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Abstract

Background: Dysregulation in the cortisol secretion may have a role in the development of type 2 diabetes although conflicting evidence on the particular cortisol secretion patterns and type 2 diabetes demands further investigations. We aim to examine the association of cortisol levels and diurnal secretion patterns with prevalence of type 2 diabetes and HbA1c levels as well as the potential impact of sex and adiposity on this association.

Methods: A cross-sectional analysis was conducted among 757 participants (aged 65 - 90 years) of the population-based KORA (Cooperative Health Research in the Region of Augsburg) - Age study. Multivariate regression analyses were employed to examine the association between salivary cortisol (measured upon waking (M1), 30 min after awakening (M2), and in the late night (LNSC)) and type 2 diabetes as well as glycated hemoglobin (HbA1c) with adjustments for potential confounders. 

Results: In the total sample population, an elevated LNSC level was observed in type 2 diabetes patients compared to non-patients (P=0.04). In sex-stratified analyses, diabetic men showed a greater Cortisol Awakening Response (CAR) (P=0.02). Diabetic women had significantly elevated LNSC levels (P=0.04). HbA1c was positively associated with both CAR and LNSC levels but was negatively associated with M1 to LNSC ratio. 
Conclusion: In this aged population, type 2 diabetes is associated with dysregulated cortisol secretion characterized by distinct sex specific diurnal patterns. 
Keywords: cortisol, HPA axis, type 2 diabetes, HbA1c, elderly, epidemiology 

1. Introduction

Type 2 diabetes is characterized by insulin resistance and pancreatic β-cell dysfunction. Besides excessive food intake and sedentary lifestyle as known major risk factors, it is increasingly recognized that psychological stress is an independent contributor to the onset of type 2 diabetes with alterations in stress-induced cortisol secretion, the end-effector of the hypothalamic-pituitary-adrenal (HPA) axis, as a key element 
 ADDIN EN.CITE 
(Bjorntorp et al., 1999)
. Early clinical research of HPA axis activation in type 2 diabetes patients demonstrated elevated diurnal cortisol secretion patterns at various time points and pathological elevation of cortisol levels before and after an oral dexamethasone suppression test 
 ADDIN EN.CITE 
(Cameron et al., 1987; Roy et al., 1990)
,  suggesting HPA axis hyperactivation in type 2 diabetes. 

More recent studies also including data from population-based studies provided conflicting findings: while one study confirmed clinically meaningful, elevated evening cortisol levels in diabetic subjects 
 ADDIN EN.CITE 
(Hackett et al., 2014; Liu et al., 2005)
, other studies reported no 
 ADDIN EN.CITE 
(Bruehl et al., 2009)
 or a flattened diurnal cortisol pattern 
 ADDIN EN.CITE 
(Hackett et al., 2014; Lederbogen et al., 2011)
 in the association with type 2 diabetes and blunted Cortisol Awakening Responses (CAR) 
 ADDIN EN.CITE 
(Bruehl et al., 2009; Champaneri et al., 2012; Vreeburg et al., 2009)
 . Recently, a Whitehall II investigation confirmed a flatter diurnal cortisol pattern in type 2 diabetes patients and revealed that it was mainly due to elevated evening cortisol levels Hackett et al., 2014()
. However, this investigation did not report sex specific findings. This may be a shortcoming as previous research has evidenced the importance of sex differences in the relationship between cortisol and diabetes status 
 ADDIN EN.CITE 
(Champaneri et al., 2012)
. The association of cortisol and diabetes is further influenced by psychosocial and clinical factors, particularly by the modifying role of visceral obesity Bjorntorp and Rosmond, 1999()
. Additionally, it is important to consider a history of cardiovascular disease and medication as confounders Hackett et al., 2014()
 as well as hypertension and smoking status Liu et al., 2005()
. 

Both type 2 diabetes and glycated hemoglobin (HbA1c) levels are indicative of perturbed alterations in glucose metabolism; a diagnosis of type 2 diabetes denotes disease presence, but not severity of illness. Beyond a confirmed diagnosis of type 2 diabetes, HbA1c is an indicator of hyperglycemia and a proxy for elevated mean glucose levels over the past 2-3 months. HbA1c is also a specific biomarker of severity for impaired glucose metabolism.  Preliminary evidence suggests an association between high HbA1c and self-reported level of distress Adriaanse et al., 2008()
 and also with cortisol after dexamethasone suppression 
 ADDIN EN.CITE 
(Bruehl et al., 2007)
. A recent finding from the Multi-Ethnic Study of Atherosclerosis (MESA) demonstrated that a flatter diurnal curve and decline in overall cortisol output were both associated with worsened glycemia in type 2 diabetes patients Joseph et al., 2015()
.
In summary, the association between specific patterns of cortisol secretion in type 2 diabetes patients is still a matter of debate. Therefore, we aimed to examine in a representative elderly population-based study: i) the association of cortisol levels and diurnal secretion patterns with prevalence of type 2 diabetes, ii) the potential impact of sex and adiposity on this association and iii) the association of cortisol with HbA1c levels. 
2. Methods

2.1 Study setting and population

The KORA (Cooperative Health Research in the Region of Augsburg)-Age study is a follow-up study of the four MONICA/KORA Surveys in the Augsburg region, Southern Germany 
 ADDIN EN.CITE 
(Peters et al., 2011)
 which was conducted between November 2008 and November 2009. All participants, aged ≥ 64 years, were selected from a population-based random sample (N = 5991) of the previous 4 surveys (conducted between 1984 and 2001) with participation rates ranging between 67% and 79%. In total, 4127 people participated in a standardized telephone interview. From these, a randomly drawn sample of 1079 participants additionally underwent extensive physical examinations at the study center including collection of blood samples, anthropometric examination, and an interview. 
Salivary samples were available from 772 subjects (saliva sampling rate of 72%, see Figure 1). After exclusion of participants with missing data on type 2 diabetes and covariates, the final data set for the present analysis consisted of 757 participants (387 males and 370 females) aged 65 to 90 years (mean age =75 years). A drop-out analysis of the excluded participants revealed no significant age and sex differences.

The study was approved by the Ethics Committee of the Bavarian Medical Association and all participants provided a written informed consent.

2.2 Outcome: Salivary cortisol 
Participants were individually instructed about the saliva sampling procedure and provided with additional detailed written information (Salivette® salivary sampling test kit, Sarstedt, Nümbrecht, Germany). At home, participants collected 3 saliva samples: in the morning after awakening, in supine position (M1), 30 minutes after awakening while standing up (M2), and in the late night before bedtime (LNSC). We did not enforce a specific day for sampling but instructed the study participants to provide a salivary sample in the morning after awakening, 30 minutes after awakening and in late evening, all on the same day. Cortisol levels were determined in duplicate using a luminescence immunoassay (IBL, Hamburg, Germany). The lower detection limit of this assay is 0.1ng/ml (0.276 nmol/L), intra- and inter-assay CV’s are below 6% and 9% at concentrations of 0.4 ng/ml and 5.0 ng/ml, respectively.
Cortisol awakening response was calculated based on the difference of M2 toM1 (CAR = M2 - M1) as done by other studies 
 ADDIN EN.CITE 
(Adam and Kumari, 2009; Kunz-Ebrecht et al., 2004)
 and the area under the curve with respect to ground (AUCG) was calculated from M1 to M2, as suggested previously Pruessner et al., 2003()
. The ratio of M1 to LNSC (M1/LNSC) was also calculated. 

2.3 Exposure: Type 2 Diabetes and glycated hemoglobin (HbA1c)
Type 2 diabetes was self-reported by the participants in the self-administered questionnaire and verified from antidiabetic medications used by the study participants. The diagnosis of Type 2 diabetes in KORA Age was also verified by assessing the medical history and physician’s records as well as from the evaluation of the previous follow up of the MONICA KORA surveys.  HbA1c was quantified with a reverse-phase cation-exchange HPLC method using a Menarini–Arkray Analyzer HA-8160 (Menarini Diagnostics, Florence, Italy).

2.4 Covariates

Low education was defined as < 12 years of schooling. Someone who smoked cigarettes regularly or occasionally was considered as a current smoker. Alcohol consumption was rated as “daily”, “once or several times a week” and “no”. Leisure time physical inactivity versus activity was assessed by two interview questions. Each participant was asked: “How often do you carry out sports in the winter? How often do you carry out sports in the summer?” Sports were broadly considered in the context of elderly participant activities and included both bicycle riding and going on walks. Answers were given on a four-level graded scale (no activity, irregularly about 1 h/week, regularly 1 h/week, and regularly N2 h/week) Meisinger et al., 2005()
. A participant was classiﬁed as physically active if they regularly participated in sports during leisure time ≥1 hour/week in either season. To assess physical activity, participants were classified as ‘active’ during leisure time if they regularly participated in sports for at least 1 hour per week; otherwise they were considered ‘inactive’. Body mass index (BMI) was calculated as weight (kg)/height2 (m). Waist to hip ratio (WHR) was calculated by dividing waist circumference by hip circumference. WHR categories used were low WHR (<1 in men and 0.85 in women), and high WHR (> 1 in men and > 0.85 for women). Both BMI and WHR were assessed in a medical examination.
Actual hypertension was defined as blood pressure ≥140/90 mmHg and/or current use of hypertensive medication. Total cholesterol (TC) and high density lipoprotein cholesterol (HDL-C) in mmol/l were measured by enzymatic methods (CHOD-PAP, Boehringer Mannheim, Germany). Multimorbidity was defined as the co-occurrence of more than two disease conditions based on the Charlson Comorbidity Index Brandt et al., 1988()
. Participants were asked if they had a history of coronary heart disease (CHD). Assessment of current medication use included antidiabetic medication (oral antidiabetic medications, incretins and insulin therapy), cardiovascular medication and hormone replacement therapy.
Sleeping problems were assessed based on interview questions concerning the difficulty initiating and maintaining sleep, as well as sleeping duration Meisinger et al., 2005()
. Depressive symptoms were measured by cut-off point >5 for mild or moderate depression using the 15-item German version of the Geriatric Depression Scale Sheikh and Yesavage, 1985()
 and anxiety (scores ≥10) using the Generalized Anxiety Disorder-7 Spitzer et al., 2006()
.  The experience of a stressful life event in the past year and perceived stress was assessed in the personal interview by a two-item instrument based on the Psychosocial Stress Questionnaire from the Interheart Study Rosengren et al.(, 1991)
. If the answer to the first question, “Did you experience a burdensome event over the past year (for example illness, death or serious illness of a relative, conflicts in the family, divorce or separation, or financial problems)?” was ‘yes’, then the second question was asked: “How much did you suffer from this event?”.  The answer scale for perceived stress was a 5-point Likert Scale with the following answers: 1= not at all, 2=a bit, 3=some, 4= quite a lot, 5=severely.
2.5 Statistical analysis
Descriptive data of sociodemographic, lifestyle, clinical and psychosomatic characteristics were stratified by type 2 diabetes status (Table 1). The χ2 test was used to examine the associations between categorical variables and the t-test for bivariate differences in the mean of continuous variables. We examined the interaction of sex and type 2 diabetes status on cortisol by including the product of both variables in the fully adjusted model. 
In case of non-normality, tests were performed on log-transformed cortisol measurements. Regarding mean of cortisol levels, geometric means were calculated based on the antilog of standard deviations of log means, for skewed continuous variables (Table 2). Differences between groups (adjusted for age and sex) and differences between men and women (adjusted for age) were tested with linear regression.
For multivariable analyses of the association of type 2 diabetes status (exposure) with different cortisol level measures (outcomes), linear regression models with different steps of adjustments were applied separately in men and women. M1, M2, LNSC, M1/LNSC ratio and CAR were chosen as outcome variables. Model 1 was adjusted only for age and sex, Model 2 was additionally adjusted for the presence of known potential confounders of obesity (measured by WHR), CVD medications and history of CHD as suggested in a previous study Hackett et al., 2014()
. The final Model 3 was further adjusted for smoking status and hypertension according to an earlier study Liu et al., 2005()
. Initially, we found that multimorbidity, alcohol consumption, levels of perceived stress and antidiabetic medications were significantly different between diabetic patients and non-patients. However, the addition of these 4 factors in the models did not affect the associations and therefore were not included as confounders. Furthermore, 28 subjects (3.5%) who reported use of systemic steroids which may influence the association between cortisol and diabetes were identified. However, the exclusion of these subjects did not significantly affect the outcome of our analyses.
Linear regression models were reanalyzed to examine the association between glycated hemoglobin (HbA1c) and all cortisol parameters in crude and full model adjustment. A sex-stratified multiple linear regression analysis of the association between HbA1c and cortisol parameters was also considered. Additionally, we reanalyzed the association of various cortisol measures and HbA1c levels for subjects with and without type 2 diabetes and have also included an interaction term of type diabetes*HbA1c levels in the models. We also identified 15 subjects who did not have type 2 diabetes but had elevated HbA1c levels (cut-off for type 2 diabetes >48mmol/mol). As a sensitivity analysis, we excluded these 15 subjects in the regression analyses and found that the strength and significance of the association remained unchanged. 

Additional sensitivity analyses were performed to consider the potential impact of adiposity on the relationship between type 2 diabetes and cortisol. The influence of WHR was assessed via the introduction of an interaction term of WHR*type 2 diabetes. We also replaced WHR with BMI in the regression models to assess whether the effect of type 2 diabetes and cortisol remained stable if controlled for BMI. The analytical models were also carried out in a dataset without patients undergoing insulin treatment (n=27) which might have an effect on cortisol secretion. However, the removal of insulin users did not alter the associations. Results are presented as mean ratio and 95% confidence intervals (CI). 
All statistical analyses were run in SAS version 9.2 (SAS Institute Inc., Cary, NC). The significance level was set at 0.05. The analysis and description followed the STROBE (STrengthening the Reporting of OBservational studies in Epidemiology) guidelines for observational studies.
3. Results
3.1 Description of the study population
A total of 123 (16.3%) patients with type 2 diabetes were identified in a sample of 757 participants (mean age=75 ± 6.3 years; 387 men and 370 women). As shown in Table 1, diabetic patients were more likely to have higher BMI and WHR, to have a lower HDL, higher total cholesterol, higher HbA1c levels, to suffer more from hypertension, coronary heart disease and other co-morbidities. There were no significant differences between diabetic patients and non-patients in age, sex, education level, physical activity, smoking status, depressive symptoms, anxiety, stressful life events, and sleep problems.
3.2 Salivary cortisol levels
In the total sample, participants with type 2 diabetes displayed significantly higher LNSC levels (geometric mean = 2.2 nmol/L, 95% CI = 2.0-2.5) compared to individuals without diabetes (1.9, 1.8-2.0) (P=0.04) (Table 2). Diabetic participants also presented a higher M1 (morning upon awakening), M2 (30 minutes after awakening), and cortisol awakening response (CAR) and a lower M1 to LNSC ratio (M1/LNSC). However, differences in M1, M2, CAR and M1/LNSC were only borderline significant (P>0.05).

3.3 Stratified analyses

We observed a significant interaction between sex and type 2 diabetes in CAR (P-value for interaction term=0.04) prompting us to further stratify our analyses according to sex. As shown in Figure 2, CAR (P=0.02) was higher in diabetic men but not in women (P=0.45 accounting for an 80% increase in mean cortisol levels within the first 30 minutes after awakening in male diabetic patients compared to an only 39% increase in non-diabetic men. Elevated LNSC cortisol levels compared to non-diabetic subjects were observed in women (P=0.04) but not in men (P=0.38), as also depicted in Figure 2.
As displayed in Table 3, sex-stratified multiple linear regression analyses on the association of cortisol levels and type 2 diabetes were employed with further adjustments for WHR, CVD medications and history of CHD (Model 2). These adjustments did not substantially alter the strength of associations: a greater CAR remained significant in diabetic men (OR=1.37, 95% CI=1.05-1.80, P=0.02) and also elevated LNSC levels were significantly associated with diabetic women (OR=1.35, 95% CI 1.01-1.80, P=0.045). 
After further adjustment for hypertension and smoking status in Model 3, the significance of the association between CAR and diabetic men was maintained (OR=1.37, 95% CI=1.04-1.79, P= 0.02). However in women, the association between evening cortisol and type 2 diabetes only reached borderline significance in this fully adjusted model (OR= 1.3, 95% CI=0.61-2.15,P=0.08). All other cortisol parameters (M1, M2, M1/LNSC ratio) entered separately in the regression analyses were not associated with type 2 diabetes (data not shown).
3.4 Association between HbA1c and cortisol levels

We reanalyzed the association of all cortisol secretion patterns and continuous values of glycated hemoglobin (HbA1c) in the total sample with crude and full model adjustments as displayed in Table 4. A significant positive association between increased HbA1c levels and elevated late night salivary cortisol levels were observed in both crude (β=0.63, SE=0.25, P=0.01) and full model (0.66, 0.27, 0.01) in the multiple linear regression analyses. Increases in HbA1c levels were also positively associated with elevated CAR values (crude: β=0.52, SE=0.25, P=0.04; full model: β=0.53, SE=0.27, P=0.05). The ratio of M1 to LNSC was negatively associated with HbA1c levels in both crude and full model adjustments (crude: β=-0.06, SE=0.25, P=0.02; full model: β=-0.50, SE=0.27, P=0.06).
In a sex-stratified analysis, the significant positive association between increased HbA1c levels and elevated CAR remained significant in men (P=0.04) but not in women. The same was true for the association between HbA1c and LNSC levels, which was not significant in the women (P=0.22) but significant in men (P=0.037). 

Additionally, we reanalyzed the association of various cortisol measures and HbA1c levels for subjects with and without type 2 diabetes. The interaction term of type diabetes and HbA1c levels (type 2 diabetes*HbA1c) was not significant in any of the models. There was no significant association between cortisol measures and HbA1c levels in models stratified by type 2 diabetes status (Supplementary table 2).
3.5 Sensitivity analyses

We replaced WHR by BMI as an obesity measure in the regression model and obtained no significant differences. We then investigated the modifying role of adiposity on the association of cortisol and type 2 diabetes. The age and sex adjusted analytical models demonstrated a significant interaction between WHR and diabetes on the CAR levels (P-value for interaction term = 0.005) indicating that central adiposity likely modifies the effect of type 2 diabetes on cortisol secretion pattern. We further stratified the association between diabetes and CAR levels by WHR for men and women separately. As displayed in Figure 3, the association between type 2 diabetes and CAR was significant in men with low WHR (P=0.01) but not in men with a high WHR (P=0.76). In women, stratification by WHR (low versus high WHR) yielded no significant association between diabetes and CAR levels (data not shown).
4. Discussion

During a normal, healthy diurnal cortisol secretion pattern, a substantial early morning rise in cortisol (CAR) is followed by a subsequent decline across the day, reaching a nadir at late night. This pattern is usually maintained within a stable range due to complex feedback loops that prevent excessive cortisol secretion Chrousos, 2000()
. Either increased or blunted cortisol secretion patterns, indicating a disrupted HPA axis, are potentially damaging and have been shown to be associated with poor health outcomes Rosmond, 2003()
. The present investigation shows that type 2 diabetes patients exhibit significantly higher levels of late night cortisol. However, this significant overall association was mainly driven by a substantially higher evening cortisol level in women while men exhibited significantly higher CAR levels. A closer look at CAR levels in men disclosed that this association was restricted to lean male diabetic subjects only. 
To the best of our knowledge, a sex-specific association of type 2 diabetes with an increased morning response in lean men and an elevated late night cortisol secretion pattern in women has not been shown before, although a potential role of disrupted HPA axis response as one major pathway to type 2 diabetes has long been under investigation. Furthermore, a recent systematic review on HPA axis activity and obesity has strongly recommended the role of sex in assessing HPA axis dysregulation Incollingo Rodriguez et al., 2015()
. Cameron et al. were among the first to demonstrate impaired dexamethasone suppression in 54 diabetic patients Cameron et al., 1984()
. In another small study with 14 diabetic patients compared to 18 normal controls, they found that mean plasma cortisol levels were twice as high in diabetic subjects compared to normal controls and confirmed significantly elevated of cortisol levels after a dexamethasone suppression test (DST) Cameron et al., 1987()
. Similarly, Hudson et al. showed a higher rate of non-responders in the DST in 30 non-depressed diabetics compared to 58 healthy controls Hudson et al., 1984()
 and Roy et al. demonstrated a significantly higher plasma cortisol levels before and after a DST in a sample of 49 patients with type 2 diabetes Roy et al., 1990()
.
In contrast, later investigations in substantially more subjects and with more detailed analysis of different time points during diurnal cortisol secretion provided conflicting results: Vreeburg et al. found no association between diabetes and diurnal cortisol slope in 491 participants from the Netherlands Study of Depression and Anxiety (NESDA) 
 ADDIN EN.CITE 
(Vreeburg et al., 2009)
 while Lederbogen et al. observed a flattened slope of diurnal cortisol secretion in diabetic patients compared to non-diabetic controls in data from 979 participants of the MONICA/KORA F3 study cohort 
 ADDIN EN.CITE 
(Lederbogen et al., 2011)
. Recently, Hackett et al. confirmed a flatter slope in cortisol decline across the day in 238 diabetic patients from 3508 Whitehall II study participants Hackett et al., 2014()
. The present investigation revealed borderline flatter diurnal pattern in diabetic patients which was indicated by a lower morning to evening cortisol level ratio. In contrast to our finding, the Whitehall II Hackett et al., 2014()
 and the KORA F3 study 
 ADDIN EN.CITE 
(Lederbogen et al., 2011)
 demonstrated a significant association between flatter diurnal cortisol pattern and type 2 diabetes. However, our non-significant finding is consistent with Bruehl et al. and Vreeburg et al. 
 ADDIN EN.CITE 
(Bruehl et al., 2009; Vreeburg et al., 2009)
. 

4.1 Association of the type 2 diabetes and cortisol awakening response (CAR)

An enhanced CAR has been suggested to reflect a stress-induced bodily preparation in anticipation of the day Pruessner et al., 1997()
. We observed an 80% increase in mean cortisol levels within the first 30 minutes after awakening in these subjects compared to an only 39% increase in non-diabetic men. Although no current reference data were available, this significant difference in the percentage change in morning cortisol levels is likely to be clinically relevant. The findings are robust to extensive adjustment of covariates (e.g. age, waist-to-hip ratio, CVD medications, history of CHD, hypertension and smoking) which all potentially contribute to an increase in morning cortisol levels.

The exaggerated CAR pattern in men (but not in women) in this present study, is in contrast to findings from other large scale studies: Hackett et al. failed to find an association between diabetes status and CAR in the non sex-stratified Whitehall II data Hackett et al., 2014()
. Champaneri et al. analyzed 177 diabetic patients compared to 825 controls derived from the MESA and revealed blunted CAR reactions 
 ADDIN EN.CITE 
(Champaneri et al., 2012)
. At present, we have no firm explanation for the difference in findings; however, the advanced age range of the population under investigation may play a role.
4.2 Association of type 2 diabetes and LNSC levels 

Late night cortisol levels in the present investigation were significantly increased in type 2 diabetes compared to non-patients, but not in men. Notably, 40% of the aged diabetic women exhibited late night cortisol levels exceeding the threshold normally suggested to indicate hypercortisolism in younger subjects (10nmol/L) Liu et al., 2005()
. This order of magnitude makes it very likely that the elevations are clinically relevant.
Our finding here matches recent findings from the Whitehall II study which reported elevated evening cortisol levels in their total population of type 2 diabetes Hackett et al., 2014()
. However, our study is the first to provide proof for the distinct sex-specific difference. One clinical study of a male only population (N=162, mean age=62±9) Liu et al., 2005()
 revealed elevated evening cortisol levels in diabetic patients. No other sex stratified analyses on evening cortisol are currently available although it had been previously shown that women who ruminate about daily life show increased late evening cortisol levels Rydstedt et al., 2009()
. 

4.3 Association of HbA1c and cortisol levels

We found that higher levels of glycated hemoglobin (HbA1c), a marker of long-term glycemic control, are associated with enhanced CAR, elevated late night cortisol levels and a lower morning to late night cortisol ratio in the total population. This finding is relevant because it supports the assumption that the dysregulated cortisol secretion patterns found in the present study are chronic and not induced by acute perturbations. 
Our result on the significant association between CAR and HbA1c levels was in contrast with the recent findings from the multi-ethnic population-based MESA study (N = 850 men and women, mean age 70 (SD ±9) years) which found no association between CAR and HbA1c levels Joseph et al., 2015()
. However, our findings corroborate with the MESA study in which diurnal cortisol and evening cortisol levels were associated with higher HbA1c levels. We could additionally show that dysregulated cortisol secretion pattern is associated with increased in HbA1c levels in the total population which supports the hypothesis of flattened diurnal cortisol profile with hyperactivation of cortisol secretion leads to hyperglycemia but the MESA study failed to show an association in non-diabetic and pre-diabetic subjects Joseph et al., 2015()
. Previous study of a large multi-ethnic cohort (MEC) from Hawaii and California reported that type 2 diabetes prevalence is at least 2-fold higher in non-Caucasian ethnicity compared to Caucasian even though they have less rate of obesity Maskarinec et al., 2009()
. Thus, the high proportion of participants from non-Caucasian (Hispanic and African-American) ethnicity in the MESA study may contributes to the difference with our findings.

The association of cortisol and HbA1c levels is in line with a clinical study in 190 diabetic patients which reported a dose-response relationship of cortisol levels with increasing HbA1c Oltmanns et al., 2006()
. Also, Bruehl et al. had observed the association between HbA1c and HPA axis dysregulation 
 ADDIN EN.CITE 
(Bruehl et al., 2009)
. 
4.4 The modifying role of central adiposity

We studied the association of CAR and type 2 diabetes in lean and obese male subjects separately and confirmed the association of an exaggerated CAR in lean diabetic men but failed to find a significant association in obese men with type 2 diabetes. This is surprising because dysregulated cortisol secretion may be accentuated in obese individuals due to greater density of glucocorticoid receptors in visceral than other adipose tissue regions Bjorntorp, 1996()
. 
However, prior reports on the associations of salivary cortisol levels and measures of central obesity were equivocal. Increased morning cortisol and waist circumference were detected in several small clinical studies: Wallerius et al. with 28 healthy men Wallerius et al., 2003()
, Steptoe et al. in 58 healthy men Steptoe et al., 2004()
 and  Therrien et al. in 51 men Therrien et al., 2007()
. However, lower morning cortisol levels associated with increased waist to hip ratio were reported in 50 middle aged men Rosmond et al., 2000()
; a study in 284 men with mean of diurnal cortisol 
 ADDIN EN.CITE 
(Ljung et al., 2000)
 and a large scale study of morning cortisol in 6470 middle-aged men and women 
 ADDIN EN.CITE 
(Power et al., 2006)
. 
Taken into consideration that the present study was performed in an older population with an apparent long history of obesity in these subjects, the present findings could be due to a ‘ceiling effect’ induced by an already perturbated neuroendocrine system in men with visceral adiposity that cannot react to stress anymore thus leading to a blunted cortisol response.
4.5 Potential mechanism

Investigation of sex-specific differences in HPA axis response following stress stimuli have revealed inconsistent findings. A study by Frankenhaeuser did not detect  a sex difference in cortisol response after psychosocial stress Frankenhaeuser et al., 1980()
 whereas in contrast, Kirschbaum et al. found a sex difference in cortisol responses after public speaking and mental arithmetic task in which men showed a greater cortisol response compared to women Kirschbaum et al., 1992()
. Similarly, Zimmer et al. demonstrated that men showed a larger cortisol response to a noxious stressor compared to women Zimmer et al., 2003()
. Maleness is also suggested to influence the HPA axis reactivity with greater HPA axis responses to a psychological stressor Uhart et al., 2006()
. Our study has the oldest mean age of study participants (74 years) compared to other studies (See supplementary table 1). This could be one of the reasons for the differences in findings compared to other past studies. Most of previous studies on the association of cortisol and type 2 diabetes were mainly established in pre-menopausal population whereas our study consists of a post-menopausal population (>74 years). Thus, sex hormone may not be speculated as the underlying biological mechanism. Further research on the potential modifying role of sex in the association between cortisol and type 2 diabetes is warranted. 
Sex specific differences in cortisol concentrations and tissue effects have also been described in studies investigating the role of 11-hydroxysteroid-dehydrogenase type 1 (11-HSD1). This enzyme coverts glucocorticoids to their active form (cortisone to cortisol), leading to increased glucorticoid activity and effects. Studies have demonstrated that 11β-HSD1 expression and activity are positively associated with insulin resistance and obesity Interestingly, 11-HSD1 has been shown to be up-regulated with age in women, but not in men; the increase in 11-HSD1 was associated with insulin resistance and an adverse body composition Hassan-Smith et al., 2015()
. The reason for the sex-difference in 11β-HSD1 expression and activity is unclear, but apparently unrelated to estrogens Toogood et al., 2000()
.
Sustained high doses of cortisol have the potential to induce diabetes mellitus best evidenced in clinical reports with glucocorticoid-induced diabetes mellitus as one major side effect of corticosteroid therapy 
 ADDIN EN.CITE 
(Katsuyama et al., 2015; Uzu et al., 2007)
. A recent study including 128 patients with rheumatic or renal disease under glucocorticoid therapy identified a total of 84 (65.6%) of patients who had developed diabetes even after a short term corticosteroid therapy of four weeks Katsuyama et al., 2015()
. The cross sectional design of the present population-based study does not allow determining whether the association between elevated levels of cortisol and type 2 diabetes mellitus is a causal mechanism or a comorbid condition. 

Evidence from experimental research however, indicates that the association may point to two opposing mechanisms: first, type 2 diabetes mellitus itself may increase the responsiveness of the HPA axis. For example, Bruehl et al. 2007 showed that after DST, cortisol levels remained higher in diabetic patients than in controls 
 ADDIN EN.CITE 
(Bruehl et al., 2007)
. Also, corticotrophin-releasing hormone (CRH) administration after DST resulted in larger cortisol responses in diabetic patients. 

On the other hand, a pathophysiological role of sustained stress induced cortisol hypersecretion may be an even more rudimentary concept: cortisol antagonizes the metabolic actions of insulin and increases blood glucose by mobilizing substrates for hepatic gluconeogenesis Andrews and Walker, 1999()
 and it also directly inhibits insulin release, with pancreatic ß-cells as important targets for this potential diabetogenic action Delaunay et al., 1997()
. These mechanisms apparently contribute to “a transient attenuation of the insulin response to hyperglycemia” Delaunay et al., 1997()
 in order to ensure sufficient glucose for the energy demands of a fight or flight reaction. However, under long term stress conditions and subsequently in the presence of chronic hormone exposure, glucocorticoid receptor (GR) and mineralocorticoid receptor (MR) down-regulation occurs with decreased glucocorticoid sensitivity. Hypersecretion of cortisol becomes necessary in order to maintain overall levels of cortisol for all peripheral tissue.
4.6 Strengths and limitations of study
The present study collected salivary cortisol sample from a large population based sample of men and women with a high response rate and a very strict quality assessment. Data are robust to adjustment for an extensive set of covariates. Limitations of this study are due to the nature of cross-sectional studies which cannot infer causality and the findings may not be generalizable to other populations. The 3 saliva samples were collected on a single day compared to other studies with sampling periods of 2 to 3 days Adam et al., 2006


( ADDIN EN.CITE ; Adam and Kumari, 2009)
  with the average enabling the investigation of any deviation in diurnal pattern. Furthermore, our CAR measurement was based on two sampling points (on awakening and 30 minutes after awakening). Participants in our study followed the instructions with great rigor. There was individual variability in the time of awakening, but 90.4% of the subjects collected the first sample between 5 and 8 am. Analysis of self-documented collection times revealed that 95% of the subjects had collected the second sample with less than 5 minutes deviation from the expected time point. At the time our study was planned evaluation of CAR based on two samples was a common protocol. However, we cannot exclude that the time point of peak cortisol secretion was missed by this procedure. Accordingly, a recent consensus guideline for CAR assessment recommended a protocol with a minimum of three sampling points: on awakening, 30 min and 45 min  Stalder et al., 2015()
 to increase the likelihood that the CAR peak is captured.
5. Conclusion
Our findings demonstrate a greater CAR in men with type 2 diabetes and increased late night cortisol in women with type 2 diabetes. These results suggest an involvement of neuroendocrine dysregulations in the pathophysiology of type 2 diabetes. The association between type 2 diabetes and CAR was only observed in lean men pointing to a modifying role of central adiposity. The findings may represent an increased HPA reactivity or the presence of a decreased negative feedback of the HPA axis regulation in the presence of type 2 diabetes. Higher HbA1c levels were also associated with dysregulated cortisol secretion. Given the relevance of the HPA axis in type 2 diabetes, more research on the role of HPA axis activity on the pathogenesis of type 2 diabetes is urgently needed.
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Figure 1: Flow chart of the cross-sectional study design derived from the KORA (Cooperative Health Research in the Augsburg Region, Germany) Age-1 Study (2008-2009) 

Figure 2

a: Sex-stratified mean (95% CI) of cortisol awakening response (CAR) 

b: Sex-stratified geometric mean (95% CI) of late night salivary cortisol levels (nmol/L)

Figure 3: Mean (95%CI) of Cortisol Awakening Response (CAR) by high or low WHR in male with or without type 2 diabetes
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