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High dietary salt intake correlates 
with modulated Th17-Treg cell 
balance resulting in enhanced 
bone loss and impaired bone-
microarchitecture in male mice
Hamid Y. Dar  1, Anjali Singh2, Prashant Shukla3, Rajaneesh Anupam2, Rajesh K. Mondal4, 
Pradyumna K. Mishra5 & Rupesh K. Srivastava  1,6

Osteoporosis is associated with reduced density and quality of bone leading to weakened skeleton 
thereby increasing the risk of fractures responsible for increased morbidity and mortality. Due to 
preference for western food style the consumption of salt intake in our diets has increased many folds. 
High dietary salt intake has recently been linked with induction of Th17 cells along with impairment 
of Treg cells. Also, Th17 cells have been one of major players in the pathophysiology of various bone 
pathologies including osteoporosis. We thus hypothesized that high salt diet (HSD) intake would lead 
to enhanced bone loss by modulating Th17-Treg cell balance. In the present study, we report for the first 
time that HSD intake in male mice impairs both trabecular and cortical bone microarchitecture along with 
decreasing the mineral density and heterogeneity of bones. The HSD modulates host immune system 
and skews Treg-Th17 balance by promoting osteoclastogenic Th17 cells and inhibiting development of 
anti-osteoclastogenic Treg cells in mice. HSD also enhanced expression of proinflammatory cytokines  
(IL-6, TNF-α, RANKL and IL-17) and decreased the expression of anti-inflammatory cytokines (IL-10, 
IFN-γ). Taken together the present study for the first time establishes a strong correlation between high 
dietary salt intake and bone health via interplay between Th17-Treg cells.

Osteoporosis is an increasingly common chronic condition of bones with more than 200 million affected individ-
uals worldwide1. Osteoporosis is associated with reduced density and quality of bone leading to weakened skeleton 
thereby increasing the risk of fractures, responsible for increased morbidity and mortality2. In addition, osteopo-
rosis will take a heavy toll on the economy with an estimated burden of USD 131.5 billion worldwide by 20502. The 
role of nutrition in bone health has now gained momentum with a number of minerals and vitamins been identi-
fied to play a potential role in the prevention of bone diseases, particularly osteoporosis. Different nutrients have 
been proposed to play key role in bone development, maintenance and bone loss3. Thus, diet constitutes one of the 
main contributory and regulatory factors in bone health4,5. Among these, the relevance of dietary calcium to bone 
mass has been well documented in numerous studies in humans6. In contrast, the importance of other essential 
nutrients including the effect of sodium intake on bone health has not been yet fully elucidated7,8. It is well known 
that high dietary sodium intake decreases renal calcium reabsorption that results in greater urinary calcium excre-
tion. According to World Health Organization (WHO) the recommended daily intake of salt in adults is 5 g/day in 
adults9,10, but with the advent of western diet-style worldwide, the mean daily salt intake has increased to 12 g/day9–11.  
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Intake of high salt diet (HSD) leads to increased risks of hypertension, cardiovascular diseases along with impair-
ment of kidneys12,13. HSD not only elevates the blood pressure but in long run causes ventricle hypotrophy, pro-
teinuria as well as strokes14–16. In this scenario, WHO has set up goal of decreasing the salt intake upto 30% by 
202512,17. As the salt war rages on, it has now been also linked to negative effect on bone health, as various recent 
studies have reported relationship between high salt intake and risk of osteoporosis7,18. It has been observed that 
high dietary salt intake induces hypercalciuria along with greater calcium excretion19.

Th17 cells are one of the major cells responsible for enhanced osteoclastogenesis and resulting bone loss by pro-
ducing higher levels of IL-17, RANKL, TNF-α and lower levels of IFN-γ20–22. Whereas, regulatory T cells (Tregs) 
through their production of IL-10 and TGF-β1 suppress the effector functioning of Th17 cells. Tregs can also lead 
to suppression of bone loss by inhibiting differentiation of monocytes into osteoclasts under both in vitro and in 
vivo conditions23,24. Recently it has been reported by Jörg et al. that HSD induces the generation of pathogenic 
Th17 cells in experimental autoimmune encephalomyelitis (EAE)25. Also, HSD has been associated with higher 
incidences of rheumatoid arthritis (RA)26,27, along with affecting the innate immune system by enhancing the 
functioning of proinflammatory macrophages28,29. Furthermore, HSD have been reported to impair function-
ing of Treg cells30. Thus, very few studies till date have linked the negative effects of HSD on bone loss, but most 
importantly no study had ever established the role of T cells (Treg-Th17) in high dietary salt induced bone loss. 
In our present study, we report for the first time that high dietary salt intake impairs bone-microarchitecture and 
induces bone loss by modulating Treg-Th17 cell balance. We report that HSD significantly enhances induction of 
Th17 cells along with simultaneous decrease in the population of Treg cells in vivo. This effect of HSD is mediated 
by enhanced expression of proinflammatory cytokines (IL-6, IL-17, RANKL and TNF-α) and decreased expres-
sion of anti-inflammatory cytokines (IL-10, IFN-γ). The present study thus demonstrates the unique role of diet, 
particularly high salt in bone health; and thus opens up Pandora’s Box for future research in the novel field of 
“Nutritional Therapeutics”.

Results
High dietary salt intake enhances bone loss. To determine the effect of high dietary salt intake on bone 
health we were first interested in looking for different signs of bone remodelling by scanning the surface of bones 
by scanning electron microscopy (SEM) and atomic force microscopy (AFM). To determine the same we divided 
the mice in three group’s viz. normal (0.8% in chow + normal drinking water), low salt diet (LSD) (0.4% in chow 
+ normal drinking water) and high salt diet (HSD) intake (4% in chow + 1% drinking water) groups (Fig. 1A) 
and at day 45 (Supplementary Fig. S1, S2 and S3) mice were sacrificed and femur bones collected for SEM and 
AFM. SEM images (Fig. 1B) clearly indicated a significantly higher number of resorption pits/lacunae (increased 
osteoclastogenesis) of various shapes/area on the surface of the bones in HSD group with respect to LSD group. 
Notably these resorption pits/lacunae were either significantly absent or were in very few numbers in LSD intake 
group (Fig. 1B). AFM is a superb tool for imaging of bone ultra-structure in a close to physiological state31. We 
thus next performed AFM for a detailed understanding of the influence of dietary salt intake on bone remodel-
ling. As expected our AFM images too complemented our results from SEM by revealing significantly decreased 
number of scalloped surfaces or pits (Fig. 1D) left behind by the osteoclasts in LSD intake group in comparison 
to both normal and HSD intake groups.

MATLAB (matrix laboratory) is a multi-paradigm numerical computing technique used in microscopy, 
biomedical imaging etc. We thus performed MATLAB analysis of both SEM and AFM images to further ana-
lyse our data, regarding correlation between bone loss and bone topology. In MATLAB any distortion in the 
object or absence of identical object reduces the correlation value and is usually represented through colours. 
It can be clearly concluded from Fig. 1C (2D-SEM) that LSD group has different topology from that of normal 
and HSD groups which is very much degraded (enhanced osteoclastogenesis). The MATLAB-analysis of SEM 
images (Fig. 1C) shows this extent of homogeneity observed in the SEM images by red (highest correlation = 
more bone) and blue (least correlation = less bone). Figure 1D (3D-AFM) further complements our results 
that LSD group has normal bone topology and high bone content whereas, both normal and HSD groups have 
bone surface eaten up due to enhanced osteoclastogenesis. In MATLAB-analysis of AFM images (Fig. 1E), red 
implies height of bone (suppressed osteoclastogenesis) and the representative valleys-blue describe decreased 
bone height (enhanced osteoclastogenesis). Collectively, our data from both SEM and AFM analysis of bone 
samples clearly indicate that HSD intake enhances bone loss, whereas LSD intake leads to significant inhibition 
of bone loss.

High dietary salt intake impairs lumbar vertebral (LV5) bone micro-architecture. Moving ahead 
in our study we were next interested in delineating the effect of HSD on bone microarchitecture. We thus per-
formed µCT (a “gold standard” for evaluation of bone morphology and microarchitecture) for quantitating var-
ious bone morphometric and geometric parameters related to bone loss. Since the lumbar vertebrae-5 (LV-5) 
is considered as one of the best diagnostic parameters to study the effect of bone loss via µCT in osteoporosis, 
we too analysed the effect of HSD on LV-5 vertebrae. Strikingly, μCT analysis clearly pointed towards a more 
compact LV-5 architecture in LSD intake group with respect to both normal and HSD intake groups (Fig. 2). We 
observed that in comparison to LSD intake group, HSD group had decreased bone volume/tissue volume (BV/
TV) (p < 0.01), trabecular thickness (Tb. Th) (p < 0.01), trabecular number (Tb. N) (p < 0.01) and connectivity 
density (Conn. Den.) (p < 0.01) (Table 1). On the other hand in comparison to LSD group, HSD group had 
increased trabecular separation (Tb. Sp.) (p < 0.01) and trabecular pattern factor (Tb. Pf.) (p < 0.01) (Table 1). 
Together our data clearly demonstrates that HSD intake significantly enhances bone loss by impairing LV-5 ver-
tebrae bone microarchitecture of mice. On the contrary LSD significantly inhibits deterioration of bone microar-
chitecture in LV5 vertebrae.
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High dietary salt intake impairs both femoral and tibial bone microarchitecture in mice. Since 
bone micro-architecture consists of both the trabecular and cortical parameters, we were interested in quan-
titating both separately in femur and tibia respectively. In gross observation by 3D-μCT of femur/tibial bones 

Figure 1. High dietary salt intake enhances bone loss. (A) Experimental work plan. Mice were divided into 
3 groups. The high salt diet group (HSD) mice received diet containing 4% NaCl in chow plus 1% in drinking 
water. The low salt diet group (LSD) mice were fed on diet having 0.4% NaCl in chow plus normal drinking 
water whereas normal mice were given a diet containing 0.8% NaCl in chow plus normal drinking water for 
45 days. At the end of experiment mice were sacrificed and tissues (bones+ lymphoid) were analysed. (B) 
2D SEM images of femur cortical. (C) 2D MATLAB analysis of SEM images. (D) 3D AFM images of femur 
cortical. (E) 3D MATLAB analysis of AFM images. The above images are representative of one experiment and 
similar results were obtained in three different experiments with n = 10 mice/group/experiment. (Mouse image 
courtesy: Hamid Y. Dar).
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collected for µCT analysis, significant deterioration in the femur trabecular architecture was readily observed 
in HSD group when compared with LSD group (Fig. 2). The HSD group has decreased BV/TV (p < 0.01), Tb. 
Th (p < 0.01), Tb. N (p < 0.01), Conn. Den (p < 0.05) (Table 1); but increased Tb. Sp (p < 0.01), Tb. Pf (p < 0.01) 
(Table 1) in comparison to LSD intake group. Similar results were also observed in femur cortical bones (Table 1) 
with significant decrease in the cortical micro-architecture in HSD intake group as compared with LSD intake 
group. Additionally our data of μCT analysis of tibia trabecular micro-architecture of HSD group showed a clear 
and significant deterioration even in trabecular bone of tibia as compared with LSD intake group (Fig. 2). The 
HSD intake group has reduced BV/TV (p < 0.01), Tb. Th (p < 0.05), Tb. N (p < 0.05) and Conn. Den (p < 0.01); 
but increased Tb. Sp (p < 0.01) and Tb. Pf (p < 0.01) (Table 1) in comparison to LSD intake group. Similar results 
were also observed in tibial cortical bones (Table 1) with significant deterioration in cortical microarchitecture of 
bones in HSD intake group as compared with LSD group. Altogether, these results further support and strengthen 
our observations that intake of HSD in mice impairs both femoral and tibial bone micro-architecture. Notably, 
we also observed the significant role of LSD in maintaining as well as protecting both femoral and tibial bone 
microarchitecture in mice.

Figure 2. High dietary salt intake reduces trabecular and cortical bone microarchitecture. (A) 3-D μCT 
reconstructions of LV5, femur trabecular, tibia trabecular, femur cortical and tibia cortical of normal, low salt 
diet (LSD) and high salt diet groups (HSD). The above images are representative of one experiment and similar 
results were obtained in three different experiments with n = 10 mice/group/experiment.
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High dietary salt intake decreases both mineral density and heterogeneity of bones. Bone 
mineral density (BMD) defines the quantity of mineralized tissue present (size and density) in bones and is usu-
ally considered as an important parameter for determining the tendency of bones to undergo fracture. Thus, in 
line with these findings, we next determined the effect of HSD intake on BMD for both cortical and trabecular 
bones. Interestingly, both trabecular and cortical bones from femur/tibia/LV5 illustrated a significant decrease 
in their respective BMDs in HSD group (Table 2). The BMDs of HSD intake group was significantly reduced as 
compared to that of LSD intake group in LV-5-trabecular (p < 0.01), femur trabecular (p < 0.01), tibia trabecular 
(p < 0.01), tibia cortical (p < 0.05) and femur cortical (p < 0.01) (Table 2). Moving ahead, we next investigated 
the effect of HSD intake on heterogeneity of bone content with the help of FTIR analysis. Mice were sacrificed at 
the end of experiment and femur cortical bones were collected for FTIR analysis of heterogeneity. Importantly, 
we observed that HSD induces significant reduction in heterogeneity of bones (determined by m/m, XST and 
c/p ratios). We observed that intake of HSD in mice significantly increased the m/m ratio (p < 0.05), XST (p < 

Bone parameters Normal LSD HSD

LV5

  BV/TV (%) 25.52 ± 0.05 28.65 ± 0.09 21.59 ± 0.84**

  Tb. Th (mm) 1.23 ± 0.04 1.31 ± 0.16 1.12 ± 0.07**

  Tb. No (mm−1) 3.87 ± 0.42 4.35 ± 0.04 3.41 ± 0.50**

  Conn. Den (mm−3) 2.53 ± 0.05 3.76 ± 0.09 1.97 ± 0.02**

  Tb. Sp. (mm) 0.87 ± 0.08 0.42 ± 0.04 1.43 ± 0.34**

  Cl. Po (%) 2.54 ± 0.37 2.12 ± 0.16 5.76 ± 0.46**

Femur Trabecular

  BV/TV (%) 34.21 ± 1.32 38.25 ± 1.24 25.43 ± 1.51**

  Tb. Th (mm) 1.53 ± 0.24 1.78± 0.26 1.12 ± 0.18**

  Tb. No (mm−1) 4.67 ± 0.21 5.21 ± 0.33 3.97 ± 0.18**

  Conn. Den (mm−3) 3.87 ± 0.68 4.32 ± 0.84 3.61 ± 0.06*

  Tb. Sp. (mm) 0.89 ± 0.01 0.54 ± 0.06 0.98 ± 0.08**

  Cl. Po (%) 0.87 ± 0.09 0.62 ± 0.03 1.85 ± 0.13**

Tibia Trabecular

  BV/TV (%) 31.33 ± 0.75 36.22 ± 0.45 27.43 ± 0.34**

  Tb. Th (mm) 1.21 ± 0.09 1.40 ± 0.08 1.06 ± 0.04*

  Tb. No (mm−1) 3.21 ± 0.47 3.73 ± 0.51 3.01 ± 0.15*

  Conn. Den (mm−3) 4.30 ± 0.47 4.73 ± 0.56 3.76 ± 0.48**

  Tb. Sp. (mm) 1.37 ± 0.23 0.87 ± 0.07 1.46 ± 0.12**

  Cl. Po (%) 0.85 ± 0.04 0.59 ± 0.02 2.12 ± 0.25**

Femur Cortical

  Tt. Ar (mm2) 2.56 ± 0.02 2.88 ± 0.10 1.85 ± 0.11**

  T. Pm (mm) 0.57 ± 0.06 0.77 ± 0.07 0.45 ± 0.04**

  Ct. Ar (mm2) 0.67 ± 0.01 0.89 ± 0.08 0.42 ± 0.06*

  B. Pm (mm) 1.02 ± 0.07 1.32 ± 0.10 0.86 ± 0.09**

  Ct. Th (mm) 0.76 ± 0.01 0.94 ± 0.06 0.54 ± 0.07**

  MMI (mm4) 0.42 ± 0.04 0.61 ± 0.05 0.22 ± 0.07**

Tibia Cortical

  Tt. Ar (mm2) 1.88 ± 0.06 2.32 ± 0.91 1.58 ± 0.0.98**

  T. Pm (mm) 0.63± 0.08 0.88 ± 0.07 0.48 ± 0.04*

  Ct. Ar (mm2) 0.49 ± 0.02 0.69 ± 0.07 0.31 ± 0.03*

  B. Pm (mm) 0.85 ± 0.17 1.01 ± 0.14 0.73 ± 0.12*

  Ct. Th (mm) 0.56 ± 0.11 0.85 ± 0.19 0.47 ± 0.11**

  MMI (mm4) 0.54 ± 0.07 0.71 ± 0.10 0.32 ± 0.06*

Table 1. Bone histomorphometric parameters of trabecular and cortical bones. High dietary salt intake 
impairs both trabecular and cortical bone microarchitecture. Histomorphometric parameters of trabecular 
and cortical bones of LV5, femur and tibia of normal, low salt diet group (LSD) and high salt diet group 
(HSD). Bone volume/tissue volume ratio (BV/TV); Trabecular thickness (Tb. Th); Trabecular number (Tb. 
No.); Connectivity density (Conn. Den); Trabecular separation (Tb. Sep.); Trabecular pattern factor (Tb. 
Pf.); Total cross-sectional area (Tt. Ar.); Total cross-sectional perimeter (T. Pm); Cortical bone area (Ct. Ar); 
Bone perimeter (B. Pm); Average cortical thickness (Ct. Th); Polar moment of inertia (MMI). The results were 
evaluated by using ANOVA with subsequent comparisons by Student t test for paired or nonpaired data, as 
appropriate. Inner values are expressed as mean ± SEM (n = 10) and similar results were obtained in three 
independent experiments. Statistical significance was defined as p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) 
with respect to low salt diet group.
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0.05) and c/p ratio (p < 0.05) in femur cortical with respect to LSD intake group (Table 3). In summary, our data 
for the first time demonstrates that HSD intake alters natural physiology (loss of heterogeneity) of bones in mice, 
thereby making them susceptible to enhanced fracture risk, unlike LSD intake which significantly maintains this 
heterogeneity thereby leading to enhanced BMD.

High dietary salt intake enhances bone loss by modulating Treg-Th17 cell balance. The role 
of Treg and Th17 cells in modulating bone health is now well established. Thus, to delineate the role of Treg and 
Th17 cells in HSD induced bone loss, we carried out flow cytometric analysis of bone marrow for both Treg and 
Th17 cells (Supplementary Fig. S4 and S5). Mice were sacrificed at completion of 45 days of HSD administra-
tion and total lymphocyte populations derived from bone marrow was analysed for CD4+Foxp3+ (CD4-Tregs), 
CD8+Foxp3+ (CD8-Tregs) and CD4+Rorγt+ (Th17) cells. As compared to LSD intake group, HSD group 
reported 2-fold decrease in CD4+Foxp3+Treg cells in bone marrow (3.75 ± 0.41% in low salt group to 1.2 ± 0.12% 
in high salt) (p < 0.01) (Fig. 3A). Interestingly, HSD intake also led to 2-fold decrease in CD8+Foxp3+ Treg cells 
in bone marrow (1.81 ± 0.02% in low salt group to 0.61 ± 0.01% in high salt) (p < 0.05) (Fig. 3B) as compared to 
LSD intake group. Next, we determined the effect of HSD intake on Th17 cells, notably in HSD intake group we 
observed more than three-fold increase in percentage of CD4+Rorγt+Th17 cells in bone marrow (0.41 ± 0.003% 
in LSD group to 0.78 ± 0.03% in HSD group) (p < 0.05) (Fig. 3C) with respect to LSD group.

Our next aim was to investigate the functionality of Treg and Th17 cells as determined by their cytokine pro-
duction of IL-10 and IL-17 cytokines respectively in bone marrow (prime site of osteoclastogenesis). To explore 
the source of IL-10 and IL-17 secretion, total lymphocytes from bone marrow were activated with PMA (50 ng/
ml) and ionomycin (500 ng/ml) for 5–6 h before analysis. Gating was performed first for total CD4+ T cells and 
later analysed for the expression of Foxp3+IL-10+ (Treg) cells and Rorγt+IL-17+ (Th17) cells. We observed that 
HSD intake in mice led to more than 2-fold decrease in Foxp3+IL-10+ cells in bone marrow (4.21 ± 0.32% in LSD 
group to 2.11 ± 0.41% in HSD group) (p < 0.05) (Fig. 3D) along with 3-fold increase in Rorγt+IL-17+ cells in 
bone marrow (1.78 ± 0.18% in LSD group to 3.87 ± 0.32% in HSD group) (p < 0.01) (Fig. 3E). Collectively, these 
results clearly demonstrate that HSD intake enhances production of IL-17 from Th17 cells along with simultane-
ously inhibiting production of IL-10 from Tregs. Interestingly, in LSD we observed a significant increase in the 
percentage of Treg cells along with simultaneous decrease in the percentage of Th17 cells. Altogether, our results 
for the first time establish the role of HSD intake in augmenting Treg-Th17 cell axis by enhancing Th17 cells and 
decreasing the percentage of Treg cells in vivo leading to enhanced bone loss in HSD group.

High dietary salt intake skews expression of osteoclastogenic factors. To determine the effect of HSD  
on various proinflammatory cytokines, mice were sacrificed at the end of the experiment and blood serum 
cytokine levels was analysed by cytometric bead array (CBA). It was observed that HSD intake significantly 
increases levels of osteoclastogenic cytokines viz. IL-6 (p < 0.01), TNF-α (p < 0.01) and IL-17A (p < 0.01) 
in comparison to LSD intake group, which significantly inhibits the same (Fig. 4A). Interestingly, HSD intake 

LV5 (gm HA/cm3)
Femur Trabecular 
(gm HA/cm3)

Tibia Trabecular 
(gm HA/cm3)

Femur Cortical 
(gm HA/cm3)

Tibia Cortical 
(gm HA/cm3)

BMD of trabecular and cortical bones

Normal 3.21 ± 0.8 4.57 ± 0.08 4.21 ± 0.38 1.32 ± 0.02 1.10 ± 0.12

LSD 3.52 ± 0.10 5.02 ± 0.12 4.89 ± 0.09 1.64 ± 0.26 1.52 ± 0.33

HSD 2.20 ± 0.08** 2.21 ± 0.44** 1.89 ± 0.28** 0.92 ± 0.02* 0.91 ± 0.10**

Table 2. High dietary salt intake decreases mineral density of bones. Tabular representation of BMD of 
trabecular (LV5, femur and tibia) and cortical (femur and tibia only) bones of normal, low salt diet (LSD) and 
high salt diet groups (HSD). The results were evaluated by using ANOVA with subsequent comparisons by 
Student t test for paired or nonpaired data, as appropriate. Analysis was performed using Sigma plot software 
(Systat Software, Inc., Germany). Values are reported as mean ± SEM (n = 10) and similar results were obtained 
in three independent experiments. Statistical significance was defined as p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01) with 
respect to low salt diet group.

Mineral/ matrix ratio (m/m) Crystallinity (XST) Carbonate/ phosphate ratio (c/p)

Compositional changes in cortical bones

Normal 2.77 ± 0.2 1.12 ± 0.07 1.31 ± 0.11

LSD 2.55 ± 0.05 1.01 ± 0.06 1.18 ± 0.03

HSD 2.98 ± 0.5* 1.15 ± 0.12* 1.34 ± 0.02*

Table 3. High dietary salt intake decreases heterogenity of bones. Tabular representation of compositional 
changes in bones as detected by FTIR for bone mineral/ organic matrix ratio (m/m), crystallininty (XST) and 
carbonate to phosphate ratio (c/p) of normal, low salt diet (LSD) and high salt diet groups (HSD). The results 
were evaluated by using ANOVA with subsequent comparisons by Student t test for paired or nonpaired data, 
as appropriate. Analysis was performed using Sigma plot software (Systat Software, Inc., Germany). Values 
are reported as mean ± SEM (n = 10) and similar results were obtained in three independent experiments. 
Statistical significance was defined as p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01) with respect to low salt diet group.
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significantly decreased the levels of IFN-γ (p < 0.05) and IL-10 (p < 0.01) which are known anti-osteoclastogenic 
cytokines32. Since RANKL has been reported as the prime factor for inducing osteoclastogenesis and is known 
to be expressed by activated T cells (including Th17 cells)32. Thus, it’s important to determine the amount and 
source of RANKL in our system. In line with this we next examined the amount of total RANKL produced by 
all sources, along with RANKL secreted by T cells alone. Excitingly, we observed that intake of HSD in mice 
results in a two-fold increase in RANKL secreting CD4+T cells in bone marrow (0.81 ± 0.05% in LSD group 
to 4.01 ± 0.32% in HSD group) (p < 0.01) with respect to LSD intake group (Fig. 4B). Simultaneously, the total 
RANKL expression was also significantly increased in HSD group in bone marrow (2.01 ± 0.27% in LSD group to 
7.11 ± 0.94% in HSD group) (p <  0.01) with respect to LSD intake group (Fig. 4C). Importantly, in LSD group we 
observed a significant reduction in the production of proinflammatory factors/cytokines along with an increase 
in the production of anti-inflammatory factors thereby leading to enhanced bone health observed in LSD group. 
Taken together, our results confirm that HSD intake enhances production of proinflammatory factors/cytokines 
and inhibits secretion of anti-inflammatory factors, thereby enhancing bone loss in mice (Fig. 5).

Discussion
The incidence of various inflammatory diseases in the society at large is increasing rapidly, suggesting the influ-
ence of environmental factors such as diet as an important trigger for a number of diseases4,5. The “Western diet,” 
high in saturated fatty acids and salt has long been postulated as one of the potential environmental cause for the 
increasing incidence of inflammatory diseases in developed countries where processed and fast food consump-
tion is more common33. HSD has been implicated in the development of hypertension, chronic inflammation, 
cancer and autoimmune diseases34. Dietary salt (sodium chloride-NaCl) intake in our foods varies vastly, rang-
ing from less than 1 g/day in homemade food to more than 20 g/day in the western world9. It is to be noted that 
sodium content of processed foods and ‘fast food’ preferentially consumed now a days can be more than 100 

Figure 3. High dietary salt intake enhances bone loss by modulating Th17-Treg cell balance. Cells from bone 
marrow (BM) of normal, low salt diet (LSD) and high salt diet mice groups (HSD) were isolated at the end of 
experiment, labelled and analysed by flow cytometry for percentage of Foxp3+ and Rorγt+, IL-10+Foxp3+ and 
Rorγt+IL-17+ cells. Gating was first performed for CD4+ and later analysed for the expression of CD4+Foxp3+ 
(Tregs), CD4+Rorγt+ (Th17), CD4+IL-10+ (Tregs) and CD4+IL-17+ (Th17). (A) Average percentage of 
CD4+Foxp3+T cells (B) Average percentage of CD8+Foxp3+T cells (C) Average percentage of CD4+Rorγt+T 
cells. (D) Average percentage of Foxp3+IL-10+ (Treg). (E) Average percentage of Rorγt+ IL-17+ (Th17). The 
results were evaluated by using ANOVA with subsequent comparisons by Student t test for paired or nonpaired 
data, as appropriate. Analysis was performed using Sigma plot software (Systat Software, Inc., Germany). Values 
are reported as mean ± SEM (n = 10) and similar results were obtained in three independent experiments. 
Statistical significance was defined as p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to low salt diet 
group.
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times higher in comparison to similar homemade meals9. As already observed, dietary salt intake has been main 
culprit in the development of various diseases such as cardiovascular disease and stroke35,36. High-salt diets have 
also been reported to result in interstitial hypertonic Na+ accumulation in the skin and muscle thereby activating 
tissue-resident macrophages to secrete endothelial growth factor-C, which in turn increases interstitial hyper-
tonic volume retention and blood pressure37. Notably, these complications were not reported in diets with low salt 
or moderate salt content, where the normal physiology and health was least affected35–37. In fact, low salt intake or 
moderate salt diet was beneficial in patients suffering from cardiovascular diseases37. Within tissue inflammatory 

Figure 4. High dietary salt intake skews expression of osteoclastogenic factors. (A) Serum samples of mice 
were analyzed for secretion of various proinflammatory and anti-inflammatory cytokines by CBA (B) Average 
percentage (%) of CD4+RANKL+T cells in bone marrow (BM). (C) Average percentage (%) of total RANKL in 
bone marrow (BM). The results were evaluated by using ANOVA with subsequent comparisons by Student t test 
for paired or nonpaired data, as appropriate. Analysis was performed using Sigma plot software (Systat Software, 
Inc., Germany). Values are reported as mean ± SEM (n = 10) and similar results were obtained in three 
independent experiments. Statistical significance was defined as p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) 
with respect to low salt diet group.
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sites, elevated sodium also increases the development of proinflammatory M1 macrophages29. The pathogenesis 
of several of these diseases is characterized by deregulation of Treg-Th17 cell axis and induction of various pro 
and anti-inflammatory cytokines like TNF-α, IL-6, IFNγ and IL-10. Recent reports have shown that the differen-
tiation of Th17 cells is sensitive to changes in local microenvironments, such as salt (NaCl)38. Moreover, increased 
sodium promotes the development of IL-17 producing CD4+ T cells (Th17 cells), which are critical effector cells 
in response to extracellular bacterial infections and are also important mediators of autoimmune inflamma-
tory diseases39. This increased Th17 response occurs via sodium enhancement of serum/glucocorticoid regulated 
kinase 1 (SGK1) activation38. Thus, in addition to increasing blood pressure and the risk of stroke, increased salt 
intake can undermine the course and balance of the immune response by promoting the development of mac-
rophages and T cells with proinflammatory functions30,38.

Recently, several studies have depicted the role of dietary salt intake on bone health. Devine et al. studied 
the relationship of salt intake and bone mineral density by linking dietary calcium intake and urine sodium 
excretion40. In another study, it was reported that reduction of sodium intake leads to improved bone health41. 
Similarly, Jones et al. reported that intake of HSD in men and women are associated with higher bone resorption 
markers, thereby increasing the risk of osteoporosis42,43. Since Th17 and Treg have established role in bone health 
along with the fact that high salt induces Th1739 and impairs Tregs30, we were interested in elucidating the role 
of HSD on bone health via its effect on Treg-Th17 cell axis. Also, no study till date had ever unravelled the role 
of Th17-Treg cells in high dietary salt induced bone loss. Our present study thus for the first time demonstrates 
that higher intake of dietary salt (sodium chloride) enhances bone loss in male mice. To elucidate the mechanism 
of HSD intake in regulating bone health we started to investigate its effect on host physiology, particularly the 
osteoimmune system. SEM and AFM analysis of bone samples confirmed that HSD intake enhances bone loss in 
mice. µCT of bones further reaffirmed our results, as significant bone loss was observed in LV-5, femur and tibial 
bones of HSD mice group with respect to LSD and normal groups. Interestingly, LSD resulted in enhanced bone 
mass, along with improved bone microarchitecture in LV-5, femur and tibial bones, as confirmed by SEM, AFM 
and µCT analysis. These results clearly validate the effect of both HSD and LSD on bone health.

Bone is a dynamic and heterogeneous tissue consisting of different constituents viz. mineral phase 
(hydroxyapatite), organic phase (∼90% collagen type I, ∼5% noncollagenous proteins, ∼2% lipids) and water44,45. 
With the advancement of age, gender and diet their relative proportions in the bone vary significantly. The bone 
has heterogeneous composition due to its constant remodelling and mineralization cycles. Loss of material het-
erogeneity is associated with an increase in brittleness thereby increasing the risk of fracture44. Thus, the physi-
ological composition of the bone in the healthy individual must be maintained for proper functioning of bones. 
Since loss of heterogeneity in bones has been associated with severe fractures and osteoporosis44, it thus makes 
sense to study the effect of HSD intake on bone heterogeneity parameters viz. crystallinity-XST (high XST ratio 
= enhanced bone loss); mineral to organic matter ratio-m/m (high m/m ratio = enhanced bone loss); and car-
bonate content-c/p (high c/p ratio = enhanced bone loss)44,45 along with BMD. Importantly, our results clearly 
indicate significant decrease in both the mineral density and heterogeneity of bones (as increase in m/m, XST and 
c/p ratios are related with enhanced bone loss in HSD mice group with respect to LSD mice group). Interestingly, 
the heterogeneity in case of LSD group mice was observed to be significant enhanced. These data clearly highlight 
the key role of HSD in enhancing bone loss, along with compromising on part of bone heterogeneity. Thus, our 
data for the first time demonstrate the ill effects of HSD intake on bone health leading to enhanced bone loss with 
simultaneous decreased heterogeneity of bones, an important factor for determining bone fragility and fracture 
risk in the long run44.

Several earlier studies have tried to link and establish the role of HSD with either immune system or bone 
health34,39. Treg cells (both CD4+ and CD8+) have long been associated with bone protective functions46,47, 
whereas Th17 has now been associated with inflammatory bone loss in RA, osteoporosis etc.46. It has been already 
reported that high salt intake enhances Th17 cells along with simultaneously impairing Treg cell functions38,45. 
Also, IL-17 plays an important role in osteoclast formation via its effect on NF-κB and RANKL secretion48. In 
line with these findings, we report for the first time that HSD in male mice significantly increases the population 

Figure 5. Summary of our results. High dietary salt intake induces bone loss by modulating Treg-Th17 balance 
in vivo.
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of Th17 cells and decreases Tregs (both CD4+ and CD8+ Treg) populations in bone marrow, a primary site of 
osteoclastogenesis. On the contrary in case of LSD mice there was observed a significant increase in the pop-
ulation of Treg cells along with simultaneous decrease in Th17 cell population. Taken together these results 
clearly demonstrate that HSD impairs bone health by enhancing osteoclastogenic Th17 cells and inhibiting 
anti-osteoclastogenic Treg cells.

The role of pro-inflammatory cytokines in the pathogenesis of inflammatory diseases is well established. Also, 
various studies have mentioned the negative effect of pro-inflammatory cytokines on bone health leading to 
several inflammatory conditions of bones such as osteoporosis and osteoarthritis46. Bone loss is regarded as an 
inflammatory condition because of the causal role of the immune system49,50, particularly due to the presence of 
increased levels of proinflammatory cytokines (IL-6, TNF-α, IL-17 and RANKL)50–53 along with decreased levels 
of anti-inflammatory factors (IL-10 and IFN-γ)54,55 resulting in enhanced bone loss. It is now well established 
that IL-10, secreted from Treg cells possess anti-inflammatory properties and is responsible for their suppres-
sive functioning during inflammation56. On the other hand, Th17 cells produce IL-17, which is responsible for 
enhanced bone loss57,58. In our present study, we too report that HSD intake enhances bone loss in mice by stim-
ulating production of proinflammatory cytokines (IL-6, IL-17 and TNF-α), along with decreasing production of 
anti-inflammatory cytokines (IFN-γ and IL-10). In addition, significant increase in the production of RANKL 
(an important mediator of osteoclastogenesis) from both T cells and non-T cell sources was observed in HSD 
intake group with respect to LSD intake mice group. Together our data clearly reveal and establish the key role of 
HSD in elevating the production of proinflammatory cytokines and simultaneously decreasing the production 
of anti-osteoclastogenic factors, thereby enhancing bone loss. It is worth mentioning here that LSD on the con-
trary to HSD results in a significant decrease in the production of proinflammatory cytokines (IL-6, IL-17 and 
TNF-α), along with enhanced production of anti-osteoclastogenic cytokines (IFN-γ and IL-10). Thus, our results 
not only highlight the adverse effects of HSD on bone health, they also point out the important protective role 
played by LSD in maintaining normal host physiology with respect to various inflammatory immune responses. 
Collectively, our results for the first time establish a strong correlation between HSD intake and bone loss via 
modulation of Th17-Treg cell balance in vivo. These results once again highlight the importance of dietary salt 
(particularly high salt) intake from various packed and processed food items which can ultimately increase the 
risk of various inflammatory diseases including bone health.

Material and Methods
Animals. Thirty male mice (BALB/c) of 8–10 weeks with an average body weight (mean ± standard error of 
the mean) of 27 g ±  2 g were selected. The high salt diet (HSD) group mice received diet containing 4% NaCl in 
chow plus 1% in drinking water. The low salt group mice were fed on diet having 0.4% NaCl in chow plus normal 
drinking water whereas normal mice were given a diet containing 0.8% NaCl in chow plus normal drinking water 
for 45 days. Mice were maintained under specific pathogen-free conditions and fed sterilized food and autoclaved 
water ad libitum. At the end of experiment (45 days), animals were sacrificed and bones, serum, organs collected 
for further analysis. All the procedures involving animals were conducted according to the requirements and with 
the approval of the Institutional Animal Ethics Committee of AIPS.

Antibodies and Reagents. The following antibodies/kits were bought from BD Biosciences (USA): 
PerCP-Cy-5.5 Rat Anti-Mouse CD4-(RM4-5) (550954), APC-Rat-Anti-Mouse-CD8a-(53-6.7) (561093), 
PE-Rat-Anti-Mouse-CD45R/B220-(RA3-6B2) (553089) and mouse Cytometric Bead Array-(CBA) kit. The rea-
gents Anti-Human/Mouse-Rorγt-PE-(AFKJS-9) (12-6988), Anti-Mouse/Rat-Foxp3-APC-(FJK-16s) (17-5773), 
Foxp3/Transcription factor staining buffer (0-5523-00), RBC lysis buffer (00-4300-54) were obtained from eBio-
science (USA). Anti-Mouse-CD254-(TRANCE-RANKL) PE (IK22/5) (510005), Anti-Mouse-CD8-PE/Cy7 (53-
6.7) (100721), Anti-Mouse-IFN-γ-FITC (XMG 1.2) (505805), Anti-Mouse-IL-10-FITC (JESS-16E3) (505005), 
Anti-Mouse-IL-17A-PE (TC11-8H10.1) (506903) were obtained from BioLegend (USA).

Scanning Electron Microscopy (SEM). For SEM analysis, the femur cortical samples were kept in 1% 
Triton for 48–72 hours and later transferred to 1xPBS solution till final analysis is done. Bone slices were made 
and dried under incandescent bulb before SEM analysis and scanned in NOVA NANOSEM 450 microscope 
equipped with a tungsten filament gun operating at WD 10.6 mm and 20 kV. SEM images were digitally photo-
graphed at low (15x), intermediate (1000x), and high magnifications (10,000x) to picture the best cortical struc-
ture. Images were later processed and analyzed using Adobe Photoshop 7.0.

Atomic Force Microscopy (AFM). Femur cortical bone samples were dried in dust free environment with 
60 W lamps for 6 hours followed by high vacuum drying and subsequently analysed by Atomic Force Microscope 
(INNOVA, ICON, Bruker), which operates under the Acoustic AC mode (AAC or Tapping mode). This was 
assisted with cantilever (NSC 12(c) from MikroMasch, Silicon Nitride Tip) by NanoDriveTM version 8 software 
at a force constant of 0.6 N/m, having resonant frequency at 94–136 kHz. The images were taken in air at room 
temperature at the scan speed of 1.5–2.2 lines/s. The data analysis was done using of Nanoscope analysis software. 
The data was further analyzed using MATLAB software (Mathwork, USA).

Micro computed Tomography (μ-CT). μ-CT of the femur/tibia (trabecular/ cortical) and lumbar 
vertebrae-V (trabecular) was performed using SkyScan 1076 scanner (SkyScan). Scanning was done at 70 kV, 
100 mA using a 0.5-mm aluminum filter and exposure set to 590 ms. In total, 1800 projections were collected 
at a resolution of 6.93 μm/pixel. For purpose of carrying out reconstruction process NRecon software was used. 
Bone length was determined from the rendered 3D images in CTAn software. The distance from trochanter to 
edge of femoral condyles defined total femoral length. Tibial length calculated as distance from medial condyle to 
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medial malleolus. Manual segmentation of 2D Slice of sagittal images was done to isolate growth plates from the 
surrounding bone tissue in micro-CT images followed by reconstruction to render 3D images. It was from these 
images that growth plate height was measured using data viewer software. For trabecular region analysis, ROI was 
drawn at a total of 100 slices in secondary spongiosa at a distance of 1.5 mm from distal border of growth plates 
excluding the parts of cortical bone and primary spongiosa. In vivo measurement of LV5 trabecular was done by 
encompassing 50 continuous slices which start from the beginning of trabecular bone within spinal body58,59. 
The CTAn software was used to analyze cortical bone by taking into consideration 350 consecutive image slides 
discarded from growth plate to leave out all trabecular regions, out of these 200 continuous images were selected 
as such. Various bone histomorphometric trabecular parameters (3D) and cortical parameters (2D) were ana-
lyzed by already established protocols60,61. For determination of BMD of LV5, femur and tibia μ-CT scans were 
utilized as determined from VOI made for trabecular and cortical region. For BMD calibration, 2-mm-diameter 
hydroxyapatite phantom rods with known BMD (0.25 and 0.75 g/cm3) were used. For each analysis, the estimated 
BMD was determined based on linear correlation between the µCT attenuation coefficient and BMD61.

FTIR. The FTIR analysis of femur cortical bones was done by using 8400S-Fourier Transform Infrared 
Spectrophotometer (SHIMADZU), with a resolution 4 cm−1; scan speed 2.5 kHz, and 128 scans co-addition, in 
the KBr pellet form. Savitzky-Golay algorithm was used to eliminate the noise for obtaining smooth spectra of 
samples. The samples were held in contact with a prism made of highly refractive material transmitting infrared 
rays which are made incident on the sample at angle that induces total reflection. Bones were kept in 1% Triton, 
washed after 24 hours and dried under 60 W lamps for 6 hours followed by high vacuum drying. Dry bones were 
made into powder form and mixed with KBr (potassium bromide) in 1:100 ratios and analysed for FTIR.

Flow Cytometry. Briefly, T cells in single-cell suspensions isolated from bone marrow and spleen were 
stained with PerCP-Cy5.5-anti-CD4 and PE/Cy-7-anti CD8 or APC-anti-CD8. They were allowed to pellet 
down after centrifugation at 1800 rpm for 5 minutes followed by addition of 1 ml RBC lysis buffer. Cells were 
washed thoroughly with wash buffer and fixed-permeabilized with Foxp3 permeabilization buffer for 30 min-
utes on ice. Intracellular Foxp3, RANKL and Rorγt staining was performed using APC-conjugated anti-Foxp3, 
PE-conjugated anti-RANKL and PE-conjugated anti-Rorγt Abs in permeabilization buffer for 45 minutes on ice. 
Cells were washed thoroughly with permeabilization buffer and analyzed by flow cytometry.

Intracellular staining for IL-10, IL-17, IFN-γ production for Tregs and Th17 population was performed 
by stimulating cells for 5–6 hours with PMA (50 ng/ml) and ionomycin (500 ng/ml). After 1 hour, GolgiStop 
(1 μg/ml) was added in the cultures to block cytokine secretion. Cells were first surface stained with 
PerCP-Cy5.5-anti-CD4 and PE/Cy-7-anti CD8 antibodies for 30 minutes on ice. Cells were washed thor-
oughly with wash buffer and further fixed-permeabilized with Foxp3 fixation-permeabilization buffer for 30 
minutes on ice. Cells were washed thoroughly with Foxp3-permeabilization buffer and stained intracellularly 
with APC conjugated anti-Foxp3 and PE-conjugated anti-IFN-γ; FITC-conjugated anti-IL-10 and PE- conju-
gated IL-17A antibodies in permeabilization buffer for 30 minutes on ice61. Cells were washed thoroughly with 
Foxp3-permeabilization buffer and analyzed by flow cytometry on BD FACS ARIA III (BD Biosciences), and the 
data was analyzed using FloJo (TreeStar, USA).

Cytometric Bead Array (CBA). Levels of IL-6, IL-10, IL-17A, IFN-γ and TNF-α in blood serum were 
assessed by fluorescent bead-based technology using CBA kit and all procedures were followed according to the 
manufacturer’s instruction (BD Biosciences, USA). Fluorescent signals were read and analysed on a FACS Aria III 
flow cytometer (BD Biosciences) with the help of BD FCAP Array software (BD Biosciences).

Statistical analysis. The results were evaluated by using ANOVA with subsequent comparisons by Student 
t test for paired or nonpaired data, as appropriate. Analysis was performed using Sigma plot software (Systat 
Software, Inc., Germany). Values are reported as mean  ±  SEM (n=10). Statistical significance was defined as 
p ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to low salt group.
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