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Introduction: The aim of this study was to determine associations between changes of metabolic parameters and the development of BD using nationally representative data.

Methods: We used health examination data provided by the South Korean National Health Insurance System (NHIS) (n = 8,326,953). The variability of each metabolic parameter including weight circumference, blood pressure, fasting blood glucose, high-density lipoprotein cholesterol, and triglyceride levels was caculated using variability independent of mean (VIM) indices. The presence of metabolic syndrome was associated with new onset BD. Each metabolic parameter with high variability was associated with a higher risk of new onset BD compared to those with low variability after adjusting for age, sex, smoking, alcohol drinking, regular exercise, income status, baseline diabetes, hypertension, and dyslipidemia.

Results: As the number of highly variable metabolic parameters increased, the risk for new onset depression also increased even after covariates adjustment. The associations between new onset BD and metabolic variability were greater in populations with age > 50 years. In addition, these associations remained significant after adjusting for the presence of depression prior to diagnoses of BD.

Discussion: Our results suggest possibility of metabolic variability as an independent environmental risk factor for BD even after adjusting for the presence of metabolic syndrome.
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1 Introduction

Bipolar disorder (BD) is a chronic mental disorder with a high disease burden. BD is a highly heritable disease, although about 15–40% of risk is derived from environmental factors (1). In general, BD develops from complex interplays between genetic and environmental factors. Obstetric complication, infections, and adverse childhood experiences have been suggested as potential environmental risk factors (2). However, little is known if there are modifiable environmental factors for the development of BD.

Metabolic parameters could be one of the potential environmental factors associated with the development of BD. The association between BD and metabolic syndrome is complex. Metabolic syndrome is quite common in BD. Treatment agents for BD could increase the risk of metabolic syndrome. However, metabolic syndrome is common even in drug naïve patients with BD. Based on these findings, shared genetic and pathophysiological mechanisms have been suggested (3, 4). Metabolic syndrome is associated with worse clinical features including chronic course of illness, worse global functioning, and rapid cycling in BD (5). Metabolic syndrome also affects cognitive functions. In particular, metabolic syndrome can cause structural and functional changes in the brain (6), which could be linked to the pathophysiology of BD.

Metabolic parameters could be more closely associated with late-onset BD defined as BD that develops >50 years old (7). It has been reported that late-onset BD has weaker associations with family history of BD than early onset BD, but has greater associations with neurological conditions and other somatic problems (8).

We have previously reported that metabolic variability defined as dynamic changes of metabolic parameters is associated with new onset depression and the presence of metabolic syndrome per se using Korean nationwide data (9). Several studies has reported associations of metabolic syndrome with new onset BD (10–13), but they did not use nationally representative data. In addition, no prior study examined the association between metabolic variability and new onset BD. Therefore, the objective of this study was to explore associations of metabolic syndrome and metabolic variability with the development of BD using nation-wide data in Korea.



2 Methods


2.1 Data source and study population

Details of data source and the study population were described in our previous study (9). In brief, we used nationally representative data from the Korean national health insurance service (NHIS) (14). The NHIS is the single insurer managed by the Korean government and covers all Koreans. All people who enrolled in the NHIS are recommended to receive standardized medical examinations every 2 years. Data on sociodemographic characteristics, a medical treatment history, a health examination results and death information as de-identified and anonymous format are available in the NHIS database.

Inclusion criteria for this study was those who had undergone the health examinations provided by the South Korean NHIS between January 1, 2013, and December 31, 2014 (index year). Of 17,664,058 people with age ≥ 20 years with health examination data in the index year, 8,522,376 underwent three or more health examinations during the past 5 years (including 2013 and 2014). Exclusion criteria was those who had a history of BD (International Classification of Disease, 10th Revision [ICD-10] codes: F30 and F31) before the index year (n = 53,857). Individuals with missing data for one or more variables were also excluded in the analyses. A total of 8,326,953 people were finally included in the analyses (Figure 1). This study was approved by the Institutional Review Board (IRB) of Samsung Medical Center (IRB No. 2020–10-005). We did not have an informed consent because all data was de-identified before they became publicly available.
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FIGURE 1
 Flow chart of study participants.




2.2 Measurements

The detailed general medical examination process and definitions of each medical condition were described elsewhere (15). Each hospital where the health examinations were took place had certification by the NHIS for the quality control. In brief, it includes medical history taking, vital sign check-up and blood sampling. A trained clinician measured blood pressure after at least 5 min’ rest with the arm at an appropriate position. Blood samples were collected after an overnight fast. Measurements included in the blood analysis were total cholesterol, triglyceride, high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, hemoglobin, serum creatinine, aspartate aminotransferase (AST), alanine transaminase (ALT), gamma glutamyl transferase (GTP) (14).

The diagnosis of diabetes mellitus (DM) was defined according to the presence of ≥1 claim per year under ICD-10 codes (I11–14) and ≥ 1 claim per year for the prescription of antidiabetic medication or fasting glucose levels ≥126 mg/dL. The diagnosis of hypertension was defined according to the presence of ≥1 claim per year under ICD-10 codes (I10–13 or I15) and ≥ 1 claim per year for the prescription of antihypertensive agents or systolic/diastolic BP of ≥140 mmHg/90 mmHg.

We defined the diagnosis of dyslipidemia as the presence of ≥1 claim per year under ICD-10 code E78 and ≥ 1 claim per year for the prescription of a lipid-lowering agent or a total cholesterol (TC) level ≥ 240 mg/dL. Obesity was defined as a body mass index (BMI) ≥ 25 kg/m2 (16) according to the Korean classification. We used survey data in evaluating smoking and alcohol consumption history. Heavy alcohol consumption was defined as ≥30 g/day. Regular exercise was defined as performing >30 min of moderate physical activity ≥5 times per week or > 20 min of strenuous physical activity ≥3 times per week. Low household income level was defined as the income level below 20%.

We used the National Cholesterol Education Program Adult Treatment Panel guideline (NCEP-ATP III) definition (17) to define metabolic syndrome.



2.3 Metabolic variability

We used the same definitions for metabolic variability with those used in our previous study (9). In brief, metabolic variability was defined as intra-individual variability of metabolic variables recorded in health examinations. We used variability independent of the mean as in previous studies (15). Variability independent of the mean was calculated by dividing the standard deviation (SD) by the mean to the power x. Power x was modeled as SD = k × meanx. It was derived from fitting curves by nonlinear regression analysis. For the analyses, we used the PROC NLIN procedure of the SAS package (18).

Highly variable metabolic parameters were defined as the highest quartile (Q4) of the variability. Low variability was defined as the lower three quartiles (Q1– Q3) of variability. Participants were classified further based on the number of high-variability metabolic parameters (waist circumference, blood pressure, triglyceride, HDL, and fasting blood sugar levels) using a score ranging from 0 to 5, meaning a score of 0 indicated no high-variability parameter, 1 to 5 indicated the number of high-variability parameters out of a total of five parameters.



2.4 Study outcomes and follow-up

The primary outcome measure was the new diagnosis of BD during the follow-up period. New onset BD was defined by a primary diagnosis of BD (F30 and F31) based on the International Statistical Classification of Disease and Related Health Problems 10th revision (ICD-10). The study population was followed from baseline to the date of new onset BD, death, or until December 31, 2018, whichever came first.



2.5 Previous history of depression

Because we used the diagnostic code based on the ICD-10 when defining new onset BD, there could be patients previously diagnosed with depression (F32 and F33) who later had a diagnosis of BD (F30 and F31). Considering this as a diagnostic conversion from unipolar depression to BD within mood spectrum disorder, we conducted subgroup analysis by dividing study participants into two groups based on history of depression prior to examination. A previous history of depression was defined as a primary diagnosis of depressive disorder (F32 and F33).



2.6 Statistical analysis

Continuous variables were presented as mean ± standard deviation (SD), while categorical variables were presented as n (%). Participants were classified into six groups based on the number of high-variability metabolic variables. Characteristics of these six groups were compared. The incidence rate of the primary outcome was calculated by dividing the number of incident cases by the total follow-up duration (person-years). The cumulative incidence of new onset BD according to the number of parameters with high variability was presented using unadjusted Kaplan–Meier curves. We conducted the log-rank test to analyze differences between groups. Hazard ratio (HR) and 95% confidence interval (CI) for new onset BD were analyzed using the Cox proportional-hazards model. A multivariable-adjusted proportional-hazards model was applied. Model 1 was not adjusted. Model 2 was adjusted for age and sex. Model 3 was adjusted for age, sex, smoking, alcohol consumption, regular exercise, and income status. Model 4 was adjusted for age, sex, smoking, alcohol consumption, regular exercise, low-income status, baseline diabetes, hypertension, and dyslipidemia. We additionally explored whether the number of metabolic parameters with high variability showed different effects on the development of BD depending on gender and age group. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc). A p-value of less than 0.05 indicated significance.




3 Results


3.1 Baseline characteristics

Table 1 shows characteristics of participants. Participants with greater numbers of highly variable metabolic parameters (metabolic parameters in the 4th quartile of variability) were older and more likely to be females. Those with greater numbers of highly variable metabolic parameters had diagnoses of hypertension, DM, and dyslipidemia more frequently than those with fewer highly variable metabolic parameters. They also smoked less and drink less. They performed less regular exercise. They had low household income more frequently. Those with greater numbers of highly variable metabolic parameters more frequently had metabolic syndrome (≥ 3 metabolic parameters met the criteria for metabolic syndrome (MS)), while those with fewer highly variable metabolic parameters had MS less frequently (p < 0.001 for all variables displayed in Table 1).



TABLE 1 Baseline characteristics of subjects according to the number of highly variable metabolic parameters.
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3.2 Risk of BD by metabolic syndrome and its components

Table 2 displays hazard ratio of new onset BD in the presence of metabolic syndrome. There were a total of 11,027 cases of new onset BD during a mean follow-up of 4.22 years (standard deviation (SD): 0.5 years) in the entire cohort. The presence of metabolic syndrome was associated with the development of BD even after adjusting for aforementioned covariates (HR: 1.16, 95% CI: 1.11–1.21). The presence of the condition that met the criteria for each criterion of metabolic syndrome was also independently associated with the development of depression (HR: 1.05–1.26).



TABLE 2 Hazard ratios and 95% confidence intervals of new onset bipolar disorder in the presence of metabolic syndrome.
[image: Table2]



3.3 Risk of depression by variability of metabolic parameters

Those with highly variable metabolic parameters (i.e., 4th quartile) had a greater risk of having new onset BD compared to those with less variable metabolic parameters (i.e., 1st quartile) in all models (from model 1 to model 4) (Table 3). All metabolic parameters showed similar results. The number of highly variable metabolic parameters also showed a significant linear association with new onset BD (Figure 1 and Table 4). The association was significant in model 4 (for those with 5 highly variable metabolic parameters: HR = 2.5, 95% CI: 1.9–3.3).



TABLE 3 Hazard ratios and 95% confidence intervals of new onset bipolar disorder by quartiles of metabolic parameter variability.
[image: Table3]



TABLE 4 Hazard ratios and 95% confidence intervals of new onset bipolar disorder by the number of highly variable (4th quartile) metabolic parameters.
[image: Table4]



3.4 Stratified analysis for pre-existing depression

As previously discussed, the experience of depression before the diagnosis of BD can be seen as a diagnostic switch from unipolar to BD. To adjust for the effect of pre-existing depression (F32 and F33), we conducted subgroup analyses depending on the history of pre-existing depression. In both groups, the risk of having diagnosis of BD increased as the number of highly variable metabolic parameters increased. No interaction effect was detected (Figure 2).

[image: Figure 2]

FIGURE 2
 Subgroup analysis that showed hazard ratios and 95% confidence intervals of new onset bipolar disorder by the number of highly variable (4th quartile) metabolic parameters. The Y-axis refers to the number of highly variable metabolic parameters (highly variable metabolic parameters were defined as the 4th quartile of the variability of the parameter). Subgroup (A) by preexisting depression (B) by sex and (C) by age group.




3.5 Effects of age and sex

Figure 1 shows the effect of sex on the association between newly developed BD and the number of highly variable metabolic parameters. Overall patterns and hazard ratios for metabolic parameters with high variability were similar between males and females (HR = 2.4, 95% CI: 1.6–3.5 for males with five highly variable metabolic parameters; HR = 2.5, 95% CI: 1.7–3.6 for females with five highly variable metabolic parameters).

We also divided participants into two groups based on their age with a cut-off of 50 years old. Overall patterns of hazard ratios for metabolic parameters with high variability were similar between those aged <50 years and those aged ≥50 years, although the hazard ratio was greater in those aged ≥50 years (HR: 1.67, 95% CI: 0.90–3.12 for those aged <50 years; HR: 2.65, 95% CI: 1.97–3.57 for those aged ≥50 years). No interaction effect was detected.




4 Discussion

This is the first study that demonstrates associations of metabolic syndrome and variability of metabolic parameters with the risk of developing BD. Using large-scale nationally representative data, we found that the presence of metabolic syndrome increased the risk of new onset BD. In addition, the variability in metabolic parameters increased the risk of new onset BD. Each metabolic parameter with a high variability showed a significant association with the risk of new onset BD. As the number of highly variable metabolic parameters increased, the risk for developing depression also increased even after adjusting for potential confounding factors.

In addition to metabolic syndrome, metabolic variability also showed significant associations with new onset BD, which corresponded with our previous study on metabolic variability and depression (9). Namely, metabolic variability could contribute to the development of mood spectrum disorder including both depression and BD.

The association between metabolic variability and newly developed BD was greater in old age group. Previous studies have suggested old age onset BD might have different neurological underpinning compared to typical BD (19). Namely, an old age onset BD was more frequently associated with neurological or physical conditions than a typical BD. Thus, metabolic variability could be more important in the development of BD during old age.

Under the DSM system, bipolar diagnosis in those with previous history of depression is not considered as a new onset BD but as a mood switch. In our study, the association between metabolic variability and new onset BD remained significant even after adjusting for the pre-existing depression. In the bipolar staging model, mood switch from unipolar depression to BD is considered as a stage progression that could be associated with neuro-progression (20).

Shared pathophysiology between metabolic syndrome and BD has been well established (21). Metabolic syndrome induces low-grade chronic inflammation (22). Metabolic overloads induce hypertrophic growth of adipose tissues. Adipocyte synthesizes and releases pro-inflammatory adipokine and cytokines. In addition, lipolysis of visceral fat and adipocyte rupture due to hypertrophy both could induce inflammation. Increased free fatty acid in circulating blood accumulates in other organs including liver, and fat accumulation in liver lead overproduction of low density (LDL), C-reactive protein (CRP) and interleukin (IL) -6. Fat also affect microbiata in intestine. Chronic inflammation is considered as a core pathophysiologic mechanisms of development of BD (23). Leptin, a peptide hormone secreted by adipocytes, has also been suggested as a possible link between obesity and mood disorder (24). Vascular endothelial dysfunction, increased oxidative stress, and increased sympathetic activation could also be associated with both obesity and BD (25). Finally, dopamine dysregulation might directly affect both obesity (4) and BD (26).

Like the association between metabolic variability and new onset depression, several hypotheses can be proposed on the relationship between the metabolic variability and new onset BD. Namely, metabolic variability could cause fluctuations in compositions of atherosclerotic plaques (27), eventually leading to plaque rupture (28). Microvascular lesions could impact brain regions involved in the pathogenesis of BD (8). Endothelial dysfunction related to metabolic variability could impact cerebral blood flow (29). Altered cerebral perfusion has also been observed in BD (30). In addition, fluctuations in metabolic parameters could affect the immune function (31). NK cell shows a significant association with white matter integrity in BD (32). Altered cholesterol metabolism can impact neuronal membrane function. Lastly, higher variabilities of multiple biological parameters have been observed in patients with systemic conditions and general frailty (33). Associations of frailty with severe mental illnesses have been reported (34).

However, the association observed in this study might be derived from the prodrome or early signs of untreated BD. Non-adherence to treatment for metabolic syndrome (35), significant appetite change (36), and sedentary lifestyle (37) could be due to untreated mood symptoms. Mood symptoms also are known to worsen metabolic syndrome (38) and the variability of metabolic parameters.

Our findings need to be interpreted considering limitations of the study design. First, we relied on ICD diagnostic code used for hospital visit when defining the development of BD. Second, we could not conclude the causal relationship based on our study findings. Third, the observation period for the development of BD might not be long enough to confirm the association.

In conclusion, this study demonstrated an association between metabolic variability and new onset BD. The metabolic syndrome and metabolic variability could be environmental modifiable risk factor for development of BD. Further prospective studies or intervention studies are needed to confirm our study findings.
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