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Objective: To investigate the association of the midnight cortisol level with bone mineral density (BMD) in patients with type 2
diabetes mellitus (T2DM).

Methods: This study included 249 T2DM patients (148 males with an average age of 53.8 years and 101 postmenopausal females
with an average age of 63.6 years) admitted to Xiamen Hospital of Zhongshan Hospital Affiliated to Fudan University from
January 2018 to April 2020. Baseline data were compared between patients with normal BMD and those with osteoporosis/osteopenia.
The patients also were divided into groups according to the tertiles of midnight cortisol levels.

Results: Among all T2DM, 178 had osteoporosis/osteopenia, including 98 men and 80 women. The baseline data analysis showed
that patients with osteoporosis/osteopenia were more likely to be older, female, and thin, and to have high cortisol. Additionally,
elevated estradiol levels had a protective effect on bone; once osteoporosis/osteopenia occurred, the probability of severe osteoporotic
fracture was significantly increased. The BMD of the femoral neck, hip joint and lumbar spine decreased with increasing midnight
cortisol level in men, postmenopausal women, and all T2DM patients (P<0.05). Multivariate logistic regression analysis identified
body mass index, estradiol level, and midnight cortisol level as independent risk factors for osteoporosis/osteopenia in T2DM patients.
Conclusion: Higher midnight cortisol levels are significantly associated with increased risk of osteoporosis/osteopenia in T2DM
patients. Thus, the midnight cortisol level represents a valuable marker for assessing osteoporosis/osteopenia risk in these patients.
Keywords: type 2 diabetes mellitus, midnight cortisol, bone mineral density, osteoporosis

With the urbanization and aging of China, the prevalence of overweight and obesity continues to increase, which is
accompanied by a continual increase in the prevalence of type 2 diabetes mellitus (T2DM). The prevalence of T2DM
among people aged 18 years and older has reached 11.2%." Studies investigating the mechanisms underlying T2DM have
provided evidence that hypothalamic-pituitary-adrenal (HPA) axis function is closely related to blood glucose control and
that patients with T2DM exhibit HPA axis dysfunction, which can manifest as increased cortisol secretion. Excessive
cortisol production can lead to a series of clinical symptoms, such as a flushed and rounded facial appearance, abdominal
obesity, osteoporosis, skin changes, hypertension, abnormal sex hormone levels, changes in mood, etc.>® The literature
suggests that normal or elevated bone mineral density (BMD) are common in patients with T2DM, although T2DM
patients are at increased risk for brittle fractures.* Whether differences in cortisol levels affect BMD and brittle fracture
risk in patients with T2DM is a topic worthy of further discussion. Recent studies have also found that both exogenous
and endogenous cortisol increases lead to bone loss.” Boro et al found that increased endogenous cortisol significantly
reduces BMD in the lumbar spine, femoral neck, and hip joints as a whole.® Another study showed that increased cortisol
secretion is closely related to bone loss in postmenopausal women.” Garcia Alfaro et al found that high levels of cortisol
are associated with lower BMD in the femoral neck, suggesting harmful effects of cortisol excess on cortical bone.®
Another study found that the degree and duration of cortisol increase are major factors affecting bone loss and fracture
risk.” Sorensen et al found that the increase of endogenous cortisol may lead to an increase in bone marrow fat, which
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may affect bone trabecula and lead to bone destruction.'® However, studies investigating whether BMD is affected by the
HPA axis in patients with T2DM are lacking. Therefore, the present study aimed to characterize the relationship between
the midnight serum cortisol level and BMD in patients with T2DM and to explore its clinical significance.

Data and Methods

Study Population

A total of 249 patients with T2DM admitted to the Department of Endocrinology, Xiamen Hospital, Zhongshan Hospital
Affiliated to Fudan University from January 2018 to April 2020 were selected as the study population. All patients were
admitted due to poor blood glucose control. All patients met the World Health Organization (WHO) criteria for the
diagnosis and typing of diabetes mellitus in 1999'' and were enrolled after testing negative for glutamate decarboxylase
antibody. Osteoporosis was diagnosed based on dual-energy x-ray absorptiometry (DXA) measurement of BMD and
application of the following diagnostic criteria recommended by the WHO in 1994: a BMD value within 1 standard
deviation (SD) of the peak value for normal adults of the same sex and race was considered normal; BMD value
decreased between 1.0 and 2.5 SDs was considered osteopenia; BMD value decreased by >2.5 SDs was classified as
osteoporosis; and BMD value decreased by >2.5 SDs (diagnostic criterion for osteoporosis) accompanied by one or more
fractures was regarded as severe osteoporosis.'?

The following exclusion criteria were applied: (1) diagnosis of type 1 DM, gestational DM, or any special type of
DM; (2) presence of mental illness, infectious disease, surgical trauma, stress state, abnormal function of important
organs such as heart, liver, and kidney; (3) use of drugs affecting the cortisol level within 2 months of the study period;
(4) presence of any disease known to cause abnormal cortisol levels (such as Cushing syndrome, etc).; (5) use of drugs
affecting bone metabolism (steroid hormones, vitamin D, calcium agents, bisphosphonates); (6) diagnosis of any
endocrine disease affecting bone metabolism (thyroid, parathyroid, adrenal and gonadal diseases), any autoimmune
disease, any digestive tract or kidney disease affecting calcium and phosphorus metabolism, any malignant tumor, or any
congenital and acquired bone metabolism disease. This study was approved by the Ethics Committee of Zhongshan
Hospital Affiliated to Fudan University (Xiamen) on June 21, 2024 with approval number B2024-037. All enrolled
patients and their families provided written informed consent for inclusion in this study.

Methods

Data Collection

For all patients, demographic information and past medical history, including the time of T2DM diagnosis and any
T2DM complication, were collected. Age, height, body mass, waist circumference, hip circumference, and blood
pressure were recorded, and body mass index (BMI) was calculated.

Sample Collection and Testing

Rhythm detection of serum cortisol levels: Blood samples for cortisol measurement were taken at 0:00 (midnight, 12:00
a.m), 8:00 (8:00 a.m), and 16:00 (4:00 p.m), and the serum cortisol level was measured by the chemiluminescence
method. Reference value ranges for cortisol levels ranged from 50—138 nmol/l at midnight, 166-507 nmol/l at 8:00, and
143.7-208.8 nmol/L at 16:00. Chemiluminescence detection of cortisol has been shown to provide high sensitivity,
specificity, precision and accuracy.'?

Measurement of biochemical, bone metabolism and sex hormone indicators: Fasting plasma glucose (FPG), insulin,
triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein choles-
terol (LDL-c), glycosylated hemoglobin (HbAlc), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and blood creatinine (CREA) levels were measured using blood samples collected at 6:00
a.m. after patients had fasted for at least 8 h. The glomerular filtration rate (¢GFR) was calculated, and the uric acid (UA),
calcium (Ca), phosphorus (P), parathyroid hormone (PTH), osteocalcin (OCN), amino-telopeptide of type I procollagen
(PINP), carboxy-telopeptide beta cross-linked peptide of type I collagen (CTX-B), and other hormone levels also were
measured. The plasma TG, TC, HDL-c, and LDL-c concentrations were detected using an automatic biochemical
analyzer, and the FPG level was determined by the glucose oxidase method. The HbAlc level was determined by high-
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performance liquid chromatography. The homeostasis model assessment for insulin resistance (HOMA-IR) was used to
estimate insulin resistance and calculated as FPG (mmol/L) x fasting insulin (;LU/mL)/22.5.14

The 25-hydroxyvitamin D3[25 (OH) D] level and concentrations of bone turnover markers such as intact PTH, OCN,
and PINP were measured using an automated chemiluminescence analyzer (Cobas e602, Roche). Estradiol (E2),
luteinizing hormone (LH), follicle-stimulating hormone (FSH), progesterone (P), testosterone (T) and prolactin (PRL)
also were measured by chemiluminescence immunoassay (Cobas €602, Roche Diagnostics). The detection sensitivity
levels were 0.025 ng/mL for T, 0.100 mIU/mL for LH, and 0.100 mIU/mL for FSH. The intra- and interassay coefficients
of variation were, respectively, 8% and 10% for T, 3% and 2.9% for LH, and 2.9% and 2.7% for FSH.

BMD measurement and diagnosis of osteoporosis: BMD was measured by DXA (QDR4500A, Hologic Inc., Waltham
MA, USA) at three different sites: the lumbar spine, femoral neck (FN), and total hip joint (TH). Osteoporosis and
osteopenia were defined based on BMD measurements at three different sites with a minimum T-score of —1.0 or less.
The Fracture Risk Assessment Tool (FRAX) were used to estimate the probability of major osteoporotic fracture (MOF)
and hip fractures (HF) occurring over a 10-year period.

Statistical Analysis

After normality testing, the measurement data were expressed as mean + SD (x+SD) if they conformed to a normal
distribution or as percentage if they did not conform to a normal distribution. Statistical differences in normal data were
tested by #-test, and those in non-normal data were tested by #-test after In transformation. The non-parameter test was
used for data that could not be transformed into normal, and the %> test was used for measurement data. All statistical
analyses were conducted using SPSS 25.0 software, and P<0.05 defined statistical significance.

Results
Comparison of Basic Data Between Patients with Normal BMD and Those with

Osteoporosis/Osteopenia

All enrolled patients with T2DM were hospitalized patients who were admitted for adjustment of their blood glucose
due to poor control of blood glucose (mean glycosylated hemoglobin >9%) in the clinic. Among the 249 T2DM
patients included in this study, 148 were male and 101 were postmenopausal female. In addition, 71 patients had
normal BMD measurements, and 178 patients had osteoporosis or osteopenia. The characteristics of the groups with
normal BMD and osteoporosis/osteopenia are compared in Table 1. Age, OCN level, midnight cortisol, FRAX MOF
score, FRAX HF score, and the percentage of female patients were significantly higher in the osteoporosis/
osteopenia group than in the normal group (all P<0.05). Height, weight, BMI, waist circumference, hip

Table | Comparison of Basic Data Between Normal BMD and Osteoporosis/Osteopenia Groups of All
T2DM Patients

Normal BMD Osteoporosis/Osteo-Penia P value
group n=71 group n=178

Age (years) 55.39+12.51 58.7411.3 0.042
Gender, n (%) 0.026
Male 50 (70.4) 98 (55.1)

Female 21 (29.6) 80 (44.9)

Height (cm) 167.78+9.09 163.42+9.08 0.001
Weight (kg) 73.81£12.66 65.56£12.05 <0.001
BMI (kg/m?) 26.31+4.92 24.48+3.75 0.002
Waist circumference (cm) 91.28+10.01 87.60+9.34 0.008
Hip circumference (cm) 96.61+7.06 93.06+6.79 0.001
Systolic blood pressure (mmHg) 130.28+16.79 131.29+16.48 0.666

(Continued)
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Table | (Continued).

Normal BMD Osteoporosis/Osteo-Penia P value
group n=71 group n=178
Diastolic blood pressure (mmHg) 81.89+10.81 82.0+£9.58 0.936
Diabetes duration (y) 6.59+6.67 8.31+7.33 0.088
Diabetic retinopathy, n (%) 22 (31.0) 51 (28.7) 0.715
Diabetic nephropathy, n (%) 13 (18.3) 28 (15.7) 0.620
Diabetic peripheral neuropathy, n (%) 9 (12.7) 27 (15.2) 0.614
Diabetic peripheral vascular disease, n (%) 47 (66.2) 123 (69.1) 0.657
Percentage of patients on insulin therapy, n (%) 23 (32.4) 56 (31.5) 0.886
Percentage of patients on GLP-IRA, n (%) 21 (29.6) 48 (27.0) 0.633
ALT (U/L) 36.87+84.32 24.92+18.57 0.240
AST (U/L) 25.1£40.07 20.64+11.79 0.359
BUN (mmol/l) 5.72+2.81 5.94+2.02 0.487
CREA (umol/L) 81.77+46.43 73.32+23.30 0.147
eGFR (mL/min/1.73m?) 91.14£22.91 90.09+19.37 0.715
UA (umol/L) 355.14+93.16 351+99.43 0.763
TC (mmol/l) 4.50x1.10 4.59+1.70 0.708
TG (mmol/L) 1.72+0.89 2.09+2.44 0.221
HDL-c (mmol/L) 1.09+0.23 1.14+0.36 0.199
LDL-c (mmol/L) 2.65+0.98 2.51£1.01 0.293
FPG (mmol/L) 8.81+3.38 8.12+2.92 0.126
HbAlc (%) 9.33£2.51 9.06+2.23 0.400
HOMA-IR 3.72%3.79 5.91£22.69 0418
Blood calcium (mmol/L) 2.310.11 2.87+7.27 0.516
Blood phosphorus (mmol/L) 1.21+0.18 1.24+0.18 0.146
PTH(pg/mL) 40.22+25.77 34.85+12.45 0.097
OCN (ng/mL) 13.1714.64 14.86+5.86 0.031
PINP (ng/mL) 0.41+0.22 0.45+0.23 0.404
CTX-B (ng/mL) 47.47+28.93 45.98+18.79 0.690
25(OH)2D3 (nmol/L) 56.961+28.32 60.64+21.10 0.324
E2 (pmol/L) 96.50+52.39 63.47+44.87 <0.001
LH (mIU/mL) 16.20+14.98 18.35x14.71 0.301
FSH (mIU/mL) 24.89+27.98 31.81+28.40 0.083
P (nmol/L) 0.45+0.36 0.40+0.26 0.312
T (nmol/L) 11.01+8.09 8.16+8.05 0.013
PRL (mlU/mL) 333.70+152.02 426.25+888.09 0.384
Midnight cortisol (nmol/L) 90.64+100.23 109.73£92.23 0.038
8:00 a.m. cortisol (nmol/L) 320.246%126.85 330.487+334.49 0.522
16:00 cortisol(nmol/L) 190.64+101.05 186.77+84.61 0.307
FRAX MOF score 1.73+0.54 3.43+2.08 <0.001
FRAX HF score 0.19£0.17 1.21£1.35 <0.001

Abbreviations: BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CREA,
blood creatinine; eGFR, calculated glomerular filtration rate; UA, blood uric acid; TC, total cholesterol; TG, triglycerides; HDL-c, high-
density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; HbAlc, glycosylated hemoglobin;
HOMA-IR, homeostasis model assessment for insulin resistance; PTH, parathyroid hormone; OCN, osteocalcin; PINP, type | procollagen
aminotelopeptide; CTX-f, type | collagen carboxytelopeptide beta cross-linked peptide; 25 (OH) 2D3, 25-hydroxyvitamin D3; E2, estradiol;
LH, luteinizing hormone; FSH, follicle-stimulating hormone; P, progesterone; T, testosterone; PRL, prolactin; FRAX MOF, Fracture Risk
Assessment Tool probability of major osteoporotic fracture; FRAX HF, Fracture Risk Assessment Tool probability of hip fracture.

circumference, E2 level, and P level were significantly lower in the osteoporosis/osteopenia group than in the
normal BMD group (all P<0.05). No significant differences between the two groups were found for any of the other
analyzed parameters.

The basic data of T2DM patients were tabulated and analyzed by sex (Table 2). The study population included 98
cases of osteoporosis/osteopenia in male T2DM patients. Compared with male T2DM patients with normal BMD, those
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Table 2 Comparison of Basic Data Between Normal BMD and Osteoporosis/Osteopenia Groups Among Men and Postmenopausal

Women with T2DM

Men Postmenopausal Women
Normal BMD Osteoporosis/Osteo- P value Normal BMD Osteoporosis/Osteo- P value
Group n=50 Penia Group n=98 group n=21 Penia Group n=80
Age (years) 52.88+12.99 54.32+11.91 0.502 61.38+9.03 64.16£7.61 0.155
Height (cm) 171.67+5.88 169.53+5.70 0.034 158.52+8.75 155.8346.36 0.116
Weight (kg) 76.66x12.12 70.84£11.31 0.004 67.04£59.02 59.02+9.50 0.001
BMI (kg/m?) 25.97+3.54 24.58+3.24 0018 27.13+7.27 24.36+4.32 0.028
Waist circumference (cm) 93.03+9.34 89.52+8.61 0.026 86.50+10.46 85.24+9.71 0.628
Hip circumference (cm) 96.89+6.90 93.83£6.31 0.009 95.86+7.62 92.13£7.26 0.055
Systolic blood pressure (mmHg) 130.08£17.01 128.71£16.10 0.633 130.76+16.67 134.44+16.50 0.367
Diastolic blood pressure (mmHg) 82.70+10.71 83.4819.16 0.645 79.95x11.07 80.19+9.84 0.925
Diabetes duration (y) 5.81+6.45 6.32+5.85 0.632 8.43+6.95 10.75+8.22 0.239
Diabetic retinopathy, n (%) 15 (30.0) 23 (235) 0.390 7 (33.0) 28 (35.0) 0.886
Diabetic nephropathy, n (%) 10 (20.0) 16 (16.3) 0.579 3 (143) 12 (15.0) 0.935
Diabetic peripheral neuropathy, n (%) 5 (10.0) 7(7.0) 0.547 5 (19.0) 20 (25.0) 0.568
Diabetic peripheral vascular disease, n (%) 33 (66.0) 66 (67.3) 0.867 14 (66.7) 57 (71.3) 0.682
Percentage of patients on insulin therapy, n (%) 15 (30.0) 30 (29.8) 0.939 8 (38.1) 26 (32.5) 0.629
Percentage of patients on GLP-IRA, n (%) 14 (28.0) 32 (327) 0.765 7 (33.3) 16 (20.0) 0.817
ALT (UL) 41.98+99.82 25.25+16.84 0.245 20.48+9.33 24.51£20.57 0.967
AST (U/L) 27.04£47.39 19.75+9.65 0.287 20.48+9.33 21.71£13.93 0.702
BUN (mmol/l) 5.92+3.07 5.75+1.81 0.671 5.24+2.06 6.18+2.24 0.086
CREA (umol/L) 91.74£51.19 79.65+22.17 0.116 58.05+16.93 65.65+22.43 0.151
eGFR (mL/min/1.73m?) 89.90+25.00 93.67£18.49 0.302 94.10£17.11 85.75£19.62 0.078
UA (umol/L) 364.12492.44 362.52+94.69 0.922 333.76%£93.57 337.04£103.77 0.896
TC (mmol/L) 4.50+1.03 441£1.12 0.616 4.51£1.29 4.81£2.20 0.558
TG (mmol/L) 1.77+0.97 2.29+3.14 0.250 1.62+0.67 1.84+1.05 0.077
HDL-c (mmol/L) 1.04+0.23 1.05£0.29 0.862 1.200.19 1.25+0.40 0.453
LDL-c (mmol/L) 2.69+0.94 2484091 0.192 2.57+1.10 2.54%1.12 0.900
FPG (mmol/L) 8.68+3.41 8.50+3.14 0.760 9.14+£3.38 7.64+2.58 0.092
HbAlc (%) 9.26+2.51 9.15+2.33 0.786 9.50+2.57 8.95+2.09 0310
HOMA-IR 3.15£2.40 6.48129.49 0.427 5.07+5.79 5.25+9.92 0.939
Blood calcium (mmol/L) 2.30£0.12 3.3149.82 0.470 2.32+0.81 2.33£0.13 0.574
Blood phosphorus (mmol/L) 1.16+0.16 1.21£0.19 0.119 1.31+0.18 1.28+0.18 0.541
PTH(pg/mL) 41.80£29.83 34.99£12.57 0.128 46.47x11.17 34.67+12.38 0.547
OCN (ng/mL) 11.97+3.70 12.80+3.68 0.197 16.03+5.43 17.35+6.97 0.423
PINP (ng/mL) 44.04£30.47 42.63£16.59 0.761 55.61£23.55 50.05+20.52 0.286
CTX-B (ng/mL) 0.40+0.23 0.43%0.19 0.515 0.450.21 0.47+0.28 0.804
25(0OH)2D3 (nmol/L) 56.87+30.32 61.01+24.28 0.495 54.80£23.39 60.19£16.52 0.228
E2 (pmol/L) 117.80+£32.23 93.45+37.64 <0.001 45.78+56.78 26.73+17.02 0.010
LH (mIU/mL) 9.80+4.74 8.21+3.89 0.054 31.43+19.60 30.77£13.52 0.856
FSH (mIU/mL) 11.48+9.17 10.23x6.11 0.390 56.84+31.82 58.23+21.85 0.815
P (nmol/L) 0.45+0.30 0.41£0.26 0.371 0.44%0.50 0.39+0.27 0.530
T (nmol/L) 15.38+5.24 14.44+5.46 0.314 0.59+0.33 0.48+0.38 0.203
PRL (mIU/mL) 328.98+159.97 405.68+684.72 0.437 344.93+134.20 451.46+1090.10 0.657
Midnight cortisol (nmol/L) 87.69+81.16 109.14£113.41 0.019 80.42+42 125.60+100.85 0.008
8:00 a.m. cortisol(nmol/L) 329.44+128.8 335.308+115.26 0.779 305.114£123.41 333.481£165.13 0.465
16:00 cortisol(nmol/L) 184.38+74.21 198.35£104.15 0.348 195.944£95.71 185.25+96.32 0.651
FRAX MOF score 1.50+0.35 2.54+1.29 <0.001 2.27+0.54 4.52+2.34 <0.001
FRAX HF score 0.20£0.17 0.96%1.05 <0.001 0.19%0.19 1.51£1.60 <0.001

Abbreviations: BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CREA, blood creatinine; eGFR,
calculated glomerular filtration rate; UA, blood uric acid; TC, total cholesterol; TG, triglycerides; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein
cholesterol; FPG, fasting plasma glucose; HbAlc, glycosylated hemoglobin; HOMA-IR, homeostasis model assessment for insulin resistance; PTH, parathyroid hormone;
OCN, osteocalcin; PINP, type | procollagen aminotelopeptide; CTX-B, type | collagen carboxytelopeptide beta cross-linked peptide; 25 (OH) 2D3, 25-hydroxyvitamin D3;
E2, estradiol; LH, luteinizing hormone; FSH, follicle-stimulating hormone; P, progesterone; T, testosterone; PRL, prolactin; FRAX MOF, Fracture Risk Assessment Tool

probability of major osteoporotic fracture; FRAX HF, Fracture Risk Assessment Tool probability of hip fracture.
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with osteoporosis/osteopenia had significantly lower values of height, weight, BMI, waist circumference, hip circum-
ference, and E2, and significantly higher values of midnight cortisol, FRAX MOF score, and FRAX HF score (all
P<0.05). The study included 80 cases of osteoporosis/osteopenia in postmenopausal women with T2DM. Compared with
postmenopausal women with T2DM with normal BMD, those with osteoporosis/osteopenia had significantly lower
values of weight, BMI, waist circumference, hip circumference and E2, and significantly higher values of midnight
cortisol, FRAX MOF score, and FRAX HF score (all P<0.05).

Overall, these results indicate that T2DM patients with older age, female sex, lower BMI, and high midnight cortisol
levels were more likely to develop osteoporosis/osteopenia; elevated E2 levels have protective effects on bone; and once
osteoporosis/osteopenia occurs, the probability of MOF is significantly increased.

Comparison of BMD Among Patients with Cortisol Levels in Different Tertiles
To investigate the association of BMD with cortisol levels, the all T2DM patients were divided into three groups according to
the tertiles of different cortisol measurements. The BMD values at different locations are compared among the groups divided
by the tertiles of different cortisol measurements in Table 3. The 249 T2DM patients were grouped according to the tertiles of
midnight cortisol into group Al (midnight cortisol <52.2 nmol/l, n=83 patients), group B1 (midnight cortisol between 52.2
nmol/l and 103.7 nmol/l, n=83 patients), and group C1 (midnight cortisol >103.7 nmol/l, n=83 patients). The results showed
that BMD measurements at the femoral neck, hip joint, and lumbar spine decreased with increasing midnight cortisol level (all
P<0.05). The patients also were grouped according to the tertiles of the 8:00 (8:00 a.m). cortisol level into three groups: group
A2 (8:00 cortisol <261.6 nmol/l, n=83 patients), group B2 (8:00 cortisol between 261.6 nmol/l and 82.6 nmol/l, n=83 patients),
and group C2 (8:00 cortisol >382.6 nmol/l, n=83 patients). No significant difference in BMD values at the femoral neck, hip
joint, or lumbar spine were detected among the groups with different 8:00 cortisol levels (all P>0.05). Additionally, the
patients were grouped according to the tertiles of the 16:00 (4:00 p.m) cortisol level into three groups: group A3 (16:00 cortisol
<143.7 nmol/l, n=83 patients), group B3 (16:00 cortisol between 143.7 nmol/l and 208.8 nmol/l, n=83 patients), and group C3
(16:00 cortisol >208.8 nmol/l, n=83 patients). No significant difference in BMD values at the femoral neck, hip joint, or
lumbar spine were detected among the groups with different 16:00 cortisol levels (all P>0.05).

The male T2DM patients were divided into three groups according to the tertiles of cortisol measurements at the three
different time points, and BMD values at different locations were compared among the groups (Table 4). The results

Table 3 Comparison of BMD Among All T2DM Patients with Different Cortisol Levels at Different Times (by Tertile)

BMD (g/cm?) Midnight Cortisol 52.2 nmol/l > Midnight Midnight Cortisol P value
<52.2nmol/l Cortisol <103.7 nmol/l 2103.7 nmol/l
Group Al: n=83 Group Bl: n=83 Group Cl: n=83
Femoral neck BMD 0.77+0.12 0.72+0.14 0.71+0.13 0.011
Hip BMD 0.92+0.13 0.86+0.14 0.84+0.14 0.003
Lumbar spine BMD 0.98+0.14 0.92+0.18 0.90+0.17 0.047
8:00 a.m. cortisol 261.6 nmol/l > 8:00 a.m. 8:00 a.m. cortisol P value
<261.6nmol/l cortisol <382.6 nmol/l 2382.6 nmol/l
Group A2: n=83 Group B2: n=83 Group C2: n=83
Femoral neck BMD 0.750.11 0.73+0.14 0.73+0.14 0.448
Hip BMD 0.89+0.13 0.87+0.14 0.87+0.15 0.645
Lumbar spine BMD 0.960.15 0.94+0.15 0.94+0.18 0.715
16:00 cortisol <143.7 143.7 nmol/l > 16:00 16:00 cortisol 2208.8 P value
nmol/l cortisol <208.8 nmol/l nmol/l
Group A3: n=83 Group B3: n=83 Group C3: n=83
Femoral neck BMD 0.710.13 0.75+0.13 0.74+0.13 0.277
Hip BMD 0.860.15 0.88+0.13 0.89+0.15 0.367
Lumbar spine BMD 0.94+0.17 0.95+0.17 0.94+0.14 0.245
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Table 4 Comparison of BMD Among Male and Postmenopausal Female Patients with Different Cortisol Levels at Different Times (by Tertile)

Men Postmenopausal Women
BMD (g/cm?) Midnight Cortisol | 44.5 nmol/I< Midnight | Midnight Cortisol | P value | Midnight Cortisol | 64.6 nmol/l < Midnight | Midnight Cortisol | P value
<44.5nmol/l Cortisol <96.2 nmol/l >96.2 nmol/l <64.6 nmol/l Cortisol <114.0 nmol/l >114.0 nmol/l
Group DI: n=50 Group El: n=49 Group Fl: n=49 Group Gl: n=34 Group HI: n=34 Group I1: n=33
Femoral neck BMD 0.72+0.11 0.77+0.12 0.73+0.12 0.021 0.71+0.13 0.66+0.12 0.60+0.12 0.018
Hip BMD 0.97+0.12 0.94+0.13 0.83+0.13 0.013 0.84+0.15 0.78+0.13 0.71£0.11 0.041
Lumbar spine BMD 1.04£0.11 0.98+0.19 0.93+0.13 0.036 0.95+0.17 0.87+0.14 0.81+0.18 0.027
8:00 a.m. cortisol 268.7 nmol/I< 8:00 a.m. 8:00 a.m. cortisol P value 8:00 a.m. cortisol 257.2 nmol/I< 8:00 a.m. 8:00 a.m. cortisol P value
<268.7 nmol/l cortisol <403.7 nmol/l 2382.6 nmol/l <257.2 nmol/l cortisol <368.0 nmol/l 2368.0 nmol/l
Group D2: n=50 Group E2: n=49 Group F2: n=49 Group G2: n=34 Group H2: n=34 Group 12: n=33
Femoral neck BMD 0.78+0.11 0.77+0.13 0.78+0.12 0.769 0.71x0.11 0.67+0.13 0.63+0.14 0.06
Hip BMD 0.930.12 0.92+0.13 0.93+0.12 0.804 0.82+0.11 0.810.15 0.76x0.13 0.105
Lumbar spine BMD 1.00£0.12 0.99+0.13 0.97+0.19 0.571 0.90+0.17 0.89+0.18 0.85+0.14 0.452
16:00 cortisol 152.2 nmol/l< 16:00 16:00 cortisol P value 16:00 cortisol 137.1 nmol/l< 16:00 16:00 cortisol P value
<152.2 nmol/l cortisol <208.8 nmol/l 2208.8 nmol/l <137.1 nmol/l cortisol <210.1 nmol/l 2210.1 nmol/l
Group D3: n=50 Group E3: n=49 Group F3: n=49 Group G3: n=34 Group H3: n=34 Group 13: n=33
Femoral neck BMD 0.77+0.12 0.77+0.12 0.79+0.10 0.738 0.65+0.092 0.70+0.14 0.67+0.15 0.285
Hip BMD 0.92+0.12 0.91+0.12 0.95+0.12 0.253 0.77+0.11 0.83+0.13 0.79+0.15 0.109
Lumbar spine BMD 1.00£0.14 0.97+0.19 1.00£0.10 0.602 0.88+0.20 0.89+0.14 0.860.15 0.82
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Table 5 Multivariate Logistic Regression Analysis of Independent
Risk Factors for Osteoporosis/Osteopenia in All T2DM Patients

Variables Beta value | P value 95% CI

Age (years) —0.016 0.557 0.978—1.042
Gender —0.760 0.144 0.169—1.296
BMI (kg/m?) 0.094 0.010 0.847—0.977
Diabetes duration (y) 0.013 0.605 0.964—1.065
Disease, n (%) -0.19 0.785 0.858—1.123
E2 (pmol/l) 0.018 <0.001 | 0.973—0.991
Midnight cortisol (nmol/l) —0.027 0.042 0.996—1.003

Abbreviations: BMI, body mass index; E2, estradiol; HbAlc, glycosylated
hemoglobin.

showed that BMD measurements at the femoral neck, hip joint, and lumbar spine decreased with increasing midnight
cortisol level (all P<0.05). No significant differences in BMD values at the femoral neck, hip joint, or lumbar spine were
detected among the groups with different 8:00 cortisol levels or different 16:00 cortisol levels (all P>0.05).

The postmenopausal female T2DM patients also were divided into three groups according to the tertiles of cortisol
measurements at the three different time points, and BMD values at different locations were compared among the groups
(Table 4). The results showed that BMD measurements at the femoral neck, hip joint, and lumbar spine decreased with
increasing midnight cortisol level (all P<0.05). However, as observed in male patients also, no significant differences in
BMD values at the femoral neck, hip joint, or lumbar spine were detected among the groups with different 8:00 cortisol
levels or different 16:00 cortisol levels (all P>0.05).

Risk Factors for Osteoporosis/Osteopenia in T2DM Patients

Multivariate logistic regression analysis of variables independently associated with osteoporosis/osteopenia in all T2DM
patients identified age, sex, BMI, diabetes duration, HbAlc, E2 level, and midnight cortisol level (Table 5). In this
analysis, age, BMI, diabetes duration, HbAlc, E2 level, and midnight cortisol level were continuous variables, while sex
was a binary variable (male and female). Among these factors, BMI and the midnight cortisol level were negatively
correlated with osteoporosis/osteopenia risk, and the E2 level was positively correlated with osteoporosis/osteopenia risk.

Discussion

In a total sample of 249 patients with T2DM, the prevalence of osteoporosis/osteopenia was 66.1% in men and 79% in
postmenopausal women, and midnight cortisol levels were significantly higher in patients with osteoporosis/osteopenia
than in patients with normal BMD. Further statistical analyses of data from men with T2DM showed that men with
osteoporosis/osteopenia also had elevated cortisol levels at midnight compared with those with normal bone mass, and
the same relationship was observed in postmenopausal women with T2DM. Studies have shown that normal or increased
bone mineral density are common in patients with T2DM, but patients with T2DM have an increased risk of brittle
fracture.*!> Some scholars put forward that even in the presence of normal or increased BMD, other factors, including
poor glycemic control, abnormal bone turnover, and bone loss, may explain the increased risk of fractures in T2DM
patients.'® Therefore, whether differences in cortisol levels in patients with T2DM have an impact on BMD and brittle
fracture risk is a topic worthy of investigation. The HPA axis is the hub of the neuroendocrine immune network, playing
an important role in feedback regulation.'” In healthy individuals, cortisol levels follow a pulse-type secretion pattern,
obviously in accordance with the circadian rhythm, with the lowest values occurring at midnight and peak values
occurring at approximately 8:00 a.m. The rhythm of blood cortisol concentrations is usually measured by the three-point
method, with blood samples drawn at the 8:00, 16:00, and 0:00 hours for cortisol measurement.'® Chronic hyperglycemia
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and sleep disturbance are common among T2DM patients. These chronic stresses affect the function of the HPA axis,
resulting in circadian rhythm disorder, which corresponds to an increase in the cortisol level at midnight.'® Studies have
shown that higher midnight cortisol levels, in turn, further increase the risk of sleep apnea in patients with T2DM and
thus affect sleep quality in these patients.”® It has been reported that the hippocampus, as an important component of the
limbic system, participates in negative feedback regulation of the HPA axis and plays an important role in regulating
cortisol secretion. In T2DM patients, long-term poor blood glucose control or chronic complications can trigger a series
of chronic stress reactions, resulting in structural and functional damage to the hippocampus, resulting in weakened
inhibition of the HPA axis. On the one hand, this can cause resting-state HPA axis circadian rthythm disorder, such that
the midnight cortisol level is increased. On the other hand, this can cause hippocampal stress-related dysfunction,
resulting in persistent activation of the HPA axis-mediated stress response.”’ Studies have shown that high levels of
cortisol can negatively affect bone metabolism, possibly through several pathways, including: 1. inhibition of bone
formation: In the process of bone formation, mesenchymal progenitor cells mature into osteoblasts after several stages of
differentiation. Osteoblasts at different stages of maturation may be affected by excessive endogenous or therapeutic
cortisol. High levels of cortisol can inhibit the proliferation and differentiation of osteocytes and reduce collagen
synthesis and mineralization during bone formation, resulting in slower bone metabolism and reduced bone formation
ability;** 2. promotion of bone resorption: Cortisol can promote the bone resorption process and increase the risk of
osteoporosis. Conaway et al found that cortisol can directly regulate RANKL-stimulated osteoclast formation and activity
by mouse bone marrow macrophages, thus inhibiting apoptosis of bone resorption cells (osteoclasts) and increasing the
number and activity of osteoclasts, resulting in bone destruction;?* or 3. induction of calcium imbalance: Cortisol can
interfere with calcium absorption in the gut as well as its reabsorption by the kidneys, resulting in increased calcium
excretion. This may lead to calcium deficiency in the body, which in turn affects the maintenance of bone density.** We
found that changes in cortisol levels at 8:00 and 16:00 had no significant effect on femoral neck BMD, hip BMD, or
lumbar BMD, whereas an increased cortisol level at 0:00 correlated with decreases in femoral neck BMD, hip BMD, and
lumbar BMD, suggesting that monitoring of midnight cortisol levels offers a more sensitive measurement than cortisol at
other times for predicting an increased risk of osteoporosis/osteopenia in patients with T2DM. In addition, BMI, E2 level,
and midnight cortisol level were found to be independent risk factors for predicting osteoporosis/osteopenia risk in
T2DM patients by multivariate logistic regression analysis. Among these factors, BMI has already been shown to be
negatively correlated with osteoporosis/osteopenia risk,”> and E2 level to be positively correlated with osteoporosis/
osteopenia risk.”® As with estrogen deficiency, elevated glucocorticoid levels are associated with an increased risk of
osteoporosis. Glucocorticoids inhibit periosteal cell proliferation and reduce the number of osteoblasts, thereby inhibiting
bone formation.”” The present study observed a negative correlation between the midnight cortisol level and the
osteoporosis/osteopenia risk. Therefore, screening midnight cortisol levels is important for assessing the risk of
osteoporosis/osteopenia in patients with T2DM, and lowering the midnight cortisol level may have a protective effect
on bone in clinical practice.

The present study has the advantage of the scientific detection of the cortisol rhythm and provides new insight into
whether the midnight cortisol level is related to BMD in T2DM patients, which has not been determined in previous
studies. In this study, data were analyzed from multiple angles and support the conclusion that detection of the midnight
cortisol level is beneficial for guiding clinical strategies for the prevention and treatment of osteoporosis. However, the
present study has some limitations also. The number of included cases was small, and the study was a cross-sectional
study, which limits the strength of the evidence. The study’s lack of a control group of non-diabetic individuals and lack
of information on the study population’s history of fragility fractures are also limitations. Future observational or
interventional studies with large sample sizes are needed to confirm the findings of the present study.

Conclusion

Higher midnight cortisol levels are significantly associated with increased risk of osteoporosis/osteopenia in T2DM
patients. Thus, the midnight cortisol level represents a valuable marker for assessing osteoporosis/osteopenia risk in these
patients. Decreasing midnight cortisol levels may have a protective effect on bone mass in patients with T2DM.
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