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Background: The increasing incidence of diabetes mellitus (DM) and

osteoporosis have different effects on prognosis. The two often co-occur, so

we aimed to investigate whether DM and osteoporosis have an effect on all-

cause death and whether DM and osteoporosis have a synergistic effect.

Methods: This study analyzed 18,658 subjects from five cycles of the National

Health and Nutrition Examination Survey (NHANES). The primary endpoint was

all-cause death. The subjects were divided into four groups based on the

presence or absence of DM and osteoporosis. Survival curves and Cox

regression analysis based on NHANES recommended weights were used to

assess the risk of all-cause death between the diseased and non-diseased groups

and to calculate additive interactions to assess whether there was a synergistic

effect between diabetes and osteoporosis.

Results: The groupwithDM and osteoporosis had the lowest survival rate. After full

adjustment for confounders, patients with DM alone had a 30% higher risk of all-

cause death compared with those without DM and osteoporosis (HR: 1.30, 95%CI:

1.09-1.55). Patients with osteoporosis alone had a 67% higher risk of all-cause

death (HR: 1.67, 95%CI:1.16-2.43) and patients with combined DM and

osteoporosis had a 127% higher risk of all-cause death (HR:2.27, 95%CI: 1.57-

3.27). There was an additive interaction between DM and osteoporosis [RERI (95%

CI): 1.03(0.55-1.50)] and excess mortality risk of 38% [AP (95% CI) 0.38(0.30-0.46)].

Conclusions: There might be a synergistic effect of DM and osteoporosis on all-

cause mortality, and patients with both conditions have a higher risk of death.
KEYWORDS

diabetes, osteoporosis, interaction, all-cause death, NHANES
Abbreviations: DM, Diabetes mellitus; NHANES, National Health and Nutrition Examination Survey; NCHS,

National Center for Health Statistics; IDM, International Diabetes Association; Glycosylated Hemoglobin, Type A1C,

HbA1c; OGTT, Oral glucose tolerance test; BMD, bone mass density; CKD, chronic kidney disease; CVD,

cardiovascular disease; BMI, body mass index; NCEP, National Cholesterol Education Program; T2D, type 2

diabetes mellitus; SGLT2, sodium-glucose cotransporter-2; DPP4, dipeptidyl peptidase 4.
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Introduction

Diabetes mellitus (DM) presents a significant public health

concern in both developed and developing nations. By 2021, 537

million people worldwide were affected (1). Osteoporosis is a long-

term skeletal disorder distinguished by reduced bone density and

degradation of the microscopic architecture of bone tissue. This

results in heightened vulnerability of bones and a greater likelihood

of fractures (2). It is estimated that more than 30 million people in

Europe suffer from osteoporosis, and a similar number are affected

in the United States (3, 4). DM is a multifaceted metabolic disorder

which impacts various organs, leading to a range of complications

including diabetic nephropathy, retinopathy, vasculopathy, and

neuropathy. Likewise, osteoporosis places substantial burdens and

constraints on individuals, manifesting as musculoskeletal system

weakness and frailty. In relation to their occurrence in the general

populace, both conditions are notable contributors to the

development of disease complications. Extensive research in

recent years has revealed a connection between DM and

osteoporosis, whereby they may coexist as a result of metabolic

disorders or iatrogenic effects, or even exhibit a cause-and-effect

relationship during their progression (5–8).

Although osteoporosis has not traditionally been listed as a

complication of DM, people with type 1 or type 2 DM are at

increased risk of developing the disease. It has been widely accepted

in previous research that DM has a direct impact on bone

metabolism and strength, leading to gradual deterioration of bone

microstructure and an elevated risk of developing osteoporosis (9).

Furthermore, the increasing prevalence of both DM and

osteoporosis raises concerns, especially regarding the potential

drug-induced complications associated with corticosteroids,

immunophilic proteins, and similar medications (9).

Many original papers, clinical statements, and guidelines have

treated the management of patients with DM and osteoporosis as

separate diseases, but it was unclear whether their co-existence

increased their respective impact on patient prognosis, so we aimed

to investigate whether there is an interaction for all-cause deaths

when the two coexist.
Method

Study population

The source of the data is the National Health and Nutrition

Examination Survey (NHANES) database, a nationally representative

cross-sectional survey designed and conducted by the National Center

for Health Statistics (NCHS). The survey uses a stratified, multistage

probabilistic approach to sample the United States population and

provides health and nutrition statistics on the noninstitutional civilian

population of the United States. This is a large-scale probability survey

of representatives of non-hospitalized civilian households in the United

States, conducted annually and every two years in a cycle. This study

used five cycles of the NHANSE dataset from 2005-2010, 2013-2014,

and 2017-2018 for retrospective analysis, because these were the only

cycles where bone density tests are performed. The NCHS Research
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Ethics Review Committee is mandated to investigate and verify that all

participants provide informed consent. Detailed statistics see https://

www.cdc.gov/nchs/nhanes/.

In this cohort study, a population of 28,470 individuals aged 20

and above was enrolled. The identification of DM was established

according to the diagnostic criteria recommended by the

International Diabetes Association (IDM) and the prevailing

clinical guidelines. DM can be determined by meeting any of the

following criteria: (1) self-reported physician diagnosis of DM; (2)

Glycosylated Hemoglobin, Type A1C (HbA1C,%) level is not less

than 6.5%; (3) Fasting blood glucose level ≥7.0mmol/L; (4) Random

blood glucose ≥11.1mmol/L; (5) Oral glucose tolerance test (OGTT)

2 hours blood glucose ≥11.1mmol/L; (6) Receiving oral

hypoglycemic drugs or insulin therapy. Bone mass density (BMD)

(g/cm 2) of the subjects was examined using DXA. Osteoporosis

was diagnosed using World Health Organization criteria, defined as

bone mineral density at the neck of the femur equal to or less than

2.5 standard deviations of the average for young people of the same

sex. We excluded patients who lacked a DM diagnosis (n= 584) and

an osteoporosis diagnosis (n= 9,201). In addition, 27 participants

with failed follow-up were excluded. In the end, the retrospective

study included a total of 18,658 participants (Figure 1).
Covariates

In NHANES, data were collected through a standard participant

questionnaire conducted during the in-home interview process and

a medical assessment of each participant. The covariates considered

in this study included age, gender, race, education, smoking status,

alcohol consumption, obesity, exercise metabolic equivalent,

HbA1C, calcium, phosphorus, hyperlipidemia, self-reported

hypertension, self-reported chronic kidney disease (CKD), and

self-reported cardiovascular disease (CVD). For smoking status,

participants were considered smokers if they had smoked 100 or

more cigarettes in the past. Participants who had smoked fewer than

100 cigarettes in the past were considered non-smokers. For

drinking status, participants were classified as non-drinkers and

drinkers. The definition of obesity was assessed by body mass index

(BMI≥30), height was measured using an electronic motion-

measuring instrument with an accuracy of millimeters, and

researchers used a digital scale to measure weight and convert

pounds to kilograms when the measurement was completed.

Hyperlipidemia is defined by the National Cholesterol Education

Program (NCEP) as triglycerides ≥ 150 mg/dL, total cholesterol ≥

200 mg/dL, low-density lipoprotein ≥ 130 mg/dL, or HDL ≤ 40 mg/

dL for women, and ≤ 50 mg/dL for women. In addition, participants

who reported using cholesterol-lowering drugs were also defined as

having hyperlipidemia. The description of each variable see https://

www.cdc.gov/Nchs/Nhanes/continuousnhanes/.
Statistical analysis

We used the weights recommended by the NHANES to

calculate the group-specific weights. Continuous variables were
frontiersin.org
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expressed as mean (standard error) and categorical variables were

expressed as counts (percentages). Baseline characteristics were

analyzed by ANOVA and chi-square test for continuous and

categorical variables respectively.

Kaplan-Meier survival analysis curves and Cox regression

analyses were used to assess hazard ratios (HR) and 95%

confidence interval (CI) for participants with DM or osteoporosis

alone and for participants with both DM and osteoporosis relative to

the risk of all-cause death without DM and osteoporosis. The first

model describes unadjusted associations. The second model is to

adjust for age, gender and race. The third model controlled for age,

gender, race, education, smoke, alcohol consumption, obese, exercise

metabolic equivalent, phosphorus, HbA1C, hyperlipidemia, CKD,

hypertension and CVD.We also performed a stratified analysis based

on subgroups (age, gender, hyperlipidemia, hypertension, CKD, and

CVD) to assess differences between subgroups. In the subgroup of

women, menopause was added as a factor to the regression model.

Additive interactions were studied by calculating the relative excess

risk of the interaction (RERI), the attributive proportion of the

interaction (AP), and the concomitant 95% CI to determine

whether there was a synergistic effect between diabetes and

osteoporosis. To try to avoid reverse causality, we also removed

patients who died within one year of follow-up for sensitivity analysis.

All data were obtained using R Studio (version 4.2.1), two-sided

P values <0.05 indicated significance in all analyses.
Result

Baseline characteristics

Baseline characteristics differed between the exposed groups

(Table 1). There was no significant difference in serum calcium
Frontiers in Endocrinology 03
level among all groups. Compared with the other groups, people

with DM alone group smoked and drank more, were more

likely to be co-obese, and were more likely to have

hyperlipidemia. people with osteoporosis alone group with

osteoporosis had the highest blood phosphorus levels. The

group with osteoporosis alone was older, had a higher

proportion of women, had a higher proportion of Hispanic

whites, and had the highest blood phosphorus levels. Compared

with other groups, the group with DM and osteoporosis had the

lowest education level, the highest exercise metabolic equivalent,

is more likely to have hypertension, CKD, CVD and other

comorbidities, and the all-cause mortality is the highest (DM-/

osteoporosis-: 7.0% vs. DM+/osteoporosis-: 17.8% vs. DM-/

osteoporosis+: 23.7% vs. DM+/osteoporosis+: 40.8%).
Associations with all-cause mortality

We observed that the group with DM and osteoporosis had

the lowest survival rate. Kaplan-Meier survival analysis curves

showed that the groups without DM and osteoporosis had the

highest survival rate, followed by the group with DM alone,

followed by the group with osteoporosis alone, and the group

with DM and osteoporosis had the lowest survival rate (P-log rank

< 0.001, Figure 2). In all models, patients with DM alone, patients

with osteoporosis alone, patients with DM and osteoporosis were

associated with a greater risk of all-cause mortality than patients

without DM and osteoporosis (Table 2). After adjusting for

various factors, the association weakened somewhat but was still

statistically significant. In the fully adjusted model, the risk of all-

cause death was 30% higher in people with DM alone (HR: 1.30;

95% CI 1.09-1.55), 67% higher in people with osteoporosis alone

(HR:1.67; 95% CI: 1.16-2.43) and 127% higher in patients with
28,470 participants aged ≥20 years 
during NHANES 2005-2010, 
2013-2014 and 2017-2018 survey 
cycle

18,658 participants in final analysis set.

584 participants were 
excluded due to lack of data 
to diagnose diabetes. 

9,201 participants were 
excluded due to lack of data 
to diagnose osteoporosis.

27 participants were excluded 
due to missing follow-up

DM-/osteoporosis-

n=14,380

Participants were ddivide  into four groups based on 
whether they had diabetes and osteoporosis

DM+/osteoporosis-

n=3,338

DM-/osteoporosis+

n=7,24

DM+/osteoporosis+

n=216

FIGURE 1

Flowchart of the study design.
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DM and osteoporosis (HR: 2.27, 95% CI: 1.57-3.27) compared

with patients without DM and osteoporosis. Associations in all

models followed the same pattern, with the greatest effect for

patients with DM and osteoporosis. For patients with DM alone,

the effect was minimum.
Additive interaction

The RERI of interaction between DM and osteoporosis was 1.03

[95%CI: 0.55-1.50], indicating an interaction on an additive scale,

with the risk of all-cause death in the DM and osteoporosis

comorbidities exceeding the combined risk of DM and

osteoporosis alone. The attribution proportion due to AP was

0.38 [95% CI: 0.30-0.46] (Table 2).
Frontiers in Endocrinology 04
Subgroup analysis

When participants were stratified by age, gender, hyperlipidemia,

and CKD, the relative risk of death was highest in those with

combined diabetes and osteoporosis compared with those without

diabetes and osteoporosis (all p <0.05). When stratified by

hypertension and cardiovascular disease, there was no significant

difference in death between groups without hypertension and those

with CVD (Figure 3).
Sensitivity analyses

Similar results were found in the sensitivity analysis. Kaplan-

Meier survival analysis curve showed that the survival rate was
TABLE 1 Baseline study population characteristics (weighted).

Variable
DM-/osteoporosis-
N= 14,380

DM+/osteoporosis-
N= 3,338

DM-/osteoporosis
+N= 724

DM+/osteopo-
rosis+N= 216

P-
value

Age, mean (SE). 48.0(0.3) 60.4(0.3) 63.7(0.7) 67.2(1.0) < 0.001

Female, n (%) 6,968(50.0) 1,441(43.5) 520(73.3) 154(70.8) < 0.001

Race, n (%) < 0.001

Mexican American 2,325(7.4) 653(9.4) 98(6.1) 43(9.8)

Non-Hispanic Black 2,802(10.0) 790(13.5) 48(3.2) 19(5.6)

Non-Hispanic White 6,980(71.7) 1,245(63.5) 433(79.1) 93(63.9)

Other Hispanic 1,264(4.6) 349(5.7) 52(3.7) 24(6.8)

Other Race - 1,009(6.3) 301(7.8) 93(7.9) 37(13.8)

Education, n (%) < 0.001

Grade 12 and below 3,461(15.5) 1,154(22.4) 223(22.0) 96(32.9)

High School Grad 3,399(23.9) 779(26.0) 185(26.6) 58(30.7)

College or AA degree 7,506(60.6) 1,397(51.6) 316(51.4) 61(36.4)

HbA1C, (%) 5.4(0.0) 7.0(0.0) 5.5(0.0) 6.9(0.1) < 0.001

Smoke, n (%) 6,753(46.4) 1,694(50.3) 312(47.5) 86(40.1) 0.030

Alcohol Consumption, n (%) 9,677(77.7) 1,705(63.7) 335(60.4) 71(43.0) < 0.001

Obese, n (%) 4,444(30.3) 1,686(56.1) 115(17.2) 63(35.8) < 0.001

Menopause, n (%) 3,786(26.6) 1,253(37.1) 495(70.0) 153(70.2) < 0.001

Exercise metabolic equivalent,
MET/week

3,825.7(105.8) 3,260.4(182.7) 2,600.4(201.1) 3,087.3(838.9) < 0.001

Calcium, mg/dl 9.4(0.0) 9.4(0.0) 9.4(0.0) 9.4(0.0) 0.590

Phosphorus, mg/dl 3.8(0.0) 3.7(0.0) 3.8(0.0) 3.8(0.0) < 0.001

Hyperlipidemia, n (%) 9,900(69.5) 2,862(88.2) 540(76.2) 172(82.5) < 0.001

Hypertension, n (%) 5,522(34.5) 2,369(69.3) 396(52.7) 160(76.3) < 0.001

CKD, n (%) 1,903(11.1) 1,247(35.2) 207(27.7) 103(53.0) < 0.001

CVD, n (%) 1,225(6.8) 817(23.9) 123(14.2) 65(34.2) < 0.001

All-cause death 1,399(7.0) 715(17.8) 200(23.7) 88(40.8) < 0.001
front
iersin.o
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highest in the group without DM and osteoporosis, followed by the

DM alone group, followed by the osteoporosis alone group, and the

survival rate was lowest in the group combined with DM and

osteoporosis (P-log rank < 0.001, Figure S1). Compared with

patients without DM and osteoporosis, those with DM alone had

a 35% higher risk of all-cause death (HR: 1.35; 95% CI: 1.19-1.54).

Patients with osteoporosis alone had a 66% higher risk of all-cause

death (HR: 1.66; 95% CI: 1.25-2.21). Patients with combined DM

and osteoporosis were 182% higher (HR: 2.82; 95% CI: 2.05-3.88).

There was an additive interaction between DM and osteoporosis

(RERI (95%CI): 0.64(0.36-0.92)), and excess mortality risk of 0.27

[AP (95%CI): 0.27(0.20-0.35)] (Table S1).
Discussion

In this large cross-sectional study in the United States, our

results confirmed the higher risk of death associated with DM and
Frontiers in Endocrinology 05
osteoporosis and also found that the synergistic effect of DM and

osteoporosis on all-cause death exceeded expectations for their

respective effects, a pattern that persisted even after adjusting for

various confounding factors. Results remained stable after

stratification for age, gender, hyperlipidemia, hypertension, CVD,

and CKD.

DM and osteoporosis are global health concerns due to their

high incidence in the general population, especially in the elderly.

Although osteoporosis is not generally considered a complication of

DM, emerging evidence suggests that osteoporosis is increasingly

prevalent in people with type 2 diabetes mellitus (T2D). Both T2D

and osteoporosis are associated with significant morbidity, higher

mortality, and higher social costs due to their chronic consequences

(10). Epidemiological studies have shown that T2D is associated

with an increased risk of fracture, highlighting the need to consider

bone fragility as a chronic complication of T2D (11, 12). Instead,

T2D should be considered a factor in endocrine-related

osteoporosis (13). Osteoporosis-related fractures, especially those

of the spine and hip, often result in chronic pain, disability, and

reduced quality of life. Such fractures require hospitalization,

increase the risk of death by 20%, and lead to chronic disability

in up to 50% of cases (14). The co-existence of DM complications

and the risk of falls further exacerbates fractures (15). Therefore,

more attention must be paid to the coexistence of these two

conditions. However, limited studies have explored the effect on

all-cause mortality when DM and osteoporosis co-exist. Our

research investigation found a higher risk of all-cause death when

DM and osteoporosis co-existed compared to when they occurred

alone. In addition, the additive interaction model also showed a

synergistic effect of DM and osteoporosis on all-cause mortality

There may be some common pathways leading to poor prognosis

between the two diseases. Age and obesity may be important factors.

A large-scale study conducted across multiple centers revealed a

noteworthy increase in the prevalence of osteoporosis among men

and women aged 55 and above, as demonstrated by measurements of

lumbar spine, femoral neck, and total femoral BMD (16).

Considering that senescent cells accumulate universally in various

tissues with age, numerous cell types in the bone microenvironment

are also prone to cellular aging in different scenarios. Aging
TABLE 2 The association between diabetes and osteoporosis and all-cause death (weighted).

Group

Model 1 Model 2 Model 3

OR (95%CI) P-value OR (95%CI) P-value OR (95%CI) P-value

DM-/osteoporosis- Ref Ref Ref

DM+/osteoporosis- 3.38(3.02-3.79) <0.001 1.54(1.39-1.72) <0.001 1.30(1.09,1.55) <0.001

DM-/osteoporosis+ 4.75(3.74-6.04) <0.001 1.84(1.45-2.34) <0.001 1.67(1.16,2.43) <0.001

DM+/osteoporosis+ 10.31(7.43-14.29) <0.001 3.58(2.64-4.86) <0.001 2.27(1.57,3.27) <0.001

Additive interaction

RERI (95%CI) for DM and osteoporosis: 1.03(0.55-1.50)

AP (95%CI) for DM and osteoporosis: 0.38(0.30-0.46)
Model 1: Not adjusted.
Model 2: Adjusted by age, gender, race/ethnicity.
Model 3: Adjusted by age, gender, race/ethnicity, education, smoke, drink, obese, Exercise metabolic equivalent, HbA1C, Phosphorus, Hyperlipidemia, CKD, Hypertension, CVD.
FIGURE 2

Kaplan-Meier survival estimates for all-cause mortality (weighted).
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osteoblasts and osteoclasts release crucial factors that regulate

osteoclast function, suggesting that aging osteoblasts directly

contribute to the development of age-related osteoporosis (17).

T2D can induce various manifestations of accelerated aging in

humans, and senescent cells have been observed to accumulate at

an early stage of life in multiple tissues, potentially including fat, liver,

pancreas, brain, and bone (18). Furthermore, the rise of obesity is a

prevailing characteristic observed in T2D, contributing to intricate

impacts on bones that can be either advantageous or detrimental. For

instance, although the elevated body weight and abundance of lean

soft tissue mass correlated with obesity and T2D can exert a favorable

mechanical loading influence on weight-bearing bones, the

concomitant escalation in circulating adipokines and pro-

inflammatory cytokines, particularly those discharged from visceral

adipose tissue reservoirs, has the potential to intensify mechanical

loading on skeletal sites, ultimately promoting bone resorption (19,

20). Obesity and T2D can also contribute to the buildup of fat in the

bone marrow, potentially leading to detrimental effects on the

surrounding bone microenvironment. These effects may include

impairments in bone formation. However, further investigation is

necessary to gain a more comprehensive understanding of the precise

impact of bone marrow fat on bone formation. In addition, a study

noted that the effect of osteoporosis on carbohydrate metabolism is

significant, especially in individuals diagnosed with DM (21). Because

of the interaction between DM and osteoporosis, we suspect that the

higher death risk of patients with both diseases is not the result of the

superposition of the death risks of the two diseases. As shown by the

results of our additive interaction model, there may be a synergistic

effect between the two diseases.
Frontiers in Endocrinology 06
Our findings indicate a potential interplay between DM and

osteoporosis, leading to an elevated likelihood of overall mortality.

As a result, it is crucial to adopt proactive measures in clinical

settings aimed at regulating blood glucose levels and averting the

onset of osteoporosis. Notably, risk factors such as smoking habits

and frequency of physical activity should be closely monitored

among individuals simultaneously affected by DM and

osteoporosis. Scientific research has shown that metformin,

among the hypoglycemic drugs available, offers advantages in

preserving bone mineral density in individuals with DM.

Conversely, it is not advisable for diabetic patients with bone

mineral disorders to take sulfonylureas (due to the potential for

hypoglycemia) or thiazolidinediones (due to their mechanism of

action). The impact of newer antidiabetic medications like sodium-

glucose cotransporter-2 (SGLT2) inhibitors and dipeptidyl

peptidase 4 (DPP4) inhibitors on bone health and DM remains

uncertain, as there is insufficient data available (21).

There are some limitations to our study. Our study is a retrospective

analysis of NHANES, and confounding factors may exist, so we

conducted cox regression. Next, we plan to conduct further cohort

studies or randomized controlled trials. Moreover, cross-sectional

studies fail to verify cause-and-effect relationships. Third, self-

reported questionnaires may lead to recall bias or reporting bias.
Conclusion

There is a significant interaction between DM and osteoporosis,

leading to an increased risk of subsequent all-cause mortality
FIGURE 3

Subgroup analysis. An additional adjustment for “menopause” was made in the female subgroup, and the remaining subgroups were adjusted
according to model 3.
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events. Our findings highlight the management and prevention of

outcomes in patients with DM and osteoporosis to reduce the risk

of all-cause mortality.
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