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Background: Higher visit-to-visit cholesterol has been associated with cognitive decline. However, the association between long-term increase or decrease in cholesterol and cognitive decline remains unclear.

Methods: A total of 4,915 participants aged ≥45 years with normal cognition in baseline were included. The participants were divided into four groups, namely low–low, low–high, high–low, and high–high, according to the diagnostic thresholds of total cholesterol (TC), non-high-density lipoprotein cholesterol (NHDL-C), low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol (HDL-C) after 4 years of follow-up. Cognitive function was assessed by episodic memory and mental intactness. Binary logistic regression was used to analyse the association of cholesterol variation with cognitive decline.

Results: Among the participants, 979 (19.9%) experienced global cognitive decline. The odds ratio (OR) of global cognitive and memory function decline were remarkably lower in participants in the low–high NHDL-C group than those in the low–low group [OR and 95% confidence interval (CI): 0.50 [0.26–0.95] for global cognitive decline, 0.45 [0.25–0.82] for memory function decline]. The lower OR was also significant in females (OR [95% CI]: 0.38 [0.17–0.87] for global cognitive decline; 0.44 [0.19–0.97] for memory function decline) and participants without cardiovascular disease (OR [95% CI]: 0.31 [0.11–0.87] for global cognitive decline; 0.34 [0.14–0.83] for memory function decline). The increases in other cholesterol were also negatively associated with the risk of cognitive decline although not significantly.

Conclusions: A longitudinal increase in NHDL-C may be protective for cognition in females or individuals without cardiovascular disease.

Keywords: cognitive decline, episodic memory, mental intactness, cholesterol, longitudinal study


INTRODUCTION

Cognitive decline is one of the greatest causes of disability (Lee et al., 2018). It is also a critical period for the prevention of neurodegenerative diseases, such as dementia and amyotrophic lateral sclerosis (Anderson, 2019). However, cognitive decline has always been a primary public health issue globally. Approximately 30% of Americans and 20% of Chinese aged over 65 years have cognitive decline, and the prevalence of cognitive decline is gradually increasing worldwide (Alzheimer's Association, 2016; Li et al., 2020). Thus, it is imperative to prevent cognitive decline.

Cholesterol is a well-established risk factor of cardiovascular disease that further promotes cognitive decline. Higher total cholesterol (TC) or low-density lipoprotein cholesterol (LDL-C) is associated with worse cognitive function (Stough et al., 2019; McFarlane et al., 2020). However, current studies do not yield consistent results. In the Longitudinal Aging Study Amsterdam, a lower TC level is associated with worse general cognition and information processing speed (van den Kommer et al., 2009). Chinese studies find that a high LDL-C level is associated with lower risks of dementia and cognitive decline, but the protective effect of high-density lipoprotein cholesterol (HDL-C) is only observed in women (Lv et al., 2016; Zhou et al., 2018). The gender-specific association is also validated in a French study, in which higher TC and LDL-C and lower HDL-C are associated with an increased risk of cognitive decline in French men but not women (Ancelin et al., 2014). These discrepant results add to the complexity of developing a prevention strategy for cognitive decline.

Long-term variation in cholesterol has become an interesting indicator for cognitive decline in recent years. Previous literature has documented that higher visit-to-visit cholesterol variation, an intraindividual variation index measured by the coefficient of variation (CV), variability independent of the mean (VIM), or standard deviation (SD), is correlated with worse cognitive performance regardless of baseline cholesterol levels (Smit et al., 2016; Lee et al., 2018). However, high intraindividual variation may be observed in the two variation patterns of cholesterol determined by diagnostic threshold: from low to high and high to low levels. Little is known about which variation direction of cholesterol is associated with cognitive decline.

The purpose of this study was to investigate whether the long-term variation in cholesterol from low to high or high to low levels is associated with cognitive decline. The variation patterns of cholesterol consist of a persistent low level, from low to high levels, from high to low levels, and a persistent high level based on two blood tests in 2011 and 2015. Given that cholesterol has a gender-specific association with cognition and a close association with cardiovascular disease, we also conducted subgroup analyses according to sex and the presence or absence of cardiovascular disease.



MATERIALS AND METHODS


Study Population

The China Health and Retirement Longitudinal Study (CHARLS) is a nationally representative survey initiated in 2011 that aimed to collect health-related information among Chinese who are over 45 years old and their spouses. The investigation areas consist of 30 provinces in which 450 villages/urban areas and 10,287 households were randomly selected by probabilities proportional to size. A total of 17,714 participants were initially recruited, and biennial follow-up was carried out. Only 7,463 individuals provided blood samples and were tested for blood lipids in 2011 and 2015, and 333 individuals did not complete the cognitive test in 2011 or 2015. We excluded 77 individuals with Alzheimer's disease, brain atrophy, or Parkinson's disease and 124 individuals who were under 45 years old at baseline. We additionally excluded 2014 participants with cognitive impairment at baseline. Eventually, 4,915 individuals with normal baseline cognition were included (characteristics between included and excluded participants are presented in Supplemental Table 1; the flowchart of participant selection is presented in Figure 1). The survey was approved by the institutional review board of Peking University, China (IRB00001052-11015). All subjects provided written informed consent at the baseline and follow up.


[image: Figure 1]
FIGURE 1. Flowchart of participant selection.




Cholesterol Measurement and Assessment

A blood sample was collected after an overnight fast by medically trained staff of the local Centres for Disease Control and Prevention (CDC) at the survey site. Whole blood (4 mL) was centrifuged into plasma and buffy coat and then stored in cryovials and frozen at −20°C. Plasma and buffy coat were transported within 2 weeks to the Chinese CDC in Beijing, where they were placed in a deep freezer and stored at −80°C. Plasma cholesterol was determined by an enzymatic colorimetric test in the Youanmen Center for Clinical Laboratory of Capital Medical University. Non-high-density lipoprotein cholesterol (NHDL-C) was calculated by subtracting HDL-C from TC. The high levels of TC, NHDL-C, LDL-C, and HDL-C were defined as >240, >190, >160, and >50 mg/dL, respectively, according to the guidelines for the prevention and treatment of dyslipidaemia in Chinese adults (revised in 2016) (Opoku et al., 2019). Blood tests were only carried out in 2011 and 2015. Variation in cholesterol was classified into four groups: low–low, low levels in 2011 and 2015; low–high, low level in 2011 and high level in 2015; high–low, high level in 2011 and low level in 2015; and high–high, high levels in 2011 and 2015. Participants in the low–high and high–low groups both had higher intraindividual CV and SD, and participants in the low–low and high–high groups both had lower intraindividual CV and SD (Supplementary Figure 1).



Cognitive Assessment

In CHARLS, cognitive function was evaluated through episodic memory and mental intactness. For episodic memory, each participant was asked to repeat as many words as possible immediately after the investigator read a list of 10 words (immediate word recall) and after 5 min (delayed word recall). One correct word recall was coded as one point. Episodic memory score was 20 points in total. The method of episodic memory measurement in this survey has good reliability and validity (Baars et al., 2009).

Numerical ability, time orientation, and picture drawing were used to assess mental intactness. For numerical ability, each participant was asked to subtract 7 from 100 serially five times. Time orientation was assessed by asking the participant to provide the date of the investigation day (month, day, and year), day of the week, and season of the year. For picture drawing, the participants were shown a picture of two overlapping pentagons and asked to redraw it. Same as episodic memory, one correct answer or successful redraw of the picture was coded as one point. The mental intactness score ranged from 0 to 11 points. Mental intactness is a well-established and valid measure as the Mini-Mental State Examination used to screen cognitively impaired individuals (Seo et al., 2011).

Global cognitive score was the summation of episodic memory and mental intactness scores and ranged from 0 to 31. Cognitive impairment was defined as a score of fewer than 11 points according to previous studies (Crimmins et al., 2011; Zhou et al., 2020). In addition, the participants with the lowest quartiles of difference in episodic memory or mental intactness score from 2011 to 2015 were considered to have a remarkable decline in memory function and mental intactness, respectively. Cognitive decline was, thus, determined by global cognitive decline, episodic memory decline, or mental intactness decline in 2015.



Covariates

Covariates were collected by questionnaires in the baseline survey. Education level was categorized as illiterate, primary school, primary or private school, middle school, high school, or above. Marital status was grouped as married and living together, married but separated and single (divorced, widowed, or never married). Smoking and drinking were arranged as all the time, former, and never. Active exercise was defined as light intensity physical activity at least twice a week. According to Chinese body mass index (BMI) standards, underweight, normal weight, and overweight/obesity were defined as BMI <18.5, 18.5–23.9, and ≥24.0 kg/m2, respectively. Physical diseases were based on self-report as a response to the question, “Has a doctor ever told you that you had hypertension, diabetes, disability, heart problems, or stroke?” Medication use was also investigated by self-report. In addition, systolic pressure ≥140 mmHg or diastolic pressure ≥90 mmHg at baseline was also considered hypertension, and fasting blood glucose ≥126 mg/dL or glycosylated haemoglobin ≥6.5% was also considered as diabetes.



Statistical Analyses

Baseline characteristics between participants with and without global cognitive decline were presented. Unordered categorical variables were compared using χ2-test, and continuous variables with normal distribution were compared by Student's t-test. The non-parametric test Kruskal–Wallis was used for comparing the differences in ordinal, categorical, and continuous variables with non-normal distribution between groups.

Binary logistic regression was used to evaluate the association of cholesterol variation with cognitive decline. We estimated the odds ratio (OR) and 95% confidence interval (CI) of the low–high and high–high groups using the low-low group as the reference; then, we also estimated the OR and 95% CI of the high–low group with the high–high group as the reference. We conducted three statistical models. The initial model was not adjusted for any covariates; the second model was adjusted for age, sex, education, marital status, smoking, drinking, exercise, BMI, diabetes, and history of disability; the last model was adjusted the same as the second model plus hypertension, heart problems (myocardial infarction, coronary heart disease, angina pectoris, heart failure, other heart diseases), stroke, and medication use (antihypertensive or antidiabetic medications). In addition, we also adjusted the number of comorbidities in the third model, which was composed of hypertension, diabetes, disability, heart problems, and stroke, because multiple morbidities are relevant to cognitive impairment.

In the sex subgroup analyses, menstrual status was adjusted in the female subgroup additionally. The subgroup analyses according to the presence or absence of cardiovascular disease was only performed in the first two statistical models. We also conducted sensitivity analyses by separating individuals with hypertension only and those with heart problems or stroke to further confirm the association between cholesterol and cognitive decline in people with different cardiovascular diseases. Null covariates were imputed by bootstrapped multiple imputation.

All statistical tests were two-sided, and the significance level was P < 0.05. Statistical analyses were performed using SAS software version 9.4 (SAS Institute Inc., Cary, NC).




RESULTS


Characteristics of the Participants

Among the 4,915 cognitively normal participants in 2011, 979 (19.91%) had global cognitive decline in 2015. The mean ± SD of age was 57.7 ± 8.2 years, and 49.2% of the participants were females. The participants with incident global cognitive decline were older, had lower BMI, lower education level, and higher baseline HDL-C. The proportions of individuals who were female, single and with history of disability and without drinking history were higher in the group with incident global cognitive decline. Smoking status; history of cardiovascular diseases or stroke; and baseline TC, NHDL-C, and LDL-C were not remarkably different between the participants with and without incident global cognitive decline. Females with menopause were also more likely to experience global cognitive decline (Table 1).


Table 1. Baseline characteristics of participants with or without cognitive decline from 2011 to 2015.
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The incidence of memory function decline was lower in the low–high TC or low–high NHDL-C group, and the incidence of global cognitive decline was higher in the high–high HDL-C group. No remarkable difference in the incidence of cognitive decline was observed in the other variation groups of cholesterol (Figure 2).


[image: Figure 2]
FIGURE 2. Incidence rate of cognitive decline among cholesterol groups. *P > 0.05; **P < 0.05.


Females were more likely to have abnormal cholesterol with larger proportions in the low–high and high–high cholesterol groups than males (P < 0.05). TC and NHDL-C levels were more likely to decrease in participants with at least one cardiovascular disease, and LDL-C and HDL-C were more likely to decrease in participants without any cardiovascular disease (Supplemental Table 2).



Cholesterol Variation and Cognitive Decline in All Participants

After multivariate adjustment, the risk of global cognitive decline for the low–high TC group was borderline significant (OR [95% CI]: 0.61 [0.36–1.03]) compared with the low–low TC group. The risk of memory function decline for the high–low TC group was significantly increased (OR [95% CI]: 1.58 [1.01–2.47]) compared with the high–high TC group. The OR and 95% CI of global cognitive decline and memory function decline for the low–high NHDL-C group were 0.50 (0.26–0.95) and 0.45 (0.25–0.82), respectively, with the low–low NHDL-C group as the reference. Cognitive decline was not remarkably associated with LDL-C and HDL-C variation in all participants after adjusted covariates (Figure 3). In the first and second statistical models, the association of LDL-C and NHDL-C with cognitive decline was in line with that in the third model. However, the TC variation was not significantly associated with cognitive decline. The persistent high level of HDL-C was positively and significantly associated with global cognitive decline and memory function decline in the first model (Supplemental Table 3).


[image: Figure 3]
FIGURE 3. Association between cholesterol variation and cognitive decline among all the participants. ¶Take the low–low group as a reference; §Take the high–high group as a reference. Baseline age, sex, education, marital status, smoking, drinking, BMI, exercise, physical diseases, medication use (antihypertensive or antidiabetic medications), and the number of comorbidities were adjusted. TC, total cholesterol; NHDL-C, non-high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; OR, odds ratio; CI, confidence interval.




Cholesterol Variation and Cognitive Decline in the Sex Subgroups

In females, substantially lower risks of global cognitive decline (OR [95% CI]: 0.38 [0.17–0.87]) and memory function decline (OR [95% CI]: 0.44 [0.19–0.97]) were observed in the low–high NHDL-C group compared with the low–low NHDL-C group, which was used as the reference in the multivariate adjustment model; remarkably lower risk of global cognitive decline was also observed in the low–high TC group with the low–low group as the reference (OR [95% CI]: 0.51 [0.26–0.95]). However, the associations of cholesterol variation with cognitive decline were not substantial in males (Figure 4). In the first model of the female subgroup, the increase in TC was not associated with global cognitive decline, and the persistent high level of HDL-C was positively associated with global cognitive decline and memory function decline although not significant in the third model. The association of LDL-C and NHDL-C with cognitive decline was in line with that in the third model. Consistent conclusions were found among the three models of the male subgroup (Supplemental Table 4).


[image: Figure 4]
FIGURE 4. Association between cholesterol variation and cognitive decline in sex subgroups. ¶Take the low–low group as a reference; §Take the high–high group as a reference. Baseline age, education, marital status, smoking, drinking, BMI, exercise, physical diseases, medication use (antihypertensive or antidiabetic medications), and the number of comorbidities were adjusted. Menstrual status was also adjusted in the female subgroup. TC, total cholesterol; NHDL-C, non-high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; OR, odds ratio; CI, confidence interval.




Cholesterol Variation and Cognitive Decline in Participants With or Without Cardiovascular Disease

In participants without cardiovascular disease, remarkably lower risk of global cognitive decline (OR [95% CI]: 0.31 [0.11–0.87]) and memory function decline (OR [95% CI]: 0.34 [0.14–0.83]) were observed in the low–high NHDL-C group with the low–low group as the reference in the multivariate adjustment model, but global cognitive decline was not remarkably associated with TC variation. The associations of cholesterol variation with any cognitive decline were not substantial in participants with at least one cardiovascular disease (Figure 5). Similar results were also observed in the first statistical model for LDL-C and NHDL-C and cognitive decline. In addition, we observed a considerable increase in the ORs of global cognitive decline (OR [95% CI]: 1.51 [1.23–1.84]) and memory function decline (OR [95% CI]: 1.24 [1.03–1.49]) in the high–high HDL-C group with the low–low group as a reference in participants without any cardiovascular disease although it was not significant in the adjusted model (Supplemental Table 5).
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FIGURE 5. Association between cholesterol variation and cognitive decline in participants with or without cardiovascular disease. ¶Take the low–low group as a reference; §Take the high–high group as a reference. Baseline age, education, marital status, smoking, drinking, BMI, exercise, diabetes, history of disability, medication use (antihypertensive or antidiabetic medications), and the number of comorbidities were adjusted. TC, total cholesterol; NHDL-C, non-high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; OR, odds ratio; CI, confidence interval.


We further stratified participants into hypertension only and with heart problems or stroke. The results in both groups were similar to those in participants with at least one cardiovascular disease (Supplemental Table 6).




DISCUSSION

We estimated the risk of cognitive decline based on the long-term variation patterns and relatively stable levels of cholesterol. The results show that the long-term increase in TC and NHDL-C levels were substantially associated with decreased risks of global cognitive and memory function decline. Substantial associations were mainly present in females and participants without any cardiovascular disease. The long-term decrease in cholesterol level had no protective effect on cognition. Persistent high cholesterol levels did not remarkably increase the risk of any cognitive dimensions compared with persistent low levels.

Cholesterol is a well-established risk factor for cardiovascular diseases (Brunner et al., 2019). Cardiovascular health is helpful in keeping normal cognition, and the role of cholesterol on cognition should be in line with cardiovascular disease. However, the association between cholesterol and cognitive function has been divergent in recent years. A study on a Chinese urban community indicated that higher LDL-C is associated with lower dementia risk (Zhou et al., 2018). An ideal TC level, one of seven metrics of ideal vascular health, was negatively associated with cognition in the Brazilian Longitudinal Study of Adult Health (Suemoto et al., 2021). A randomized trial in hypercholesterolemic adults also indicates that cholesterol-lowering therapy by simvastatin diminishes cognitive function slightly compared with placebo (Muldoon et al., 2004). In addition, in animal experiments, the cholesterol infusion to striatum of Huntington's disease mice prevented cognitive decline (Birolini et al., 2020). Two pieces of evidence can explain the divergent findings. First, approximately a quarter of the body's cholesterol is concentrated in the brain, and lipid composition, including lecithin, omega-3, and cholesterol, account for nearly half of the brain's weight. Although peripheral cholesterol cannot enter the central nervous system because of the blood–brain barrier, it reflects the supplement of cholesterol (Dai et al., 2021). Crucially, cholesterol is an important component of nerve cell membranes and also participates in the metabolic activities of nerve cells. Another factor is that cholesterol stores a large amount of energy, which can be sustainably provided to the brain for a long time, and the brain is the most energy-consuming organ of the body (Steiner, 2019). Therefore, the role of cholesterol in brain protection might be different from its role in cardiovascular diseases.

Previous studies clarify the associations of higher visit-to-visit cholesterol with cognitive decline (Smit et al., 2016; Grasset et al., 2020; Hua et al., 2020). In these studies, CV, VIM, and SD reflect the degree of intraindividual dispersion of cholesterol, including downward and upward fluctuations. One possible phenomenon is that the intraindividual CV, VIM, or SD of cholesterol in recommended and high ranges are comparable and, thus, collapse persistent high and low cholesterol into the same category. In our cholesterol groups, intraindividual SD and CV were higher in low–high and high–low groups and lower in low–low and high–high groups. Thus, we estimate the risk of cognitive decline from another perspective, including persistently low levels, levels that cross the diagnostic threshold, and persistently high levels. We found that variations in TC and NHDL-C levels from low to high have a remarkable protective role on cognitive function, whereas changes from high to low levels do not have the same effect.

Hua et al. (2020) find a negative association between the intraindividual SD of TC and memory function in males using the same database as our present study. Stable cholesterol is certainly favourable for cognitive ability. However, we did not observe a remarkable association between cholesterol variation and any cognitive domains in our male subgroup analyses. Hua et al. suggest the importance of maintaining a stable cholesterol level, whereas our study adds certain guiding importance on whether to use lipid-lowering intervention. This difference indicates that different grouping methods have different guiding importance for the prevention of cognitive decline.

Some studies clarify the benefit of increased TC on cognitive function. A study based on the Finland population indicates that a moderate decrease in serum TC from mid- to late life is associated with a 3.5-fold increase in the risk of cognitive impairment (Solomon et al., 2007). The same conclusion was documented in Swedish females, in which the greatest decrease in TC (refers to the lowest quartile of TC difference) after 32 years of follow-up is associated with a 2.37-fold increase in the risk of dementia (Mielke et al., 2010). In a birth cohort study from Germany, TC level from baseline to endpoint decreased in participants with Alzheimer's disease but remained stable in those who remained healthy (Toro et al., 2014). These studies suggest that TC is protective for cognitive function, and this conclusion is consistent with our study. However, the assessment of the variation trend of cholesterol was not based on baseline cholesterol level in these studies; thus, participants with low and high baseline cholesterol levels might have the same decrease. We conducted two reference groups, the low–low and high–high groups, to address this issue. Furthermore, we demonstrated that the results for NHDL-C are still the same after we subtracted HDL-C from TC. LDL-C is the main component of NHDL-C. However, the variation in LDL-C was not associated with cognitive function in our study. Therefore, in addition to LDL-C, the effect of other lipid compositions on cognition needs to be further determined.

Menstruation in females is of importance for cognitive decline. The decrease of estrogen levels in postmenopausal females results in low cholesterol ester transfer protein and disturbs the reverse transport of cholesterol to the liver and the metabolism of cholesterol (Guo et al., 2019). Previous studies report an increased risk of decline in psychomotor speed in females who never used hormone treatment compared with current users (Ryan et al., 2009). In our study, there were greater proportions of females in the low–high and high–high cholesterol groups, and the majority of these females (69.4%) were menopausal. We also adjusted menstrual status in the female subgroup. We still found a low risk of cognitive decline for increased TC or NHDL-C in females. Our results suggest that cholesterol may be an excellent protector of cognitive function even in postmenopausal females. The gender-specific association was documented elsewhere. Protease proprotein convertase subtilisin/kexin type 9 (PCSK9), a risk factor of cardiovascular diseases, is negatively associated with memory function in elderly females but not in males (Simeone et al., 2021). One reason that cannot be ignored is that estrogen is inversely correlated to PCSK9. However, we did not examine the association of cholesterol variation with cognitive decline in postmenopausal and premenopausal females because of the small number of premenopausal females.

Interestingly, the remarkable decrease in the risk of cognitive decline as NHDL-C levels change from low to high was only observed in participants without cardiovascular disease. Cardiovascular disease is a recognized risk factor for cognitive decline, and cholesterol promotes the progression of cardiovascular disease (Zlokovic et al., 2020). We speculated that cholesterol can play a better role in cognitive protection without the threat of cardiovascular disease. Our Supplementary Materials show that the levels of TC and NHDL-C are more likely to decrease in participants with at least one cardiovascular disease. Treatment for cardiovascular disease may include lipid-lowering intervention, which decreases cholesterol. This finding suggests that the pros and cons of lipid-lowering intervention should be fully weighed between cardiovascular disease and cognitive decline. The protective role of cholesterol on cognition may be covered by cardiovascular risk.

In the present study, we precisely clarify the association between cholesterol variation and cognitive decline. However, this study has several limitations. First, the blood test was only carried out in 2011 and 2015; the time of cholesterol changes is uncertain. We cannot determine the sequence of cholesterol and cognitive changes. Second, we excluded most of the participants who did not provide a blood sample in 2011 or 2015 and those who had cognitive impairment at baseline. This omission may induce selection bias. Supplemental Table 1 shows that most of the characteristics between the excluded and included participants are remarkably different. Third, we define the lowest quartile of the difference in episodic memory or mental intactness scores from 2011 to 2015 as substantial decline, which may lead to misjudgement. Memory and mental health decline have no existing standard. Fourth, information on the use of lipid-lowering drugs was not obtained in this study. However, lipid-lowering drugs, particularly statins, have controversial effects on cognition. The combined effect of cholesterol and lipid-lowering drugs on cognition needs to be further studied. Last, the existing conditions that were not officially diagnosed also resulted in information bias. In the community, not everyone could see a doctor in the time when they were sick, leading to patients not knowing that they were sick and, thus, being regarded as healthy people in the survey.



CONCLUSIONS

In conclusion, the longitudinal increase in TC or NHDL-C is associated with better cognitive function among females or participants without cardiovascular disease. This study adds further evidence that lipid regulation strategies based on gender and cardiovascular disease diagnosis should be considered in the primary prevention of cognitive impairment.



DATA AVAILABILITY STATEMENT

Publicly available datasets were analysed in this study. This data can be found at: http://charls.pku.edu.cn/en.



ETHICS STATEMENT

The survey was approved by the Institutional Review Board of Peking University, China (IRB00001052-11015). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

HL and LZ wrote the article. HL and RZ performed the data analysis. XW and JZ drafted and critically revised the manuscript. SG provided clinical guidance. MZ and DH reviewed language and made substantial interpretation. KW, ZH, and ZY organized database. XW contributed to the study concept and design and reviewed the article. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Guangdong Basic and Applied Basic Research Foundation (2021A1515011684), Open Project of the Guangdong Provincial Key Laboratory of Tropical Disease Research (2020B1212060042), and Guangzhou Science and Technology Project (202102080597). The funders had no role in the study design, management, analysis, interpretation, manuscript preparation, review, and approval.



ACKNOWLEDGMENTS

We appreciated the China Center for Economic Research, the National School of Development of Peking University for providing the data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.691423/full#supplementary-material

Supplementary Figure 1. Intraindividual SD and CV in cholesterol variation group. SD, standard deviation; CV, coefficient of variation.

Supplemental Table 1. Characteristics between included and excluded participants.

Supplemental Table 2. Variation profile of cholesterol in subgroups.

Supplemental Table 3. The OR (95% CI) between cholesterol variation and cognitive decline amongst all the participants.

Supplemental Table 4. The OR (95% CI) between cholesterol variation and cognitive decline in sex subgroups.

Supplemental Table 5. The OR (95% CI) between cholesterol variation and cognitive decline in participants with or without cardiovascular disease.

Supplemental Table 6. The OR (95% CI) between cholesterol variation and cognitive decline in participants just with hypertension and with heart problems or stroke.



REFERENCES

 Alzheimer's Association (2016). 2016 Alzheimer's disease facts and figures. Alzheimers Dement. 12, 459–509. doi: 10.1016/j.jalz.2016.03.001

 Ancelin, M. L., Ripoche, E., Dupuy, A. M., Samieri, C., Rouaud, O., Berr, C., et al. (2014). Gender-specific associations between lipids and cognitive decline in the elderly. Eur. Neuropsychopharmacol. 24, 1056–1066. doi: 10.1016/j.euroneuro.2014.02.003

 Anderson, N. D. (2019). State of the science on mild cognitive impairment (MCI). CNS Spectr. 24, 78–87. doi: 10.1017/S1092852918001347

 Baars, M. A., van Boxtel, M. P., Dijkstra, J. B., Visser, P. J., Van Den Akker, M., Verhey, F.R., et al. (2009). Predictive value of mild cognitive impairment for dementia. The influence of case definition and age. Dement. Geriatr. Cogn. Disord. 27, 173–181. doi: 10.1159/000200465

 Birolini, G., Valenza, M., Di Paolo, E., Vezzoli, E., Talpo, F., Maniezzi, C., et al. (2020). Striatal infusion of cholesterol promotes dose-dependent behavioral benefits and exerts disease-modifying effects in Huntington's disease mice. EMBO Mol. Med. 12:e12519. doi: 10.15252/emmm.202012519

 Brunner, F. J., Waldeyer, C., Ojeda, F., Salomaa, V., Kee, F., Sans, S., et al. (2019). Application of non-HDL cholesterol for population-based cardiovascular risk stratification: results from the Multinational Cardiovascular Risk Consortium. Lancet 394, 2173–2183. doi: 10.1016/S0140-6736(19)32519-X

 Crimmins, E. M., Kim, J. K., Langa, K. M., and Weir, D. R. (2011). Assessment of cognition using surveys and neuropsychological assessment: the Health and Retirement Study and the Aging, Demographics, and Memory Study. J. Gerontol. B Psychol. Sci. Soc. Sci. 66(Suppl. 1), i162–i171. doi: 10.1093/geronb/gbr048

 Dai, L., Zou, L., Meng, L., Qiang, G., Yan, M., and Zhang, Z. (2021). Cholesterol metabolism in neurodegenerative diseases: molecular mechanisms and therapeutic targets. Mol. Neurobiol. 58, 2183–2201. doi: 10.1007/s12035-020-02232-6

 Grasset, L., Smit, R., Caunca, M. R., et al. (2020). Association of high-density lipoprotein cholesterol with cognitive function: findings from the PROspective study of pravastatin in the Elderly at Risk. J. Aging Health 32, 1267–1274. doi: 10.1177/0898264320916959

 Guo, Y., Zhao, M., Bo, T., Ma, S., Yuan, Z., Chen, W., et al. (2019). Blocking FSH inhibits hepatic cholesterol biosynthesis and reduces serum cholesterol. Cell Res. 29, 151–166. doi: 10.1038/s41422-018-0123-6

 Hua, J., Qiao, Y., Ke, C., and Shen, Y. (2020). Higher visit-to-visit total cholesterol variability is associated with lower cognitive function among middle-aged and elderly Chinese men. Sci. Rep. 10:15555. doi: 10.1038/s41598-020-72601-7

 Lee, S. H., Han, K., Cho, H., Park, Y. M., Kwon, H. S., Kang, G., et al. (2018). Variability in metabolic parameters and risk of dementia: a nationwide population-based study. Alzheimers Res. Ther. 10:110. doi: 10.1186/s13195-018-0442-3


 Li, W., Sun, L., and Xiao, S. (2020). Prevalence, incidence, influence factors, and cognitive characteristics of amnestic mild cognitive impairment among older adult: a 1-year follow-up study in China. Front. Psychiatry 11:75. doi: 10.3389/fpsyt.2020.00075

 Lv, Y. B., Yin, Z. X., Chei, C. L., Brasher, M. S., Zhang, J., Kraus, V. B., et al. (2016). Serum cholesterol levels within the high normal range are associated with better cognitive performance among Chinese elderly. J. Nutr. Health Aging 20, 280–287. doi: 10.1007/s12603-016-0701-6

 McFarlane, O., Kozakiewicz, M., Kedziora-Kornatowska, K., Gebka, D., Szybalska, A., Szwed, M., et al. (2020). Blood lipids and cognitive performance of aging polish adults: a case-control study based on the polsenior project. Front. Aging Neurosci. 12:590546. doi: 10.3389/fnagi.2020.590546

 Mielke, M. M., Zandi, P. P., Shao, H., Waern, M., Östling, S., Guo, X., et al. (2010). The 32-year relationship between cholesterol and dementia from midlife to late life. Neurology 75, 1888–1895. doi: 10.1212/WNL.0b013e3181feb2bf

 Muldoon, M. F., Ryan, C. M., Sereika, S. M., Flory, J. D., and Manuck, S. B. (2004). Randomized trial of the effects of simvastatin on cognitive functioning in hypercholesterolemic adults. Am. J. Med. 117, 823–829. doi: 10.1016/j.amjmed.2004.07.041

 Opoku, S., Gan, Y., Fu, W., Chen, D., Addo-Yobo, E., Trofimovitch, D., et al. (2019). Prevalence and risk factors for dyslipidemia among adults in rural and urban China: findings from the China National Stroke Screening and prevention project (CNSSPP). BMC Public Health 19:1500. doi: 10.1186/s12889-019-7827-5

 Ryan, J., Carrière, I., Scali, J., Dartigues, J. F., Tzourio, C., Poncet, M., et al. (2009). Characteristics of hormone therapy, cognitive function, and dementia: the prospective 3C study. Neurology 73, 1729–1737. doi: 10.1212/WNL.0b013e3181c34b0c

 Seo, E. H., Lee, D. Y., Kim, S. G., Kim, K. W., Kim, D. H., Kim, B. J., et al. (2011). Validity of the telephone interview for cognitive status (TICS) and modified TICS (TICSm) for mild cognitive imparment (MCI) and dementia screening. Arch. Gerontol. Geriatr. 52, e26–e30. doi: 10.1016/j.archger.2010.04.008

 Simeone, P. G., Vadini, F., Tripaldi, R., Liani, R., Ciotti, S., Di Castelnuovo, A., et al. (2021). Sex-specific association of endogenous PCSK9 with memory function in elderly subjects at high cardiovascular risk. Front. Aging Neurosci. 13:632655. doi: 10.3389/fnagi.2021.632655

 Smit, R. A., Trompet, S., Sabayan, B., le Cessie, S., van der Grond, J., van Buchem, M. A., et al. (2016). Higher visit-to-visit low-density lipoprotein cholesterol variability is associated with lower cognitive performance, lower cerebral blood flow, and greater white matter hyperintensity load in older subjects. Circulation 134, 212–221. doi: 10.1161/CIRCULATIONAHA.115.020627

 Solomon, A., Kåreholt, I., Ngandu, T., Winblad, B., Nissinen, A., Tuomilehto, J., et al. (2007). Serum cholesterol changes after midlife and late-life cognition: twenty-one-year follow-up study. Neurology 68, 751–756. doi: 10.1212/01.wnl.0000256368.57375.b7

 Steiner, P. (2019). Brain fuel utilization in the developing brain. Ann. Nutr. Metab. 75(Suppl. 1), 8–18. doi: 10.1159/000508054

 Stough, C., Pipingas, A., Camfield, D., Nolidin, K., Savage, K., Deleuil, S., et al. (2019). Increases in total cholesterol and low density lipoprotein associated with decreased cognitive performance in healthy elderly adults. Metab. Brain Dis. 34, 477–484. doi: 10.1007/s11011-018-0373-5

 Suemoto, C. K., Szlejf, C., Santos, I. S., Brunoni, A. R., Goulart, A. C., Bertola, L., et al. (2021). Ideal vascular health and cognitive performance in the Brazilian longitudinal study of adult health. Eur. J. Neurol. 28, 71–80. doi: 10.1111/ene.14532

 Toro, P., Degen, C. h., Pierer, M., Gustafson, D., Schröder, J., and Schönknecht, P. (2014). Cholesterol in mild cognitive impairment and Alzheimer's disease in a birth cohort over 14 years. Eur. Arch. Psychiatry Clin. Neurosci. 264:485–492. doi: 10.1007/s00406-013-0468-2

 van den Kommer, T. N., Dik, M. G., Comijs, H. C., Fassbender, K., Lütjohann, D., and Jonker, C. (2009). Total cholesterol and oxysterols: early markers for cognitive decline in elderly. Neurobiol. Aging 30, 534–545. doi: 10.1016/j.neurobiolaging.2007.08.005

 Zhou, F., Deng, W., Ding, D., Zhao, Q., Liang, X., Wang, F., et al. (2018). High low-density lipoprotein cholesterol inversely relates to dementia in community-dwelling older adults: the Shanghai aging study. Front. Neurol. 9:952. doi: 10.3389/fneur.2018.00952

 Zhou, S., Song, S., Jin, Y., and Zheng, Z. J. (2020). Prospective association between social engagement and cognitive impairment among middle-aged and older adults: evidence from the China Health and Retirement Longitudinal Study. BMJ Open 10:e040936. doi: 10.1136/bmjopen-2020-040936

 Zlokovic, B. V., Gottesman, R. F., Bernstein, K. E., Seshadri, S., McKee, A., Snyder, H., et al. (2020). Vascular contributions to cognitive impairment and dementia (VCID): a report from the 2018 National Heart, Lung, and Blood Institute and National Institute of Neurological Disorders and Stroke Workshop. Alzheimers Dement. 16, 1714–1733. doi: 10.1002/alz.12157

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Liu, Zou, Zhou, Zhang, Gu, Zheng, Hukportie, Wu, Huang, Yuan and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-13-691423-g005.gif
12017

oxs036213)

73140 on20m20 ey






OPS/images/fnagi-13-691423-t001.jpg
Characteristics Total Persistent  Cognitive P

normal  decline*

n (%) 4915 3,936(80.1) 979(19.9)
Age,years (mean+SD)  57.7+£82 56878 613+89  <0.001
Female, n (%) 2416(492) 1874(476) 542(55.4)  <0.001
Menopause, n (%) 1,676 (69.4) 1,231(65.7) 445(82.1)  <0.001
BMI, kg/m? (mean + SD) 239+87 241437 231+£84  <0.001
BMI, n (%) <0.001

Underweight 200(43) 13885  71(.8)

Normal weight 2,719(65.3) 2,139(54.3) 580 (59.2)

Overweight or 1,987 (40.4) 1659 (42.2) 328 (335)

obesity
Marital status, n (%) <0.001

Married, lving 4324(880) 3,530 (89.7) 794 (81.1)

together

Married, separated 17936  142(36)  37(38)

Single 412 (8.4) 264 (6.7)  148(15.1)
Education, 1 (%) <0.001

literate 811(165)  410(10.4) 401 (41.0)

Part of primary. 878(17.9)  656(16.7) 222(22.7)

school

Primary or private 1,333(27.1) 1,100(27.9) 283 (23.8)

school

Middle school 1274 (25.9) 1,172(29.8) 102 (10.4)

Hghschoolorabove  619(126)  598(152)  21(22)
Smoking, n (%) o.101

Never smoking 2,879(586) 2281(680) 598 (61.1)

Former smoking 331(6.7) 277 (7.0) 54(5.5)

Althe time 1,705(34.7) 1378(35.0) 327 (33.4)
Drinking, (%) 0001

Never drinking 3276(66.7) 2,600 (66.1) 676(69.1)

Former drinking 308 (6.3) 231 (6.9 7709

Althe time 133(27.1)  1,05(28.1) 226(23.1)
Active exercise, n (%) %7(189)  751(19.4) 176(180) 0430
Disability, 1 (%) 668(136)  475(12.4) 193(19.7)  <0.001
Hypertension, n (%) 1,849(37.6) 1,456 (37.0) 393 (40.1) 0.069
Diabetes, n (%) 705(143) 567 (14.4) 188(14.1) 0805
Heart problems, 1 (%) 583(119)  478(12.1) 105(10.7) 0219
Stroke, n (%) 84(1.7) 65 (1.6) 19(1.9) 0532
Medication use, 1 (%) 540(11.0)  418(10.6) 122(125) 0099
C 1981 £87.2 1928+087.21942£87.4 0304
NHDL-C 14294375 1429+87.51427 +87.4 0842
LDL-C 1161 +£34.6 116.2+34.4 1156 +35.2 0.591
HDL-C 502151 498+150 515+153 0002

“Cognitive decline was determined by global cognitive function; *Proportion  of
menopause was calculatedin females. BMI, body mass index; SD, standard deviation; TC,
total cholesterol; NHDL-C, non-high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; OR, odds ratio; Cl,
confidence interval.





OPS/images/fnagi-13-691423-g003.gif
061 036103

030026099

o516

058 02179

0077126,

119076155

osese16n

15091295

101032126

00920
09055100
L0
o2 00167

ewai22n
100079127

oss 05110,






OPS/images/fnagi-13-691423-g004.gif
Wi 0041210

e i

0560211y et

Hiblovs 091049179 —— _170w2sh

Lowtishs 038027057 i 03101909

Hihlovs 1303823 —e— _1u107125)

o6t 032129

103620

061030437 et

2021

L.mn mxmn.:u) ozna\z m omnmm

iors 101032

Londighs L1681

097 060137,

Wablows 079054115 10107114

R ——

[Ty ——
190715

052 064139






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Long-Term Increase in Cholesterol Is Associated With Better Cognitive Function: Evidence From a Longitudinal Study



		Introduction



		Materials and Methods



		Study Population



		Cholesterol Measurement and Assessment



		Cognitive Assessment



		Covariates



		Statistical Analyses







		Results



		Characteristics of the Participants



		Cholesterol Variation and Cognitive Decline in All Participants



		Cholesterol Variation and Cognitive Decline in the Sex Subgroups



		Cholesterol Variation and Cognitive Decline in Participants With or Without Cardiovascular Disease







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Aging Neuroscience

Long-Term Increase in Cholesterol Is
Associated With Better Cognitive
Function: Evidence From a
Longitudinal Study





OPS/images/fnagi-13-691423-g001.gif
o] e

710 e et e 5

Ff i e
Cr— e
i

f e —

g.ﬂ...w
Py
(er—

[rahadtaiy
[Era—






OPS/images/fnagi-13-691423-g002.gif
%h l| m h.shln

prieiong

il Ca il









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





