Alterations of FGF23 during intervention

Klotho acts as the key co-receptor of FGF23 while regulating sodium 
excretion. Therefore, it is also necessary to explore the responses 
of FGF23 to dietary intervention. Our previous study has found the 
alterations of FGF23 were also prominent in salt-resistant partici-
pants. In the present study, we found serum Klotho was positively 
correlated with serum FGF23 during dietary intervention (r = 0.235, 
P = .005) after adjusting age, gender, BMI, and hypertension status 
(Figure 5D). We then explored the differences of FGF23 response to 
low-salt or to high-salt intervention between salt-sensitive and salt-
resistant individuals. Nevertheless, the separate responses to low-
salt diet or to high-salt diet showed no obvious difference between 
salt-resistant and salt-sensitive participants (Table 3, Figure 4C).

4  |  Discussion

To the best of our knowledge, this study is the first to explore the 
responses of Klotho to salt intake and the interactions between 
Klotho and salt sensitivity in humans. We found serum Klotho in-
creased while low-salt diet and decreased after high-salt intake. 
The responses of Klotho to dietary salt intake especially to low-salt 
diet were more pronounced in salt-resistant participants. Given that 
serum Klotho went parallel with serum FGF23 during dietary inter-
vention and the responses of FGF23 were also more prominent in 
salt-resistant individuals, there were some intrinsic connections be-
tween the dysregulation of FGF23/Klotho axis and salt sensitivity.

Longitudinal studies have found salt-sensitive participants were 
accompanied by more rapid age-dependent increase of BP, severe 
target organ damages and higher risk of mortality.13,14 In this study, 
the age and BMI of salt-sensitive participants were higher. Besides, 
salt-sensitive individuals had higher BP, rate of hypertension, 
baPWV, and blood glucose. These results indicated salt-sensitive 
participants were often accompanied by more cardiovascular risk 
factors. Salt sensitivity and these risk factors synergetically con-
tributed to poor clinic outcomes. The dysregulation of renal sodium 
excretion was one of the main mechanisms of salt-sensitive hyper-
tension.15 As with previous studies, we also found the responses of 

TA B L E  2  The responses of 24-hour urinary sodium and 
potassium to dietary intervention

Indexes Salt sensitive Salt resistant
P 
value

Baseline

24 hours UNa 218.47 ± 91.51 161.97 ± 64.18 .037

24 hours UK 26.63 ± 11.92 27.23 ± 7.82 .855

Low-salt period

24 hours UNa 77.12 ± 20.19 79.61 ± 35.74 .843

24 hours UK 20.99 ± 6.50 26.61 ± 9.01 .088

High-salt period

24 hours UNa 220.17 ± 75.57 285.51 ± 62.33 .011

24 hours UK 25.82 ± 6.70 36.56 ± 10.66 .006

Response to low salt

24 hours UNa −152.46 ± 92.35 −84.63 ± 75.61 .027

24 hours UK −9.87 ± 8.77 −1.10 ± 10.03 .021

Response to high salt

24 hours UNa 120.83 ± 69.56 202.88 ± 81.42 .008

24 hours UK 3.05 ± 8.00 10.71 ± 12.38 .086

Note: Abbreviations: UK, urinary potassium; UNa, urinary sodium.
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24-hour urinary sodium excretion was more pronounced in salt-re-
sistant participants. During high-salt diet, 24-hour urinary sodium 
and potassium excretion were significantly higher in salt-resistant 
participants. That is to say, the abilities to regulate sodium excretion 
and maintain the balance of sodium were much stronger in salt-re-
sistant participants.

Klotho was a critical anti-aging protein, deficiency of which 
resulted in phenotypes resembling human premature aging syn-
dromes.16 Klotho was mainly expressed in kidneys and played its 
physiological roles as single-transmembrane protein and soluble 
protein originating from proteolysis or alternative splicing.17,18 
Studies have indicated Klotho was involved in the regulation of 
BP. Deficiency of Klotho led to the elevation of BP, and exogenous 
Klotho delivery could mitigate or even normalize the elevation of 
BP in various animal models.5,8,19 Furthermore, Zhou et al found 
haplo-deficiency of Klotho not only resulted in the development of 
spontaneous hypertension but also enhanced BP sensitivity to salt 
intake.5 High-salt intake significantly elevated the BP of KL ± mice. 
These results might attribute to the upregulation of NCC and the 
attenuated inhibition of renin-angiotensin system (RAS).5,19 In 
this study, we found a weak negative correlation between Klotho 
and SBP after adjusting for age, gender, BMI, and hypertension 
status. This correlation was much stronger in SS participants but 
showed no obvious statistical significance in SR ones. This differ-
ence might attribute to the reason that salt-resistant participants 

F I G U R E  4  The responses of serum Klotho to dietary intervention in salt-sensitive and salt-resistant participants. Serum level of Klotho 
increased while changed to low-salt diet and decreased during high-salt period. The overall responses of Klotho were more prominent 
in salt-resistant participants (A). The response of serum Klotho to low-salt intervention was much greater in salt-resistant individuals 
than in salt-sensitive ones. However, the difference of response to high-salt intervention only reach marginal statistical significance (B). 
The separate responses of FGF23 to low-salt or to high-salt diet showed no obvious difference between salt-resistant and salt-sensitive 
participants (C). FGF23, fibroblast growth factor 23

(A) (B)

(C)

TA B L E  3  The separate response to low-salt or high-salt 
intervention in salt-sensitive and salt-resistant groups

Indexes Salt sensitive Salt resistant
P 
value

Response to low-salt diet

Klotho (pg/mL) 18.52 ± 72.88 143.85 ± 156.73 .025

FGF23 (pg/mL) −3.12 ± 19.19 26.94 ± 7.49 .095

Response to high-salt diet

Klotho (pg/mL) −38.30 ± 76.39 −146.39 ± 156.94 .053

FGF23 (pg/mL) −32.35 ± 12.00 −36.92 ± 6.23 .741

Note: Abbreviations: FGF23, fibroblast growth factor 23.



    |  2057HU et al.

exhibited more active responses to dietary salt changes to keep 
BP to a stable state.

As a single-transmembrane protein, Klotho acted as the co-re-
ceptor of FGF23 to enhance the affinity of FGF23 to its receptors.20 
Andrukhova et al found FGF23/Klotho could regulate the reabsorp-
tion of sodium in distal tubules.10 The influences of Klotho on BP 
and salt sensitivity might attribute to the regulation of sodium re-
absorption. Previously, we, as well as other researchers, found salt 
intake could influence serum level of FGF23.11,21,22 As one of the key 
factors of FGF23/Klotho axis, we further explored the influences 
of salt intake on serum Klotho. In line with the changes of FGF23, 
Klotho elevated during low-salt diet and decreased after high-salt 
diet. During intervention, serum Klotho was positively correlated 
with serum FGF23. These results reinforce the existence of nega-
tive feedback between FGF23/Klotho axis and salt intake. High salt 
suppressed sodium reabsorption through inhibited the function of 
FGF23/Klotho axis.

As mentioned above, the dysregulation of sodium excretion 
played pivotal role in the development of salt sensitivity. We found 
the regulation of serum FGF23 by salt intake was more prominent in 
salt-resistant participants in previous study. Salt-sensitive individuals 
showed blunt FGF23 responses to salt intake. Similarly, the response 
of Klotho to salt intake was also more pronounced in salt-resistant 
participants especially the separate effect to low salt. However, the 
separate effect of FGF23 to low salt or high salt showed no obvi-
ous difference. These results suggested an aberrant regulation of 
FGF23/Klotho axis in salt-sensitive participants. The different re-
sponses of FGF23/Klotho axis to salt intake could influence sodium 
balance, which might contribute to the progression of salt sensitivity. 

However, the exact mechanisms of the different responses between 
salt-sensitive and salt-resistant participants were still far from clear. 
To our knowledge, the interactions between FGF23/Klotho axis and 
RAS could partially explain the different responses of two groups. 
Consistent with the changes of FGF23/Klotho axis, studies have 
found aldosterone decreased in high-salt period compared with 
low-salt period in salt-resistant participants, which did not change 
significantly in SS participants. Aldosterone could upregulate the ex-
pression of FGF23. Furthermore, the Sgk1-NCC pathway has been 
established as an important downstream target of aldosterone/MR, 
which also was the target of FGF23/Klotho axis. RAS might regu-
late the function of FGF23/Klotho axis through this common path-
way. Additional studies were warranted to elucidate the different 
responses of FGF23/Klotho axis in salt-sensitive and salt-resistant 
groups.

Though this was the first study that explored the influence of salt 
intake on serum Klotho in human, several limitations of this study 
should be stressed. This intervention study was restricted in north-
ern China. The number of participants was quite small. With these 
limitations, we could not generalize the results of this study to other 
races. Thus, multiethnic clinical trials were required to determine 
whether our results could be generalized to populations with multi-
ple backgrounds. Moreover, we observed the changes during inter-
vention but paid little attention to the mechanisms of these changes. 
Therefore, further researches were still warranted.

Overall, we firstly observed the influence of salt intake on 
serum Klotho in human, which increased while low-salt diet 
and decreased after high-salt intake. Besides, the responses of 
Klotho to dietary salt intake especially to low-salt diet were more 

F I G U R E  5  The correlations of Klotho with SBP and FGF23. There was a negative correlation between Klotho and SBP after adjusting 
age, gender, BMI, and hypertension status (A). This correlation was much stronger in SS participants (B) but showed no obvious statistical 
significance in SR ones (C). Serum Klotho was positively correlated with serum FGF23 during dietary intervention after adjusting for 
confounders (D). SBP, systolic blood pressure; FGF23, fibroblast growth factor 23

(A) (B)

(C) (D)
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pronounced in salt-resistant participants. Based on our previous 
study, we thus predicted that salt intake could influence the func-
tion of FGF23/Klotho axis. Aberrant responses of FGF23/Klotho 
axis to salt intake might contribute to the development of salt-sen-
sitive hypertension.
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