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Objective

According to a recent study, serum total bile acids (TBA) may preserve lumbar bone mineral density (BMD) in Cushing syndrome patients, and BMD is directly linked to bone health. We were interested in examining the association between TBA and in Chinese adults aged 20–59 years.



Methods

We retrospectively analyzed the physical examination results of 2,490 general healthy subjects in Hainan West Central Hospital. Femoral neck BMD and TBA were measured, and the relationship between TBA and femoral neck BMD was evaluated by curve fitting, a generalized additive model, and multiple linear regression analysis.



Results

The fitted smooth curve and generalized additive model showed a nonlinear relationship between TBA and femoral neck BMD, and a positive correlation between TBA and femoral neck BMD was found after we made adjustments for the potential confounders.



Conclusion

TBA is positively associated with femoral neck BMD in Chinese adults aged 20–59 years.
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Introduction

Osteoporosis is the most common bone disease, which is characterized by a decrease in bone mineral density (BMD) and quality for various reasons (1, 2). It is estimated that the prevalence of osteoporosis in China in 2015 was 5.30% (95% CI, 2.23%–11.85%) for men and 25.94% (95% CI, 15.42%–39.69%) for women, which has brought a huge economic burden to the society (3). BMD is the major index of bone health and has advantages in predicting osteoporotic fractures (4, 5).

Bile acids are major components of bile and play an essential role in glycolipid metabolism and regulation of the intestinal flora (6–8). Recent studies have found that bile acids are closely related to bone metabolism. Vitamin D in blood circulation is positively correlated with bile acid (9), which can promote intestinal absorption of fat-soluble vitamin D, improve BMD, and reduce the fracture rate (10–12). In addition, bile acids affect bone metabolism and BMD by activating the farnesoid X receptor (FXR) and G protein-coupled bile acid receptor 5 (TGR5) signaling pathways (13, 14). However, to date, only a few clinical studies have demonstrated an association between TBA and BMD. To evaluate the association between TBA and BMD in the Chinese population aged 20–59 years, we retrospectively analyzed general physical examination population data provided by the physical examination institution of the Western Central Hospital in Hainan Province, China, and studied the relationship between serum bile acid and BMD at the proximal femur.



Methods


Study Sample and Variable Collection

This was a retrospective cross-sectional study. The in-service staff who took the physical examination in the health examination center of Hainan West Central Hospital from January 2018 to December 2020 were recruited to our study. Inclusion criteria were as follows: (1) 20≤ age ≤59 years old and (2) completion of femoral neck BMD and TBA examinations. Exclusion criteria: (1) self-reported history of disease (liver disease, tumors, rheumatoid disease, hyperthyroidism, and chronic infection) and (2) participants with incomplete study data. In total, 2,490 participants were then included in this study. The selection process of the study sample is shown in Figure 1.




Figure 1 | Flow chart showing the selection process of the study population.



This study has been authorized by the research ethics committee of Hainan West Central Hospital and was performed according to the principles outlined in the Declaration of Helsinki. Because this investigation was a retrospective analysis, the hospital’s institutional review board waived the participants written informed consent requirement.

Femoral neck BMD was measured by DEXA scanning though a GE Lunar Prodigy Advance PA + 300164 (Lunar Corp, Adison, WI, USA). BMD was determined according to the criteria of lunar protocols and measured at the midpoint of the femur and 2 cm proximally of the femoral head, and the calculation method of femoral neck BMD (g/cm2) was bone mineral content (BMC) (g)/bone area (cm2).

Serum was collected at 8 h after fasting and TBA, aspartate aminotransferase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), glutamyl transpeptidase (GGT), triglyceride (TG), high-density lipoprotein cholesterol (HLD-C), low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), total bilirubin (TBil), and serum creatinine were determined on the Hitachi Chemical Analyzer 7600 using a reagent (PureautoSTBA, SEKISUI Medical Co., Ltd, Hitachi Coro, Tokyo, Japan) using enzyme cycling. Age, sex, education level (less than high school, high school or above), smoking status (smoking status was defined as currently smoking 10 cigarettes a day for more than half a year), drinking status (drinking status was defined as continuous drinking for more than 5 years, with men drinking 40 g/day and women drinking 20 g/day), and medical history of hypertension and diabetes were collected through questionnaires. Height and weight were also collected. Age group defined as <35 and ≥35 years old. Body mass index (BMI) was calculated as weight (kg)/height (m) squared. Medical history of diabetes and hypertension was obtained from inpatient medical records. Patients were defined as obese with a BMI ≥30 (14). The glomerular filtration rate in serum creatinine, eGFR (ml/min/1.73 m2) = 175 × standardized Scr−1.234 × age−0.179 × 0.79 (in female), and eGFR <60 ml/min/1.73 m2 were classified as chronic kidney disease (CKD) (15, 16).



Statistical Analysis

Study participants were divided into four groups based on quartiles of TBA. If the data were normally distributed, the continuous variable was expressed as the mean standard deviation. If the data were skewed, the continuous variable was expressed as the median of the interquartile range (Q1–Q3). The variable was expressed as a number (percentage). The Wilcoxon or Kruskal–Wallis tests were taken to analyze group differences for continuous variables and the Chi-square test for categorical variables. In addition, smooth curve fitting and generalized additive model were used to solve the nonlinear relationship between TBA and femoral neck BMD. Three models were fitted: model 1 was unadjusted; model 2 was adjusted for age and sex; and model 3 was adjusted for variables including sex, age, education, smoking status, obesity, TBil, AST, ALP, GGT, ALT, TC, TG, HDL-C, and LDL-C. p-values for trend were calculated with the quartile of TBA as an ordinal variable. Subgroup analyses were performed to assess the robustness of the association between TBA and femoral neck BMD based on sex, education level, smoking status, drinking status, obesity, hypertension, diabetes, and CKD. We used the statistical software packages R (http://www.R-project.org) and Empowerstats (http://www.Empowerstats.com, X&Y Solutions, Inc., Boston, MA). We defined p-values of less than 0.05 (bilateral) as statistically significant.




Results


Clinical Characteristics

The clinical characteristics of participants in the TBA quartile subgroup and overall population are presented in Table 1. It contained 2,490 participants, whose average age was 38.83 ± 12.1 years old, and there were 1,331 female participants. The median femoral neck BMD was 0.8 (interquartile range, 0.8–0.9) g/cm2, and the median femoral neck BMD of TBA was 8.5 (interquartile range, 8.0–9.0) µmol/L. The femoral neck BMD levels increased significantly with the increase in TBA quartile, from 0.8 (interquartile range, 0.7–0.9) g/cm2 in quartiles Q1 to 0.9 (interquartile range, 0.8–1.0) g/cm2 in Q4. Age, smoking status, drinking status, diabetes, TG, and TBil increased as the TBA quartiles increased.


Table 1 | Clinical characteristics of the participants according to quartiles of TBA.





The Relevance Between Serum Bile Acid and Lumbar Bone Mineral Density

The fitted smooth curve and the generalized linear model demonstrated a nonlinear relationship between TBA and femoral neck BMD (Figure 2).




Figure 2 | The association between total bile acids and femoral neck bone mineral density. (A) Each black point represents a sample. (B) The solid red line represents the smooth curve fit between variables. Gray bands represent the 95% confidence interval from the fit. Age, sex, education, obesity, smoking status, CKD, diabetes, hypertension, drinking status, TBil, AST, ALP, GGT, ALT, TC, TG, HDL-C, and LDL-C were adjusted.



Multiple regression analysis revealed that (Table 2): in the unadjusted model, TBA were positively correlated with femoral neck BMD (β = 0.05, 95% CI: 0.05–0.06, p < 0.0001). After adjusting for confounders, this positive association persisted for both model 2 (β = 0.06, 95% CI: 0.05–0.07, p < 0.0001) and model 3 (β = 0.04, 95% CI: 0.04–0.05, p <0.0001). After conversion of TBA from continuous to categorical (quartile) variables, the femoral neck BMD was 0.06 g/cm2 higher in the model 3 subjects with the highest TBA quartile than in the subjects with the lowest TBA quartile. The trend test between them was still significant based on the quartile of TBA (p < 0.0001).


Table 2 | The association between TBA (µmol/L) and femoral neck BMD (g/cm2).





Subgroup Analysis

A subgroup analysis of the association between TBA and femoral neck BMD is presented in Figure 3. Sex, age group (age is divided into <35 and ≥35 years), education level, smoking status, drinking status, obesity, hypertension, diabetes, and CKD were analyzed by subgroup analysis. The results showed a stable correlation between serum bile acids and femoral neck BMD in different subgroups.




Figure 3 | Subgroup analysis. TBil, AST, ALP, GGT, ALT, TC, TG, HDL-C, and LDL-C were adjusted.






Discussion

This cross-sectional study of 2,490 Chinese people aged 20 to 59 years discovered an association between TBA and femoral neck BMD. Our study is the first to prove the correlation between TBA and femoral neck BMD in the young and middle-aged Chinese population aged 20 to 59 years, which has important clinical significance for bile acid metabolism and the prevention of osteoporosis.

Osteoporosis is known to be the most common skeletal disorder affecting the health of the population, and BMD is an important indicator for the diagnosis of osteoporosis (17). Assessing the factors associated with bone density can help with skeletal health guidance and education. Our study showed a positive correlation between TBA and BMD of the femoral neck in another Chinese postmenopausal woman, and serum bile acid levels in postmenopausal women were positively correlated with BMD in healthy postmenopausal women (18). This is similar to our results. Zhao et al. performed metabolite profiling on the serum of 136 Caucasian American women between the ages of 20 and 40 years and finally showed that serum bile acid levels were positively correlated with BMD (19). The specific mechanism of the association between serum bile acid levels and BMD is unknown. Bile acids, an important component of bile, play a significant role in the regulation of intestinal flora (6, 7, 20). The liver converts cholesterol into bile acids, which enter the intestine through the enterohepatic circulation and interact with the intestinal flora to affect the metabolism of the host (21). Among them, metabolites of bile acid receptors for secondary bile acids are expressed in immune cells, and the close interaction between these immune cells and bone cells regulates bone health and affects bone metabolism and bone density (22). Bone formation and absorption are also associated with bile acids, and in a serum bone turnover mark and metabolism-related study, type I collagen c-terminal peptide (a sensitive indicator of bone formation and absorption) was positively correlated with bile acid concentration (23). A number of studies have shown that the FXR, a receptor for bile acids, can inhibit osteoclastogenesis and promote osteoblastic formation (14, 24, 25). A previous study showed that in vivo deletions of FXR (FXR−/−) in vivo resulted in significant decreases in osteoclast count, osteoclast surface, and BMD in 8–20-week-old mice compared with FXR+/+ (26). The breakdown product of bile acids, chenodeoxycholic acid (CDCA), which can activate FXR, raising the alkaline phosphatase activity and calcification of ECM, provokes the expression of osteoblast marker genes (bone sialoprotein (BSP), osteocalcin (OC), osteopontin (OPN), and alkaline phosphate (ALP)), along with the activity of the bone transcription factor RUNX2 DNA-binding activity (27). Vitamin D is a fat-soluble vitamin that makes a valuable contribution towards calcium regulation and bone health (28). Bile acids, as the ligands of physiological vitamin D, promote the expression of the calcium transporter Trpv6 in the small intestine and increase the plasma calcium level (29). Another study has shown that a single bile acid, e.g., glycocholic acid (GCA), combined with vitamin D, can increase intestinal calcium uptake (30).

The current evidence for the association between TBA and BMD is limited and highly controversial. In a study of 148 children with chronic liver disease, BMD was not associated with bile acid levels after age, height, and weight adjustments (31). Results of another study in children with cholestasis associated with Alagille syndrome found a negative correlation between dual-energy X-ray absorptiometry (DXA) z-scores and serum bile acid levels (32). These findings may be due to the fact that children with cholestasis have severely elevated serum bile acid levels but less bile flowing into the hepatic and intestinal circulation, resulting in poor bone health associated with malabsorption and fat-soluble vitamin deficiency (32, 33).

This study population was a young and middle-aged population, and the results of this study may provide a new perspective on skeletal health guidance and education in the young and middle-aged population. In addition, the sufficient sample size allowed us to conduct further subgroup analysis. This is the main strength of this study. However, there are some limitations to our study. First, we only collected data from the general physical examination population aged 20–59 years old and did not analyze the relationship between serum bile acids and BMD among other age groups and constitutional populations. Second, due to the cross-sectional study design, we were unable to conclude a causal relationship between risk factors and osteoporosis. Third, it was a retrospective analysis, and a lack of information on participants’ menstrual conditions, fracture history, osteoporosis history, taking glucocorticoids, calcium supplementation, and vitamin D might have influenced the results of the study. Fourth, our study suggests that single-center results may not be generalizable. Therefore, further multicenter prospective studies and intervention strategies are needed to validate our results.

In conclusion, this study reports the positive association between total bile acids and femoral neck BMD in a young and middle-aged Chinese population. These results may reveal the important role of bile acids in bone health and bone metabolism in humans and provide evidence for early prevention and identification of low/decreased bone mineral density and risk factors for osteoporosis.
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Drinking status 0.6109
No 2429  0.08 (0.07,0.08)
Yes 61 0.06 (0.00,0.12)
Total 2490 0.08 (0.07,0.08)

Diabetes 0.8554
No 2396 0.07 (0.06, 0. 08)
Yes 94 0.05 (0.02,0.08)
Total 2490 0.07 (0.06,0.08)

Hypertension 0.332
No 1886 0.07 (0.06, 0. 08)
Yes 604 0.08 (0.06,0.09)
Total 2490 0.07 (0.07,0.08)

(XD 0.9595
No 2394  0.08 (0.07,0.09)
Yes 96 0.04 (0. 00, 0.09)
Total 2490 0.08 (0.07,0.08)

Age group 0.4676
<35Y 1002 0.05 (0.03, 0. 06)
=35Y 1488 0.05 (0.04,0.07)
Total 2490  0.05 (0.04,0.06)

Smoking status 0.7165
NO 168 0.08 (0.07,0.09)
YES 792 0.08 (0.07,0.09)
Total 2490 0.08 (0.07,0.09)

-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
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Age >35 years [n (%)]
Women [n (%)]

More high school [n (%)]
Obesity [n (%)]
Smoking status [n (%)]
Drinking status [n (%)]
Diabetes [n (%)]
Hypertension [n (%)]
CKD [n (%))

TBil (U/mi)

AST (U/ml)

ALP (IU/mi)

GGT (IU/ml)

ALT (IU/ml)

TC (mg/di)

TG (mg/dl)

HDL-C (mg/d)

LDL-C (mg/di)

TBA (umol/L)

Femoral neck BMD (g/cm?)

Overall mean = SD/N (%)

2,490
388+ 12.1
1,488 (59.8%)
1,331 (53.5%)
1,598 (64.2%)
260 (10.4%)
792 (31.8%)

61 (2.5%)

94 (3.8%)

04 (24.3%)
gs (3.9%)

05 (0.4-0.7)
23.0 (19.0-31.0)
54.0 (45.0-65.0)

10.0 (6.0-16.0)
36.3 (30.0-42.6)
174.0 (163.0-197.0)
69.0 (63.0-75.3)
52.0 (44.0-61.0)
107.0 (86.0-128.0)
85(8.0-9.0

0.8 (0.8-0.9)

Quartiles of total bile acids

Qi

624
385+ 126
359 (57.5%)
336 (53.9%)
383 (61.4%)
120 (19.2%)
240 (38.5%)

27 (4.3%)

48 (7.7%)
204 (32.7%)
27 (4.3%)
05(0.4-0.7)
23.0 (18.0-28.0)
51.00 (41.0-61.0)
8.00 (5.0-12.0)
33.9 (27.6-39.0)
177.0 (159.0-198.5)
69.0 (63.0-75.0)
52.0 (44.0-60.0)
110.0 (93.0-128.0)
7.5(7.2-7.8)
0.8(0.7-0.9)

Q2

623
39.1£117
380 (61.0%)
360 (58.0%)
410 (65.8%)
8%)
30.7%)
4(2.3%)
3.2%)
(25.8%)
24 (3.9%)

05 (0.4-0.7)
23.0 (18.0-28.0)
48.00 (40.0-58.0)

7.0 (5.0-10.0)
30.9 (25.8-36.6)

173.0 (163.0-195.0)
68.0 (62.0-75.0)
52.0 (44.0-61.0)

105.0 (85.0-128.0)

82 (8.1-8.4)

0.8(0.8-0.9)

191

2 2
AAAA@AAA

O
1

Q3

621
38.4 121
364 (58.6%)
394 (63.3%)
41 0 (66.0%)
42 (6.8%)
201 (32.4%)
1.(1.8%)
16 (2.6%)
117 (18.8%)
20 (3.2%)
05 (0.4-0.7)
23.0 (19.0-28.0)
49.00 (40.0-59.0)
6.0 (5.0-10.0)
29,1 (24.3-34.5)
175.0 (165.0-201.0)
69.0 (63.0-75.0)
52.0 (44.0-62.0)
108.0 (89.0-128.0)
87 (8.6-88)
09(0.8-09)

Q4

622
393+ 120
385 (61.9%)
336 (53.9%)
395 (63.5%)
37 (6.0%)
160 (25.7%)
9 (1.5%)
10 (1.6%)
122 (19.6%)
25 (4.0%)
050 (0.40-0.70)
23.0 (19.0-31.0)
54.0 (45.0-65.0)
10.0 (6.0-16.0)
36.3 (30.0-42.6)
174.0 (153.0-197.0)
69.0 (63.0-75.3)
52.0 (44.0-61.0)
107.0 (86.0-128.0)
9.25 (9.1-9.5)
0.9 (0.8-1.0)

p-value

0.447
0.361
<0.001
0.273
<0.001
<0.001
0.004
<0.001
<0.001
0.778
0.224
0.002
<0.001
<0.001
<0.001
0.15
0.283
0.807
0.139
<0.001
<0.001

CKD, chronic kidney diseases; ALT, alanine transaminase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, glutamyl transpeptidase; HDL-C, high-density lipoprotein
cholesterol: LDL-C, low-density lipoprotein cholesterol: TBA, total bile acids; TBIL, total bilirubin; TC, total cholesterol: TG, triglyceride; BMD, bone mineral density.





