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INTRODUCTION

Creatine plays a pivotal role in cellular bioenergetics, acting as a temporal and spatial energy buffer in cells with high and fluctuating energy requirements (1). Jeopardizing delicate creatine homeostasis can be detrimental to many energy-demanding tissues, including the brain. For instance, cerebral creatine hypometabolism accompanies various neurological conditions, including a number of developmental disorders (2, 3), neurodegenerative and cerebrovascular diseases (4, 5), and brain cancer (6). A reduced creatine availability in the brain has been thus recognized as an apposite therapeutic target, and supplying exogenous creatine to compensate for a disease-driven shortfall emerged as a first possible approach. However, early success in animal models of neurological diseases was not corroborated in human trials, with the use of creatine supplementation proved largely disappointing in clinical studies with a number of symptomatic neurological disorders [for a detailed review, see (7)]. A meager delivery of creatine to the brain could be partly due to a low activity/density of creatine transporter (CT1 or SLC6A8), a transmembrane sodium- and chloride-dependent protein that mediates creatine uptake into the target cells (8). For that reason, the upregulation of CT1 function has been identified as an innovative course of action to facilitate creatine uptake, with several exotic agents and routes were cataloged so far, including glucocorticoid-regulated kinases, mammalian target of rapamycin, ammonia, and Klotho protein (9).



CT1 STIMULATION AND KLOTHO PROTEIN

Besides other vehicles, Klotho protein (Clotho; HFTC3) is put forward as a possible stimulator of CT1 function that can uplift creatine allocation to the target tissues. This membrane-bound pleiotropic enzyme (also exists in a circulating form) participates in many metabolic pathways, including calcium-phosphate metabolism, nutrient sensing, and remyelination (10). Klotho is highly expressed in neuronal cells of the cerebral cortex, cerebellum, and spinal cord (11). The role of Klotho in high-phosphate energy metabolism modulation was revealed a few years ago when Amilaji et al. (12) found that the co-expression of Klotho protein increases a creatine-induced current in CT1-expressing cells. The authors reported that the current through CT1 was a function of the extracellular creatine levels, with the maximal creatine-induced current was higher in cells expressing CT1 together with Klotho than in cells expressing CT1 alone (29.5 vs. 20.2 nA). This implies a Klotho-driven upregulation of creatine carriers, presumably by stabilizing the carrier protein in the cell membrane, which likely nominates Klotho protein as a therapeutic proxy to accelerate creatine uptake through CT1. Several methods have been developed lately to raise Klotho levels (13), including a transgenic insertion of the klotho gene, a recombinant Klotho protein administration, or using angiotensin-converting enzyme inhibitor and thiazolidinediones. However, nutrition-related interventions might also be capable of enhancing endogenous Klotho production, and perhaps to unlocks CT1 for brain creatine uptake (Figure 1).


[image: Figure 1]
FIGURE 1. Various dietary interventions upregulate Klotho protein expression/activity that further can stimulate (+) creatine uptake via creatine transporter (CT1) in the brain.




KLOTHO MODULATION BY DIET

Several preclinical studies demonstrated that exposure to vitamin D could modulate the activity of Klotho protein. A Japanese group (14) treated mice with a vitamin D-enriched diet and found increased expression of Klotho; the expression was upregulated and reached maximal levels 8 h after the administration of 1,25-dihydroxyvitamin D3. Vitamin D treatment induced a Klotho mRNA hyper-expression in different mouse renal cell lines (15), and in proximal kidney human cells (16). Curcumin, a polyphenol pigment and principal curcuminoid of turmeric (Curcuma longa), is another dietary agent that can upregulate Klotho protein. Hu et al. (17) demonstrated that curcumin induced Klotho expression in HK-2 human proximal tubule epithelial cell line. Recent studies found that the whole-diet interventions are also effective to intensify Klotho function, with a low-calorie high-protein diet increased Klotho levels in rats' brain (18), while a phosphate-restricted diet improved kidney klotho expression in a mouse model of polycystic kidney disease (19). Interestingly, a positive association was found between nuts portion intake and the Klotho plasma levels in middle-aged sedentary adults (20). These preliminary findings call for a set of proof-of-concept studies where supplemental creatine is co-administered with Klotho-stimulating agents while participants are monitored for changes in brain creatine levels. A recent trial confirmed favorable outcomes of a creatine-vitamin D multi-component supplement for functional performance and upregulation of energy metabolism-related kinases in elderly (21). Yet, no biomarkers of Klotho activation and/or creatine uptake by the brain have been evaluated.



CONCLUSION

Although promising, backing up the Klotho activity to improve creatine delivery to the central nervous system requires robust evidence. Basically, whether the Klotho upregulation induced by a specific dietary intervention is followed by a CT1 triggering and augmented creatine uptake in the brain currently remains unknown. Experimental transport/expression models in neurons would help with addressing CT1-Klotho activation in interventional studies, while clinical trials might include monitoring circulating Klotho as a proxy to Klotho stimulation, along with MR spectroscopy to track down changes in brain creatine levels. Future studies require a careful scrutinization of nutritional strategies utilized in terms of the length of intervention and level of exposure, and adjusted for creatine consumed from food. Additional covariates that can influence the outcome of a given trial also include concomitant pathology (such as X-linked creatine transporter deficiency) and nutritional status of participants (e.g., vitamin D deficiency, creatine-free diet), along with other factors (including age, physical exercise, and level of education) that could play important role on CT1 and Klotho protein function and/or creatine homeostasis in the brain. For instance, animal studies suggest sex differences in Klotho protein expression, with the levels were higher in the male mice than in the female mice (22). Klotho function could also be affected by HMG-CoA reductase inhibitors (23), uremia-related compounds (24), or demethylation agents (25). Therefore, accounting for various endogenous and exogenous modulators of Klotho protein should be required for upcoming nutritional trials addressing brain creatine uptake through this pathway. The new knowledge about a possible diet-induced stimulation of Klotho protein opens an exciting opportunity for exploring various nutritional strategies aimed to potentiate cerebral uptake of creatine. This could perhaps bring forth a solution to the many who suffer from acquired or inherited creatine deficits.
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Background: Malnutrition, metabolism stress, inflammation, peripheral organs dysfunction, and B vitamins deficiency significantly contribute to the progression and mortality of Alzheimer's disease (AD). However, it is unclear which blood biochemical indicators are most closely related to cognitive decline and B vitamins deficiency (thiamine, folate, vitamin B12) in patients with AD.

Methods: This was a cross-sectional study of 206 AD patients recruited from six hospitals in China. Thiamine diphosphate (TDP), the bioactive form of thiamine, was measured by high-performance liquid chromatography fluoroscopy (HPLC) at a single center. Levels of biochemical indicators (except TDP) were measured by regular and standard laboratory tests in each hospital. Pearson's rank correlation analysis was used to assess relationships between B vitamins and biochemical indicators. T-test was used to compare the difference between ApoE ε4 and non-ApoE ε4 groups. Differences were considered statistically significant as P < 0.05.

Results: Among the biochemical results, in AD population, malnutrition indicators (erythrocyte, hemoglobin, serum albumin, and total protein) were most significantly associated with cognitive function, as was free triiodothyronine (FT3) levels which had been observed in previous study. Malnutrition and FT3 levels depend on age but not apolipoprotein E (ApoE) genotype. Meanwhile, Among the B vitamins, TDP was the most significantly associated with malnutrition indicators and FT3.

Conclusion: Our results indicated that TDP reduction could be a modifiable risk factor for malnutrition and FT3 that contributed to cognitive decline in AD patients. Correcting thiamine metabolism could serve as an optional therapy target for AD treatment.

Keywords: malnutrition, cognitive dysfunction, Alzheimer's disease, B vitamins, TDP


INTRODUCTION

Alzheimer's disease (AD) is a devastating neurodegenerative disease clinically characterized by cognitive impairment and eventual loss of self-care ability. AD is costly to treat and places a heavy burden on society and families (1). There is also a lack of effective treatment that halt or reverse disease progression. Despite considerable research have been conducted, improved understanding of AD pathogenesis and therapeutic options are desperately needed (2).

Age and ApoE genotypes are crucial for cognitive impairment. Besides, peripheral system dysfunction (3–6) and malnutrition (7, 8) have been recognized as risk factors for cognitive impairment and loss of self-care ability in AD patients. Renal (3), thyroid (4), and liver dysfunction (5) and inflammation (9) played various roles in cognitive impairment in both healthy older people and AD patients. Metabolism stress indicated by abnormal blood lipids and glucose is also considered as a potential risk for AD progression (10). Several studies reported that anemia/abnormal hemoglobin and low serum albumin level is an independent risk factor of poor cognitive performance in the elderly and for dementia and rapid cognitive decline among the elderly (11, 12). These blood biochemical results contributing to cognitive decline were regular measured and can be collected in hospital daily. However, it has not been determined which blood biochemical indicators specific are most closely associated to cognitive decline in subjects with AD.

B vitamins deficiency—especially thiamine, folate, or B12 reduction—is a leading cause of neurological impairment and disabilities of daily living (13). Populations at risk of B vitamins deficiency including the elderly, alcoholics, obesity surgery recipients, vegetarians/vegans and AD, whom are recognized as being at high risk for cognitive impairment. Several underlying pathways were indicated to link low B vitamins status and cognitive impairment as well as neuropathological changes of AD. Folate and vitamin B12 deficiency disrupted one-carbon metabolism could lead to elevate homocysteine through lowing enzymatic activities for the remethylating or trans-sulfuration (14). Alternatively which is essential for of S-adenosyl-methionine (SAM) synthesis, and required for methylation of DNA/RNA and proteins (15), its impairment caused hypermethylated redox-related genes (NUDT15 and TXNRD1). Independently, B vitamins deficiency also induced cerebrovascular dysfunction, activation of tau kinases and enhanced Aβ metabolism contributed to AD development (16–18). David Smith and colleagues' studies also indicated a possible pathogenetic role of B vitamins (B12, Folate) in mild cognitive impairment, as B vitamins therapy could abrogate effects of iron-associated brain atrophy rate (19). Thiamine diphosphate (TDP) is the bioactive form of thiamine, which acts in the production of energy from carbohydrates in the cells and is essential in the proper functioning of the nervous system (20). As a critical cofactor of three glucose metabolism enzymes (Transketolase, Pyruvate dehyrogenase complex, α-Ketoglutarate dehydrogenase complex), TDP plays important and sometimes rate-limiting roles in the brain glucose metabolism (21), TDP reduction is closely related to glucose hypometabolism and induced oxidative stress contributed to cognitive dysfunction and AD pathologies (22, 23).

Understanding the complex relationships between the different biochemical systems regulated in the peripheral system by these vitamins may facilitate AD diagnosis and improve treatment. In AD patients, the association between B vitamins status and brain function was already observed, but whether B vitamins status linked cognitive dysfunction of AD through peripheral system biochemical risk indicators remain to be clarified.

As a continuation of our previous research (24), in this study, we performed in AD population to find out some specific biochemical indicators of peripheral blood which may aggravate cognitive decline mostly. It points out that TDP related malnutrition indicators (erythrocyte, hemoglobin, serum albumin, and total protein) and FT3 are the most significant risk factors for cognitive decline in AD patients rather than other blood biochemical indicators.



MATERIALS AND METHODS


Study Design and Subjects

From January 1, 2012 to November 30, 2020, 206 AD patients were recruited from outpatient or inpatient department of six hospitals in China (Zhongshan Hospital, Huashan Hospital, Shanghai Mental Health Center, Haiwan Hospital, Tianjin Huanhu Hospital, and Brain Hospital affiliated to Nanjing Medical University) who had no specific family history of AD. Informed consent was obtained from all participating subjects or healthcare givers. This study was approved by the Committee on Medical Ethics of hospitals.

All subjects underwent neurological examinations and neuropsychological evaluations including the Mini-Mental State Examination (MMSE), Clinical Dementia Rating (CDR), and Activity of Daily Living (ADL) scales. Their healthcare givers were also asked about the patients' abilities. All patients had cranial magnetic resonance imaging (MRI) scans within 2 weeks after questionnaires collected and were diagnosed with AD by neurologists or psychiatrists specialized in dementia (Chunjiu Zhong, Guoqiang Fei, Lei Zhao, Xiaoli Pan) according to DSM-IV criteria.

The criteria of AD patients enrollment were following: (1) primary complaint of memory decline characterized by gradual onset and continuing deterioration over 1 year; (2) MMSE score ≤ 26 (range 0–30) and at least one other cognitive deficit beyond memory impairment; (3) CDR score ≥0.5 (range 0–3) and impairment in performance of daily activities; (4) no diagnostic evidence of other neurological and mental disorders; and (5) cranial MRI excluded brain tumor, infarct, hematoma, and hydrocephalus. The exclusion criteria were: (1) major gastrointestinal tract disorders, (2) taking supplements containing B vitamins in the previous month, and (3) chronic alcohol abuse.



Measurement of Biochemical Factors

Blood samples were collected on the same day when questionnaires completed. Blood biochemistry factors were measured using routine laboratory tests in respective hospital, including routine blood examination; glucose, lipid, and protein levels; renal, thyroid, liver function; and folate and vitamin B12 levels. Lipid metabolism was determined by levels of triglycerides, total cholesterol, and low-density lipoprotein (LDL). Thyroid function was assessed by measuring thyroid-stimulating hormone (TSH), free triiodothyronine (FT3), and free thyroxine (FT4). We selected alanine aminotransferase (ALT) and aspartate transaminase (AST) as liver function indicators, and urea, creatinine, and uric acid as the renal function indicators.

As the biologically active form of thiamine, TDP is abundant in erythrocytes and is a reliable reflection of the thiamine body store (25). Blood TDP levels were measured centralizedly in a single center within 21 days using HPLC fluoroscopy as previously described (26). The HPLC operators were blinded to participant information. Briefly, fresh samples of whole blood were immediately deproteinized with 7.4% perchloric acid. After centrifugation at 9,300 × g and 4°C for 6 min, the supernatant was collected and stored at −20°C. Thiamine phosphate esters were derivatized into thiochromes using potassium ferricyanide and separated by gradient elusion with a C18 reversed-phase analytical column (250 × 4.6 mm). The derivatives were measured by HPLC fluoroscopy on an Agilent 1100 platform (Agilent Technologies, Santa Clara, CA, USA) with excitation and emission wavelengths of 367 and 435 nm, respectively.



ApoE Genotypes Analysis

A single-nucleotide polymorphism genotyping assay was used for the detection of ApoE alleles. Human genomic DNA was extracted and purified using a genome extraction kit (Tiangen Biotech, Beijing, China). We categorized all participants into two subgroups according to their ApoE ε4 status: an ApoE ε4 group, including the ε2/ε4, ε3/ε4, or ε4/ε4 genotypes, and a non-ApoE ε4 group, including the ε2/ε2, ε2/ε3, or ε3/ε3 genotypes.



Statistical Analysis

Statistical analyses were performed using Statistical Package for the Social Sciences software version 18.0 (SPSS Inc., Chicago, IL, USA). Pearson's rank correlation analysis was performed to assess relationships between B vitamins and biochemical indicators. T-test was used to compare the difference between ApoE ε4 and non-ApoE ε4 groups. Differences were considered statistically significant as *P < 0.05, **P < 0.01, ***P < 0.001.




RESULTS


Malnutrition Indicators and FT3 Levels Were Most Closely Associated With AD Cognitive Decline

To assess the relationship between biochemical parameters [organ function, lipid and glucose metabolism, inflammation cells and malnutrition (erythrocyte, hemoglobin, serum albumin and total protein)] and AD, we analyzed associations between cognitive-related scores (MMSE, ADL and CDR) and biochemical indicators in 206 sporadic AD patients aged from 48 to 101 years old in China (Table 1).


Table 1. Baseline characteristics.

[image: Table 1]

Notably, the malnutrition indicators of erythrocyte, hemoglobin, albumin, and total protein levels were consistently and significantly associated with MMSE, ADL and CDR scores, with all levels of P < 0.001. In details, the r between erythrocyte, hemoglobin, albumin, and total protein levels and MMSE was 0.37, 0.37, 0.44, 0.27, respectively. As for ADL, the r was −0.35, −0.34, −0.43, −0.27, respectively. As for CDR, the r was −0.33, −0.35, −0.46, −0.30, respectively. Consistent with a previous study (6), we also observed that serum FT3 was most significantly associated with MMSE (r = 0.40, P < 0.001), ADL (r = −0.36, P < 0.001), and CDR (r = −0.37, P < 0.001) scores, while TSH was less strongly but still significantly associated with MMSE (r = 0.14, P < 0.05) and CDR (r = −0.20, P < 0.01) scores. There was no significant association between serum FT4 and cognitive function (MMSE: r = −0.03; ADL: r = 0.11; CDR: r = 0.04. P > 0.05). Besides, the liver function indicator ALT, cholesterol, glucose, leukocyte, and neutrophilic granulocyte percent mildly associated with AD cognitive scores. Other indicators were not statistically associated with AD cognitive scores (all P > 0.05) (Table 2).


Table 2. Association between biochemical indicators and cognitive dysfunction in AD patients.
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Association Between B Vitamins Status and Blood Biochemical Indicators

To explore the potential causes of malnutrition in AD patients, we analyzed the relationship between B vitamins status and blood biochemical indicators. The results showed that blood TDP level significantly associated with erythrocyte number (r = 0.32, P < 0.001), hemoglobin level (r = 0.33, P < 0.001), albumin level (r = 0.30, P < 0.001), and weakly associated with total protein level (r = 0.17, P < 0.05). TDP levels also significantly associated with FT3 levels (r = 0.29, P < 0.001). Liver, renal function, and lipid, glucose metabolism and inflammation indicators have no statistical association with TDP level (AST: r = 0.09; ALT: r = 0.14; Urea: r = −0.02; Creatinine: r = 0.11, Uric acid: r = 0.10; Triglyceride: r = −0.04; Cholesterol: r = 0.00; LDL: r = −0.03; Glucose: r = 0.04; Leukocyte: r = −0.01; Neutrophilic granulocyte%: r = −0.03; Thrombocyte: r = 0.00, P > 0.05) (Table 3).


Table 3. Association between B vitamins status and biochemical indicators in AD patients.
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Meanwhile, blood folate levels weakly associated with erythrocyte number (r = 0.15, P < 0.05) and albumin level (r = 0.19, P < 0.05) but not hemoglobin or total protein level (r = 0.13 and r = 0.14, respectively, P > 0.05), which was similar to FT3 (r = 0.15, P < 0.05) and neutrophilic granulocyte percent (r = −0.17, P < 0.05). There were no statistical associations between folate levels and other indicators (P > 0.05) (Table 3). B12 level only mildly associated with liver function as reflected by ALT level (r = 0.19, P < 0.01).



Malnutrition and FT3 Level Associated With Age but Not ApoE Genotypes

Aging is the greatest risk factor for AD development and progression, so we analyzed the relationship between peripheral organ dysfunction, malnutrition indicators and age. There were significantly negative associations with erythrocyte number (r = −0.40, P < 0.001), hemoglobin level (r = −0.35, P < 0.001), albumin level (r = −0.50, P < 0.001), total protein level (r = 0.34, P < 0.001), and FT3 (r = −0.49, P < 0.001, Table 4). Blood ALT (r = −0.28, P < 0.001), cholesterol (r = −0.32, P < 0.001), LDL (r = −0.27, P < 0.01), glucose (r = −0.17, P < 0.05), and urea (r = 0.20, P < 0.01) were also significantly associated with age (Table 4).


Table 4. Peripheral organs functions and nutrition homeostasis correlated with age.
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ApoE ε4 genotype is another important risk factor for AD. We detected the ApoE genotypes in a subset (86%) of AD patients in our cohort. We found no significant differences in malnutrition indicators (erythrocyte, hemoglobin, albumin, and total protein) and FT3 between non-ApoE ε4 and ApoE ε4 carrier group (Figure 1). Collectively, these results suggest that TDP related malnutrition and abnormal FT3 level were dependent on age but not ApoE genotypes.


[image: Figure 1]
FIGURE 1. Malnutrition indicators and FT3 levels were independent of ApoE genotype. (A) There was no significant change in erythrocyte number between non-ApoE ε4 (n = 91) and ApoE ε4 (n = 81, P > 0.05) carriers. (B) Hemoglobin level was similar between non-ApoE ε4 (n = 96) and ApoE ε4 (n = 90, P > 0.05) carriers. (C) There was no significant difference in albumin levels between non-ApoE ε4 (n = 80) and ApoE ε4 (n = 75, P > 0.05) carriers. (D) There was no significant difference in total protein levels between non-ApoE ε4 (n = 79) and ApoE ε4 (n = 74, P > 0.05) carriers. (E) There was no significant difference in FT3 levels between non-ApoE ε4 (n = 95) and ApoE ε4 (n = 90, P > 0.05) carriers.





DISCUSSION

In this cross-sectional study, we firstly investigated most blood biomarkers to assess the association between peripheral systemic function and cognition scores in AD population. We found that malnutrition indicators consisted of erythrocyte, hemoglobin, serum albumin and total protein associated with AD cognitive scores most, as well as FT3, which is consistent with previous study (6). Among B vitamins, TDP was most significantly associated with malnutrition indicators and FT3. Malnutrition indicators and FT3 status associated with age but not ApoE genotypes.

It is widely accepted that AD is a neurodegenerative disease that involves multiple organ systems. Here we found that peripheral systemic dysfunction—especially malnutrition and FT3—significantly associated with cognitive decline in AD patients. A previous study reported that a poorer Mini-Nutritional Assessment score, lower body mass index, lower fat-free mass, and a less healthy dietary pattern were associated with a higher risk of 2-year clinical progression of AD (8). Serum FT3 levels were associated with the risk of progression to AD (6). These two risk factors both associated with TDP level significantly, indicating that they may interact with each other through some common pathways to influence the development of AD. Understand the potential mechanism may promote the diagnosis and assess the prognosis of the subsequent cognitive decline in AD.

To our knowledge, others consistently showed that low blood hemoglobin level was associated with AD cognitive impairment (12, 18). Anemia is commonly present as thiamine deficiency (27). Gene mutations related to thiamine metabolism are often found in patients with thiamine-responsive megaloblastic anemia (27). A large population study showed that a micronutrient-fortified rice diet thiamine and other nutrients significantly improved hemoglobin levels, anemia prevalence, and cognitive performance among schoolchildren in India (28). At the molecular level, precursor porphyrins are the major component of hemoglobin that are synthesized in the mitochondria using the production of succinyl-coenzyme A (CoA) from the Krebs cycle (29). However, the mitochondrial pool of succinyl-CoA may limit heme biosynthesis in the setting of TDP deficiency. Decreased heme biosynthesis in erythroid cells then causes anemia (30). Previous studies also showed that thiamine deficiency induced anorexia by inhibiting the hypothalamic adenosine monophosphate-activated protein kinase signal pathway and disrupting neuroendocrine feedback control of food intake and energy metabolism, which may be related to malnutrition in AD patients (31). Although adults with vitamin B12 or folate deficiency can also present with megaloblastic anemias, our results suggest that anemia in AD patients may be caused by TDP reduction more than folate or B12 deficiency. Previous studies showed that low albumin was an independent risk marker for cognitive decline in older adults (32). Experimental and clinical studies suggested that the disturbed metabolism of thiamine could lead to tissue-specific thiamine deficiency in the kidney and increase albumin excretion and microalbuminuria in peripheral nephropathy (33). This probably occurs by impairing the activity and expression of TDP-dependent enzymes—particularly transketolase, and relating to increase of low-grade vascular inflammation and impairment of glomerular and tubular structure (34, 35). It maybe the potential pathological process for low levels of albumin or/and total protein in AD. We also observed that FT3 associated with progression of cognitive decline in AD as before (6). A possible association is that the conversion of FT3 to the acetate would proceed by the thiamine-requiring pyruvic dehydrogenase system. Thus, a thiamine deficiency could block thyroid function and consequently reduce oxidative metabolism and energy production by reducing the formation of FT3 (36). Others and our studies have reported that supplement of benfotiamine (as a synthetic thiamine precursor) is efficacious in improving cognitive function in AD patients (37, 38). While Aisen et al. found that supplement of high-dose B vitamins (folate, vitamin B6 and B12) had no beneficial effect on the primary cognitive measure in individuals with mild to moderate AD, although total homocysteine declined (39). As a continuous study, our results also suggested that proper TDP level may play an outstanding role in the maintenance of nutrition homeostasis and cognitive function in AD patients. However, the links of thiamine deficiency with malnutrition in AD were not well-investigated.

TDP reduction was an AD-specific pathological feature that closely correlated with brain glucose metabolism (22). Many researches have demonstrated the association between the thiamine deficiency and cognition impairment in animals. Thiamine deficiency resulted in reduced activity of the crucial acetylcholine synthetic enzyme, choline acetyltransferase and neurogenesis (20). Besides, thiamine deficiency could induce excess glutamate release and selective sub-medial thalamic nucleus death involving both inflammation and oxidative stress in the brain (20). Our results indicated that low TDP may be a link between broken nutrition homeostasis in the peripheral system and brain glucose hypometabolism in AD patients. Thiamine uptake is enhanced by thiamine deficiency and reduced by thyroid hormone and diabetes (40). However, how thiamine or its derivatives protect against malnutrition and abnormal FT3 levels in older subjects or AD patients requires further investigation. According to the “homocysteine hypothesis”, folate and vitamins B6 and/or B12 deficiency could contribute to cognitive decline, Aβ deposition, neurofibrillary tangles, white matter damage and brain atrophy through DNA methylation, histone modifications and microRNAs (41–44), while the researches relating epigenetics on TDP pathology in AD are still limited and need to be further explored. Although how the malnutrition and TDP reduction work in cognitive decline are still ambiguous and more efforts are needed to further explore, it is positive that correcting thiamine metabolism could be a more effective treatment strategy in patients with AD (45).

In conclusion, malnutrition and FT3 are important modifiable factors for AD progression. Thiamine has been known for protecting against the neuropathy, and TDP may be a link to explore the association among different organs metabolism function, further a potential target to understand the mechanism of cognitive decline. B vitamins supplementation, especially thiamine or its analogs, may be beneficial to prevent cognitive decline.
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Background: Adequate nutrient intake during the first few months of life plays a critical role on brain structure and function development.

Objectives: To analyze the long-term effects of an experimental infant formula (EF) on neurocognitive function and brain structure in healthy children aged 6 years compared to those fed with a standard infant formula or breastfed.

Methods: The current study involved 108 healthy children aged 6 years and participating in the COGNIS Study. At 0–2 months, infants were randomized to receive up to 18 months of life a standard infant formula (SF) or EF enriched with milk fat globule membrane (MFGM), long-chain polyunsaturated fatty acids (LC-PUFAs) and synbiotics. Furthermore, a reference group of breastfed (BF) infants were also recruited. Children were assessed using neurocognitive tests and structural Magnetic Resonance Imaging (MRI) at 6 years old.

Results: Experimental infant formula (EF) children showed greater volumes in the left orbital cortex, higher vocabulary scores and IQ, and better performance in an attention task than BF children. EF children also presented greater volumes in parietal regions than SF kids. Additionally, greater cortical thickness in the insular, parietal, and temporal areas were found in children from the EF group than those fed with SF or BF groups. Further correlation analyses suggest that higher volumes and cortical thickness of different parietal and frontal regions are associated with better cognitive development in terms of language (verbal comprehension) and executive function (working memory). Finally, arachidonic acid (ARA), adrenic acid (AdA), docosahexaenoic acid (DHA) levels in cheek cell glycerophospholipids, ARA/DHA ratio, and protein, fatty acid, and mineral intake during the first 18 months of life seem to be associated with changes in the brain structures at 6 years old.

Conclusions: Supplemented infant formula with MFGM components, LC-PUFAs, and synbiotics seems to be associated to long-term effects on neurocognitive development and brain structure in children at 6 years old.

Clinical Trial Registration: https://www.clinicaltrials.gov/, identifier: NCT02094547.
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INTRODUCTION

Proteins, long–chain polyunsaturated fatty acids (LC-PUFAs), iron, zinc, iodine, and B vitamins play a critical role on brain function and structure development (1–3). Nevertheless, given that the infant brain evolves from early childhood to adolescence, early-life nutritional deficiencies may have negative long-lasting or permanent effects on later cognitive function (4), including impairment on visuo-perceptual functions (5), working memory (6, 7), language (8), and executive functions (9).

It is well-established that breastfeeding is related to optimal brain maturation (10, 11) and neurodevelopment (12) in life. When breastfeeding is not possible, infant formulas are available to satisfy infant's nutritional and energy requirements. However, their functional and nutritional properties vary considerably from breast milk, and new bioactive compounds are being added to narrow the functional and nutritional gap with breast milk (13). In this regard, supplementation of infant formula with LC-PUFAs, mainly with docosahexaenoic and arachidonic acids (DHA and ARA, respectively), seems to be related with short and long-term beneficial effects on cognitive and visual development (14), learning, vocabulary, intelligence (15), processing information (16), and attention and inhibition systems (17). Other studies, however, have shown no long-term effects of LC-PUFA-enriched infant formula on neurodevelopmental and psychomotor outcomes (18, 19). On the other hand, infant formula supplementation with milk fat globule membrane (MFGM) has also gained interest due to its content in bioactive components and complex polar lipids that might have a potential role on infant neurodevelopment (20–22). Furthermore, it is important to notice that synbiotics (pre-plus probiotics) are also being added to infant formulas to ensure a healthy establishment of gut microbiota and communication along the microbiota-gut-brain axis, thus modulating neurodevelopment, brain function, and behavior throughout the life span (23, 24). However, the combined long-term effects of all these bioactive components are not well-established, and further studies are still needed to clarify the role of early nutrition based on bioactive compound-enriched infant formula on brain structure and cognitive function later in life.

Having in mind these considerations, the aim of this study was to analyze the long-term effects of an infant formula supplemented with MFGM, LC-PUFAs, and synbiotics on neurocognitive function and brain structure in healthy children aged 6 years compared to those who received a standard infant formula or breastfeeding.



MATERIALS AND METHODS


Ethics, Informed Consent, and Permissions

The COGNIS study was conducted according to the updated principles of the Declaration of Helsinki II (25, 26), and was approved by the Research Bioethical Committee from the University of Granada (Spain), the Bioethical Committees for Clinical Research from San Cecilio University Clinical Hospital, and University Mother-Infant Hospital of Granada (Spain). Prior to involving each child in the study, families were informed about study procedures and a signed written informed consent was obtained from each parent, legal guardian, or caregiver.



Study Design and Subjects

The current analysis included 108 children aged 6 years and participating in the COGNIS Project, a prospective, randomized, and double-blind study consisting in a nutritional intervention based on an infant formula supplemented with bioactive nutrients (registered at https://clinicaltrials.gov/ct2/show/NCT02094547?term=NCT02094547&draw=2&rank=1, Identifier: NCT02094547). Detailed information on this project, including study design, subject recruitment, and population characteristics, have been previously described (27, 28). Originally, a total of 220 full-term healthy Spanish infants were included in the study. One hundred seventy infants, aged between 0 and 2 months old, were randomized (ratio 1:1) to receive, during their first 18 months of life, either a standard infant formula (SF: n = 85) or an experimental infant formula (EF: n = 85) enriched with MFGM components [10% of total protein content (wt:wt)], synbiotics [Fructooligosaccharides (FOS): Inulin proportion 1:1; Bifidobacterium longum subsp infantis CECT7210 (Bifidobacterium infantis IM1) and Lactobacillus rhamnosus LCS-74], LC-PUFAs (including DHA and ARA), gangliosides, nucleotides, and sialic acid. A full description of the nutritional composition of both infant formulas has been previously reported (28). Infants received initiation formula up to 6 months of age and the corresponding follow-on formula between 6 and 18 months of age. Additionally, 50 exclusively breastfed infants (BF) for at least 2 months were enrolled between 0 and 6 months old as a reference group.

A detailed participant's flowchart from the baseline visit to 6 years old is shown in Figure 1. Up to 18 months of life, a total of 40 infants had to be excluded in the formula groups as follows: 24 were excluded in the SF group (1 infant due to perinatal hypoxia, 1 infant had formula non-related growth deficiency, 15 infants did not take the infant formula, 2 had infantile colic, 3 were excluded due to lactose intolerance, 1 infant due to digestive surgical intervention, and 1 infant suffered hydrocephalus); 16 infants were excluded in the EF group (2 infants presented formula non-related growth deficiency, 2 infants lactose intolerance, 11 infants did not take the infant formula, and 1 was excluded due to epileptic seizure). Furthermore, one infant from the BF group was excluded because he was not exclusively breastfed for at least 2 months. During the follow-up visits, some participants decided to drop out of the study. Afterwards, 108 children attended the follow up call at 6 years old, and their neurocognitive performance was evaluated using the Kaufman Brief Intelligence Test (K-BIT) (29), the Oral Language Test of Navarra Revised (PLON-R) (30), and the Computerized Battery for Neuropsychological Evaluation of Children (BENCI) (31) (SF: n = 37; EF: n = 39; BF: n = 32). All participants were also invited to participate in a Magnetic Resonance Imaging (MRI) session. However, some data from participants (n = 30) were taken out of current analysis due to poor image quality caused by the excessive motion of children during MRI acquisition. Therefore, neuroimage data were finally obtained from 78 children aged 6 years (SF: n = 30; EF: n = 27; BF: n = 21). Furthermore, nutritional information from participants in the COGNIS study was also collected, including fatty acid (FA) status up to 18 months of age (SF: 33; EF: 34; BF: 31) and complete dietary intake up to 6 years old (SF: 35; EF: 35; BF: 30).


[image: Figure 1]
FIGURE 1. Participant flow-chart from baseline visit to 6 years old. BF, Breastfed infants; D, Drop-outs; E, Exclusions; EF, Experimental infant formula; MRI, Magnetic Resonance Imaging; n, Sample size; R, Recovered; SF, Standard infant formula. Fatty acid (FA) status was analyzed from available cheek cell samples of children who attended to 6 years follow-up visit. Incomplete dietary intake data were excluded from the current analysis. At 6 years old: *2 children did not attend to cognitive assessment. Some MRI data from participants (n = 30) were eliminated because the quality of the brain images was not adequate to be analyzed due to excessive movement of children inside the scanner: Unable to analyze the data from 7 children; ‡Unable to analyze the data from 14 children; §Unable to analyze the data from 11 children. aBF infants were randomized between 0–6 months of age.




Data Collection and Assessment

Baseline information regarding parents was obtained upon study entry, including age, pre-conceptional maternal body mass index (BMI), gestational weight gain (GWG), smoking during pregnancy, educational level, place of residence, employment, and socioeconomic status. Postpartum depression was evaluated with the Spanish version of the Edinburgh Postnatal Depression Scale (32). Parents' intelligence quotient (IQ) was assessed using the G factor of the Cattel Intelligence test (33, 34).

Baseline characteristics of infants (gestational age, type of delivery, sex, siblings, and timing of breastfeeding) were collected using questionnaires and medical records. In addition, child anthropometric parameters such as BMI, head circumference, and waist circumference were also registered at 6 years of age.


Fatty Acid Status

Analysis of FA status was performed from cheek cell samples collected at 3, 6, 12, and 18 months of life, as previously reported (35). This method is a valid index of essential fatty acid status as it can be monitored frequently and is reported to be associated with functional parameters in infants (36). In addition to the easy and non-invasive nature of this technique, cheek cell fatty acids may serve as a marker of the essential fatty acid content, especially of DHA and ARA, in plasma, tissue concentrations (red blood cells), and the diet (37). Briefly, samples from the inside of the infants' cheeks were collected 1 h after feeding using a Rovers® EndoCervex-Brush® supplied by Deltalab (Barcelona, Spain), and cell pellets were obtained by centrifugation and stored at −80°C until further analysis. Cheek cell glycerophospholipid fraction was isolated using methanol with butylated hydroxytoluene (BHT), while FA methyl esters were obtained using sodium methylate in methanol (25 wt% in methanol) and boron trifluoride methanol solution (14% v/v). Rapid gas chromatography was used to separate FAs in cheek cell samples (35, 38), and quantification was done by normalization. Lastly, the results were expressed in relative amounts (percentage).



Dietary Intake

Participants' dietary intake was evaluated at 6, 12, and 18 months and 2.5, 4, and 6 years old by a quantitative 3-day dietary record based on the methods for food monitoring and nutrient intake indicated by Food and Agriculture Organization of the United Nations (FAO) (39). DIAL software (Alce Ingeniería, Madrid, Spain) (40) was used to analyze dietary records, which converts food consumption data into nutrient intake (macro- and micronutrients, including FAs profile) in accordance to a previously described methodology (41).



Neurocognitive Evaluation
 
Kaufman Brief Intelligence Test

The Spanish version of K-BIT (29) was used to evaluate verbal and non-verbal intelligence through two subtests: vocabulary and matrices. In the vocabulary subtest, children observed a series of pictures and named the object presented on them. Matrices subtest is a measure of abstract reasoning. In this case, the child selected a picture or abstract design that best completes a visual pattern following a visual analogy. In both subtests, the dependent variable was the number of correct responses. Furthermore, the K-BIT test also provides a general IQ based on the sum of scores obtained in the vocabulary and matrices subtests. According to K-BIT test standards, the normal range of typical scores is between 85 and 115 points (29, 42).



Oral Language Test of Navarra Revised (PLON-R): Language Assessment

Oral Language Test of Navarra Revised (PLON-R) is a standardized test that allows an early detection or screening of the oral language development in children aged between 3 and 6 years old. This test is not only focused on the language dimensions (form, content, and use) with specific activities for each dimension, but also provides a total punctuation on language development. The scores of each one of the dimensions are transformed into typical scores. The normal score, according to PLON-R test standardized by age, is as follows: form = 65; content ≥ 62; use ≥ 52; total ≥ 51 (30).



Computerized Battery for Neuropsychological Evaluation of Children

Computerized Battery for Neuropsychological Evaluation of Children (BENCI) is a computerized tool that evaluates neuropsychological functions and neurodevelopmental domains in children, such as immediate and delayed memory, attention, visual motor coordination, verbal fluency and comprehension, processing speed, and executive functions (31, 43). All these tests were developed using valid neuropsychological procedures assumed from the literature of neuropsychological assessment, and were principally based on the NUTRIMENTHE Neuropsychological Battery (43, 44). In the current study, neurocognitive function was assessed using the following tasks (45):

- Verbal Comprehension (images) (language). A combination of images of a given category (animals) was shown, and the children received instructions (auditory) through which they should select a given image that fulfills the indicated conditions (type of animal, position, type of activity that one can carry out, and/or color: e.g., “Touch the frog that is next to the dog”).

- Continuous performance (sustained attention). Various blocks in a series of letters (100 essays) appeared on the screen and the child should touch the tablet screen each time the correct stimulus appears (an A after an X). The rest of the letters were used as distractor elements.

- Semantic Fluency (executive function). This test indicates a category (for example, animals) and the child should respond, as fast as he/she can, with all the words he/she knows within the same category in 60 s.

- Working Memory (executive function). The children listened to 8 series of number and color sequences. After each sequence, the child should separately repeat the numbers and the colors that he/she had heard in the same order.

- Verbal Memory (short and long-term memory). At the beginning of the task, the child listened to 6 series of words, and should memorized as many as possible. After each sequence, the child should repeat all the words that he/she could remember. After 20 min, in the delayed recall essay, the child should repeat out loud all those words he/she could remember from the previous list. Finally, in the recognition essay, the child listened to a series of words, half of which were in the list above. The child answered “yes” or “no” to whether each word was in the list.

- Simple Reaction Time Test (processing speed). This test required that the child to press any key as fast as possible every time a cross (+) appeared on the screen (50 essays).

- Go/no-Go task (executive function: inhibition). During this test, two alternating elements (bear and dolphin) kept appearing on the screen. In the first phase of the test, the child should state the distinctive element of the two (bear) and touch the tablet screen when it appeared. After listening to a sound that represents the phase change, the distinctive element appeared to be the other (dolphin), to which the child should press the tablet screen when it appeared. The dependent measure was the total number of correct answers.




Magnetic Resonance Imaging Procedure
 
Imaging Data Acquisition

Prior to the neuroimaging session, children were familiarized with scanner's sounds and MRI environment using a mock MRI scanner. Brain data were acquired using a 3T MRI scanner equipped with a 32-channel phased-array head coil for reception (Magnetom Trio Siemens Medical System, ERLANGEN, Germany) located at Mind, Brain, and Behavior Research Center (CIMCYC, University of Granada, Spain). A high resolution T1-weighted 3D magnetization-prepared rapid gradient-echo (MPRAGE) sequence was acquired for each participant with the following parameters: Repetition Time (TR) = 2.3 ms, Echo Time (TE) = 3.1 ms, flip angle = 9°, Field of View (FOV) = 256 × 256 mm, matrix size=320 × 320, and number of slices=208, resulting in an isotropic resolution of 0.8 × 0.8 × 0.8 mm. Total acquisition time for the T1 sequence was 6 min and 35 s. Head movements were minimized using a foam system around the participant's head. Furthermore, a cartoon film was projected to reassure the child during the MRI scanning.



Neuroimage Processing

All images were visually inspected for major artifacts and realigned to the anterior commissure-posterior commissure (AC-PC) line. Image processing was performed using the automated processing “recon-all” pipeline in FreeSurfer software (version 6.0, http://surfer.nmr.mgh.harvard.edu/) on the Alhambra Cluster of the University of Granada (Spain). Preprocessing steps involved intensity normalization, registration to Talairach space, skull stripping, segmentation of white matter (WM), tessellation of the WM boundary, and automatic correction of topological defects. After that, cerebral cortex was parceled into regions of interest (ROIs) based on gyral and sulcal structures from the Destrieux atlas (46–49). FreeSurfer outputs were also visually inspected to check for correct segmentation and parcellation. Volumes and cortical thicknesses of brain parcellation based on the Destrieux atlas were extracted along with brain subcortical volumes.




Statistical Analysis

All statistical analyses were performed using IBM® SPSS Statistics® program, version 22.0 (SPSS Inc. Chicago, IL, USA). Normally distributed variables were presented as mean and standard deviation (SD), and non-normal variables as median and interquartile range (IQR). Categorical variables were shown as frequencies and percentages. ANOVA or Welch test were performed for normally distributed variables, Kruskal Wallis test was performed for non-normal continuous variables, and Chi-square or Fisher test was performed for categorical variables. Normal distribution was tested using Kolmogorov-Smirnov and/or Shapiro Wilk test. We also used one-way ANOVAs to examine differences between SF, EF, and BF groups in neurocognitive tests scores, brain volumes, and cortical thicknesses. Total intracranial volume was included as covariate in all brain volume analyses. Moreover, to discard the differences that could be driven by confounders (maternal age, familiar socioeconomic status, smoking during pregnancy, age, and sex) (50–52), we performed additional analyses of group comparisons using a one-way analysis of covariance (ANCOVA) that included these confounders. In the event of significant group differences, Bonferroni-corrected post-hoc comparisons were used to identify significant pair-wise group differences. To explore whether the brain differences could be driven by the FA concentrations and dietary intake, we performed stepwise linear regression analyses, using one brain region as dependent variable and FA concentration, dietary intake, and the aforementioned confounders as independent variables. Finally, Pearson correlation analyses were performed to estimate the relationship between child neurocognitive performance and brain volumes and thickness of those regions that were statistically different between study groups. p < 0.05 were considered statistically significant.




RESULTS



Parental and Child Characteristics of the Study Participants at 6 Years Old

A comparative analysis between study groups of parents' and children's baseline characteristics participating at 6 years old in the COGNIS follow-up study is shown in Table 1. Significant differences between study groups were found in parents' age, educational level, and in their socioeconomic status. In fact, BF mothers were older and showed higher educational level than mothers of SF and EF infants (p = 0.013 and p = 0.001, respectively). No significant differences were found between study groups in other maternal baseline characteristics related to child neurocognitive function and brain structure, including pre-conceptional BMI (pBMI), GWG, and smoking during pregnancy. Table 1 also shows that fathers from the BF group were older compared to fathers of SF infants (p = 0.033) and presented higher educational level than EF-fed infants' fathers (p = 0.005). Concerning socioeconomic status, those parents whose children were breastfed had higher status compared to both SF- and EF-fed infants' parents (p = 0.002).


Table 1. Baseline characteristics of parents and children participating in the COGNIS study depending on their type of feeding during infancy1.

[image: Table 1]

All infants participating in the COGNIS study were more frequently born by vaginal delivery, and no significant differences were found for characteristics at birth among study groups. All children were born at term and with birth weight adequate for gestational age. However, as expected, due to the COGNIS study design, days of breastfeeding significantly differed between formula (SF and EF) and BF groups (p < 0.001). Finally, at 6 years old, children from the three study groups did not differ in their anthropometric characteristics, including BMI and head and waist circumferences.



Type of Early Feeding and Neurocognitive Function in Children Aged 6 Years

First, we analyze the potential long-term effects of the type of early feeding received during the first 18 months of life (EF vs. SF vs. BF) on later neurocognitive function at 6 years, comparing the K-BIT, PLON-R, and BENCI scores between the three COGNIS groups (Table 2). In the adjusted model, controlling for maternal age, smoking during pregnancy, familiar socioeconomic status, and sex, EF children showed higher IQ and vocabulary standard score in the K-BIT test than BF children (padj = 0.031, and padj = 0.022, respectively). Moreover, both SF and EF children presented less errors of commission in continuous performance task from BENCI battery (padj = 0.001) in comparison to BF children (Table 2). No significant differences in child language dimensions (PLON-R Test) at 6 years old were found between the three groups (Table 2).


Table 2. Children's neurocognitive function at 6 years old depending on the type of feeding during infancy1.
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Analysis of Brain Volume and Cortical Thickness in Children Aged 6 Years and Effects of Early Nutrition

Next, we tested whether the type of early nutrition during the first 18 months of life (SF vs. EF vs. breastfeeding) had any effects on later brain structure, brain volume, and cortical thickness. Significant results, adjusted by smoking during pregnancy, maternal age, familiar socioeconomic status, age, and sex (plus total brain volume for volume brain analysis), are presented in Table 3. Children fed with EF presented higher volumes in parietal regions than the SF children (padj = 0.002), particularly, in the right postcentral gyrus (padj = 0.015) and in the right precuneus (padj = 0.009). EF children also showed higher left orbital volume than BF children (padj = 0.012). Regarding cortical thickness, adjusted analyses showed that EF children presented higher thicknesses in the left inferior circular insular sulcus compared to SF and BF children (padj = 0.012). Moreover, children fed with EF presented increased cortical thickness in the left occipito-temporal sulcus compared to the SF group (padj = 0.027), and in the right postcentral sulcus compared to the BF group (padj =0.017). Taken together, these results suggest a greater volume of parietal regions and higher cortical thickness in EF children aged 6 years than SF children (Figure 2, light blue), BF children (Figure 2, dark blue), or both (Figure 2, purple).


Table 3. Differences in brain volume and thickness between 6 years old children fed with standard infant formula (SF), experimental infant formula (EF), or breastfed (BF) during their first 18 months of life1.
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FIGURE 2. Differences in brain volume (A) and cortical thickness (B) between children participating in the COGNIS study at 6 years of life. Analysis adjusted by smoking during pregnancy, maternal age, familiar socioeconomic status, age, and sex of the children. Brain volume analysis was also corrected for total brain volume. Experimental infant formula (EF) > Standard infant formula (SF) (light blue); EF > BF (dark blue); and EF > SF and EF > BF (purple). SF, Standard infant formula; EF, Experimental infant formula; BF, breastfed infants.




Associations Between Brain Structure and Neurocognitive Function in Children Aged 6 Years

Afterwards, we inquired whether there might be potential associations between child neurocognitive function at 6 years and brain structure (volume brain and cortical thicknesses), particularly in those regions in which significant differences in previous adjusted model analyses were found. In this regard, Pearson correlation analyses revealed that greater volume in the right parietal and right precuneus was positively associated with better verbal comprehension (r = 0.267, p = 0.019 and r = 0.278, p = 0.014, respectively), while better working memory was only positively related to higher right parietal volume (r = 0.257, p = 0.024; Table 4). In this line, our previous analysis showed that children fed with EF or BF presented greater volume in these regions (Table 3) and more successes, but without statistically significant differences in verbal comprehension and working memory in the BENCI Neuropsychological battery (Table 2). Furthermore, cortical thickness in the left occipito-temporal sulcus was positively correlated to better working memory (r = 0.245, p = 0.032; Table 4). It is important to note that children who were fed with EF showed significantly greater cortical thickness in this region (Table 3) and better scores in the abovementioned neuropsychological test (Table 2), although no statistically significant differences were found.


Table 4. Relationship between brain structure and neurocognitive developmental scores in children aged 6 years (n = 78)a.
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Infant's LC-PUFAs Status During the First 18 Months

To gain additional insight into the effects of early nutrition on brain structure, we analyzed FA levels of buccal cheek cell phospholipids in the COGNIS children at 6, 12, and 18 months of life, depending on their type of early feeding (Table 5). At 6 months of life, BF infants presented higher concentrations of ARA (p < 0.001), adrenic acid (AdA) (p < 0.001), and DHA (p < 0.001) in comparison to formula-fed infants. Moreover, as expected, both ARA and DHA concentrations were also increased in EF infants compared to SF infants. Nevertheless, we found higher concentrations of eicosapentaenoic acid (EPA) in EF infants than in SF infants (p < 0.001). AdA concentrations were also higher in the BF group compared to the EF infants (p = 0.002) at 12 months of life, while both BF and EF infants showed higher DHA levels than SF infants (p < 0.001). At 18 months of life, formula-fed infants presented higher ARA and AdA levels than BF infants (p = 0.002 and p < 0.001, respectively), and DHA concentrations were higher in the EF group compared to the SF group (p = 0.001). Finally, ARA/DHA index, which reflects both endogenous synthesis and exogenous supply, were lower in BF and EF infants compared to SF infants at 6, 12, and 18 months of life (p < 0.001; Table 5).


Table 5. Influence of type of early feeding on long-chain polyunsaturated fatty acids (LC-PUFAs) concentration in infants at 6, 12, and 18 months of life1.
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Differences in Dietary Intake Between the Three Study Groups

Afterwards, dietary intake was analyzed during the follow-up period (up to 6 years old). Regarding the age of complementary feeding introduction, it was significantly earlier in infant formula groups (SF: 17.06 ± 2.50 weeks; EF: 17.37 ± 2.64 weeks) than in the BF group (22.75 ± 4.91 weeks) (p < 0.001). As shown in Supplementary Table 1, significant differences in dietary intake between the three groups were mainly found during the first 18 months of life. In fact, formula-fed infants at 6 months of life showed higher proteins, carbohydrates (CHO), and n-3-PUFA intake in terms of g/day, and calcium, iron, and zinc in terms of mg/day compared to BF infants (all p < 0.001). However, daily intake of total lipids (p < 0.001) and various LC-PUFAs, including α-linolenic acid (LNA), EPA, and docosapentaenoic acid (DPA) (p < 0.001, p = 0.024, and p < 0.001, respectively), were higher in the BF group compared to SF and EF infants. It is also important to note that ARA and DHA daily intake were different between the three groups, being higher in those infants who were breastfed and lower in those who received SF (both p < 0.001).

At 12 months of life, BF infants presented higher total lipids and LNA intake than SF infants (p = 0.001 and p = 0.022, respectively). Furthermore, higher linoleic acid (LA) and n−6-PUFA intake were found in infants fed with EF compared to BF infants (p = 0.024 and p = 0.004, respectively). Interestingly, EF and BF infants presented similar ARA and DHA daily intake, but had higher intake than SF infants (both p < 0.001). Conversely, formula-fed infants showed lower daily intakes of EPA and DPA but higher n-3 PUFAs intakes compared to those who were breastfed (all p < 0.001). Regarding minerals, EF infants presented higher calcium daily intake than BF ones (p = 0.016), and both formula-fed groups showed higher intake of iron and zinc compared to BF group (all p < 0.001; Supplementary Table 1).

Our analysis also showed that participants significantly differed in daily intake of essential macronutrients at 18 months of life. In this regard, daily energy intake was higher in EF-fed infants compared with BF-fed infants (p = 0.047). In addition, their protein intake was higher compared to both SF and BF groups (p = 0.001). Regarding total lipid intake, the analysis revealed that SF infants showed lower intake than EF and BF infants (p = 0.046). However, carbohydrate (CHO) intake was significantly higher in both formula groups in comparison with the BF group (p = 0.002). Significant differences were also found for the daily intake of specific PUFAs. Overall, n−3-PUFA intake was higher in infants fed with EF compared with BF infants (p = 0.021), without differences in n-6 PUFAs between study groups. Particularly, both ARA and DHA intake remained higher in EF and BF infants compared to SF infants (both p < 0.001). Daily EPA intake was lower in formula-fed infants in contrast to the BF group (p < 0.001), and DPA intake was lower in the SF group with respect to the BF group (p = 0.007). Furthermore, higher daily intake of iron and zinc were found in EF infants in comparison with BF infants (p = 0.003 and p = 0.001, respectively) (Supplementary Table 1).

It is important to note that at 2.5 and 6 years old, no differences were found regarding dietary intake between the three groups. Nevertheless, at 4 years old, we only found differences in total energy (kcal/day) and n-3-PUFA intake being higher in the SF children than in the BF ones (p = 0.043 and p = 0.022, respectively) (Supplementary Table 1).



Relationships Between Fatty Acid Status During the First 18 Months of Life and Brain Structure at 6 Years Old

Using stepwise linear regression analysis, we next evaluated potential long-term influence of FA concentrations during the first 18 months of life on later brain structure (brain volume and cortical thickness) at 6 years (Table 6). In this regard, we found that both DHA levels and ARA/DHA index during early life were strongly correlated to later brain volume, mainly in the right parietal and right precuneus regions. In fact, our analysis showed a positive association between the right parietal volume at 6 years old and DHA concentrations presented in infants at 6, 12, and 18 months of age, while ARA/DHA index at these ages were negatively related to right parietal volume later in life (all p < 0.001). A positive association was also found between later right parietal volume and ARA levels at 6 months (p = 0.021).


Table 6. Potential long-term effects of fatty acids status during the first 18 months of life on children's brain structure at 6 years olda.
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Similar associations were also found between later right precuneus volume and FA concentrations analyzed in early life. Thus, volume in this brain region exhibited a positive association with ARA levels at 6 months (p = 0.039) and DHA levels at 6 and 12 months (both p = 0.001), while ARA/DHA index at 6, 12, and 18 months showed negative association with the volume of right precuneus at 6 years old (p < 0.001, p = 0.013, and p = 0.001, respectively). Finally, right postcentral gyrus volume in children aged 6 years was positively related to DHA levels (p = 0.021), but negatively associated with ARA/DHA index (p = 0.002) at 6 months.

Regarding cortical thickness, our analysis showed a positive association between thickness of the left circular insula and EPA levels in cheek cell glycerophospholipids at 6 months of age (p = 0.012).



Long-Term Influences of Early Nutrient Intake on Children's Brain Structure at 6 Years Old

To further explore the long-term effects of early nutrition on brain structure, we also performed stepwise linear regression analyses that included brain regions which were different between study groups as dependent variable, both nutrients with which daily intake was significantly different, and several confounder variables (maternal age, familiar socioeconomic status, smoking during pregnancy, age, and sex of the children) as predictors. The significant associations obtained are shown in Table 7.


Table 7. Long-Term influence of early dietary intake on brain structure in children aged 6 yearsa.
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Our results showed that daily intake of certain macro- and micronutrients during early life was positively related to right brain region volume. In this line, we found that right parietal volume showed a positive association with ARA and DHA daily intake at 6 months of life (p = 0.018 and p = 0.040, respectively), and left orbital volume presented a positive association with iron intake at 6 months of life (p = 0.007). Likewise, right postcentral gyrus volume displayed a positive association with lipid intake, LNA, ARA, DHA, n-3-PUFAs, and calcium at 12 months of life (p = 0.009, p = 0.014, p = 0.019, p = 0.015, p = 0.033, and p = 0.028, respectively), and with protein daily intake at 18 months of life (p = 0.013). Furthermore, right precuneus volume was positively associated with ARA intake at 6 months of life (p = 0.032), DHA intake at both 12 and 18 months of life (p = 0.018 and p = 0.036, respectively), and EPA intake at 18 months of life (p = 0.027).

On the other hand, negative associations were found between the left orbital volume and lipids, ARA, DPA, and DHA daily intake at 6 (p = 0.006, p = 0.015, p = 0.001, and p = 0.003, respectively), and 12 months (p = 0.001, p = 0.005, p = 0.001, and p = 0.012, respectively). Daily LNA and EPA intake at 12 months of life were also negatively associated with left orbital volume (p < 0.001 and p = 0.002, respectively).

Regarding cortical thickness, our analysis revealed a positive association between left circular insular sulcus and LA and n-6-PUFA intake at 12 months of life (p = 0.029 and p = 0.033, respectively). Finally, protein and zinc intake at 18 months were positively related to cortical thickness of the right postcentral sulcus (p = 0.011 and p = 0.040).




DISCUSSION

To our knowledge, this is the first study that evaluates long-term impact of an early nutritional intervention based on an infant formula supplemented with several bioactive compounds during the first 18 months of life, on later brain structures, and related neurocognitive function in healthy children aged 6 years. Having in mind that both neurocognitive outcomes and brain structures obtained in all participants are within the normal range, our results seem to show a slightly better neurocognitive performance, particularly in terms of IQ, vocabulary (K-BIT test), and attention (BENCI test) in children fed with the supplemented infant formula compared to those who were breastfed. While long-term effects of early nutrition on neurocognitive development resulted to be lesser than expected, major changes were observed on the brain structure at 6 years old, mainly in children fed with the supplemented infant formula compared to those who received the standard one, and similar to those found in breastfed children. In fact, EF children seem to have greater volumes in the parietal and frontal regions and higher cortical thickness in the insular, parietal, and temporal regions with respect to the SF group (Figure 2). Interestingly, both volumes and cortical thickness in the parietal region were similar among EF and BF groups. Further correlation analyses suggested that EF-related changes in brain structure were positively associated with cognitive performance. In addition to the type of milk feeding received during the first 18 months of life, more detailed nutritional evaluation suggests that proteins, minerals and, fatty acid intake during the first 18 months of life, along with FAs concentrations in cheek cell glycerophospholipids, seem to influence later brain structure. Overall, results obtained here suggest that the intake of an infant formula supplemented with MFGM, LC-PUFAs, synbiotics (nutritional composition closer to breast milk), and key nutrients (FAs, proteins, calcium, iron, and zinc) during the first 18 months of life and the FA status in childhood may influence neurocognitive development and brain structure at least up to 6 years of age.

It is well-established that early nutrition plays a key role on optimal brain structure and function, particularly regarding optimal intake of certain nutrients (proteins, LC-PUFAs, iron, folate, among others) during sensitive periods of brain growth and development (53, 54). Although breastfeeding is the gold standard for infant nutrition during early postnatal life, infant formula intake is currently increasing in low- and high-income countries (55, 56). Consequently, great efforts have been made to enrich or supplement infant formulas with bioactive nutrients found in breast milk to narrow nutritional and functional gaps between both types of infant feeding (13). We have previously reported both short- and long-term positive effects of this infant formula supplemented with bioactive nutrients, including MFGM, LC-PUFAs, and synbiotics, on brain maturation and function assessed as visual function and language development at 18 months of life and 4 years, respectively (27, 57). In addition to these benefits, the current study also suggests that supplemented infant formula seems to have a beneficial impact on child neurocognitive development at 6 years old. In fact, children who received this type of infant formula during their first 18 months of life showed higher scores in IQ, vocabulary, and attention than those who were breastfed, although values obtained were within the normal range in both cases (29, 42). This finding should be doubly discussed. First, better neurocognitive scores obtained in EF children might be partially due to the supplementation of infant formula with bioactive compounds. In this regard, according to the European Food Safety Authority (EFSA) recommendations, our experimental infant formula was supplemented with DHA and ARA (58), which are not only essential for neurogenesis, neuronal migration, and synaptogenesis processes (59), but also have a promising beneficial role on cognitive function and visual acuity (60–63), particularly with higher proportion of DHA and ARA, as well as longer supplementation duration (64). Furthermore, recent studies support the need to supplement infant formulas with DHA together with ARA to achieve optimal plasma concentrations of both fatty acids (14, 65). Moreover, infant formula tested in the COGNIS study was also supplemented with other bioactive nutrients which have separately shown positive impact on neurodevelopment and cognitive function, including MFGM (20–22, 66) and synbiotics (23, 24, 57). However, keeping in mind that each stage of brain development can be affected by different nutrients (67), we cannot determine whether the effects on brain and cognitive function reported here are only related with MFGM, LC-PUFAs, synbiotics or other bioactive compounds supplementation, or, more likely, to their synergistic action.

Secondly, it is important to highlight that the mentioned bioactive compounds are also present in breast milk. Hence, the results obtained here should be considered under controversial relationship between breastfeeding and neurocognitive development at later ages. In fact, although several studies have reported positive effects on neurocognitive and brain development (68–71), others failed to demonstrate long-term effects of breastfeeding on neurocognitive functions (72). This is particularly relevant for child IQ and other cognitive/neurological soft outcomes later in life, on which breastfeeding has little or no positive impact after adjustment for confounding factors including maternal IQ, socioeconomic characteristics, environmental factors (school or parental stimulation), genetic background, and nutritional constituents of breastfeeding (73–77). In the current study, although important potential confounder factors have been considered, we have not been able to control all related factors of social stimulation or nutritional status of the exclusively breastfed infants, including maternal nutritional status, maternal-infant interactions or other physiologic, genetic, or environmental factors that may influence bioavailability, along with status and capacity of LC-PUFAs and other bioactive components that are transferred via breast milk (78–80). Consequently, further studies should be carried out to clarify the role of breastfeeding and the new infant formulas on later cognitive performance, while always keeping in mind that child cognitive development is influenced by a complex mix of genetic and environmental factors, and, probably, by gut microbiota composition and function, as is being recently communicated by different studies (81, 82). However, despite the ideas mentioned above, our findings should not detract from current breastfeeding recommendations (83) because long-term benefits of breastfeeding for both mother and child integral development remain unmatched.

More advanced MRI techniques may offer greater insights about the role of early nutrition on later cognitive performance, identifying both those brain regions involved in neurocognitive development (84) and structural and functional effects of certain nutrients on brain development. In fact, rather than sole nutrient composition, better brain development seems to be associated with whole formula composition, achieving better results in those supplemented or enriched with different bioactive and/or essential nutrients such as LC-PUFA, iron, choline, sphingomyelin, and folic acid (85). In this line, also in accordance with above mentioned neurocognitive effects, our results suggest that early intake of MFGM, LC-PUFAs, and synbiotics through a supplemented infant formula seems to be related to in-depth changes in brain structure development compared to children fed with standard infant formula. Thus, having in mind once more that values obtained are within normal range, EF children showed higher volumes than SF children in different brain regions localized in the parietal lobe which is closely related to attentional and perceptual processes and linguistic functions (86, 87). Additionally, significant differences were also observed in cortical thickness between both formula groups, obtaining higher values in EF children in the inferior circular insula (associated with socio-emotional development) (88, 89), in the occipito-temporal sulcus (related to lexically capacities) (90, 91), and in the postcentral sulcus (related to sensorimotor functional organization) (92). Interestingly, minor differences in both brain volume and cortical thickness were found between EF and BF children, although the latter presented lower volume in the left orbital region which is associated with emotion, attention, inhibition, and memory processes (93–96). Further analysis of our data seems to suggest that aforementioned brain structural differences are related to child neurodevelopment. As a matter of fact, greater brain volumes were correlated to better brain function in terms of executive function and language development. According to Pietschnig et al. larger brain volume has been linked to better cognitive performance across different ages (97). This brain growth has been attributed to axonal density, myelination, and/or increases of fiber diameter (98). In this line, our findings might suggest an accelerated brain development in children fed with the new EF compared to those fed a SF, although further long-term studies are needed to confirm these results.

In addition, to better understand the neurobiological basis of child neurodevelopment, findings obtained so far also seem to support the potential impact of early and later nutrition on neurodevelopment. Overall, after adjusting for confounder variables, our results showed that brain structure later in life might be associated with FA status and protein, mineral, and fatty acid intake during the first 18 months of life. Regarding FAs, among other nutrients, it is well-established that brain myelination process requires both optimal LC-PUFA intake and tissue concentrations (99). In addition, infant brain and subsequent cognitive development is partly affected by the myelination of neural networks (100, 101). In order to determine this interaction, both FA intake analysis and FA profile present in cheek cells were performed. In this line, different studies have observed that dietary fat intake is reflected in the fatty acid composition of the brain and some region-specific differences (102). Furthermore, previous studies have found cognitive differences in children with LC-PUFA supplementation and pointed out a long-term beneficial effect of early life DHA in equilibrium with ARA supplementation, specifically in the attention and inhibition systems and structural, functional, and neurochemical neuroimaging 8 years after supplementation ended (17). Furthermore, during their first 18 months of life, EF infants presented higher DHA, AdA, and ARA concentrations in cheek cell glycerophospholipids and FA intake than SF infants, but no significant differences with respect to the BF group were found. Although it is known that fat quality, rather than its total amount, plays a key role on infants' long-term health outcomes (80), findings obtained in the present study reflect negative associations between the left orbital region volume and FA intake. In fact, BF infants showed higher FA intake and lower volume in this region, along with worse execution in the attention task (more errors of commission in a performance continuous attention task). This association should be interpreted with caution. Since BF is the gold standard, the smaller left orbital region may indicate a different growth pattern of the brain (slower growth) in these children. However, this finding might also suggest potential influence of other factors on brain structure and function, apart from other bioactive components present only in human milk, including physical activity, sleep patterns, or scholar and family routines, that are worthy of further study (103). Unfortunately, we cannot confirm a long-term positive role of BF in the present study. Nevertheless, it seems that BF promotes a better LC-PUFA status and is able to determine a specific pattern of brain development different from that found in formula-fed children, even in those EF with similar LC-PUFA status.

Dietary intake analysis also showed that BF infants presented lower mineral intake (calcium, iron, and zinc) up to 18 months of life compared to formula-fed infants. Likewise, we found positive associations between the abovementioned mineral intake and the left orbital and right postcentral volumes and right postcentral sulcus cortical thickness. Due to their key role on brain development (104), we hypothesized that neurocognitive and brain structure outcomes obtained in BF children aged 6 years might be partly influenced by lower intakes of iron, calcium, and zinc. In fact, iron is essential for neurogenesis processes, neurotransmitter synthesis, brain growth, and dendrite density. Consequently, its deficiency during childhood has been associated with short- and long-term deficiencies in cognitive, motor, socio-emotional, and behavioral development (105, 106). Iron is present in small amounts in human milk (0.03 mg/100 ml) (107) although it has greater bioavailability in relation to infant formulas (108). However, exclusive breastfeeding maintained after 6 months of age is associated with increased risk of iron deficiency. If complementary feeding does not meet this need, iron supplementation is required in some cases (105, 109). Regarding infant formulas, the amount of iron contained in them is sufficient to meet the requirements (58, 110). Additionally, calcium participates in the production of neurons and glial cells (111). Its content in human milk is 32 mg/100 ml, while its content in infant formulas varies between 33.5 and 93.8 mg/100 ml (112), which could explain the lower content in breastfed infants compared to formula-fed ones. Finally, zinc is essential for child growth and development (113). Its supplementation improves motor development and cognitive performance, especially reasoning capacity (114, 115). Its content in human milk is 0.17 mg/100 ml, while its content in infant formulas ranges from 0.34 to 1.01 mg/100 ml (112).

The main strength of this study is its design as a prospective, randomized, double-blind longitudinal study. The COGNIS study is the second study in the world in healthy term infants that includes a long-term follow-up (until 6 years of age) and neuroimaging examination. In the current study, we aimed to demonstrate the long-term effects of early nutrition on brain structure and its consequences on neurodevelopment. To achieve this aim, cognitive function was evaluated using wide range of valid, reliable, and age-appropriate tests focused on diverse child brain domains (43, 44) in contrast with other studies based on evaluation of a single brain domain. Interestingly, our nutritional intervention was performed from 0 to 2 months and prolonged up to 18 months of life, which yields results with added value with respect to other studies with a shorter time of intervention. The experimental infant formula was supplemented with a set of functional nutrients (including MFGM, LC-PUFAs, and synbiotics), thereby providing added value compared to other studies aiming to demonstrate the effect of a single bioactive nutrient. Moreover, it is well-known that neurodevelopment and brain structure in children are influenced by several environmental factors such as nutrition, gender, maternal education, or socioeconomic status, among others (116–119). Thereby, although it is difficult to control all factors involved in child neurodevelopment, several confounding factors previously pointed out (50–52) were taken into account in the statistical analysis performed in the present study in order to obtain consistent results and conclusions.

Nonetheless, the current study has a series of limitations that must be considered. At the beginning of the study, there were no differences between infant formula groups regarding baseline characteristics (27). However, there were differences in parents' age, educational level, and socioeconomic status in the BF group with respect to infant formula groups. The present study has taken those differences into account to carry out the statistical analysis, given that it is well-known that those confounding factors may influence neurodevelopment. On the other side, our study groups are relatively small, not only because of the drop-outs along the long-term follow-up, but also because MRI scanning requires children to remain still. Thus, these results should be interpreted with caution. Moreover, in our study, an individual analysis of each infant's breast milk composition during follow-up has not been performed, and the nutrient intake in the BF infants was estimated based on a complete mature human milk composition reported in the United States Department of Agriculture (USDA) National Nutrient Database for standard reference (107). Furthermore, p < 0.05 was used as the statistical threshold, but in the structural analysis, corrections for multiple comparisons were not applied to multiple tests. The current work is an exploratory study, and hence, future studies will be necessary to confirm or refute these results using larger sample size.

In conclusion, our findings suggest that MFGM component-, LC-PUFA-, and synbiotics-supplemented infant formula might be associated to beneficial long-term effects on neurocognitive development and brain structure in terms of brain volumes and cortical thickness in children aged 6 years. These results bring us closer to understand the effects of an adequate nutrition during the first years of life on later brain development and its neuropsychological effects. Analysis of brain structure could provide new knowledge about neural structure underlying neurocognitive function and origins and progression of brain and mental disorders. Therefore, the present study would open future opportunities to develop prevention strategies against brain and mental disorders based on ensuring adequate and individualized nutrition during the first 18 months of life.
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Background: Autism spectrum disorder (ASD) is a neurodevelopmental disorder, and show a striking male bias in prevalence. Vitamin A (VA) is essential for brain development, and abnormalities in its metabolite retinoic acid are associated with the pathophysiology of ASD. This national multicenter study was conducted to investigate the relationship between serum VA level and core symptoms in ASD children and whether there are still sex differences.

Method: A total of 1,300 children with ASD and 1,252 typically-developing (TD) controls aged 2–7 years old from 13 cities in China were enrolled in this study. The symptoms of children with ASD were evaluated by the Autism Behavior Checklist (ABC), Social Responsiveness Scale (SRS), and Childhood autism rating scale (CARS). The neurodevelopmental level of the children was evaluated with the revised Children Neuropsychological and Behavior Scale (CNBS-R2016). The serum level of VA was measured by high-performance liquid chromatography (HPLC).

Results: The serum VA level in children with ASD was significantly lower than that in TD children, especially in boys with ASD. Furthermore, VA levels in male children with ASD were lower than those in female children with ASD. In addition, we found that serum VA level was negatively correlated the SRS, CARS and communication warming behavior of CBNS-R2016 scores in boys with ASD. In terms of developmental quotients, serum VA level was positively associated with the general quotient, language quotient, gross motor quotient and personal-social quotient of boys with ASD, but no difference was found in girls with ASD.

Conclusions: ASD children, especially boys, have lower serum VA levels than TD children. Moreover, serum VA status is more commonly associated with clinical symptoms and neurodevelopment in boys with ASD.

Keywords: autism spectrum disorder, vitamin A, neurodevelopment, clinical symptoms, sex differences


INTRODUCTION

Autism spectrum disorder (ASD) is a developmental disability characterized by persistent impairments in social interaction and the presence of restricted, repetitive patterns of behaviors, interests, or activities (1). The overall prevalence of ASD in 8-year-old children is 23.0/1,000 (one in 44) in the United States (2), and in China it has been estimated to be 7.0/1,000 among 6–12-year-old children (3), with an increasing trend over time. As ASD is a lifelong disability, such increasing trend has brought an enormous burden on family and society and increased health care costs. There is a sex-bias in ASD children, ASD diagnosis is approximately 4.2 times more common among boys than girls (2). Accumulating evidence suggests that the clinical core symptoms of ASD children are inconsistent between different sexes. Boys with ASD were found to exhibit higher levels of repetitive and stereotyped behaviors than girls (4–7). More recently, studies have paid attention to the differences in blood biomarkers and metabolites between ASD children of different sexes (8, 9).

Vitamin A (VA) is essential for brain development and is transported in the blood as retinol and functions in various processes as its metabolite retinoic acid (RA) in tissues (10). RA plays prominent roles in mediating neuron differentiation, synaptic plasticity and tissue formation by activating gene transcription as a ligand for the transcription factor RA receptors (RARs) (11). Genetic deletions in mice revealed that RA signaling via the retinoic acid receptors RXRG and RARB and CYP26B1-dependent catabolism is associated with appropriate molecular patterns in the prefrontal and motor areas, and the development of the prefrontal cortex-medial dorsal thalamus connection, which are thought to be altered in ASD (12). Moreover, other studies suggest that VA can increase oxytocin (OXT) levels in ASD patients through RA-RAR signaling and the CD38-OXT signaling pathway, and brain activity and social skills in autistic patients may be significantly increased through OXT (13–15). Our previous clinical study showed that VA supplementation for 6 months effectively increased serum VA concentration and the expression levels of proteins involved in the RARβ-CD38-OXT axis, and reducing social dysfunction in children with ASD (16, 17).

Vitamin A deficiency (VAD) is still considered public health problem, particularly in some developing countries, with an estimated 19 million pregnant women and 140 million children suffering from VAD worldwide (18). VA is essential for brain and neural system developments begin at the embryonic stage. Our previous study found that the serum VA levels in ASD children were significantly lower than that in control children. Interestingly, we further observed a positive association between maternal micronutrients supplementation and serum VA levels in ASD children, low serum VA levels in ASD children were associated with significantly lower rates of multivitamin supplementation during pregnancy (19). We hypothesize that VAD in ASD children may begin at the embryonic stage. Accumulating evidence, including the sex-specific effect of biochemical parameters, indicates that the ASD-specific behavioral alterations are differentially regulated in boys and girls. However, no studies have been conducted to date to investigate the differences in serum VA levels between children of different sexes and their association with the core symptoms of ASD. Accordingly, the present study used a nationwide multicenter cross-sectional survey to determine the differences in serum VA levels between ASD children of different sexes, as well as the association between the VA status and core symptoms of ASD in children.



METHODS


Study Design and Ethical Aspects

This is a national cross-sectional clinical study of 2–7-year-old children in China conducted from May 2018 to December 2019. The study was prospectively sponsored by the Subspecialty Group of Developmental and Behavioral Pediatrics, the Society of Pediatrics, and the Chinese Medical Association, with the participation of 13 members of the China Autism Clinical Research Alliance. The study was approved by the ethics committee of the Children's Hospital of Chongqing Medical University, Approval Number: (2018) IRB (STUDY) NO.121, and registered in the Chinese Clinical Trial Registry (Registration number: ChiCTR2000031194). Participation in this research was voluntary, and parents provided informed consent forms for all participants.



Study Participants

The study population was recruited from 13 locations in five geographical regions of China, namely the North (Harbin, Qingdao, and Changchun), East (Shanghai and Nanjing), West (Chongqing, Deyang, and Xi'an), South (Shenzhen, Haikou, and Changsha), and Middle (Wuhan and Zhengzhou). The study profile is illustrated in Figure 1. A total of 2,552 participants (1,300 2~7-year-old children with ASD and 1,252 typically-developing (TD) control children) were enrolled in this study. ASD children from hospital rehabilitation department or developmental behavioral pediatrics and rehabilitation training institutions were included in this study. The inclusion criteria for participants in the ASD group were the following: 1) 2–7 years old at enrollment and 2) have a diagnosis of ASD documented in their medical history [The diagnoses were conducted by an experienced psychologist or an experienced developmental pediatrician at the Children's Hospital, based on the criteria for autism defined in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)]. We also recruited participants for the TD group from online volunteers and local preschools who met the following inclusion criteria: (1) absence of ASD diagnosis and (2) no family history of ASD in first- and second-degree relatives. The exclusion criteria for participants in the ASD group were the following: (1) presence of a genetic or neurological disorder of known etiology (e.g., Fragile X, Rett's syndrome), (2) significant sensory or motor impairment, (3) major physical/medical problems, (4) seizures, (5) history of a serious head injury, and (6) an acute or chronic infection in the previous 3 months. The exclusion criteria for participants in the TD group were the following: (1) significant medical or neurological conditions affecting growth, development or cognition (e.g., CNS infection, seizure disorder, diabetes, tuberous sclerosis) or sensory impairments, such as significant vision or hearing loss and (2) had a history of language impairments, or social developmental disorders.


[image: Figure 1]
FIGURE 1. Flow diagram illustrating the survey participants: a multi-center study in China. ASD, autism spectrum disorder; TD, typically developing.




Clinical Measures of ASD Children

Information on demographics (e.g., name, age, and sex), parent education level and family income were collected through face-to-face interviews with parents of the ASD and control children conducted by investigators who had received comprehensive professional training. The symptoms of the ASD children were assessed with two parent-report instruments, namely the Aberrant Behavior Checklist (ABC; in which the score of TD children should be <53) (20), the Social Responsiveness Scale (SRS; in which the score of TD children should be <65) (21), and one developmental pediatrician observation instruments, namely the Childhood Autism Rating Scale (CARS; in which the score of TD children should be <30) (22). The neurodevelopmental level of the children was evaluated with the revised Children Neuropsychological and Behavior Scale (CNBS-R2016), which has been revised and widely used in China. CNBS-R2016 includes five separate sub-scales, namely Gross Motor, Personal-Social, Language, Fine Motor, Adaptive Behavior, and an independent sub-scale (Communication Warning Behavior) was added to assess autism symptoms. A general quotient or subscale developmental quotient <70 points [ <2 standard deviations (SDs)] indicates developmental delay (DD). For the sub scale of communication warning behavior, a score of <7 points indicates typical development. Follow up is required between 7 and 12 points; scores from 12 to 30 points indicate the risk of communication and interaction barriers; a score >30 indicates high suspicion of ASD. As Li et al. reported, the effectiveness of developmental assessment in children with ASD by the CNBS-R2016 was consistent with that of the Griffiths Mental Development Scales for China (GDS-C) (23). In this study, the valid evaluation sample sizes of ABC, SRS and CARS were 1,100, 1,110, and 1,119, respectively. The valid evaluation sample size of CNBS-R2016 was 957.



Laboratory Measurements

A 5 ml aliquot of venous blood was collected from the participants by venipuncture, which was immediately centrifuged at 3,000 rpm at room temperature for 10 min to obtain the serum. The serum was then used for detecting the level of VA (retinol) by high performance liquid chromatography (HPLC) according to previously described methods (24). Briefly, serum (200 ul) was deproteinated with 200 ul dehydrated alcohol. The VA was extracted from the serum by hexane (1,000 ul). Then, 500 ul of supernatant was extracted and the hexane in it was evaporated with nitrogen gas. A mobile phase mixture (methanol: water = 97:3) was used to dissolve the VA residue. Then, the prepared sample was detected by HPLC on a Shimadzu DGU-20 As Prominence HPLC System (Shimadzu Corporation, Kyoto, Japan) at 315 nm, using a C18 column. The entire procedure was performed by the same operator in a dark room to protect the serum from light. Serum VA concentrations of >0.3, 0.2–0.3, and <0.2 mg/L were defined as VA normal (VAN), marginal VAD (MVAD), and VAD, respectively (25).



Statistical Analyses

The Kolmogorov-Smirnov goodness-of-fit test was used to test the distribution of each data set for normality before analysis. Data were analyzed using the SPSS software version 22.0 (IBM Corporation, Armonk, NY, USA). The mean and standard deviation (SD) for normal continuous variables and the frequency and percentage per category for categorical variables were used to analyze the demographic characteristics of children in each group (the TD group vs. ASD group). Group differences were compared by independent t-test of continuous variables and chi square test or Fisher's exact test of categorical variables. Univariate and multivariate (adjusted for age) logistic regression models were used to compare VA levels between the TD children and the ASD children, as well as the VA levels of TD children and ASD children of different sexes and the VA levels of ASD children of different sexes. We further compared the effect of VA on the total and subscale scores in ASD groups using the Multivariate Linear Regression Models for boys and girls separately, with age as a covariate. Odds ratio (OR) and 95% confidence interval (CI) were evaluated to determine associations. A two-sided p-value < 0.05 is regarded as statistically significant.




RESULTS


Comparison of Demographic Characteristics Between TD and ASD Groups

As shown in Table 1, a total of 1,252 TD children and 1,300 children with ASD were enrolled in this study. The median interquartile range (IQR) age of the TD group was 4.39 (3.36–5.34) years, including 822 boys and 430 girls. The ASD children median IQR age was 3.97 (3.15–4.90) years, with 1,088 boys and 242 girls. There were statistically significant differences in age, sex and residence between the two groups (P < 0.001). The parents' educational levels in the TD group were higher than that in the ASD group (P < 0.001). All the Z-scores (ZHA, ZWA, ZBMIA) showed no significant differences between TD children and ASD children.


Table 1. Demographic characteristics of the participants in TD and ASD groups.
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Serum VA Levels in TD and ASD Group

To determine whether there are differences in serum VA levels in children with ASD and TD, we measured the levels of serum VA in the two groups. The results of the univariate and multivariate binary logistic regression (adjusting for age) analysis are shown in Table 2. The univariate binary logistic regression analysis showed that the serum VA levels in ASD children were significantly lower than that in TD children (OR = 0.315, 95% CI: 0.111 to 0.897, P < 0.05). Taking age as a covariate, the multivariate binary logistic regression analysis showed that there was still significant difference in VA level between the two groups (OR = 0.275, 95% CI: 0.096 to 0.789, P < 0.05).


Table 2. Comparison of the levels of serum VA between children with ASD and TD.
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Comparison of VA Levels by Group for Children of Different Sexes

We further analyzed differences in serum VA levels between the TD and ASD children in boys and girls groups using the binary logistics model. The univariate and multivariate (adjusting for age) binary logistic regression analysis showed that the VA levels in ASD children were significantly lower than that in TD children in boys (OR = 0.207, 95% CI: 0.062 to 0.693, P < 0.05; OR = 0.190, 95% CI:0.056 to 0.639, P < 0.05, respectively), but there was no difference between the two groups in girls. Additionally, VA levels of ASD children in boys were lower than those in girls (OR = 17.214, 95% CI: 2.591 to 114.375, P < 0.05; OR = 16.559, 95% CI: 2.471 to 110.959, P < 0.05, respectively) (Table 3).


Table 3. Comparison of the levels of serum VA between children with ASD and TD in different gender.

[image: Table 3]



Effect of the Serum VA Level on the Scores of ABC, SRS, CARS and Communication Warning Behavior of CBNS-R2016 in the ASD Children in Different Sex Groups

We used a linear regression model to analyze the effect of the serum VA level on the scores of ABC, SRS, CARS, and communication warning behavior of CBNS-R2016 scales, with age as a covariant. The results revealed that VA level was negatively associated with the social awareness subscale scores of SRS (β = −0.065, 95% CI: −5.478 to −0.243, P < 0.05), the social cognition subscale scores of SRS (β = −0.066, 95% CI: −7.356 to −0.411, P < 0.05), the social communication subscale scores of SRS (β = −0.107, 95% CI: −19.274 to −5.611, P < 0.05), the SRS total score (β = −0.090, 95% CI: −43.795 to −9.113, P < 0.05), the CARS total scores (β = −0.126, 95% CI: −17.000 to −6.182, P < 0.05), and the scores of communication warming behavior of CBNS-R2016 (β = −0.080, 95% CI: −41.721 to −5.012, P < 0.05). We further performed stratified analysis by sex and found that the serum VA level was negatively correlated with the SRS scores, the CARS scores and the communication warming behavior of CBNS-R2016 scores in boys, while the serum VA level was only negatively associated with CARS score in girls. The differences in each subscale for both sex groups are detailed in Table 4.


Table 4. Effect of serum VA level on the scores of ABC, SRS, CARS and communication warming behavior of CBNS-R2016 in the ASD children at different gender groups.
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Associations Between VA and Neurodevelopmental Levels of Children With ASD in Different Sex Groups

The results in Table 5 showed that the effect of serum VA level was positively correlated with the general quotient (β = 0.082, 95% CI: 4.595 to 37.411, P < 0.05), gross motor quotient (β = 0.070, 95% CI: 2.058 to 39.480, P < 0.05), adaptive behavior (β = 0.066, 95% CI: 1.445 to 38.275, P < 0.05), language quotient (β = 0.089, 95% CI: 9.034 to 55.210, P < 0.05) and personal-social quotient (β = 0.085, 95% CI: 6.018 to 42.748, P < 0.05) in ASD children. We further analyzed the association between serum VA levels and development quotients in children of different sexes, and found that the serum VA level was positively associated with the general quotient (β = 0.073, 95% CI: 0.625 to 36.679, P < 0.05), gross motor quotient (β = 0.079, 95% CI: 2.599 to 43.533, P < 0.05), language quotient (β = 0.080, 95% CI: 3.391 to 54.324, P < 0.05) and personal-social quotient (β = 0.078, 95% CI: 2.009 to 42.391, P < 0.05) in boys with ASD. However, in girls with ASD, we only found that the VA level was positively correlated with the adaptive behavior quotient (β = 0.151, 95% CI: 3.835 to 97.569, P < 0.05).


Table 5. Effect of serum VA level on the scores of CBNS-R2016 in the ASD children at different gender groups.
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DISCUSSION

In this study, we conducted a nationwide multicenter cross-sectional survey focused on the serum VA levels in ASD children aged 2–7 years and their relationship with the core symptoms and neurodevelopmental level of ASD children of different sexes. Most studies, to date, have used small single-center samples to investigate the VA levels in ASD children, ignoring the influence of sex. Moreover, there is no relevant report on whether there are still sex differences in VA levels of children with ASD. To the best of our knowledge, this study is the first national cross-sectional survey to focus on the role of VA in sex differences in children with ASD in China. Our results highlight the need for sex stratification to investigate the effects of VA on core symptoms and neurodevelopment in children with ASD. We found that the effects of VA on core symptoms and neurodevelopment were more significant in boys with ASD, which may provide a new idea for the study of the mechanism of VA and ASD.

VA has been shown to be critical for cognitive development and normal neurological function of ASD patients. Several studies have reported VAD-related genetic and molecular abnormalities associated with children with ASD, including reduced serum levels of RA (26, 27), beta-carotene (28), and RALDH1 (29). We previously found that among children with ASD suffering from multivitamin deficiency, the VAD rate was the highest, at up to 77.9% (30) in Chongqing, China. These findings are consistent with the present study. Disordered or atypical eating patterns (including food refusal, diet restriction/pickiness, etc.) may have a causative role in serum VAD in ASD children (31). As reported (32) that serum VA levels in children with ASD were lower than those in TD children may be due to their specific dietary patterns, when ASD symptoms worsen, they may in turn aggravate abnormal eating behaviors in children with ASD, further exacerbating nutritional deficiencies (32, 33). However, such explanations do not fully explain the sex differences in VA levels in ASD children. We further performed stratified analysis by sex and found that, compared with the TD children group, the boys in the ASD children group had serum VAD, and VA levels in children with ASD were significantly lower in boys than in girls. Importantly, we previously observed a positive association between maternal micronutrient supplementation and VA levels in ASD children, and low serum VA levels in ASD children were associated with significantly lower rates of multivitamin supplementation during pregnancy, suggesting that the VAD may have started at the embryonic stage (19). For the prevention of ASD, it is necessary to balance nutrition during pregnancy and strengthen the prevention of VAD.

We also found that the serum VA level was negatively associated with the multiple subscale scores of SRS, including the SRS total score, the CARS total scores, and the scores of communication warning behavior of CBNS-R2016, which is consistent with the previous results of a small sample clinical study conducted by our research group (24). However, sex-stratified analysis was not performed in previous studies. In this study, as shown in Tables 3–5, we found that boys with ASD who had more severe clinical symptoms are more likely to have serum VAD. In addition, the serum VA level was positively correlated with the general quotient, gross motor quotient, language quotient, and personal-social quotient of boys with ASD, but no difference was found in girls. These findings indicate that there are sex differences in the effects of VA on clinical core symptoms and neurodevelopment in children with ASD. As is well known, ASD has a higher incidence (approximately 4.2:1) in males than in females (2), but the mechanism underlying the sex bias remains unknown. This led us to speculate that the effect of VA on the core symptoms and neurodevelopment of ASD children may be related to genetic and environmental factors.

VA can regulate central nervous system development through its active metabolite RA, which may regulate RORA through its RARs (34). As Valerie et al. reported, RORA may exhibit sex-related differences in gene expression in the human brain that are dependent on both brain region as well as stage of development (35). They also speculated that the involvement of RORA deficiency in the higher testosterone levels associated with increased risk for ASD. Another study reported that some children with ASD have mutations in RARα that disrupt downstream RA signaling, and fragile X mutations have also been found to impair RA signaling, as the fragile X mental retardation (FMR) protein interacts with RARα in RA-dependent homeostatic synaptic plasticity and homeostasis synaptic plasticity (36). Furthermore, RORA as a novel ASD candidate gene, which has been shown to be differentially regulated by male and female hormones, may contribute to sex bias in ASD (37). We previously found that RORA mRNA levels are significantly increased in children with ASD after the VA treatment (38). VAD caused by multiple factors during embryo or postnatal stage can lead to disturbance of RA signaling pathway. Therefore, the association between VA and ASD can be complex. As it is a cross-sectional survey, the causal relationship between VA and ASD cannot be determined. Further research is needed to confirm whether genetic or molecular abnormalities related to VA can lead to disruption of synaptic plasticity and affect the development of ASD and the sex bias. Thus, in addition to eating habits, we should also pay more attention to the sex bias of VAD, lifestyle and clinical manifestations in children with ASD and as well as to boys with ASD.

However, this study has several limitations that should be pointed out. Although this study is a national multicenter clinical survey, the causal relationship between VA and ASD cannot be determined as it is a cross-sectional survey. In addition, due to the large sample size of this study and the data collection from multiple cities, it is difficult to conduct a homogeneous dietary survey. Also, this study failed to collect data on dietary VA intake of ASD children. Moreover, although we found in this study that serum VA levels in ASD children were more significantly decreased in boys, and VA had a more significant effect on core symptoms and neurodevelopment in ASD boys, we only found such a clinical phenomenon and further mechanism research is necessary. More basic studies are needed to clarify the possible role of VA in sex bias in ASD children. Meanwhile, prospective cohort studies are necessary to explore the relationship between VA and the development of ASD, as well as prospective randomized controlled trials to further characterize the outcome of VA treatment.

In conclusion, we found that ASD children have lower serum VA levels than TD children, and the difference is more obvious in ASD boys. Serum VA status is associated with clinical symptoms and neurodevelopmental levels of ASD children, especially in boys with ASD. Therefore, we should pay more attention to the VA status of children with ASD and timely supplement as needed, particularly in ASD boys. Additionally, research should be conducted on the mechanisms of VA in ASD and its impact on ASD sex bias.
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Since 2020, the world has been suffering from a pandemic that has affected thousands of people regardless of socio-economic conditions, forcing the population to adopt different strategies to prevent and control the advance of the disease, one of which is social distancing. Even though social distancing is a safe strategy to reduce the spread of COVID-19, it is also the cause of a rising sedentary behavior. This behavior develops an excess of fat tissue that leads to metabolic and inflammatory disruption related to chronic diseases and mental health disorders, such as anxiety, depression, and sleep issues. Furthermore, the adoption of dietary patterns involving the consumption of ultra-processed foods, higher in fats and sugars, and the reduction of fresh and healthy foods may play a role in the progress of the disease. In this perspective, we will discuss how an unhealthy diet can affect brain function and, consequently, be a risk factor for mental health diseases.
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INTRODUCTION

The COVID-19 outbreak started in March of 2020; this human threat substantially modified the lifestyle of people around the world. Quarantine and social distancing were the two well-known initial preventive care measures imposed by governments worldwide to minimize the spread of infection of COVID-19. Because of the fast virus spread, schools were closed, national and international travel was restricted or forbidden, and other social activities, such as amateur and professional sports tournaments and musicals, were canceled. In addition, hundreds of countries kept their population in lockdown at home in isolation indefinitely to reduce the risk of transmission of the COVID-19. Although social distancing is a safe strategy to reduce the spread of the COVID-19, the lockdown increased sedentary behavior [might be defined as an energy expenditure of ≤1.5 metabolic equivalents of task (METs)] (1), mental and physical health problems (anxiety, depression, and others) (2, 3), and sleep and circadian rhythm disruption in the population (4, 5). The latter impacts body composition by promoting the greater intake of high energy-dense food types (5, 6). On the other hand, circadian misalignment can be achieved by alteration of the sleep and feed patterns (specially the increase in high-fat food intake), and potentially leading to cardiovascular disease (7). Furthermore, circadian clock genes trigger the onset of metabolic disorders, including metabolic syndrome (MetS) (7, 8).

The gain of excessive adipose tissue leads to local and systemic pro-inflammatory conditions, impairing glucose metabolism, and the onset of metabolic disorders (e.g., type-2 diabetes -T2D-), altering the functionality of organs and systems evenly. Moreover, the pro-inflammatory state per se harms the structure of brain topological integration and function. Similarly, poor diet quality, defined as the diet with a reduced variety and nutritional deficiency, does not align with international guidelines (9), represents another factor that generates dysfunctional brain activity (10). Unfortunately, during the COVID-19 lockdown, the population adopted unhealthy diet patterns from previous bad habits or eating behaviors or by emerging social conditions (e.g., reduction of income as a direct consequence of a sharp raising in the unemployment rate) (11, 12). Thereby, scientists and international organizations recommended maintaining a healthy diet focusing on strengthening the immune system and coping with the COVID-19 infection (13–15). However, as mentioned above, an unhealthy diet is a factor that negatively affects brain function. Therefore, the present perspective article briefly discusses how a current poor diet in the population during the COVID-19 lockdown might affect brain health.



ULTRA-PROCESSED FOOD-BASED DIET: A RISK FACTOR FOR BRAIN DYSFUNCTION DURING COVID-19

According to information provided by international organizations and scientists, ultra-processed foods (UPFs) have undergone excessive industrial manufacture. As a result, UPFs are deficient in dietary fiber, protein, and micronutrients, these products contain little to no whole foods, (16–18). Furthermore, UPFs are energy-dense products that contain artificial components that modify textures, flavors, and colors, producing palatable and more attractive foods (17). The UPFs are typically ready for consumption like soft drinks, sugar drinks, fatty or salty snack products, ice cream, French fries, burgers, desserts, and more products offered as a whole variety of fast foods (16, 17, 19).

The excessive consumption of UPFs is considered the primary source of non-communicable diseases (i.e., obesity, MetS, T2D, etc.) (19). In addition, during the COVID-19 lockdown, individuals have reported higher UPFs consumption in contrast to pre-pandemic times (20–24).

Currently, some studies pointed out the excess of dietary fats can promote changes in gut-microbiota and favor augmented lipopolysaccharides (LPS) extravasation to blood (25). Augmented LPS in blood lead to Toll-Like Receptor 4 (TLR-4) activation via binding the cellular membrane, stimulating pro-inflammatory signaling cascades, increasing cytokine synthesis (TNFα, interleukin -IL- 1B, IL-6, and interferon γ –IFNγ-). This constant cycle (higher dietary fat intake and blood LPS) favors the development of chronic metabolic disruptions, like insulin resistance (26). Recently, Teixeira et al. (27) demonstrated an increased microbial translocation and hyper inflammation in patients with severe COVID-19, provoking higher monocyte activation, which may be associated with worsening outcomes, including death.

Linked with the preponderance to UPFs ingestion, the SARS-Cov2 virus directly and indirectly affects at-risk populations (e.g., hypertensive patients, aged people). Social distancing has also caused the world population's physical activity reduction (2) both lifestyle habits induce body weight gain. In agreement, recent work reported that obesity prevalence has raised during the ongoing social distancing (28, 29). In obesity, immune, adipose tissue, skeletal muscle, and liver engage in a particular crosstalk leading to IR (30–38).

There is evidence that IR leads to hyperglycemia and a parallel increase in pancreatic β-cell insulin secretion (i.e., hyperinsulinemia) (39, 40). These conditions often lead to a cascade of metabolic risk factors collectively referred to as MetS, characterized by central obesity, IR, dyslipidemia, and hypertension (41), and it is known to increase T2D risk by over 2-fold (42–44). Contrary to MetS, T2D is mainly impaired insulin secretion resulting from IR (42).

Besides the pathological effects of MetS and T2D on peripheral organs, recent evidence also suggests a negative impact on brain function and surrounding areas (45–48), such as the blood-brain barrier (BBB) (49–52). The BBB regulates the molecular exchange between the peripheral blood and the brain (53, 54). Conceptual models suggest that chronic peripheral inflammation due to T2D and MetS increases the BBB permeability to leucocytes and external molecules into the brain (41, 42). Thus, the cerebral response begins with an inflammatory response (43, 44), followed by a pro-inflammatory response that alters endothelial cells (ECs), increasing the BBB permeability (55, 56). Other studies show that T2D increases the inflammatory profile of ECs and BBB permeability, a response closely associated with cognitive impairment (57, 58).

In addition, MetS depicts elevated serum triacylglycerol (TGs) and low high-density lipoprotein (HDL-c) concentrations (33). Nevertheless, cross-sectional studies have reported equivocal findings regarding the association between high serum TGs and cognitive function in humans (59, 60). Some authors report an adverse effect of TGs on cognitive function (46, 60), while others suggest a positive outcome on brain function (45). In this regard, it is worth indicating that the former study was in a Chinese sample, whereas the other studies were in the western populations. This evidence suggests racial/ethnic disparities in the effects of TGs on cognitive function. Finally, IR in the brain induced by TGs was also demonstrated (47).

Another concern in MetS is the continuous hyperglycemic state that facilitates the non-enzymatic interaction between glucose and proteins (48, 49). Glycated protein generates advanced glycation end-products (AGEs). These molecules have been associated with reduction in BBB integrity (39, 49). Moreover, AGEs activate the synthesis of pro-inflammatory cytokines in the BBB's ECs, causing a pro-inflammatory feedback loop (42). Chronic hyperglycemia triggers several metabolic signaling mechanisms that induce inflammation, apoptosis, and the synthesis of reactive oxygen species (ROS) (50). Additionally, studies performed in obese rodents show that ROS increases BBB permeability, reducing the expression of proteins associated with tight junctions (37, 51). On the other hand, hyperglycemia per se harms the brain in patients with T2D (31, 52, 53). At least two mechanisms negatively contribute to this: 1) hyperglycemia is associated with brain atrophy (53), 2), hyperglycemia increases the risk for stroke, leading to brain acidosis (52, 54). Furthermore, hyperglycemia increases the activity of excitatory neurotransmitters (e.g., glutamate), resulting in a higher calcium concentration in neural cytosol to induce cell death (54). Finally, hyperglycemia is a factor that reduces the topological integration in brain (45), which possibly contributes to cognitive impairment in T2D (45) (Figure 1).


[image: Figure 1]
FIGURE 1. Summary overview of the malnutrition effects on brain health during the COVID-19 pandemic. (A) The preponderance by the UPF's ingestion, circadian disruption, and a sedentary lifestyle will facility the gain of body weight, leading to suffering overweight/obesity, and in a worst-case scenario suffer metabolic syndrome and T2D. Moreover, overweight/obesity increases the risk of low-grade chronic inflammation; the pro-inflammatory cytokines hinder the blood-brain barrier function deteriorating brain health. Additionally, the higher rate of unemployment and the rising price of food have reduced the affordability of fresh products, and protein based-products, resulting in a poor quality diet. This condition is a factor that reduces brain integrity that leads to suffering brain disorders. (B) The public services focused to facilitate the practice of physical exercise during the lockdown, and better distribution and access to healthy food will strengthen the brain health and reduce the risk to suffer brain disorders.




POOR DIET QUALITY: A RISK FACTOR FOR BRAIN INTEGRITY DURING COVID-19

The human body is a structure that requires energy for anabolic and catabolic processes. In this sense, ingesting food was initially considered a survival practice. However, anthropologists proved hypotheses concerning the diet role in Hominids evolution (61–65). For instance, cooking foods improved digestion capacity (62, 66). Additionally, cuisine foods increased the availability of the nutrients present in plants and meat (66). The previous conditions and others facilitated the brain evolution (i.e., encephalization) (62, 67). Therefore, the diet components have played a relevant role throughout the Homo evolution in conjunction with food processing. In this sense, fatty acids, mainly the long-chain polyunsaturated fatty acids (PUFAs), docosahexaenoic acid (DHA), and arachidonic acid (AA), have provided essential effects on brain evolution (63, 68). Moreover, AA is a lipid that strengthens synaptic transmission (69, 70). However, the AA is also a precursor of molecules linked with inflammatory responses such as prostaglandins and pro-inflammatory cytokines, such as TNFα and IL-1B (71, 72). Another example of dietary adaptations is the lactose tolerance of some populations. The latter is due to milk consumption after the weaning period, keeping the lactase enzyme active (73). As can be noted, the diet helps humans deal with the context of living, allowing us to say that we are what we eat. Therefore, the population who show a poor-quality diet will have few tools to cover all the surrounding challenges.

The COVID-19 lockdown disrupted the dietary patterns in the world population (74, 75), affecting low-and-middle-income countries (11, 12, 76, 77). Therefore, besides the enhancing effect on the UPFs consumption, the COVID-19 outbreak reduced food security, and consequently, the dietary quality (11, 12, 75, 78, 79). Food security is a complex phenomenon that implicates time, physical and economic access to sufficient healthy food to satisfy the nutritional needs and food preferences for a healthy lifestyle (80). The opposite condition is known as food insecurity (FI) (80, 81), which is related to malnutrition (i.e., undernutrition and micronutrient deficiency) (81). During the COVID-19 lockdown, unemployment growth and increased food prices were the main factors reducing food affordability (11). In addition, the lockdown restrictions reduced the food supply chain (78), which in turn reduced the ingestion of fresh products such as fruit and vegetables (75). Together with the prior information, other authors have reported that the population with high FI scores showed higher anxiety levels (78), independent of the socio-economic factors (82). Besides the FI, an inverse relationship is reported between quality diet and anxiety levels in individuals undergoing lockdown (29).

The nutrient deficiency intake might impact brain function. For instance, the PUFAs role on neural membrane integrity, gray matter, and hippocampal volume (83), makes them an important nutrient whose low ingestion contributes to a reduced brain plasticity (83–85). Together with lipid actions, other molecules are also essential to strengthen brain function. Concretely, polyphenols found in fruits and vegetables also have positive effects (86). Resveratrol for example, a phytoalexin present in grapes, berries, tomatoes, nuts, and cocoa (87), demonstrated positive effects on brain function and structure (88, 89). Chronic consumption of resveratrol led to a better cognitive performance (i.e., improving memory) and mood in postmenopausal women (89), the hypothetical mechanism explaining these responses was a better cerebral perfusion modulation in the participants (89). A similar effect was reported in healthy men (90); moreover, this polyphenol enhances the functional connectivity from the hippocampus to frontal, parietal, and occipital areas, improvement in the memory retention correlated with a topological shift in brain, and glucose metabolism in healthy older adults (91).

Conversely, protein malnutrition (PMN) is a risk factor for neuroinflammation and oxidative stress (10, 92, 93). Moreover, the PMN in pregnant women affects brain development and cognition considerably in the offspring (10). The previous findings emphasize the impact of the diet on brain integrity during the COVID-19 outbreak (Figure 1).

Poor diet, nutrient availability, and quality will also impact the gut microbiome and, eventually, brain health. Intestinal content and the brain represent a dynamic bidirectional communication described as the “gut (microbiota)-brain axis” (94). The human gut microbiome includes different types of bacteria responsible for several functions such as energy metabolism, immunity, vitamin synthesis, hormone, and neurotransmitter production, and it also influences human behavior (94–96). Environmental factors (e.g., diet changes caused by the COVID-19 pandemic, medication, exercise) can potentially change the gut microbiome rapidly. In addition, special conditions might lead to a microbial imbalance (i.e., dysbiosis), a factor contributing or associated to the development of some diseases like inflammatory bowel disease (97), atopic diseases (e.g., eczema, asthma, food allergies) (98), type-1 diabetes (99), schizophrenia, and other cognitive disorders (94, 100, 101). Changes in the gut microbiome have shown concomitant changes in brain structure, function, and behaviors (e.g., stress, anxiety, depression) (94, 101). Indeed, the effect of gut microbiome diversity on brain function is partially accounted for by vitamin-mediated neuronal function, neurotransmitter composition, and short-chain fatty acid (sCFas) metabolites (94, 102).

Previous evidence suggests that vagal afferent sensory neurons are microbiota-mediated, regulating information transmission through the kynurenine pathway (103). Probiotic supplementation impacts the central nervous system, and research has shown its effects on anxiety disorders (i.e., anxiolytic effect) (102, 104). Although specific probiotic species affecting brain health are currently under study, recent evidence suggests that anxiety and depressive disorders correlate to higher pro-inflammatory species and lower abundance of sCFas-producing species (105).



CONCLUSIONS AND FINAL REMARKS

Social distancing was a strategy implemented worldwide by several governments to reduce the risk of COVID-19 infection. However, this outbreak has impacted the household economy considerably, reducing food affordability and, consequently, the food quality. Although different documents highlight the diet's relevance to strengthening the immune system, there is a lack of emphasis on the diet's role in maintaining brain integrity and functionality during the COVID-19 outbreak. In the current work, we discussed how overweight and obesity impact brain function. Even though this effect is widely reported, the social distancing during COVID-19 increased the risk of suffering obesity. We also discussed how undernutrition is a condition with deleterious effects on brain integrity. Although the mobility restriction is less severe today, the economic impact of the COVID-19 pandemic is still present in society; furthermore, it is projected to reach the pre-pandemic levels until 2023 (106). This scenario impairs individuals' availability to secure adequate nutrients and causes changes in the gut microbiome, resulting in vulnerable brain health and increasing the risk of suffering anxiety, cognitive deficiency, mental disorders, and impaired mood. Finally, different authors indicated that the brain is directly and indirectly affected by COVID-19 (107–109). Therefore, we believe that a fragile brain resulting from malnutrition (i.e., over-nutrition and undernutrition) could worsen the consequences after the COVID-19 infection. Consequently, we consider that governments worldwide must develop strategies to improve the diet quality in the population, mainly during the COVID-19 outbreak. If fulfilled, the possibility of increasing brain health in children, adults, and the elderly is nigh.
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Research to date has provided novel insights into lactate's positive role in multiple brain functions and several brain diseases. Although notable controversies and discrepancies remain, the neurobiological role and the metabolic mechanisms of brain lactate have now been described. A theoretical framework on the relevance between lactate and brain function and brain diseases is presented. This review begins with the source and route of lactate formation in the brain and food; goes on to uncover the regulatory effect of lactate on brain function; and progresses to gathering the application and concentration variation of lactate in several brain diseases (diabetic encephalopathy, Alzheimer's disease, stroke, traumatic brain injury, and epilepsy) treatment. Finally, the dual role of lactate in the brain is discussed. This review highlights the biological effect of lactate, especially L-lactate, in brain function and disease studies and amplifies our understanding of past research.
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INTRODUCTION

Brain lactate, as a well-known metabolite, primarily roots in astrocytic glycolysis from blood glucose, glycogen, and blood lactate. Recently, the role of the “good guy” has gradually superseded the traditional concept of metabolic waste in medical literature in neuroscience (1). The most interesting dimension of this is the physiological character of lactate's role in mediating brain function (2). These canonical function involves learning and memory (3), cerebral blood flow (4), neurogenesis (5, 6) and cerebral microangiogenesis (7), energy metabolism (8), neuronal activity (9–11), and neuroprotection (12–15). Therefore, lactate is competent to be a potential therapy for ameliorating the pathological process of some brain diseases associated with impaired brain function. In mammals, lactate exists as two enantiomers. The structure of asymmetrical C2 carbon leads to the two stereoisomers of lactate that are designated as L-lactate and D-lactate (16). L-lactate is the major enantiomer found in the brain and blood whereas D-lactate is normally present in very low concentrations under healthy physiological conditions (17). D-lactate is also considered as the rivalrous inhibitor of L-lactate since it competitively inhibits L-lactate transport (18). In different brain disease patterns, L- and D-lactate is reported to exert a similar or distinct effect on brain function. The involving mechanisms are far more complex than originally thought. For the most part, L-lactate can be utilized as a preferred energy substrate of neurons for meeting the energy demand (19, 20) or act as the novel hormone-like effect called lactormone (21, 22). But current research about D-lactate's role in brain function and brain-related disease is sparse and debatable. D-lactate-mediated mechanisms are also unclear.

In this narrative review, we aim to provide a comprehensive and profound summary of the role of lactate in brain function and related diseases. Consequently, we expound the food source of lactate intake, discuss the lactate enantiomers and their metabolism manner in the brain, compare the influence of L- and D-lactate on brain functions, expound on the effect of L- and D-lactate replenishment on several common brain diseases, and summarize the mechanisms of L-lactate.



LACTATE ENANTIOMERS

Lactate in mammals exists as two enantiomers: the most common form of L-isomers (known as L-lactate) is produced during mammalian glucose metabolism, and a quite small quantity of D-isomers (known as D-lactate) is generated from carbohydrates by bacterial metabolism (23, 24). The L-isomer of lactate is believed to have biological metabolic activity, while the D-isomer is too low in the body to activate the relevant enzymes for catabolism (25).


The Formation of Lactate in the Brain


L-Lactate

In the brain, the main source of L-lactate is astrocytic glycolysis from blood glucose, glycogen, and blood lactate (26, 27). In astrocytes, glucose can be converted directly to L-lactate by glycolysis or be stored in the form of glycogen (28). Glycogen is almost exclusively localized in astrocytes (20). As the neuronal activity intensifies, astrocytic glycogen is mobilized to supply neurons in case of neuronal glucose dissatisfying the energetic demand (29). In consequence, besides maintaining the astrocytes itself energy demand, L-lactate also supports neuronal activity by providing ATP (30, 31). Furthermore, the elevated blood L-lactate can also cross the blood-brain barrier into the brain via the monocarboxylate transporter 1 (MCT1) in some conditions (32, 33), such as vigorous exercise (34, 35) and fermentative (36) or fiber-containing foods (37).



D-Lactate

D-lactate, as the stereoisomer of L-lactate, is barely found in the brain and does not participate in energy production (23). A tiny amount of methylglyoxal (MG), the metabolic intermediary product, can be produced during glycolysis (38). The glyoxalase system, mostly located in astrocytes, allows bulk MG to convert into endogenic D-lactate or glutathione (GSH) (39).




The Metabolism of Lactate in the Brain


L-Lactate

The hypothesis of astrocyte-neuron lactate shuttle (ANLS) describing L-lactate shuttling between astrocytes and neurons is linked to glutamatergic signaling by Pellerin and Magistretti (40). A model opens the new insight for the L-lactate role in the brain and perfectly elaborates the mechanism of L-lactate how to serve as energy substrates. The ANLS switches on glutamate released by neuronal terminals and then taken up by astrocytes via the excitatory amino acid transporters 1 and 2 (EAAT1 and 2) to convert into glutamine or glutathione, which is activated by a gradient. This process stimulates the Na+-K+ pump to favor astrocytic mitochondrial acidification for launching glycolysis (21). Phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (Pfkfb3) is a key positive modulator of glycolysis. Its expression and activity are high in astrocytes but not in neurons. These cell-specific expression and activity profiles result in the capacity of glycolysis being more active in astrocytes than neurons (26). The stored glycogen first decomposes into glucose-6-Phosphate (glucose-6P) catalyzed by glycogen phosphorylase. Then the glucose-6P gives rise to two molecules of pyruvate. Finally, pyruvate can be either converted to acetyl coenzyme A (acetyl-CoA) to be used directly by the astrocytic TCA cycle or transformed into L-lactate by lactate dehydrogenase 5 (LDH5) (26, 39).

Monocarboxylate transporters (MCTs) belong to the SLC16 gene family and facilitate the transmembrane H+-linked monocarboxylate, like lactate, pyruvate, and ketone bodies, to shuttle between astrocytes and neurons for the brain metabolic demands (26, 41). MCT1 is mainly located at the membrane of astrocytes, oligodendrocytes, and endothelial cells of blood vessels (42–44). The Km value of MCT1 for L-lactate approximates 3.5 mM. MCT4 is widely expressed at the membrane of astrocytes to cooperate with MCT1 in L-lactate efflux transport, in which the Km value for L-lactate is 34 mM. Compared with MCT1 and MCT4, MCT2 is specific in the membrane of neurons (45, 46) and has a higher affinity for L-lactate with the Km value of 0.7 mM (20, 47). The L-lactate from astrocytes or blood will be released into intercellular substances through MCT1 and/or MCT4, transported by MCT2 into neurons (30, 48), and then oxidized at the Krebs cycle (21).

The L-lactate oxidation in neuronal cytoplasm into pyruvate by LDH1 is the first step to metabolic removal (1, 38). The newly generated pyruvate later crosses the mitochondrial inner membrane in favor of presumptive pyruvate transporters MPC (MPC1 and MPC2) and/or MCT1 (16, 49), to transform into acetyl-CoA for entering the tricarboxylic acid cycle (TCA) and therefore producing 14–17 ATPs per lactate molecule for maintaining neuronal activity (26). But the remarkable thing is that the MPC is only identified in yeast, drosophila, and humans (49). The molecular masses of MPC1 (15 kD) and MPC2 (14 kD) are akin to the findings in the experiment performed in rat liver and heart (50). That is to say, deficient evidence shows that the MPC exists in the neurons so far. The localization of MCT1 in mitochondrial inner membrane is not only verified in rat heart and muscle (51–53) but also in the rat cortical, hippocampal, and thalamic neurons (54). Besides deductive pyruvate transporters, L-lactate may be directly oxidized by mitochondria (in heart, muscle, liver, spermatozoa, and brain) (22, 55) in the wake of the concept “cytosol-mitochondria lactate shuttle” proposed by Brooks' team (53, 56–58). In this model, L-lactate enters into the mitochondrial intermembrane space through porins in the outer mitochondrial membrane. Then it will be oxidized by putative mitochondrial LDH (mLDH) (located at the inner mitochondrial membrane) into pyruvate (59). Several studies have confirmed that L-lactate can be taken up and metabolized by the mLDH in both astrocytes (human astrocytoma cells) (60) and neurons (rat cerebellar granule cells, cortex neurons, and hippocampal neurons) (54, 61). The evidence implies that cytosol-mitochondria lactate shuttle may occur in the brain (Figure 1).


[image: Figure 1]
FIGURE 1. The formation and metabolism of lactate in the brain. The action of the glutamate-glutamine cycle switches on the glycolysis in the astrocytes, a process of glutamate released by neuronal terminals and then is taken up by astrocytes via the EAATs to convert into glutamine or GSH. Pfkfb3 (a key positive modulator of glycolysis) is a high expression in astrocytes and low in neurons, while the activity of PDH is low in astrocytes and low in neurons. These characteristics determine that astrocytes have strong glycolysis ability and neurons have strong aerobic oxidation ability. Astrocytic glycogen first decomposes into glucose-6P catalyzed by GP and finally into pyruvate through a series of catalytic reactions. During this process, a tiny amount of MG generates and then converts into endogenic D-lactate or GSH. The newly formed pyruvate can be either converted to acetyl-CoA for the astrocytic TCA cycle or transformed into L-lactate by LDH5. The L-lactate in the astrocytes and in the brain blood vessel is transported into the neurons through MCTs (MCT1, MCT2, and MCT4) and then oxidized at the Krebs cycle. EAATs, excitatory amino acid transporters; GSH, glutathione; Pfkfb3, phosphofructokinase-2/fructose-2,6-bisphosphatase 3; PDH, pyruvate dehydrogenase; Glucose-6P, glucose-6-Phosphate; GP, glycogen phosphorylase; MG, methylglyoxal; acetyl-CoA, acetyl coenzyme A; lactate dehydrogenase 5, LDH5; Monocarboxylic acid transporters, MCTs.




D-Lactate

D-lactate exerts metabolically inert in mammals (62) because of the absence of specific cytosolic lactate dehydrogenase (D-LDH) to metabolize D-lactate into pyruvate (63, 64). This enzyme barely exists in mammals (24). Some evidence shows that MCTs can transport D-lactate to inhibit L-lactate out of astrocytes or into neurons despite the Km value of MCTs for D-lactate being far higher than L-lactate (65, 66). The rate of oxidation of D-lactate in the brain is considerably slower than that of L-lactate due to the rather low expression levels of D-LDH in the brain (36, 67). Since interfering with more efficient energy substrates (pyruvate and L-lactate) for mitochondrial use, the physiological function of D-lactate is now known as the competitive inhibitor of L-lactate (18). Moreover, D-lactate is confirmed to interfere with the pyruvate metabolism in the brain, which eventually impairs in state 3 and state 4 of mitochondrial respiration (63), its accumulation may have an adverse impact on energy metabolism and thus lead to toxicity (Figure 1).





LACTATE INTAKES FROM THE FOOD

Lactate, as the predominant end-product of lactose fermentation in the food (68), is produced by the lactic acid bacteria, namely, gram-positive and catalase-negative microorganisms. Such microorganisms are involved in the fermentation of a range of foods and beverages, such as dairy products, meat, fish, vegetable, sourdough, wine, and cider (68), which creates the specific flavors and aromas for the food and benefits human health (69). People can uptake lactate from cheese, yogurt, wine, fermented vegetables (69), and fermented oyster extract (70). Thereby, lactate will appear in the gut via the consumption of fermented foods. In addition, prebiotic, fiber-containing foods also are the way of the lactate intake, such as broccoli, brussels sprouts, cabbage, cauliflower, collard greens, kale, radish, and rutabaga (37). Since gut microbiota is likely to produce a racemic mixture, it is not surprising that L- and D-lactate are generated simultaneously following the above food intake (37). The disposal of lactate in the lower gut can be converted to acetate, butyrate, propionate, and succinate. Alternatively, the unverified idea of “gut-soma lactate shuttle” is another way for the disposal of lactate in the gut, in which the lactate production in the gut releases into the systemic circulation (37). The discovery of the sodium-dependent monocarboxylate transporter (SMCT) (including SMCT1 and SMCT2) is favorable evidence for supporting this hypothesis, which is located in the mouse digestive tract and involved in the transport of food-derived monocarboxylates, such as lactate (71). The other implicit clue is the phenomenon of the rise in the blood L-lactate after a carbohydrate diet (37, 72). Tappy's team finds that dietary fructose or the co-mixture (fructose and glucose) facilitate the L-lactate release into the systemic circulation (73, 74). Furthermore, glucose rooted in the oxidation of carbohydrate only provides 10–20% energy, while other carbohydrate energy sources like glycogen and L-lactate accounts for 70–80% in the condition of exercise (75). That is to say when blood glucose is supported by hepatic glycogenolysis and gluconeogenesis, L-lactate plays important role in carbohydrate energy substrate distribution (72). As blood L-lactate can be transported into the brain via the MCT1 (32, 33), net L-lactate uptake directly provides 12% of brain fuel (37, 75, 76). Besides, gluconeogenesis provides 45% of brain fuel. Thereby, L-lactate comprises 57% of the total brain energy source (75). Regarding D-lactate, it can be excreted in urine by renal (64) or feces by gut (37) and cannot be detected in the blood under normal physiological conditions (64). Its excessive accumulation can result in acidosis and irritation of the lower bowel. Furthermore, the release of D-lactate into circulation also cause neurotoxic effect (37). The clinical presentation of D-lactic acidosis is characterized by episodes of encephalopathy and metabolic acidosis (24).



THE ROLE OF LACTATE IN REGULATING BRAIN FUNCTIONS

Lactate is reported to participate in the regulation of various brain functions in the terms of learning and memory (3), cerebral blood flow (4), neurogenesis (5, 6) and cerebral microangiogenesis (7), energy metabolism (8), neuronal activity (9–11), and neuroprotection (12–15). L-lactate and D-lactate are reported to exert similar or distinct effects on those functions.


The Distinction Between L-Lactate and D-Lactate for Influencing Learning and Memory


The Effect of L-Lactate on Learning and Memory

The glycogen is necessary for long-term potentiation maintenance in the mouse Shaffer collateral-CA1 synapse (77). Shima et al. find that 4-week exercise can increase glycogen reserve, along with the elevated transport rate of L-lactate into the neurons, to ameliorate memory dysfunction in diabetic rats (78). Extracellular L-lactate rapidly increases in the rat hippocampus during spontaneous alternation. Intrahippocampal 50 nM L-lactate can not only enhance the memory in this task but will rescue impaired memory in the condition of glycogenolysis inhibition (27). This evidence shows that the use of L-lactate metabolically coupled astrocytes and neurons depends on the character of high-energy demands for memory consolidation and storage (30). The provision of L-lactate by astrocytes is proved to be a more generally important element of learning and memory processing than memory consolidation (29). Harris et al. find that the L-lactate produced by glycolysis, is required for memory acquisition but not for established memory in mice at the age of 9 months (79), suggesting that the main function of L-lactate is regulating the process of learning (80). Recent studies reveal the fact that L-lactate transporters are necessary for L-lactate mediating the memory process, especially MCT2. Inhibition of MCT1 or MCT2 can impair the rat reconsolidation of cocaine memory (81) or the mouse long-term memory formation (82). L-lactate replenishment will reverse the memory impairment in MCT1 or MCT4 knockdown of rat hippocampus (77). By contrast, L-lactate replenishment or even glucose supplement will not rescue the impaired memory once blocking MCT2 activity, which transports L-lactate into neurons (27, 77). In these studies, L-lactate in neurons is seen as the pyruvate donor, which produces ATP for neuronal energy demand (see section “Serves as an energy substrate for neurons”). Therefore, the transfer of L-lactate from astrocytes into neurons to support neuronal functions is necessary for memory consolidation (77, 83). The mechanisms may involve sustaining synaptic transmission and function (84–88) and regulating synaptic plasticity-related genes and proteins expression (89, 90). In facilitating the synaptic transmission and function, Tang et al. find that injections of 2 mM L-lactate into the locus coeruleus can activate an unidentified Gs receptor to evoke the NEergic neuronal excitability for norepinephrine release (85). Schurr et al. first find that L-lactate can replace glucose as a sole energy substrate for sustaining the normal synaptic function in rat hippocampal slices for hours (87). Lucas et al. declare that the physiological concentration of L-lactate can be utilized by presynaptic terminals as the energy for meeting the demand of maintaining functional presynaptic release sites (84). Herrera-Lo'pez et al. find that 1–2 mM L-lactate can induce glutamatergic synapse potentiation to promote the memory formation process in rat hippocampal CA3 pyramidal cells (86). As for modulating the synaptic plasticity genes and proteins expression, Margineanu et al. find that 20 mM L-lactate treatment can promote various plastic plasticity and plastic activity-related genes in mouse cortical neurons through RNA sequence (89). Yang et al. find that L-lactate from 2.5 to 20 mM will potentiate the NMDAR activity to improve the immediate early genes (IEGs) expression in mouse cortical neurons, which benefits the form of learning and memory (90). Hayek et al. find that intraperitoneal injection physiological concentration of L-lactate (117 or 180 mg/Kg) for 1 month can promote the proteins and genes expression of brain-derived neurotrophic factor (BDNF) and IEGs to improve the mouse learning and memory ability (3) (Figure 2).
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FIGURE 2. The effect of L-lactate and its possible mechanism on the brain. L-lactate is capable of regulating brain function in the terms of learning and memory, cerebral blood flow, neurogenesis and cerebral microangiogenesis, energy metabolism, neuronal activity, and neuroprotection via different pathways.




The Effect of D-Lactate on Learning and Memory

D-lactate is proved to impair the neonatal chick memory process in the way of intracranial injection (23, 91). The reasons ascribe inhibition of L-lactate uptake into neurons and interference with the astrocytic metabolism. Baker and Edwards find that bilateral administration of D-lactate in the lower dosage range of 1.75–2.25 mM inhibits memory retention after discrimination avoidance task from 40 min and onward, and the inhibitory effect sustains 140 min. And the scope of the validity period is from 10 min before to 20 min after the task (91). This time window is similar to the dosage of 10 nM (23). The observation indicates that the inhibitory effect of D-lactate on memory is valid for a certain period (23). Further to support this idea is the study of rodents. Michael et al. find that intracranial injection of a higher concentration of D-lactate (18 mM) at 30 min before the Y maze task seems to not affect memory retention (92). Scavuzzo et al. even find that subcutaneous injections of D-lactate (1 g/kg) impair memory at 15 min before the inhibitory avoidance (IA) task, whereas it significantly enhances the rat memory at 2 min after the training (80) (Table 1). Thereby, it is still debatable that the different concentration and time-point of D-lactate usage lead to the distinct results for memory up to date. The conflict results are puzzling what is the physiological role of D-lactate in learning and memory. In short, it will be interesting to figure out the mechanism of D-lactate on the memory at the level of molecules and physiology. More interestingly, the results of intracranial unilateral injection by Gibbs and Hertz also show that D-lactate injection into left intermediate medial mesopallium inhibits memory formation from 10 min before task, whereas injection into the right hemisphere works from 10 min after task (23), implying that the time window of D-lactate on inhibiting memory formation varies from the part of the brain hemisphere.


Table 1. The effect of D-lactate on the brain function.
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L-Lactate Increases Cerebral Blood Flow (Vasodilation)

For the last few years, the function of L-lactate regulating cerebral blood flow (CBF) has been proposed in several studies (4, 95–98). First, a hypoxia-induced increase of L-lactate can improve the prostaglandin transporter (PGT) efficacy for vasodilator prostaglandin E2 (PGE2) intake in the brain (4). Second, exercise is reported to trigger the N-methyl D-aspartate (NMDA) receptor/nitric oxide (NO) signaling for realizing the hippocampal functional hyperemia during neural activation (99). Previous evidence indicates the effect of L-lactate on enhancing the NMDAR activity in cortex neurons (90). Moreover, when the porcine second-order retinal arterioles are pressurized to no flow, 10 mM L-lactate can induce the release of NO synthase to activate the downstream guanylyl cyclase/cGMP signaling, which opens the KATP channels for vasodilation in retinal arterioles (100). Contemplating all this, it is possible for L-lactate to dilate the brain microvessels for increasing CBF via NO biological effect. During hypoglycemia, the CBF increase can be considered neuroprotective since it is an attempt to increase capillary glucose concentration for improved glucose supply to the brain (101). Third, L-lactate has the autoregulatory vascular function in switching the pericyte response from contraction to dilation in the retinal vasculature. In the normal physiological state, L-lactate activates the Na+/H+ exchangers, inhibits Na+/Ca2+ exchangers, and excites Na+-K+ pumps to trigger pericyte vasoconstriction regardless of the L-lactate concentration (Figure 2). While under the hypoxic condition, 20 mM L-lactate induces mural cell relaxation throughout the retinal vasculature, from the arterioles to the capillaries (102). Exploring the L-lactate-induced vascular reaction when dealing with the physiological and pathological situation, may be crucial for aiding in our understanding of neurovascular coupling, enhancing brain functions, and even treating multiple brain diseases.



L-Lactate Benefits the Process of Neurogenesis and Cerebral Microangiogenesis

Neurogenesis is important for memory and learning. Lambertus et al. find that the 7-week exercise or 18 mM L-lactate can induce neurogenesis in the mouse ventricular-subventricular zone but not in the hippocampus (5). Notably, the author mentioned that neurogenesis in this zone contributes to the olfactory memory, which may provide contextual clues to the spatial-visual memory controlled by the hippocampus (5). Controversially, Vachnish et al. find that 6-week 13–17 mM L-lactate can promote mice hippocampal neurogenesis (6). The distinct results are probably related to the selection of neurogenic markers. The former refers to DCX and Ki-67 to represent neurogenesis, which shows immature granular neurons and intermediate neural progenitor cells, respectively. The latter chooses BrdU as the neurogenic marker, which shows nerve cells in proliferation and division. The different markers are on behalf of different stages of neurogenesis (103). The above evidence suggests that the neurogenic effect of L-lactate is tissue-specific. For example, the effect of L-lactate on the ventricular-subventricular zone depends on the GPR81 action but the hippocampus depends on the MCT2 metabolic action. Since neurogenesis is highly correlated with cerebral microangiogenesis, there is no doubt that angiogenesis also may be influenced by L-lactate in the brain. The direct evidence is supported by Moland's team. The study declares that 7-week 18 mM L-lactate is capable of increasing the density of microvessels in the dentate gyrus of the hippocampus along with a higher VEGFA expression. Furthermore, this effect depends on the GPR81 action (7) (Figure 2). In the further study, figuring out the approaches of L-lactate how to deal with neurogenesis and cerebral microangiogenesis (metabolic pathway, lactormone action, or both), may be worthiness for understanding the physiological role of L-lactate in brain function regulation.



L-Lactate Influences Brain Energy Metabolism

Mitochondria are best known for their role in the generation of ATP that supplies eukaryotes with energy to serve their cellular needs (104). Recent studies report that L-lactate can also mediate various mitochondria-related genes. A novel discovery is first reported by Brooks's team in L6 cells (105). They find that 20 mM L-lactate can upregulate 79 genes involved in mitochondrial metabolism (MFN1, MFN2, PGC-1α, NRF2, LDHb, ATP5g1, NADH-dh, SDH, and TIM) and oxidative stress (GPX1, Glrx2, Glrx5, Prdx2, and Txndc12) (105). The evidence is also verified in the brain. For example, intraperitoneal injection of 18 mM L-lactate for 14 consecutive days will promote the PRC mRNA expression and the mtDNA levels (8). 20 mM L-lactate pretreats SY5Y cells can reverse high-concentration hydrogen peroxide (H2O2)-induced oxidative stress injury, including NRF2 expression improvement and mitochondrial membrane potential potentiation (106). The biological effect of L-lactate mediating mitochondrial metabolism and function is also in the primary mouse neurons. A total of 15–20 mM L-lactate can improve mitochondrial fusion (OPA1, MFN1, and MFN2), inhibit mitochondrial fission (DRP1 and FIS1), and promote biogenesis (PGC-1α, NRF2, TFAM, and mtDNA) (3, 107) (Figure 2). Besides, “cytosol-mitochondria lactate shuttle” also elaborates the role of L-lactate as the substrate source of mitochondrial ATP production (53, 56–58). Thus, L-lactate ought to have a close relationship with mitochondria in the brain. Considering the fact that multiple brain diseases in a large part are also associated with the energy crisis, the application of L-lactate in an animal-related experiment to shed light on the effect and mitochondria mechanism on brain energy metabolism as early as possible should have a great significance of the novel treatment in clinic brain diseases.



L-Lactate and D-Lactate Influence Neuronal Activity

The previous study demonstrates that lactate interacting with its receptor GPR81 operates negative feedback on neuronal activity. Application of 5 mM L- or D-lactate reversibly diminishes the calcium transient frequency by more than 50% in both principal and GABAergic neurons (Table 1). Moreover, the activation of GPR81 can also mimic a similar potency as the lactate (9). In fact, lactate can bind to GPR81 to couple with the Giα subunit to inhibit the intracellular adenylate cyclase (AC)-cyclic adenosine monophosphate (cAMP) cascade signal that contributes to the reduction of exocytosis (10, 11). In addition, the GPR81 activation can bind to the Giβ subunit to regulate the activity of phospholipase C (PLC) and thus inhibit neuronal excitability (10) by inducing a hyperpolarization for potassium (K+) indrawal or activating the GABA receptor for exocytosis reduction (9). Interestingly, 5 mM L-lactate and 0.56 mM 3,5-dihydroxybenzoic acid (3,5-DHBA) (one of the GPR81 agonists) reduce the firing frequency of CA1 pyramidal cells, whereas a higher level of L-lactate (30 mM) and 3,5-DHBA (3.1 mM) increase the firing frequency (11). In the locus coeruleus, 2 mM L-lactate has rather an excitatory effect on the NEergic neurons by activating an unidentified Gs receptor, which will be abolished by the D-lactate (85) (Figure 2). Given these, we speculate that the effect of L-lactate on neuronal activity may depend on the L-lactate concentration, the types of neurons, and the types of receptors. Knowledge of the physiological effects of different concentrations and lactate isomers on the activity of different neurons, application of lactate is a potential therapeutic way to improve the complex neurological symptoms of epilepsy, which disease is characterized by neuronal hyperexcitability and sudden, synchronized electrical discharges (47, 108). In fact, some studies have focused on the application of L-lactate in treating epilepsy (see section Epilepsy).



The Neuroprotective Role of L-Lactate and D-Lactate

Lactate has been reported the role of neuroprotection in multiple brain disease models, however, the effect of the isomer of L- and D-lactate is split depending on the disease patterns. As known, transient middle cerebral artery occlusion (tMCAO) in vivo and oxygen and glucose deprivation (OGD) in vitro are the desired models for stroke. In the tMCAO model, L-lactate treatment can ameliorate neurological deficits after ischemia by inducing sustained neuroprotection for up to two weeks (14, 15). And as for the D-lactate treatment, it is also reported to exert neuroprotection by decreasing the infarct volume and ameliorating neurological deficits by working as the energy substrate or activating the receptor GPR81 (12). In the OGD model, the effect of ameliorating neuronal injury is possessed by both L-lactate and D-lactate (12–14). Hence, L- and D-lactate seem to exert a neuroprotective role in stroke.

In the human and rodent traumatic brain injury (TBI) model, evidence shows that endogenous produced brain L-lactate or exogenous L-lactate replenishment can facilitate neurologic recovery by improving synaptic plasticity (109) and regulating the brain metabolic state (76, 110–114) (see section “TBI”). However, the level of blood D-lactate is adopted as the biomarker of TBI degree. This is because that D-lactate is one of the microbe-dependent metabolites which will pass through the destroyed intestinal barrier into the blood when TBI causes gut dysbiosis (115, 116).

In addition, L-lactate but not D-lactate can reduce the excessive NMDAR-induced neuronal excitotoxicity, which is common in some acute brain pathologies. 10 mM L-lactate can improve the intracellular ATP production to stimulate metabotropic purinergic receptor P2Y for activating the PI3K pathway and opening the KATP channels, as a result of decreasing the intracellular Ca2+ concentration (93) (Figure 2). Furthermore, in the high concentration of glutamate-induced neurotoxicity model, infusion of 6 mM L-lactate can obviously reduce the rat cortex lesion from 6.05 ± 0.64 mm3 to 4.16 ± 0.43 mm3. On the contrary, the same concentration of D-lactate aggravates the lesion area from 2.7 ± 0.4 mm3 to 4.4 ± 0.5 mm3 (18) (Table 1). With a view to the metabolism of lactate and the universality of neuroprotective effects in the brain, L-lactate is a preferred research direction and practical value of the application and treatment in neuroprotection.




LACTATE IS THE POTENTIAL THERAPY FOR MULTIPLE BRAIN DISEASES

In the preceding decades, lactate was long considered as a waste product or even a sign of cerebral harm. As the proposal of the novel opinion such as “lactate shuttles” (37) and “lactormone” (22), these theories transform our stereotype and gradually unlock the mystery of lactate in physiological and pathological states. Recently, lactate (especially L-lactate) is postulated to protect the brain in several pathologic conditions, such as diabetic encephalopathy, Alzheimer's disease (AD), stroke, TBI, and epilepsy.


Diabetic Encephalopathy

Diabetes mellitus often hurts brain health, which accompanies the symptoms of brain functional decline (117–119), especially cognitive impairment and vascular dementia (120). This symptom is called “diabetic encephalopathy” (121). Evidence shows that the brain lactate falls in response to hypoglycemia in diabetes (122, 123). Intravenous injection of L-lactate is capable of reducing the symptomatic and adrenaline responses to hypoglycemia and simultaneously alleviating hypoglycemia-induced cognitive dysfunction in diabetic patients (124–127). In addition, intracerebroventricular administration of 200 nM L-lactate can also mitigate the deterioration of memory consolidation via recovering the amplitude of sharp-wave ripples (SWRs) in diabetic mice (128). These results directly demonstrate that the L-lactate supplement benefits diabetic brain function. Another indirect evidence is that an increase of L-lactate transporter MCTs in the cortex and/or the hippocampus, especially MCT2 (transport L-lactate into neurons), is observed to be capable of ameliorating the cognitive impairment in diabetic encephalopathy (32, 78, 129). It is conceivable that L-lactate uptake enhancement supported by MCTs may improve diabetic encephalopathy. However, some studies show the phenomenon that the L-lactate increases in the brain regions of corpus callosum and hippocampus in diabetic encephalopathy (130–132). One possibility is the low utilization rate of L-lactate during diabetic encephalopathy (133, 134). The convincing evidence listed is that the L-lactate is secreted to increase in astrocytes but not in neurons in the condition of a high-glucose environment (134, 135), implying that the transport of L-lactate into neurons is hampered and thus the elevated brain L-lactate is observed in diabetic encephalopathy.



AD

Alzheimer's disease (AD) is one of the most common forms of brain disease (136), characterized by a series of neuropathological changes, such as cognitive dysfunction. Cognitive impairment in AD is associated with recessionary energy metabolism (137). Whereas, L-lactate seems like an important energy substrate for memory formation in connection with energy supply (19, 27). In fact, decreased L-lactate content is observed in the cerebral cortex and hippocampus in AD rodent models (138–140). Nevertheless, elevated L-lactate levels occur in aging models (94, 141, 142) and AD patients (143). The increased lactate dehydrogenase A (LDH-A)/lactate dehydrogenase B (LDH-B) gene activity ratios (94) and downregulated MCTs (MCT1, MCT2, and MCT4) are due for the opposite results (139, 140). This is because that increased brain L-lactate production owing to the LDH-A/LDH-B ratio but blockage of L-lactate transport from glia to neurons, resulting in L-lactate deficit in neurons. Inferior L-lactate utilization rate leads to energy deficiency in neurons and thereby exacerbates the progression of neuronal injury, including cognitive impairment during the pathological process of AD or aging.

Regarding D-lactate, a study reports that D-LDH, located at the inner side of the rat liver mitochondrial inner membrane (MIM), oxidizes D-lactate to pyruvate in the mitochondrial matrix (144). This process will improve oxidative phosphorylation (OXPHOS) efficiency, synthesis, and efflux of biosynthetic precursors from mitochondria, balance the cytosolic and mitochondrial GSH pools, and enhance the NADPH production in the cytosol. All of these can contribute to mitochondrial energy production (145). Nevertheless, the D-LDH isoforms in both human and mouse brains show a rather weak signal (67). Based on this evidence, we speculate that moderate D-lactate combined with D-LDH supplement may target a novel mitochondrial energetic mechanism for AD treatment.



Stroke

Stroke, one of the important factors causing neurological morbidity and mortality, is most characterized by ischemia and infarcts involving the territory of the middle cerebral artery (146). Berthet et al. adopt different concentrations of L-lactate treatment after OGD in the rat hippocampal slices. The results show that, immediately after OGD, the low dose treatment of L-lactate (4 mM) significantly inhibits the hippocampal neuron death, while L-lactate at the 20 mM dose aggravates the neuronal injury (14). Whereas, during OGD, only a high dose of L-lactate at 20 mM is the capacity of reversing the ATP decline to prevent cell death in primary cultured neurons and N2A cells, but not the low dose at 1 mM (13). Hence, the neuroprotective effect of L-lactate on stroke may be related to the time points for intervention or the types of neuron cells. Further study shows that L-lactate can reduce the size of the lesion area to promote neurological rehabilitation in the way of intracerebroventricular injection of 100 mM L-lactate (14) or tail vein injection of 200 mM L-lactate (15) immediately after tMCAO. They speculate that the ischemia-induced lactate increase may initially have a neuroprotective effect on the brain, but also may cause lactic acidosis when the lactate concentration reaches higher levels (14). Therefore, different concentrations of L-lactate may have different regulatory effects on brain metabolism and function under different physiological metabolic states. The complex metabolic characteristics of L-lactate bring immense challenges for revealing its role in brain function (14). Soon afterward, their team finds that similar neuroprotection occurs in D-lactate. The results suggest that intravenous injection of 1 μmol/g D-lactate will decrease about half of the infarct volume in tMCAO of the mice. Moreover, in the OGD model, 4 mM D-lactate treatment can also reduce about 50% neuronal cell death in the rat hippocampal slices (12). Future studies need further excellently clarify the mechanism of how lactate performs neuroprotection although it has fully considered the dual role of lactate as the energy substrate (pyruvate replacement) or signal molecular (receptor agonist replacement). So far, two results are responsible for explaining the neuroprotective effect of lactate on stroke. First, the accumulated lactate is transported by MCTs into the neurons and utilized as the alternative energy substrate immediately postischemia (147) in favor of sustaining neuronal integrity (148) and delaying the neuronal damage (149). Second, lactate may interact with the known receptor-GPR81 or unknown putative Gs-type receptors to resist ischemic injury. It is worth noting that the evidence and characterization of GPR81 are still disputed in stroke. For example, Castillo et al. find the 3,5-DHBA treatment, one of the GPR81 agonists, can reduce neuronal cell death in OGD (12). In contrast with the study, Shen et al. find that inhibition of the GPR81 activity can promote the ERK1/2 signal to copy with apoptosis in neurons (13). Moreover, a newly published study also reports that the GPR81 agonists (3Cl-5OH-BA and 3,5-DHBA) do exert no neuroprotective effect on stroke mice whether intravenous administration or intracerebroventricular administration (150). Applying the genetic tools for GPR81 knockout may be a preferred protocol to definite the role and the mechanism of this receptor in the stroke.



TBI

Traumatic brain injury (TBI) is a type of brain injury acquired from an external force that inflicts devastating effects on the brain vasculature and neurons (116). It is always reported to face an energy crisis in the brain in the fact of glucose uptake suppression following cerebral injury. Although glucose is the preferred fuel of the brain, it may result in odious insults, such as hyperglycemia and infection or mortality events increment (151–153). As in previous studies, many TBI patients have observed the increased net L-lactate uptake after-hours postinjury (76, 154) without hyperglycemia (110), implying the protective function of L-lactate in TBI. Increasing blood arterial L-lactate to supraphysiologic range (4–5 mmol/l) in the early phase of brain injury can accelerate the recovery of neural function through cerebral perfusion and brain glucose availability improvement (155). Brooks and Martin find that endogenous L-lactate, induced by TBI, can support brain metabolism indirectly or directly (76). On the one hand, endogenous lactate is reported to be related to accelerating hepatic and renal gluconeogenesis to make glucose available for essential organs like the brain. On the other hand, elevated blood L-lactate may provide substrate directly to the injured brain in link with the L-lactate shuttle (114). Through isotope tracer, ~70% carbohydrate (direct lactate uptake and indirect glucose uptake from lactate) is provided for the TBI brain (113), suggesting the importance of endogenous L-lactate generation as the energy supply in TBI. In addition, exogenous intraperitoneal injection of 500 mg/kg L-lactate before 30 min of TBI is reported to alleviate the brain injury-induced neurological deficits by promoting the neuronal plasticity proteins (PSD95, GAP43, and BDNF) (109). Intravenous infusion of 5 mM L-lactate is also verified to utilize with sparing of cerebral glucose along with a reduction of brain glutamate and intracranial pressure after TBI, which implies the benefit of cerebral metabolic and hemodynamic effects (110). A total of 100 mM L-lactate infusion is shown reduced lesion volume at day 2 after cerebral cortical impact through slightly regulating cerebral blood flow (111). Hence, L-lactate, as the alternative source of glucose, has dream prospects to improve the outcome of posttraumatic brain damage.

Recently, the lactate receptor GPR81 is also reported to potentially participate in the pathological process of TBI. The evidence is that the increased GPR81 gene expression lasts at least 28 days after TBI injury in lesion areas of the cerebral cortex and hippocampus (156). Coincidentally, L-lactate further enhances the expression of GPR81 in the ipsilateral cortex and hippocampus 24 h after TBI (109). These results show that L-lactate may not only be the brain fuel, but also the possible upstream molecule that interacts with the receptor to activate or inhibit the downstream molecular signals for neuroprotection in the TBI.



Epilepsy

Epilepsy is a common neurological emergency with considerable associated healthcare costs, morbidity, and mortality, which is often causing neuronal and glial damage (157). During epilepsy, L-lactate is observed to rise in the brain regions of cerebral gray and white matter (158), cerebrospinal fluid (159), cerebral cortex (160), and hippocampus (161). Previously, one research has proved that the elevated L-lactate level in tissues can persist for approximately 1 h (161). In some cases, the L-lactate level can even reach 6 mM (162). Jorwal and Sikdar find that 6 mM L-lactate application reduces the spike frequency and hyperpolarizes the subicular neurons in rat hippocampal slices, suggesting an anticonvulsant effect of L-lactate. Further electrophysiological recordings reveal that L-lactate induces the Giβγ subunit activity to expedite the inwardly rectifying potassium (GIRK) channel. They also point out an interesting phenomenon that normal brain concentration of L-lactate (2 mM) and even up to 6 mM have few effects on rat hippocampus neural activity in the absence of epileptiform activity. This fact reminds us that the important role of elevated brain L-lactate in epilepsy (163). It is worth thinking that since there is no negative effect of excessive brain L-lactate on the mean spike frequency and membrane potential of subicular pyramidal neurons in the normal physical condition, what physiological effects can this L-lactate have after being metabolized or working as the neurotransmitter? Considering the fact that and concentration of 6 mM L-lactate is sufficient to activate its receptor GPR81, which is also known to couple to Giβγ subunit to inhibit the neuronal activity (10). Another function of GPR81 is to couple to the Giα subunit to inhibit the AC-cAMP cascade signal, as a result, the decrease of neuronal excitement (11). However, unlike L-lactate, 3,5-DHBA does not result in hyperpolarizing subicular neurons (10). Therefore, it is likely that L-lactate may interact with other unknown Gi-type proteins. L-lactate-receptor signals may be the novel target for antiepileptic treatment.




THE NEUROBIOLOGICAL ROLE OF L-LACTATE IN THE BRAIN


Serves as an Energy Substrate for Neurons

Astrocytic derived-L-lactate has been proposed to serve as an energy pool for neurons (40). In the presence or absence of oxygen, glycogen in the astrocytes can be broken down into L-lactate (30). An interesting phenomenon that manifests the role of L-lactate in neuronal energy metabolism is that the levels of glycogen in various brain regions (cortices, hippocampus, brainstem, epencephalon, and hypothalamus) are constant during the first hour of moderate-intensity exercise, while the levels of glycogen will decrease approximately 50% in the several hours that follow. Accompanied with the decreased glycogen levels are the elevated L-lactate levels in these regions (164). A similar phenomenon exists in the exhaustive swimming model, especially in the hippocampus (165). L-lactate oxidation metabolism is preferentially located in neurons by using the 3-[13C] lactate label (166). Furthermore, when increasing the plasma L-lactate levels, the cerebrum tends to reduce glucose utilization and prefers to utilize L-lactate by using the 1-[11C]L-lactate and [18F]fluorodeoxyglucose (FDG) for local cerebral metabolism measurement (148). The formed L-lactate in the brain is a crucial aerobic energy substrate that enables neurons to endure activation (167). Another evidence for L-lactate is the energy substrate of neurons is that the capacity of sustaining the presynaptic transmission function in the lack of glucose. The interesting note is that the transport of L-lactate into neurons is significant for ATP production to satisfy the energy demand under physiological or hypoxic conditions (28, 84, 168) (Figure 3).
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FIGURE 3. Graphical summary of the neurobiological role of L-lactate in the brain. On the one hand, L-lactate serves as an energy pool for neurons to facilitate mitochondrial energy production through converting into pyruvate. On the other hand, L-lactate may act as the role like the hormone, defined as lactormone. It triggers multiple downstream signaling cascades via influencing the intracellular NADH/NAD+ ratio, mediating the ROS generation, and activating the receptor GPR81. NADH, nicotinamide adenine dinucleotide; ROS, reactive oxygen species; GPR81, Gi-protein-coupled receptor 81.




Signal Pathways Regulation as a Lactormone

In addition to being an energy substrate, L-lactate is also suggested its role as a signal regulator molecule or neurotransmitter since the proposal of “lactormone” (22) and the confirmation of its endogenous receptor GPR81 in mice brain (169).


Influences the Intracellular NADH/NAD+ Ratio

The catalytic action of LDH1 in neurons allows L-lactate to convert into pyruvate. This process of reducing NAD+ to NADH is supposed to influence NMDAR excitability (16, 93, 170). It is L-lactate, but not pyruvate, that generates NADH to enhance the NMDAR activity, which increases the intracellular Ca2+ and then promotes the expression of plasticity-associated genes (90). Along with the changes of redox state (NADH/NAD+ ratio), L-lactate is permissible to activate the NAD+-dependent histone deacetylase Sirtuin1 (SIRT1) (3, 171). SIRT1 deacetylates and amplifies the activity of the peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α), which is known to mediate the BDNF expression (3) and mitochondrial biogenesis (172, 173). For example, Hayek et al. find that L-lactate can induce the expression of SITRT1 to activate the PGC1-1α, which will contribute to BDNF signals and some immediate early gene (IEGs) as a result in the mouse neurons (3). Our experiment also finds that a high concentration of L-lactate promotes the PGC-1-NRF2 signal axis and subsequently boosts mitochondrial biogenesis in mouse primary hippocampal cells (107) (Figure 3). However, Lezi et al. find that 14 consecutive-day-intraperitoneal injections of 18 mM L-lactate do not affect the PCG-1α-mediated mitochondrial biogenesis in the mouse brain (8). This may relate to the short administration time or the examination of the whole brain.



Activates Reactive Oxygen Species-Related Signals

It is well-known that excessive reactive oxygen species (ROS) production is considered a cause of several pathological conditions, which are harmful to the cells. Yet, low ROS production may be relevant to cellular activity under physiological conditions (174). Moreover, the moderate elevation of ROS can even protect against oxidative damage through the induction of antioxidant and detoxification enzymes (175).

Hashimoto et al. first report that L-lactate is able to stimulate some of the ROS-sensitive transcription factors' activity in L6 cells. Their research also reports that the PGC1α, known as a master coordinator of mitochondrial biogenesis, is activated in a high concentration of L-lactate treatment which is believed to be regulated by ROS and H2O2. Then the activated PGC1α interacts with transcription factors for mitochondrial gene expression, including cAMP-response element-binding protein (CREB) and nuclear respiratory factor (NRF)-2 in L6 cells (105). L-lactate metabolism also potentiates the phosphorylation of adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) to activate PCG-1α signals for mitochondrial biogenesis and inhibits the phosphorylation of mTOR for mitophagy via mild production of ROS in skin fibroblasts (175). Recently, a similar phenomenon occurs in neurons. In SY5Y cells, 20 mM L-lactate is proved to induce moderate ROS for antioxidant stress and cellular homeostasis improvement, for instance, activating mTOR signaling for cell growth and survival, phosphatidylinositol 3-kinase (PI3-K)/protein kinase B (AKT) signaling for neuroprotection, mild endoplasmic reticulum stress (ERS) for protein homeostasis, and NRF2 signaling for ROS detoxification (Figure 3). Interestingly, it is an extremely high concentration of L-lactate (100 mM) but not lower or physiological concentration of L-lactate (50 and 10 mM) exerts antiaging phenotypes when Caenorhabditis elegans suffer from oxidative stress. Furthermore, 10 mM L-lactate suffice to resist stress and increase their lifespan (106).

Noteworthy, it is not known how L-lactate is ready-witted enough to mediate and maintain moderate ROS production for safeguarding cells when a high concentration of H2O2 provokes excessive ROS. One of the reasons may be associated with the potential ability of L-lactate sensing and decreasing the mitochondrial H2O2 production accurately to ensure moderate ROS production (175). Another hypothesis of L-lactate mitochondrial metabolism may explain the ROS signals activation. Bari et al. find that L-lactation can generate the H2O2 production via the inner membrane of putative L-lactate oxidase (LOX) in the pure rat liver mitochondria (176). Hence, L-lactate metabolism in mitochondria is likely to produce partial ROS and then activate its related signals if there exists analogous oxidase located at the mitochondrial inner membrane in the neurons. The evidence supports this hypothesis is that a mitochondrial lactate oxidation complex (mLOC) (including MCT1 or MCT2, LDH, and COX) is present in the neurons discovered by Hashimoto et al. (54). However, how L-lactate metabolism in neurons produces and regulates ROS in the subsequent process remains to be further investigated.



Interacts With the Receptor GPR81

GPR81 is a type of G protein (Gi) coupled receptor and involves the metabolic process of some tissues and cells (177–179). So far, recent research has revealed that GPR81 regulates multiple signal pathways in tissues and cells, such as the extracellular regulated protein kinases (ERK1/2) (7, 180–182), nod-like receptor family pyrin domain-containing 3 (NLRP3)/ nuclear factor kappa-B (NF-κB) inflammation (183, 184), peroxisome proliferator-activated receptor γ (PPARγ) (185, 186) and Wnt signaling pathway (187, 188).

In the brain, it expresses in the regions of the pituitary (177), hippocampus, cerebellum, and brain stem (169). Cell localization indicates that it widely distributes at neuronal synaptic membranes (169), implying that GPR81 may have an important role in regulating brain function. It is known as the endogenic lactate receptor in 2008 (189, 190). The efficiency of lactate on GPR81 has a wide range from 0.2 to 30 mM (191). Furthermore, partial activation of GPR81 by lactate requires only 0.2–1 mM (192). Therefore, lactate absolutely has the ability to activate the GPR81 in the physiological state (human blood lactate concentration range is 0.5–2 mM) (193). Needless to say, in the conditions of intensive exercise and hypoxia, the blood lactate level can even reach 20–30 mM (194, 195). In neuronal activity, the activation of GPR81 inhibits the excitability of neurons (9, 10). In cellular energy, the astrocytic glycolysis rates accelerate ATP production to meet the energy requirements of neurons when the GPR81 agonists stimulate the cells (196). In terms of cerebral microangiogenesis and neurogenesis, L-lactate and exercise enhance the PI3K/AKT and ERK1/2 signaling pathway to promote VEGFA protein expression and vascular density in the dentate gyrus of mice via GPR81 (7). In addition, the neurogenesis effect of both L-lactate and exercise on the ventriculosubventricular region is dependent on the GPR81 in the mice (5). As for the learning and memory, intraperitoneal injection of GPR81 agonist 3,5-DHBA before the inhibitory avoidance task will impair the memory of rats, while the injection after the training contributes to memory consolidation. The distinct effects may be attributed to the reasons that the activation of GPR81 in the forebrain after training, can promote slow-wave activity (SWA) and enhance the consolidation of previous experience, but it also impairs the ongoing learning process at the same time (80). The results suggest that GPR81 activation at different stages of training may have different functions of influencing learning and memory. Synaptic plasticity, induced by appropriate synapses, is both necessary and sufficient for the information storage of memory (197). Previous studies revealed that L-lactate could promote plastic plasticity-related proteins and genes expression via enhancing the NMDAR-mediated phosphorylation of ERK1/2 (89, 90). The interesting thing is the fact that GPR81 is upstream of the ERK1/2 (7) (Figure 3). Hence, GPR81 is likely to act as a sensor for L-lactate metabolism in neurons and participate in L-lactate-regulated synaptic plasticity (198).





CONCLUSION

To summarize the current evidence, this review shows that lactate participates in coordinating various brain functions in both the healthy and diseased states. The involving mechanisms are far more complex than originally thought and further knowledge of the lactate operating, as outlined in this article, is a drop in the bucket to our understanding of brain physiological and pathological mysteries. L-lactate not only serves as the energy substrate but also acts as lactormone in the regulation of downstream cascaded signaling pathways. Considering the consensus that lactate is a common metabolite and readily available (food intake or exercise), knowledge of lactate's role in the brain may provide precise tactics for brain diseases involving lactate metabolism. It also may set new insight and ideas for studying the relationship between lactate metabolism and brain function improvement.
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Background and Aims: Higher total fruit and vegetable (FV) intakes have been associated with lower perceived stress. However, the relationship of FV intake with domains of perceived stress is unclear. The aim of this cross-sectional study was to explore the relationship between consumption of FV and four perceived stress domains (worries, tension, lack of joy and demands) in a population-based cohort of Australian adults.

Methods: Participants (n = 8,640) were men and women aged ≥25 years from the Australian Diabetes, Obesity and Lifestyle (AusDiab) Study. Dietary intake was assessed using a 74-item validated Food Frequency Questionnaire. Perceived stress domains were determined using a validated 20-item version of the Perceived Stress Questionnaire, with higher scores representing higher perceived stress. Cut-offs for high perceived stress domains were obtained from the highest quartiles of each domain for each sex. Multivariable-adjusted logistic regression was performed to investigate cross-sectional associations.

Results: The mean age of participants (50.1% females) was 47.8 (SD 15) years. Those with higher intakes of FV, combined and separately, had a significantly lower odds (16–36%) for higher worries, tension and lack of joy, independent of other lifestyle factors.

Conclusion: In Australian adults, higher consumption of FV was associated with lower odds of worries, tension and lack of joy. Following the dietary guidelines for the recommended intake of FV may help improve feelings of worries, tension and lack of joy, which are linked to mental health problems.

Keywords: AusDiab, fruit and vegetable consumption, worries, tension, joy, stress


INTRODUCTION

Prolonged exposure to stress can be a risk factor for chronic illnesses (1), having been linked to mental health issues such as anxiety and depression (2, 3), as well as physical health issues (4), including cardiovascular disease (CVD) (5, 6). The number of people affected by stress as well as mental health issues continue to grow globally, with depression reported to affect more than 300 million people worldwide (7).

Increasing evidence shows that fruit and vegetable-rich diets may have a protective role on stress, with consumption of whole fruit and vegetables (8), as well as some specific types (such as citrus fruits and leafy green vegetables) being linked with less stress (9). Moreover, healthy lifestyle factors, such as being active and adhering to a healthy diet (10, 11), particularly a fruit and vegetable-rich diet, can help alleviate mental health issues (10, 12–14) and improve mental well-being (15). Therefore, greater intakes of FV could help reduce the estimated 7.8 million premature deaths worldwide, which have been associated with low intakes of fruit and vegetables (16), and consequently decrease the additional burden of chronic diseases and deaths caused by mental health worldwide (7).

It is noteworthy that this relationship is likely to be bidirectional, as stress can also lead to overeating (17, 18) and poor dietary choices, such as increased intake of sugar and fat-rich foods (19, 20). Growing evidence suggests that adherence to a healthy diet (e.g., rich in FV and low in sugar and fat) may improve well-being (21). Bioactive compounds found in FV, such as vitamins (e.g., B and C vitamins), minerals (e.g., zinc, magnesium) and fiber seem to modulate neurochemicals (e.g., endorphin, dopamine, serotonin, and norepinephrine) in the brain that promote feelings of happiness (22). Similarly, polyphenols and carotenoids found in FV can reduce oxidative stress (23) and inflammation (24) that have also been linked with improved well-being. Thus, studies investigating the relationship between diet and stress may contribute to a healthier lifestyle and help reduce stress-related conditions. Exploring the association of FV intake with specific stress domains (25), such as “worries,” “tension,” “joy,” and “demands” (stressor) (25) will allow for more precise understanding of this relationship. By definition, “worry” is “a feeling of being unhappy and frightened about something” (26), it is the repetitive feeling of potential future harmful life events (27). This domain covers “worries, anxious concern for the future, and feelings of desperation and frustration” (25). “Tension” is “a feeling of nervousness before an important or difficult event” (26). This domain explores “tense disquietude, exhaustion and the lack of relaxation” (25). “Joy” is defined as a “feeling of great pleasure and happiness” (26). This domain includes “positive feelings of challenges, joy, energy, and security” (25). “Demands” is defined as “the difficult things that you have to do” (26). This domain covers “perceived environmental demands, such as lack of time, pressure, and overload,” and it is considered an environmental stressor, rather than a stress reaction (25).

Therefore, the aim of this study was to examine the relationship between consumption of FV and four perceived stress domains (worries, tension, joy, and demands) in a population-based cohort of Australian adults.



MATERIALS AND METHODS


Study Population

This study includes participants from the Australian Diabetes, Obesity, and Lifestyle (AusDiab) study, a large prospective study which aimed to determine the prevalence of diabetes, and other cardiovascular risk factors, including obesity, hypertension, and dyslipidaemia in a cohort representative of the general Australian population. The AusDiab study collected data from 42 randomly selected census collector districts across Australia in 1999–2000, as previously reported (28). A stratified cluster sampling method was used to recruit Australian men and women from six states and the Northern Territory (29). A total of 11,247 participants aged ≥25 years attended a clinical examination (5,049 men; 6,198 women) and were enrolled in the study (28). More details have been previously reported (30).

A flow diagram for participants included in this study is shown in Supplementary Figure 1. We excluded participants with missing data for perceived stress (n = 1,697) and dietary intake (n = 148), as well as those missing data for confounding factors (n = 436). We also excluded participants with extremely low or high energy intake (<3,300 or >17,500 kJ in men and <2,500 kJ or >14,500 kJ in women) (n = 275) (31), and pregnant women (n = 51), as per previous studies (8, 14). After exclusions (n = 2,607), 8,640 were deemed eligible for the study.



Assessment of Perceived Stress Domains

Perceived stress was assessed over the previous 12 months using the original perceived stress questionnaire (PSQ) developed by Levenstein et al. (32). Different stress domains were calculated using the perceived stress domains 20-item reduced PSQ, validated by Fliege and colleagues (25), in which the authors selected the statements that showed the highest item-scale-correlation. This resulted in four stress domains (“worries,” “tension,” “joy” [the answers were reversed, therefore referred to as “lack of joy”], and “demands”), each one containing five items (25). “Worries” comprise feelings of anxiety in relation to the future, desperation, and frustration. “Tension” includes tense agitation, exhaustion, and the lack of relaxation. “Joy” relates to positive feelings of challenge, energy, and security. Finally, “demands” covers perceived environmental demands, such as lack of time, pressure, and overload (25). All items were scored on a four-point scale ranging from one (“almost never”) to four (“usually”), with positive questions (Questions 1, 7, 10, 13, 17, 21, 25, 29), being reverse scored (four [“almost never”] to one [“usually”]). The scores for each domain were derived from five specific questions (25), as shown in Supplementary Table 1. A total score was calculated for each domain, ranging from a minimum of 5 to a maximum of 20 (25), with higher scores indicating higher perceived stress levels (33). This questionnaire showed high internal consistency (Cronbach's α = 0.85) (25). Specific cut-points for each domain were calculated based on the highest quartile of raw scores for men and women separately (Supplementary Table 2), since perceived stress is usually higher in women compared to men (34, 35). As there are no pre-defined cut-offs for the perceived stress domains, we assume the 25% in the highest quartiles presented higher perceived stress. These specific cut-point for worries, tension, lack of joy, and demands were equal to or higher than 9, 11, 11, 12 for men; and equal to or higher than 10, 12, 12, 13 for women, respectively.



Dietary Intake

A validated food frequency questionnaire (FFQ) from the Cancer Council of Victoria (36) was used to assess dietary intake at baseline (1999–2000). This questionnaire comprises 74 food items and recalls usual food intake in the previous 12 months. Total food consumption was computed based on intakes of each food (i.e., bread, milk, FV) in grams per day, calculated according to season, to estimate total energy intake (Kj/d) (36). Nutrient intakes were assessed by using the NUTTAB95 food composition database. Alcohol intake was assessed based on alcoholic beverages frequency of consumption (varying from “never” to “every day”) (36).



Intake of Fruit and Vegetables

Intake of fruit and vegetables were assessed using the FFQ and estimated based on the frequency of consumption in the previous 12 months, as previously reported (8). Total fruit included 11 different types (Supplementary Table 3), excluding fruit juice and tinned fruits, due to their high sugar content. The recommendations of the Australian Dietary Guidelines is to consume fresh fruit, with consumption of fruit juice, tinned and dried fruits being recommended as substitutes for fresh fruit only occasionally (37). Total vegetable intake included 24 types (Supplementary Table 3), excluding potatoes roasted and fried—including hot chips, as these are not recommended as part of a healthy diet (37). The daily intake was estimated in grams per day (g/d). Serves of fruit and vegetables were calculated by dividing the total intake in grams by the recommended serving size (37): for fruit, one serve equals 150 g/day; and for vegetables one serve equals 75 g/day (37).



Demographic and Clinical Assessment

The following demographic variables were collected during household interviews: date of birth, sex (male/female), relationship status (married, single, de facto, separated, divorced, widowed), and education status (never to some high school, completed University or equivalent). Relationship status (38) and level of education (39) have been added as potential confounding factors in our study as they can affect stress and mental health. Furthermore, higher educational level (40) and being married (41) have also been associated with greater FV intakes. The socio-economic index for areas (SEIFA), which assesses the socio-economic status per geographic area according to the 5-yearly census (42) was used to estimate socio-economic status. SEIFA is an Index of Relative Socio-economic Disadvantage (IRSD) (43). Anthropometric measurements were performed at the clinic visits (28, 44) and included: height, measured using a stadiometer to the nearest 0.5 cm without shoes; and weight, measured without shoes and excess clothing, using a mechanical beam balance to the nearest 0.1 kg (45). Body mass index (BMI) was calculated as weight (kg) divided by height in meters squared.

Physical activity in the previous week was estimated using the Active Australia Survey Questionnaire (46). Total walking time (if continuous for ≥ 10 min) and/or moderate-intensity physical activity, were summed with the time performing vigorous-intensity activity (multiplied by two) (46) to obtain “total physical activity” (min/week). Levels of physical activity were classified as sufficient (>150 min per week across at least five sessions), insufficient (<150 min per week and/or fewer than five sessions per week), or no physical activity (46).

Smoking status was assessed using an interviewer-administered questionnaire (28), and classified as: current smokers (smoked at least daily), ex-smokers (smoked less than daily for at least the last 3 months), or never smokers (smoked <100 cigarettes during life) (47).

Plasma glucose levels was assessed and categorized as normal glucose levels, impaired fasting glucose, impaired glucose tolerance, newly diagnosed diabetes mellitus (DM), or known DM. Prior cardiovascular disease (CVD) was self-reported by answering yes/no (48). Variables indicating diabetes and CVD status were added to the multivariable adjusted model as potential confounding factors, as those participants may have received dietary advice promoting a healthier lifestyle. Average weekly income was estimated based on six categories: $0–199, $200–399, $400–599, $600–799, $800–1,499, and >$1,500.

The Dietary Guideline Index (DGI) comprised of 15 items—including fruit and vegetable intakes (49), based on the Australian Dietary Guidelines (50, 51), was used as a marker of diet quality. Items were scored from 0 to 10 (lowest to optimal intake) and total scores ranged from 0 to 150 (higher scores represent better diet quality and adherence to dietary guidelines) (49).

Life events scale comprised 13 potential life events (i.e., marriage breakdown, financial hardship, and death of a family member/friend in the 12 months (52). Participants were asked how much those life events affected them in the previous 12 months (with responses being: 0 = no event, 1 = had minimum or no effect, 2 = affected a little, 3 = affected somewhat, and 4 = affected a great deal). Participants were given a score of “0” for the items they selected “no life event”; or a score of “1” to each item their response was ≥1. Items were summed with scores ranging from 0 to 13.

A physical component score (PCS) assessed using the SF-36 (36-item short form survey health-related quality of life scale) (53) was added to the multivariable adjusted model, to control for physical issues. SF36 is composed of 8 domains comprising two summary measures: physical (four domains: physical-functioning, role-physical, bodily pain, and general health) and mental health (four domains: vitality, social functioning, role-emotional, and mental health). In the present study, only the physical health score was used (since the mental health measure would have been an overadjustment). Internal consistency (Cronbach's alpha) for the eight domains was 0.83–0.93, 0.94 for the physical health summary score, and 0.89 for the mental health summary score (54).



Statistical Analysis

Statistical analyses were performed in Stata (Stata Statistical Software: Release 15. College Station, TX: StataCorp LLC) (55) using commands for complex survey designs when adopting logistic regression. The survey commands provide population-level estimates, by adjusting standard errors and incorporating stratification weights (28). Main exposures for this study were fruit and vegetable intake, combined and separately. Primary outcomes included the four domains of perceived stress (worries, tension, joy and demands). The association between the exposures and the odds of being in the highest quartile of each specific perceived stress domains was assessed using logistic regression. Statistical significance was set at p ≤ 0.05 (two-tailed) for all tests. Two models were considered: unadjusted and the multivariable adjusted for age, sex, BMI, energy intake, relationship status, physical activity levels, level of education, SEIFA, smoking status, self-reported history of CVD, and diabetes, as these covariates could affect both the exposure and outcomes of the study.

To further examine whether a healthier diet in general could confound the observed associations, we adjusted for diet quality (49). Income was used as a further adjustment for socio-economic status at the level of the individual. The life event scale was added to the multivariable adjusted model to adjust for the influence of major life events (e.g., death of a family member/friend) on the results. Finally, a physical health score was also added to the adjusted model to account for physical issues.


Additional Analyses

Generalized linear models adopting restricted cubic splines in R (56) were also used to examine the relationship between FV intake and each of the four perceived stress domains on a continuous scale.

Interaction terms between fruit and vegetable intake, separately, and age (<45 y, 45–65 y, ≥65 y), sex and physical activity were used to investigate potential effect modification domains where a significant overall relationship was observed.





RESULTS


Baseline Characteristics

Baseline characteristics of all 8,640 participants is shown in Table 1. Participants' mean ± SD age was 47.8 ±15 years, with 50.1% being female. Median (IQR) scores for the perceived stress domains (maximum score of 20) including worries, tension, lack of joy and demands were 8 (6–10), 9 (7–12), 9 (7–11), and 10 (7–10), respectively. Participants who were excluded from the study presented similar characteristics (Supplementary Table 4).


Table 1. Clinical and demographic characteristics of all participantsa.
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Associations of Fruit and Vegetable Intake With Perceived Stress Domains

When we examined the associations of the highest vs. lowest intakes of FV in those with higher perceived stress domains (top 25%), compared to participants with the lowest FV intake, those with the highest FV intake (Q4) had 32, 36, and 23% lower odds of worries, tension, and lack of joy, respectively (Table 2). There was, however, no association between FV intake and the demands domain of perceived stress.


Table 2. Odds ratios (OR) for worries, tension, lack of joy and demands by quartiles of FV intake.
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The associations between fruit intake alone and each domain of perceived stress are shown in Table 3. Compared to participants with the lowest fruit intake, those with the highest fruit intake had 25, 27, and 16% lower odds for worries, tension, and lack of joy, respectively. No relationship was observed for the demands domain.


Table 3. Odds ratios (OR) for worries, tension, lack of joy and demands by quartiles of fruit intake.

[image: Table 3]

The associations between vegetable consumption alone and domains of perceived stress are shown in Table 4. Compared to individuals with lower intake, those with the highest vegetables intake (Q4) had a statistically significant 29, 28, and 33% lower odds for worries, tension, and lack of joy, respectively. No relationship was observed for the demand domain.


Table 4. Odds ratios (OR) for worries, tension, lack of joy and demands by quartiles of vegetable intake.

[image: Table 4]

The addition of a marker of diet quality into the multivariable adjusted model only slightly affected our results; specifically, the association of higher intake of fruit, and FV combined, with lower lack of joy was attenuated (Q4 for fruit, OR [95%CI] 0.93 [0.77, 1.13]; for FV, 0.87 [0.70, 1.07]), perhaps because the diet quality index includes fruit and vegetable in its calculation. This relationship for vegetable intake remained similar to the primary analysis (OR [95% CI]: 0.72 [0.55, 0.95]). Similar relationships were observed for higher FV intake with lower worries (Q4 for FV, 0.69 [0.54, 0.89]; for fruit, 0.77 [0.64, 0.93]; for vegetable, 0.73 [0.58, 0.94]), compared to Q4. Likewise, the relationship for higher FV intake and lower odds for tension (Q4 for FV, 0.70 [0.56, 0.87]; fruit, 0.80 [0.65, 0.98]; vegetable, 0.77 [0.61, 0.98]), compared to lower intake (Q1) remained similar.

Adding income, life events and a physical health score as further covariates to the multivariable adjusted model did not change the associations of FV intake (Table 2) with the domains of perceived stress, as well as with vegetable intake (Table 4). The association of fruit intake with worries and tension remained similar after further adjustments for the aforementioned covariates. However, the association of fruit intake with lack of joy did not remain significant after further adjusting for income, life events and physical health score (Table 3).

Excluding participants with diabetes (n = 698, 6.8%) did not alter the results of the study. Among participants without diabetes (n = 7,942), those with higher consumption of FV had 36, 40, and 27% lower odds of worries (0.64 [0.50, 0.80]), tension (0.60 [0.49, 0.73]), and lack of joy (0.73 [0.60, 0.89]), respectively. This was similar for the associations of fruit intake with worries (0.71 [0.59, 0.84]), tension (0.68 [0.59, 0.81]), and lack of joy (0.80 [0.66, 0.97]), and for vegetables with worries (0.69 [0.56, 1.11]), tension (0.71 [0.57, 0.88]), and lack of joy (0.67 [0.51, 0.87]).



Additional Analyses

In multivariable adjusted general linear models, FV intake was non-linearly associated with worries, tension and lack of joy (all p for non-linearity <0.01) and linearly associated with demands (p for non-linearity = 0.59). Supplementary Figure 2 demonstrates the relationship of FV intake (g/day) with (a) worries, (b) tension, (c) lack of joy, and (d) demands (scores ranging from 5 to 20, lowest to highest; all p < 0.01).

In the interaction testing, sex and age did not influence the relationship of fruit and vegetables with worries, tension and lack of joy (all pinteraction > 0.1). We observed a significant interaction between physical activity and intake of vegetables for tension (pinteraction = 0.002). In those with sufficient weekly amount of physical activity (≥150 min/week) there was 19% lower odds (0.81 [0.71, 0.93]) for higher tension, for each serve increase in vegetable intake, but this was not statistically significant (0.95 [0.85, 1.07]) in those with insufficient physical activity (<150 min/week).

All four perceived stress domains were significantly intercorrelated (worries vs. tension: r = 0.71, worries vs. joy: r = 0.53, worries vs. demands: r = 0.50, tension vs. joy: r = 0.63, tension vs. demands: r = 0.57: all p < 0.001), with the correlation between joy and demands being the weakest (r = 0.33).




DISCUSSION

We have previously reported an inverse association between FV intake, combined and separately, with ~10% lower levels of perceived stress (8). We now extend our work and have examined the relationship of FV intake with four perceived stress domains (worries, tension, lack of joy and demands) for the first time in adults across all ages. When considering the four domains of perceived stress, we demonstrate that higher intakes of FV, combined and separately, were associated with lower odds for worries, tension, and lack of joy, independent of other lifestyle and socioeconomic factors. No relationship was observed for the environmental stressor “demands” domain.

It is noteworthy that fruit and vegetable data in this study was collected in 1999–2000. In 2017, according to the Australian Bureau of Statistics (57), the average fruit and vegetables consumption of adults (≥18 years) was approximately 1.7 serves of fruit (~250 g/d) and 2.4 serves of vegetables (~180 g/d) per day, respectively. Such findings are comparable to the average fruit and vegetable intake of 200 and 170 g/d, respectively, in the AusDiab cohort in 1999–2000. Although there was a slight increase in FV intake in the last 20 years, consumption of FV remains similar and below the recommendations.

A positive relationship of FV intake with lower odds of worries was seen in our study. This concurs with a previous study including ~8,500 year-5 Canadian students, where an inverse association between Diet Quality Index-International ([DQI-I]—consisting of four components: (1) variety [including FV groups], (2) adequacy [including FV], (3) moderation [i.e., sodium, total and saturated fats], and 4) balance [macronutrients and fatty acids ration]) (58) and feelings of worry (OR [95% CI]: 0.90 (0.85–0.97) was observed (59).

In our study, a higher intake of FV was associated with lower odds for tension. In support of our results, a previous study with 138 healthy men and women (60) observed lower scores of tension in those with a vegetarian diet, compared to omnivorous diets. Similarly, both a 14-week DASH (Dietary Approaches to Stop Hypertension) diet—including recommendation of ≥4 serves of fruit and ≥4 serves of vegetables, and a standard healthy diet—with recommendations of FV being ≥2 serves of fruit and 2–3 serves of vegetables, led to improvements in overall mood and other mood-related domains, including tension, in post-menopausal healthy women (61). All of the aforementioned diets are considered healthy diets and contain high amounts of FV, suggesting a beneficial role of FV-rich diets for tension.

Similar to our results on the positive relationship between greater intake of FV and joy, after examining the food diaries of more than 12,000 adults, a national Australian survey reported that consumption of FV predicted improvements in life satisfaction, happiness and well-being (62). Consuming a range of FV with different colors has also been positively linked to improved mood and increased creativity, curiosity, and conduciveness to happiness in young adults (63).

Bioactive compounds found in a healthy diet, particularly in a FV-rich diet, such as vitamins (i.e., B and C vitamins), minerals (i.e., zinc, magnesium) and fiber (i.e., resistant starch), have been linked to health and well-being (21). These constituents appear to play a protective role on mental health conditions (11), modulating some of the neurotransmitters in the brain, which regulate mood (21) and could potentially increase joy and happiness (64). Some neurochemicals (e.g., endorphin, dopamine, serotonin, norepinephrine, and melatonin) have been shown to cause feelings of happiness (22). Similarly, polyphenols found in FV have been positively associated with mental well-being, potentially due to their anti-inflammatory, neuroprotective, and prebiotic properties (65). Bioactive compounds in FV seem to protect against oxidative stress (23), inflammation (24) and brain plasticity (66), which are impaired in those with mental health issues (67). Dysbiosis of the gut microbiota is another potential pathway, with evidence showing the involvement of the microbiome in the modulation of stress response (11) and diet being an important modulator of gut health (68).

In the present study, consumption of FV was not associated with “demands.” We also observed that all four perceived stress domains were intercorrelated, with the “demands” domain showing the lowest correlation, as previously reported (25). This could be due to the nature of the “demands” domain, as demands is considered an external stressor, rather than a stress reaction (25). Also, feelings of demands have been reported to be stronger in middle-aged people, due to high career and social strains, in addition to caregiving responsibilities (69). By including people of all ages in the current study, potential demands perceived by participants may not have been as pronounced.

When we examined the relationship of FV intake as a continuous variable (g/day) with the scores of all four perceived stress domains, greater FV intake was significantly non-linearly associated with less worries, tension and lack of joy, and linearly associated with lower demands. Intake of FV >400 g/day appears to be more beneficial. A FV intake of approximately ≥400 g/day (median of Q3), was associated with lower odds of worries, tension and lack of joy. Such findings are supported by current recommendations by the World Health Organisation to consume a minimum of 400 g/day of FV for the prevention of non-communicable health conditions (70). When examining the relationship of fruit and vegetable separately, with perceived stress domains, we observed that consumption of ≥225 g/day (median in Q3) of fruit (≥1.5-serves per day), and at least 260 g/day of vegetables (at least 3.5 serves of vegetables) would provide the greatest benefits for perceived stress domains. Such findings also compliment Australian dietary guidelines (37) that recommend consuming 2 × 150 g serves of fruit and 5–6 × 75 g serves of vegetables each day as part of a healthy diet.

Another interesting finding of this study from the interaction analysis was that sex and age did not influence the relationship of FV with worries, tension and lack of joy. However, a significant interaction between physical activity and vegetable consumption for tension was observed. Upon further investigation, those with sufficient weekly amount of physical activity (≥150 min/week) had 19% lower odds for higher tension, for each serve increase in vegetable intake. Although the relationship between higher consumption of vegetable intake and lower tension (OR [95%CI]: 0.62 [0.41–0.93]) was significant in those with sufficient physical activity (≥150 min/week), despite a similar point estimate, this relationship was attenuated (0.83 [0.61–1.13]) in those with insufficient physical activity (0–150 min/week). Such findings highlight the importance of a high vegetable intake in combination with regular physical activity to minimize feelings of tension; findings also promoted previously (71). The importance of exercise for mental health disorders is well-established and likely to work in synergy with FV nutrients (71) to reduce tension. Although the mechanisms underlying the beneficial effects of exercise on well-being are not fully understood, some pathways have been suggested (72). Physical activity may improve psychological well-being by promoting self-efficacy (73). Physical activity has been associated with positive changes to insulin resistance, inflammation, and oxidative stress, which could potentially explain the beneficial effects of physical activity on cognitive function and brain-related diseases (74, 75). Evidence suggests that exercise (76), and a healthy diet (77) have a beneficial impact on gut microbiota diversity (76), which has been linked to better brain processes and behavior (78, 79). Current recommendations to increase FV intake for improved physical health may have positive benefits on mental health. Perhaps, a combination of the aforementioned lifestyle factors may work synergistically to further contribute toward positive mental health outcomes. For example, it is likely that the benefit of a healthy diet on perceived stress, specifically FV intake, is likely to be most beneficial when combined with regular exercise.

Overall, our results suggest a beneficial link between greater FV intake and lower worries, tension and lack of joy. However, the relationship between FV intake and stress is likely bidirectional, with an alternative interpretation of the associations being possible. Evidence shows that stress and mental health disorders can also lead to poor dietary habits, such as lower intake of FV and higher intake of energy-dense foods (13, 80).


Limitations and Strengths of the Study

Limitations of this work include the cross-sectional nature of the study; therefore, we cannot infer causality. Despite AusDiab being a national survey including participants from 42 randomly selected census collector districts across all states and territories in Australia, designed to reflect the Australian general population, we cannot rule out the risk of selection bias. On the basis of the analysis, it's difficult to differentiate between a FV-rich diet leading to lower stress levels and improved well-being or vice versa. Based on previous evidence, it is likely that both co-exist. The mean BMI indicated our participants were slightly overweight (26.6 ± 4.8 kg/m2). Overeating and increased intake of high-dense energy and fat foods may exacerbate stress levels (19, 20). Therefore, caution should be exercised when generalizing these results to populations with substantially different BMI (e.g., underweight, severely obese). Approximately 7% of the participants had diabetes in 2000, which may have influenced the results of our study. As such, diabetes status was added to the multivariable adjusted model as a potential confounding factor to minimize potential bias. Although the findings from our study rely on a valid tool for assessing perceived stress domains in healthy populations (such us the participants from the AusDiab cohort), it is possible that these results may differ between cohorts due to differences in demographics.

Strengths of this study include the investigations of the relationship between FV intake and four domains of perceived stress, for the first time. Additionally, the sample size was large, national, population-based and included adults across the lifespan. Although most information was self-reported, both perceived stress and dietary intake were assessed using validated questionnaires.

Future studies could aim to further understand the potential mechanisms for the negative association between FV intake and perceived stress domains. There is also need for longitudinal studies to investigate the impact of FV on perceived stress domains, and vice-versa. The relationship between diet and stress, and stress-related mental health issues is likely to be bidirectional, and understanding its associations may have critical implications in alleviating stress levels and improving mental well-being (81). Clinical trials exploring the effects of FV intake on perceived stress domains would enhance understanding on the impact of FV intake on perceived stress domains, and vice-versa.




CONCLUSION

Our data suggest that higher intakes of FV are inversely associated with overall stress perceived by adults, and specific stress domains, such as worries, tension and lack of joy. However, there is need for further research to examine the effects of overall and specific types of FV intake in a clinical trial setting.
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Objective: To examine the changes in body composition, water compartment, and bioimpedance in mild cognitive impairment (MCI) individuals.

Methods: We obtained seven whole-body composition variables and seven pairs of segmental body composition, water compartment, and impedance variables for the upper and lower extremities from the segmental multi-frequency bioelectrical impedance analysis (BIA) of 939 elderly participants, including 673 cognitively normal (CN) people and 266 individuals with MCI. Participants’ characteristics, anthropometric information, and the selected BIA variables were described and statistically compared between the CN participants and those with MCI. The correlations between the selected BIA variables and neuropsychological tests such as the Korean version of the Mini-Mental State Examination and Seoul Neuropsychological Screening Battery – Second Edition were also examined before and after controlling for age and sex. Univariate and multivariate logistic regression analyses with estimated odds ratios (ORs) were conducted to investigate the associations between these BIA variables and MCI prevalence for different sexes.

Results: Participants with MCI were slightly older, more depressive, and had significantly poorer cognitive abilities when compared with the CN individuals. The partial correlations between the selected BIA variables and neuropsychological tests upon controlling for age and sex were not greatly significant. However, after accounting for age, sex, and the significant comorbidities, segmental lean mass, water volume, resistance, and reactance in the lower extremities were positively associated with MCI, with ORs [95% confidence interval (CI)] of 1.33 (1.02–1.71), 1.33 (1.03–1.72), 0.76 (0.62–0.92), and 0.79 (0.67–0.93), respectively; with presumably a shift of water from the intracellular area to extracellular space. After stratifying by sex, resistance and reactance in lower extremities remained significant only in the women group.

Conclusion: An increase in segmental water along with segmental lean mass and a decrease in body cell strength due to an abnormal cellular water distribution demonstrated by reductions in resistance and reactance are associated with MCI prevalence, which are more pronounced in the lower extremities and in women. These characteristic changes in BIA variables may be considered as an early sign of cognitive impairment in the elderly population.

Keywords: bioelectrical impedance analysis (BIA), segmental analysis, mild cognitive impairment (MCI), Alzheimer’s disease (AD), body composition


INTRODUCTION

Changes in body composition commonly occur with aging in healthy individuals and in those with protein–energy malnutrition, poor physical conditions, or cognitive impairments such as Alzheimer’s disease (AD). Body composition changes over the aging process are characterized by increasing body fat mass, particularly by the reformation of the body’s fat distribution from appendicular fat to trunk fat, with decreasing lean mass and bone mineral density, especially in older adults (1–3). In middle-aged individuals, these changes increase both fat and lean mass, resulting in an increase in body weight (4, 5). Besides these changes, physiological changes in water metabolism and sodium balance occur, leading to alterations in plasma osmolality and changes in the volume within the body’s fluid compartments (6–10).

Mild cognitive impairment (MCI) is an age-related disorder which describes the symptomatic transitional phase between normal cognition and dementia. Clinically, MCI is defined as a set of criteria, including evidence of a change in cognition and lower performance in one or more cognitive domains despite the preservation of independent daily functioning [diagnostic guidelines from National Institute on Aging and the Alzheimer’s Association (11)]. Aside from age, several risk factors contribute to the occurrence and progression of MCI, such as negative lifestyle behaviors and poor dietary habits (12–14). These factors could also lead to chronic non-communicable diseases such as obesity, hypertension, cardiovascular disease, diabetes, and depression, which disrupt physiological homeostasis and hasten the progression of MCI (15, 16).

Recognizing and monitoring changes in body composition can reveal early signs of the body’s vital status, thereby allowing the application of appropriate therapies or lifestyle changes to help reverse the risk of MCI and progression to dementia. Anthropometrical measurements such as weight, height, body mass index (BMI), body circumference, and waist to hip ratio (WHR) have been commonly used in clinical practice to indirectly estimate fat or muscle mass (17–19). However, these measurements can only provide a rough estimate of body mass distribution and cannot discreetly quantify fat or lean mass percentages or intracellular/extracellular water levels (18). Bioelectrical impedance analysis (BIA) is a simple, portable, and relatively accurate technique (20, 21) that can be used to repeatedly measure the body composition of many participants to recognize early changes in body composition status and prognosticate the likelihood of having MCI.

Most previous studies employed specific bioelectrical impedance vector analysis in the later stage of AD rather than during early cognitive impairment. They reported a lower body cell mass, indicated by a lower reactance and phase angle or a shifting to the lower right half of the ellipse, in the AD or dementia group than in individuals with normal cognition (22, 23). These patterns were more prevalent in women with worse psycho-functional status (24, 25). Higher impedance, higher resistance, and longer impedance vector were found in AD patients than in normal controls, suggesting a lower proportion of fat free mass (FFM) (23, 24, 26). Nevertheless, few studies have applied conventional BIA techniques to the assessment of body composition changes in patients with MCI. Some examples include findings of a lower phase angle in women (27) or a higher visceral fat area associated with a lower risk of non-amnestic MCI in older women {mean [standard deviation (SD)] age of 75.0 ± 5.18} (28), though the number of these studies is limited.

Sex is another aspect to be considered for the evaluation and comparison of body composition in individuals with cognitive decline. Sex has a strong relationship with body composition, where women present with a relatively higher fat mass and lower FFM than men (29, 30). Buffa et al. reported a lower body cell mass with dehydration in women with severe AD than in those with mild-moderate AD, but these findings were not evident in men. Regarding bioimpedance, Cova et al. described significantly higher height-normalized values of impedance and resistance in men with MCI than in those without MCI, though this was not observed among women with MCI (26).

Regarding segmental body analysis, few studies have reported changes in the composition of different body segments in individuals with cognitive decline. Mereu et al. demonstrated that bioimpedance results obtained for only the right arm would be similar to whole-body composition in patients with AD (31). Reduction of skeletal muscle mass or muscle strength in the lower limbs was associated with a higher MCI risk in women (32, 33), whereas loss of skeletal muscle mass in the upper and lower limbs was associated with a higher risk of MCI in men (32). Lower extremity skeletal muscle mass was associated with lower cognitive performance and higher cortical beta-amyloid burden (34, 35), whereas upper extremity skeletal muscle mass did not show any association (34). Similarly, lower extremity motor function was found to be prominent in patients with MCI and AD (36, 37).

Subsequently, there is a lack of information about the relationship between body composition, and bioimpedance for each body segment and cognitive decline. Differences by sex in these components between the upper and lower extremities are not well established, especially for individuals with MCI. Therefore, using a segmental multi-frequency BIA technique, we aimed to examine how whole-body composition changes, segmental body fluids, and bioimpedance variables distinctly for the upper and lower extremities differed between cognitively normal (CN) people and those with MCI among both women and men. We hypothesized that lower extremity variables are more strongly linked to the incidence of MCI than upper extremity variables and that this pattern is more noticeable in women than in men. To test our hypotheses, linear logistic regression methods were conducted to examine odds ratios (ORs) before and after controlling for potential covariates, which was then repeated for the different sexes.



MATERIALS AND METHODS


Participants

In total, 1,153 individuals participated in the study. MCI patients were recruited at Chonnam University Hospital (Gwangju City, South Korea) alongside their family members or caregivers, who were recruited as participants with normal cognition. Written informed consent was obtained from each participant or their legal guardian prior to the study. Individuals were excluded from the study if they met one of the following criteria: obtained less than 3 years of education; had a medical history or ongoing acute or chronic illness that interfered with the intended study design, such as neurological diseases, infections, or mental health instability; excessive alcohol consumption; as a CN individual, had a baseline magnetic resonance imaging showing an abnormal pattern or atrophy; and showing clinical signs of hydration imbalance.

Mild cognitive impairment patients were defined as those who were not yet demented, had a Clinical Dementia Rating scale of 0.5, had a Seoul Neuropsychological Screening Battery – Second Edition (SNSB-II) z-score no less than −1.5 in at least one of the domains. In contrast, to be considered as CN, participants must have had no history or current symptoms of cognitive decline, a Clinical Dementia Rating of zero, and a SNSB-II z-score no less than −1.5 for all tests. All participants aged between 55 and 90 years had adequate hearing and vision on neuropsychological examination. The included participants then underwent a more precise clinical assessment to obtain demographic information and a medical history alongside a general medical examination, neuropsychological tests, and neurophysiological tests. In the data preprocessing, participants who had non-random missing data (n = 4), extreme results for any parameters (values above or below three times the interquartile are considered as extreme points) (n = 61), and were diagnosed with dementia or other causes of cognitive decline (n = 61) were excluded from the analysis. According to the principle of multi-frequency BIA, correct impedance measurements should have lower values for higher frequencies (i.e., impedance at 1 kHz is greater than impedance at 5 kHz); therefore, observations that did not follow this pattern were excluded (n = 88). There was a total of 939 participants included in the final analysis, including 673 CN and 266 MCI individuals, as illustrated in Figure 1. The study protocol was approved by the Institutional Review Board of the Chonnam National University Hospital (CNUH; approval number: CNUH-2019-279). The study was performed in agreement with the Declaration of Helsinki.
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FIGURE 1. Consolidated Standards of Reporting Trials (CONSORT) diagram illustrating enrollment and exclusion criteria for this study.




Neuropsychological Assessment

The Korean version of the Mini-Mental State Examination (K-MMSE) and SNSB-II were used as neuropsychological assessments in this study.

Seoul Neuropsychological Screening Battery – Second Edition is a comprehensive neuropsychological test that is widely used in Korea for evaluating cognitive performance in people with brain injuries and neurological disorders such as dementia (38, 39). It is composed of five cognitive domains including attention, memory, language, visuospatial function, and frontal/executive function. The attention domain includes the Digit Span Test, vigilance test, and letter cancellation. The memory domain contains the Seoul Verbal Learning Test and the Rey Complex Figure Test. The domain of language and related functions consists of the Boston Naming Test and comprehension, repetition, reading, and writing tests. The visuospatial domain is tested by the Rey Complex Figure Test-Copy and the Clock Drawing Test. The frontal and executive function domain encompasses motor regulation, the Stroop Test, the Controlled Oral Word Association Test, Digit Symbol Coding, and the Trail Making Test. The SNSB-II test and domain scores were normalized by age, sex, and educational levels according to a population 1,067 elderly Korean participants aged 45–90 years who represented normal development (40). The validity and reliability of the SNSB-II has been demonstrated by many previous studies, especially for MCI over other cognitive tests (38).

The K-MMSE is a commonly used screening test for dementia. It tests the five cognitive domains of time and spatial orientation, memory, attention and calculation, language, and visuospatial configuration with a maximum of 30 points.



Anthropometry and Bioimpedance Measurement

Anthropometric parameters such as height (cm) and weight (kg) were automatically measured from the multi-frequency BIA segmental analyzer Inbody S10 Korea (41) to the nearest 1 mm and 100 g, respectively. BMI was then also auto-calculated (kg/m2). Body composition parameters including WHR, FFM, percent body fat (PBF), percent body cell mass (PBCM), total body water per fat free mass (TBW_FFM), and basal metabolic rate (BMR) were estimated from impedance variables obtained from the same device. This device uses a tetrapolar 8-point tactile electrode to measure impedance at six electrical frequencies: 1, 5, 50, 250, 500, and 1,000 kHz and reactance and phase angle at three frequencies: 5, 50, and 250 kHz. Notably, the tetrapolar BIA method was validated as it gives similar results to reference methods such as dual energy X-ray absorptiometry or magnetic resonance imaging techniques (42, 43). The impedance was measured separately for each body segment, including the two arms, two legs, and trunk, producing an estimated segmental body composition and water compartment. Participants were instructed to fast overnight before the examination. Although there are various impedance parameters at several frequencies, this study focused on the impedance variables obtained at 50 kHz. All measurements were carried out by well-trained staff with the Inbody S10 (41) instructions for reference.



Statistical Analysis

The characteristics of the two groups of participants (CN and MCI) were compared. Demographic information, neuropsychological test results, and body composition characteristics were summarized as means and SDs for continuous variables and as frequencies and proportions for categorical variables. Regarding hypothesizing differences by continuous variables, a univariate independent two-sample t-test or Mann–Whitney–Wilcoxon rank sum test was used after confirming distribution normality by the Shapiro–Wilk test. Cohen’s d was applied to test the effect size of the difference. To check the independence of each categorical variable with cognitive status, Pearson’s Chi-squared test or Fisher’s exact test was used. Pearson correlation coefficients were employed to examine the bivariate correlations between age, BMI, and neuropsychological test (SNSB-II and K-MMSE) scores with body composition, segmental water, and impedance-related variables. Pearson correlation coefficients were also used to inspect the partial correlations between those variables with conditioning on age and sex, the two factors that are known to be associated with cognition and body composition (44, 45). Univariate and multiple regression analyses were then carried out with cognitive group as the dependent variable and the selected BIA variables as the independent variables, before and after adjusting for the potential confounders. Lastly, we examined the association between MCI and each selected BIA variable after stratifying groups according to sex. A p-value of less than 0.05 was considered statistically significant. R version 4.1.2 (The R Project for Statistical Computing1) was used for all statistical analyses.



Covariates

Considering the role of age in the relationship between MCI and changes in body composition and water compartment, we used age as one of the potential confounders in the multivariate regression analysis models in the Tables 3 and 4. As body composition differs between women and men, sex was included as another covariate. Moreover, any significant difference in participants’ basic characteristics that could affect the associations between MCI and body composition variables were incorporated as covariates, including Geriatric Depression Scale (GDS) score, hyperlipidemia, diabetes, and central nervous system disorder.



Data Selection

Considering that all participants appeared to have a symmetrical body structure upon the in-person screening phase, their left-side was strongly positively correlated with the corresponding variable on the right side of the body for most of the segmental BIA variables (Supplementary Figure 1). The average values between the right and left arm and leg were computed for the upper and lower extremity variables (Supplementary Table 1). The difference between the right and its corresponding left variables produced statistically insignificant results in CN and MCI groups (Supplementary Table 2). In this study, seven whole-body composition variables were employed in the analysis, including BMI, FFM, PBF, PBCM, WHR, TBW_FFM, and BMR. Additionally, seven pairs of segmental body composition, water compartment and bioimpedance variables for the upper and lower extremities were included, consist of segmental water (SW_upper, SW_lower), segmental lean mass (SL_upper, SL_lower), relative water volume to lean mass (Water_Lean_upper, Water_Lean_lower), extracellular to intracellular water ratio (ECW_ICW_upper, ECW_ICW_lower), resistance (R_upper, R_lower), reactance (Xc_upper, Xc_lower), and phase angle (PA_upper, PA_lower). A frequency of 50 kHz was used for all impedance results.




RESULTS


Participants’ Characteristics

The demographic information, neuropsychological test scores, and comorbidities for the CN and MCI groups are described in Table 1. Between the CN and MCI groups, there were indifferences in sex, educational years, and blood pressure. Individuals with MCI had a slightly higher mean age than CN participants with the mean (SD) of 73.1 (6.5) and 71.7 (6.2), respectively. The MCI group exhibited poorer cognitive performance with significantly lower SNSB-II and K-MMSE scores and higher levels of depression with an increased GDS score than the CN group. The prevalence of comorbidities including hypertension, thyroid disorders, mental disorders, and circulatory disorders between the groups were equivalent. However, the prevalence of diabetes and CNS disorder were higher and the prevalence of hyperlipidemia was lower in the MCI group when compared with the CN group. For cohabitation, more than 85% of our participants lived with family, and there were no significant differences between the groups.


TABLE 1. Demographic information and neuropsychological test results of MCI and CN subjects.
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Anthropometric and Whole-Body Composition Results

Anthropometric information and the whole-body composition results were described in Table 2. In terms of anthropometric indices, the CN and MCI groups had comparable height, weight, and therefore BMI. However, MCI participants had a slightly lower body fat indices as indicated by lower PBF with a mean (SD) of 32.1 (7.6) and 33.3 (7.9) and smaller WHR with a mean (SD) of 0.879 (0.063) and 0.887 (0.055) compared with CN individuals, respectively. Similarly, MCI participants had a slightly higher PBCM with respect to CN individuals with a mean (SD) of 43.5 (5.0) and 42.9 (5.2) and greater TWB_FFM with those of 73.92 (0.29) and 73.88 (0.27), respectively.


TABLE 2. Anthropometry and whole-body composition results.
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Descriptions of the Segmental Body Composition and Bioimpedance Variables

Figure 2 visualizes the data of the selected segmental variables and comparative statistics between the two groups. Among the segmental body composition and water compartment variables, the MCI group exhibited a tendency of increasing relative water volume and extra- to intracellular water ratios compared to CN group indicated by significant effect size of approximately 0.20 for Water_Lean_lower, ECW_ICW_upper, and ECW_ICW_lower. For the segmental bioimpedance variables, resistance, reactance, and phase angle displayed a similar pattern of decreasing in the MCI group when compared with the CN group, although resistance and phase angle showed significant differences between the two groups only for the lower extremity (R_lower and PA_lower). The effect sizes in these impedance comparisons ranged from −0.18 to −0.31.
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FIGURE 2. The distributions of the segmental BIA variables in CN and MCI groups. *p < 0.05, **p < 0.01, ***p < 0.0001, ns: Not significant. Dashed green line indicates mean value of each variable in each group.




Correlations Between Age, Neuropsychological Test Scores, Body Composition, Water Compartment, and Bioimpedance Variables

Figure 3 illustrates the correlations between age and the cognitive tests with the selected BIA variables, as well as partial correlations after controlling for age and sex.
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FIGURE 3. The correlations between age and cognitive tests such as SNSB-II domains and K-MMSE score with the selected BIA variables and its partial correlations after controlling for age and sex. Empty cells: insignificant correlation coefficients (p-value > 0.05).



Bivariate Correlations


Age

Age displayed positive correlations with the water-related variables but negative correlations with the impedance-related variables. Age demonstrated relatively stronger correlations with the lower extremity variables such as Water_Lean_lower, ECW_ICW_lower, Xc_lower, and PA_lower than the corresponding upper extremity variables. With aging, relative water volume (Water_Lean_lower, r = 0.46) and cellular water ratio (ECW_ICW_lower, r = 0.47) variables in the lower extremity tended to increase. The reactance and phase angle variables in the lower extremity tended to decrease with aging (Xc_lower, r = −0.49; PA_lower, r = −0.41). Whole-body water hydration status indicated by the ratio of TBW_FFM was positively correlated with age (r = 0.39), whereas other parameters such as PBF, PBCM, and BMR did not show significant correlations.



Neuropsychological Tests

All BIA variables had weak or no correlations with the five domains of the SNSB-II and the K-MMSE. The highest coefficients were found between the SNSB-II frontal domain and Water_Lean_lower, ICW_ECW_lower, Xc_lower, and PA_lower in the lower extremity, with a maximum coefficient of 0.34 (absolute value). K-MMSE had the highest positive correlation with PA_lower, with a coefficient of 0.21. Overall, the correlations were more observable with lower extremity variables than with those of the upper extremity.




Partial Correlations

After adjusting for age and sex, most of the significant correlations between the BIA variables and the neuropsychological test scores were diminished. The highest coefficients were obtained between the SNSB-II visuospatial and frontal domains and PA_lower with r = 0.14 and TBW_FFM with r = −0.16 and r = −0.17, respectively. These results determined the role of these covariates in the association between BIA variables and cognitive tests.




Relationship Between the Bioelectrical Impedance Analysis Variables and Mild Cognitive Impairment

Table 3 presents the relationship between each of the BIA variables and MCI prevalence by ORs obtained from univariate and multiple logistic regression before and after adjusting for the potential covariates.


TABLE 3. Estimated odds ratios and 95% confidence intervals derived from the two logistic regression models.
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Before controlling for the covariates, several BIA variables showed significant associations with MCI, such as the whole-body composition variables PBF, WHR, and TBW_FFM or the segmental variables Water_Lean_lower, ECW_ICW_upper, ECW_ICW_lower, R_lower, Xc_upper, Xc_lower, and PA_lower, with significant ORs and their 95% confidence intervals (CIs) away from 1. Regarding whole-body composition, PBF and WHR exhibited negative associations with MCI, whereas TBW_FFM had a positive association with MCI with ORs (95% CI) of 0.86 (0.75–0.99), 0.86 (0.74–0.99), and 1.17 (1.02–1.35), respectively. With respect to segmental variables, there was a positive association between the water-related variables and MCI, and a negative association between the impedance-related variables and MCI. A unit increase in Water_Lean_lower, ECW_ICW_upper, or ECW_ICW_lower was associated with a nearly 22–26% increase in the odds of having MCI, whereas one unit decrease in R_lower, Xc_upper, Xc_lower, or PA_lower was associated with an approximate 17–27% increase in the odds of having MCI.

After adjusting for age, sex, GDS score, and the comorbidities, PBF, WHR, and TBW_FFM were no longer associated with MCI according to their p-values. R_lower and Xc_lower remained associated with MCI prevalence, with ORs and 95% CIs of 0.76 (0.62–0.92) and 0.79 (0.67–0.93), respectively; decreasing one unit in one of these variables was associated with increasing the odds of MCI by 21–24%. Noticeably, SW_lower and SL_lower which did not associate with MCI in the crude model became significantly associated with MCI after adjusting for the covariates, with the OR (95% CIs) of 1.32 (1.02–1.71) and 1.33 (1.03–1.72), respectively. Cellular water distribution between extra- and intra-spaces indicated by ECW_ICW_upper and ECW_ICW_lower variables exhibited a tendency of negatively associated with MCI which was demonstrated by an adjoining statistical significance threshold of the ORs (approximate p-value = 0.07). Relative water volume in both upper and lower extremities (Water_Lean_upper, Water_Lean_lower) did not show significant associations with the incidence of MCI.



Relationship Between the Bioelectrical Impedance Analysis Variables and Mild Cognitive Impairment for Each Sex

Table 4 separately examined the relationship between the BIA variables and MCI for women and men. After stratifying by sex, R_lower and Xc_lower were significantly associated with MCI in women, with ORs (95% CI) of 0.74 (0.57–0.95) and 0.75 (0.60–0.94), respectively. There were no significant associations between MCI and any of the BIA variables in the men group.


TABLE 4. Estimated odds ratios and 95% confidence intervals derived from the logistic regression models in women and men.
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DISCUSSION

In this study, we aimed to examine the association between the BIA variables with the incidence of MCI, including seven whole-body composition variables and seven pairs of segmental BIA variables. The MCI group was shown to be slightly older, more depressive, and had significantly poorer cognitive abilities than CN group. The CN and MCI groups had approximately equivalent body anthropometric indices such as height, weight, and BMI. However, individuals with MCI had a slightly lower fat mass as indicated by lower WHR and PBF and higher PBCM and TBW_FFM than the CN participants (Table 2).

Segmental analysis revealed that MCI individuals had a higher amount of relative water volumes and extra- to intracellular water ratios, but lower resistance, reactance, and phase angle in the upper and/or lower extremities when compared with CN individuals (Figure 2). After accounting for age, sex, GDS score, and the comorbidities, although the whole-body composition variables failed to differentiate CN and MCI, segmental analysis found that segmental water, segmental lean mass, resistance and reactance variables of the lower extremity were significantly associated with MCI (Table 3).

First of all, the segmental water and segmental lean mass in the lower extremities were proportionally associated with MCI, but their ratio indicated by the Water_Lean_lower variable was not significantly associated with MCI (Table 3). This result suggests that the increase in segmental water was directly proportional to the increase in segmental lean mass in the lower extremity, reflecting an increase in segmental lean mass but equal water volume per lean mass in the cognitive decline subjects. Despite the water volume normality, the water distribution between extra- and intracellular spaces showed the tendency of a shifting of water from the intracellular space to the extracellular areas, demonstrating by the ORs of ECW_ICW_lower closely adjoin to the statistical significance threshold (Table 3). This tendency suggests an abnormal water distribution and cellular dehydration status in individuals with cognitive decline, independently of age and the other covariates.

Secondly, the reduction in lower extremity reactance was found to be associated with the higher prevalence of MCI, independent of age, sex, and the other covariates. Lower reactance indicates a lower cell membrane capacitance due to a reduction in body cell mass or a decrease in cell strength due to malnutrition (20, 46). Cova et al. reported a lower nutritional status as indicated by a lower Mini Nutritional Assessment score and a decrease in body cell mass as demonstrated by a shifting of the RXc graph on the right side in individuals with MCI when compared with the reference (26). In studies of dementia, lower reactance was found in women with severe AD than in patients with mild-to-moderate AD, as it was more evident in women with worse psycho-functional status (24, 25) and in men with dementia (23). Our finding of a reactance reduction in the MCI group is in alignment with these publications as we found a negative association between reactance and MCI, demonstrating a decrease in body cell mass or cell strength in the lower extremity in the individuals with cognitive decline. However, considering the positive association between SL_lower and MCI which implies an increase of segmental lean mass in lower extremity, the decrease in body cell mass might be due to the reduction in the volume of individual cell rather than decrease in total cell quantity. Most of living cells contain a large amount of water (47), so that ICW accounts for approximately 70% of total cell mass (48). The decrease in body cell mass or presumably reduced volume of individual cell therefore might be due to the reduction of ICW content in the MCI individuals.

Furthermore, resistance in lower extremity was also found to be linked with the higher prevalence of MCI, regardless of age and the other covariates. Resistance is a measure of resistivity and is inversely proportional to the relative amount of total body water, decrease in resistance indicates a higher proportion of water volume (20, 49). Saragat et al. reported a higher height-normalized resistance in both sexes with AD, but a preserved value in patients with lower psychological status (MMSE < 20.7 compared with MMSE ≥ 20.7 in CN individuals), suggesting a relative increase in fat in individuals with AD than that in CN individuals (24). The same team reported dehydration in women with severe AD as showed by a lengthening of the impedance vector on the RXc graph compared to the control (25). In this study, our MCI group did not have an increase in fat mass percentage or dehydration. In contrast, they had a higher segmental lean mass and a tendency of higher extracellular water compared with CN individuals (Figure 2 and Table 3). Consequently, the increase in segmental lean mass and ECW volume might cause the R_lower reduction in the MCI individuals.

In this study, those with MCI were in the early stage of cognitive decline, with a mean (SD) K-MMSE score of 26.2 (2.5) that is somewhat closer to the mean (SD) of 27.6 (1.9) seen in the CN group than those in the aforementioned studies. Similarly, our MCI participants had better cognitive test scores than the cognitively impaired individuals in the previous studies (24, 25). Therefore, they might not yet have substantial changes in physical activity or nourishment and thus did not experience solid changes in body composition. Furthermore, age was reported to be an important factor to influence the fluctuation of cellular water distribution, such that ECW to ICW ratio increases with age and might be due to the steeper decrease in the ICW content than in the ECW compartment (9, 50). After controlling for age and other covariates, most body composition variables became insignificant; only segmental BIA variables such as resistance and reactance in the lower extremities and the related body composition/water compartment variables such as SL_lower and SW_lower remained to be significantly associated with the incidence of MCI.

After stratifying by sex, we found that women with MCI showed a significant reduction in terms of reactance and resistance of the lower extremity, whereas this pattern did not emerge in men (Table 4). The body composition differences between men and women were diversely reported in previous BIA publications (22, 24, 28). Sex hormones have been known to strongly influence body fat distribution, particularly estrogen and progesterone in women during menopause (49, 51). A common finding is that there is a higher possibility of obesity with predominant abdominal fat accumulation in aging women with a decrease in estrogen secretion (52, 53). However, Collelueri et al. described a U-shaped relationship between estradiol (a major estrogen in females) and body fat mass, such that total body fat mass was found to be decreased when estradiol levels were between 14.0 and 17.4 pg/ml and increased elsewhere (54). The complex relationship between hormonal changes during aging and body composition might regulate the relationship between impedance variables and cognitive decline. Nonetheless, our findings suggest that women with MCI experience more dramatic changes in their body composition and water compartment than men with MCI.

In this study, whole-body composition measurements, such as FFM or PBCM, were investigated as indicators of muscle volume in relation to MCI. Although individuals with MCI showed slightly more muscle volume due to larger FFM and PBCM compared with CN individuals (Table 2), these variables were insignificantly linked with MCI when taking into account age, sex, GDS score, and comorbidities (Table 3). However, segmental reactance in the lower extremity, which is associated with segmental cell mass or segmental muscle volume was significantly associated with the incidence of MCI, especially in women (Tables 3, 4). Individuals with cognitive impairment are likely to experience protein–energy malnutrition and/or decreased physical activity, thus having a decrease in body lean mass or muscle volume. Myokines, which are synthesized and secreted from muscle mass during muscular contractions, regulate the metabolism in the muscle itself (autocrine) as well as in other tissues and organs, such as the brain, through their receptors (para/endocrine) (55). A lower muscle volume reduces myokine secretion and therefore lowers the amount of myokines crossing the blood–brain barrier. This imbalance in the myokine level upregulates pro-inflammatory cytokine production and impairs glucose and lipid metabolism in the brain (56). As a result, individuals with lower muscle volume or muscle atrophy are susceptible to neuronal damage which induces abnormal cognitive ability (57). In this study, a significant reduction in lower extremity reactance indicating a lower body cell mass or lower muscle volume and therefore a decrease in myokine secretion, might be one of the causes of cognitive impairment in the individuals with MCI (58). This finding revealed the importance of segmental body cell mass or muscle volume when examining the association with cognitive decline, especially in women (59).

In terms of muscle quality, phase angle and ECW/ICW have been recommended as indicators of muscle quality (60, 61). Phase angle is a major parameter previously investigated as a predictor of morbidity and mortality for several pathological conditions or critical illnesses, such as mortality in intensive care or in postoperative patients (62–64), sarcopenia, frailty (65), and Human Immunodeficiency Virus infection (66). It is also suggested as a potential indicator for diabetes (67), hyperlipidemia (68), and hypertension (69), which are known risk factors of cognitive impairment. The phase angle cutoff threshold varies across samples of different ages, sexes, and morbidities (65, 70, 71). In this study, MCI patients of both sexes had just a slightly lower phase angle than the normal controls, and this difference disappeared after controlling for covariates in both women and men; the muscle quality expressed by phase angle might not be a sensitive marker of cognitive impairment in its early stage. Moreover, ECW/ICW is another sensitive parameter that is positively correlated with age as well as cognitive function such as executive function, inhibition, or attention ability in elderly people (9, 50). In this study, after controlling for age, sex and the comorbidities, ECW/ICW in upper and lower extremities showed a tendency of associations with MCI prevalence. Further investigations with individuals in the early cognitive impairment stages are needed to confirm the relation between ECW/ICW and MCI.

In the correlation analysis, age was the primary factor in the correlations between cognitive tests (SNSB-II and K-MMSE) and the BIA variables (Figure 3). After adjusting for age and sex, the cognitive tests showed only weak correlations with some BIA variables; resistance and reactance variables did not or only weakly correlated with the cognitive test scores. However, it was still able to produce significant associations with the incidence of MCI, regardless of age and the other covariates. Since the cognitive impairment in the older individuals is a degenerative symptom, it seems to be accompanied by overall decline in physiological functions with an early change of cellular water volume especially in lower extremity.

Daily activities involve physical strengths in both arms and both legs. In this study, bioimpedance changes in the lower extremity were observed and were more significantly associated with MCI than those in the upper extremity. A reduction in physical function in the lower extremity is likely to be related to a higher risk of cognitive decline (32, 33); it suggests that more focus should be placed on impedance variable changes in the lower extremity in relation to the early stage of cognitive impairment.

In this study, among multiple frequencies of 5, 50, and 250 kHz, the frequency of 50 kHz was selected to simplify the data analysis and be representative of the impedance variables. Indeed, the bioimpedance variables at other frequencies, such as 5 and 250 kHz, behave similarly as those at 50 kHz; lower extremity resistance and reactance variables at those frequencies were associated with MCI prevalence as well (Supplementary Table 4).

Compared to precedent publications (22–27, 36), our study contained a sufficient sample size of MCI and CN participants and thus can provide additional insight into body composition/impedance changes occurring in the early stage of cognitive decline. Regarding the transition from CN to dementia, MCI individuals represented a closer-to-normal stage based on cognition test scores. Despite this limitation, segmental bioimpedance variables such as resistance and reactance in the lower extremity and the related water compartment/body composition components were still effective in recognizing and distinguishing MCI patients from CN individuals. These lower extremity features might be used as an early sign of cognitive decline.

There are some limitations in this study. First, confounding factors, such as daily activity hours and nutritional states, may affect body composition and bioimpedance characteristics (72, 73). Second, segmental impedance variables were derived directly from BIA measurements, whereas body composition and segmental water compartments were estimated based on these impedance variables; therefore, accuracy may vary between ethnicity, age, sex, and manufacturer. Third, longitudinal studies are needed to monitor and confirm the changes in body composition, water compartment and bioimpedance features even during the earlier stages of cognitive decline (e.g., from CN or subjective memory impairment).



CONCLUSION

The selected BIA variables, which reflect the changes in body composition, water compartment and bioimpedance for upper and lower extremities, have weak correlations with the K-MMSE score as well as with the SNSB-II domains, especially when taking age and sex into consideration. Nevertheless, multiple logistic regression analysis reveals significant associations between the lower extremity BIA variables with MCI. Specifically, we found an increase in segmental lean mass and a decrease in body cell volume due to an abnormal cellular water distribution in the lower extremities with MCI, which were demonstrated by the reductions in both resistance and reactance. These characteristic changes of BIA variables may be considered as an early sign accompanied by cognitive impairment in the older population.
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Several previous studies discussed the association between vitamin K (VK) status and cognition. But the association between dietary VK consumption and cognitive performance in the elderly was not well understood. Therefore, we investigated the correlation between dietary VK intake and the cognition of the elderly. Our research used the data of the National Health and Nutrition Examination Survey (NHANES) from 2011 to 2014. The dietary intake of VK was assessed by two 24-h dietary recalls. The cognitive function was measured in the survey of NHANES, including the Consortium to Establish a Registry for Alzheimer’s disease Word Learning subtest (CERAD W-L), Animal Fluency Test (AFT), and Digit Symbol Substitution Test (DSST). Logistic regression and restricted cubic spline models were applied to assess the relationship between dietary VK intake and cognition. Compared with the lowest dietary VK intake group, the multivariate-adjusted odds ratio (OR) [95% confidence interval (95% CI)] of low CERAD W-L score for the highest intake group was 0.39 (0.26–0.60), the multivariate-adjusted OR (95% CI) of low AFT score was 0.59 (0.38–0.92), and the multivariate-adjusted OR (95% CI) of low DSST score was 0.44 (0.29–0.65), respectively. There was an L-shaped dose–response relationship between dietary VK intake and low CERAD W-L score. There was a linear dose–response relationship between dietary VK intake and low AFT score, and there was also a linear dose–response relationship for the low DSST score. In addition, we also found a negative association between VK from vegetables and the risk of low CERAD W-L scores. Dietary VK intake and VK intake from vegetables were inversely related to the risk of low cognitive performance of the elderly.

Keywords: cognition, vitamin K, dose–response, cross-sectional study, NHANES


INTRODUCTION

Cognitive function is associated with a variety of factors (1, 2). Many previous studies have discussed the association between nutritional factors and cognition, such as vitamin D (3, 4), zinc, copper, selenium (5), creatine (6), ω-3, and ω-6 fatty acids (7).

As a fat-soluble nutrient, vitamin K (VK) can regulate the synthesis of sphingolipids (8). As a main component of the myelin sheath and neuron membrane, sphingolipids participate in the proliferation and differentiation of neurons (9). The current studies find that VK has an important role in the nervous system (10, 11). Several previous studies have discussed the association between VK status and cognition.

For instance, a study of 31 patients with Alzheimer’s disease and 31 healthy controls found that patients had lower VK intake (12). A study of 192 geriatric patients had reported that higher dietary VK intake had a better cognitive performance (13). The results of a study of 156 elderly Irish people showed that VK status was associated with cognition (14). But in the study of 599 participants (aged 55–65 years) from the Amsterdam longitudinal aging study, VK status was not associated with cognitive performance decline (15).

At present, the association between dietary VK consumption and cognitive performance in the elderly is not well understood. The dose–response relationship and the relationship between dietary intake of VK from different sources and cognitive function has not been explored.

Therefore, the National Health and Nutrition Examination Survey (NHANES) data was used to explore the relationship between dietary VK intake and cognition of the elderly in the United States. Our research explored the dose–response relationship and sex stratification results using a larger sample size. In addition, we also explored the relationship between dietary VK intake from different sources and cognitive function.



MATERIALS AND METHODS


Study Population

The data of dietary VK intake and cognitive function were obtained from two cycles (2011–2012 and 2013–2014) of the NHANES dataset. NHANES was an important plan belonging to the National Center for Health Statistics (NCHS) in the United States, and the relevant information of the survey can be obtained elsewhere (16). The 2 cycles of NHANES (2011–2012 and 2013–2014) included 19, 931 participants. We excluded participants who were under 60 years old, had incomplete cognitive test data, incomplete or unreliable dietary data. The “Dietary recall status code” in NHANES survey evaluated the quality and integrity of the dietary data. The reliable and unreliable dietary data were distinguished. Unreliable dietary data means that data on total nutrient intakes and the total foods reported in these cases were not available. These individuals had no records in the Individual Foods files (17). Finally, there were 2524 participants in our analysis, and the detailed flow chart was shown in Figure 1.
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FIGURE 1. Flow chart of the screening process for the selection of eligible participants.


Among the 2524 participants, 1712 participants had data on VK intake from vegetables and 1450 participants had data on VK intake from grains.



The Intake of Dietary Vitamin K

Dietary information was obtained through two 24-h dietary recall interview. Daily dietary VK intake was based on the average intake of two dietary retrospective surveys (18). A detailed description of dietary data collection can be found on the website of NHANES (19). Total VK intake data were obtained from “Total Nutrient Intakes Files,” and different sources of VK intake data were obtained from “Individual Foods Files.” Individual Foods files reported by each participant included detailed information about each food/beverage item (including the description, quantity, and nutritional ingredients). Different sources of VK intake can be identified by the Food/Individual component number (20). According to the food code of United States Department of Agriculture (USDA), we determined the intake of vegetable and grain sources VK from the dietary data (21). Referring to published articles (22), dietary VK intake was categorized into quartiles (Q1, Q2, Q3, and Q4 groups).



Cognitive Function

There were three cognitive function tests in NHANES surveys (23). The Consortium to Establish a Registry for Alzheimer’s disease Word Learning subtest (CERAD W-L) included three consecutive learning trials and a delayed recall for new verbal information, which was used to evaluate immediate and delayed learning ability. The highest score on each test was 10. The Animal Fluency Test (AFT) was a component of executive function. To examine categorical verbal fluency, participants were asked to name as many animals as possible in 1 min, and each one scored one point. The Digit Symbol Substitution Test (DSST) assessed working memory, sustained attention, and processing speed. The score ranged from 0 to 133. In all three tests, higher scores indicated better cognitive performance. Although cognitive function tests cannot equate with clinical diagnosis, these tests proved to be good screening tools and used in research related to cognitive function (24–26).

According to the method used in the published literature (3, 5, 7, 22, 27), we further classified the scores according to three age stages. In each test, participants with scores below the minimum quartile for each age group were defined as having low poor cognitive performance. According to the cut-off points (shown in Table 1), participants were divided into low cognition performance and normal cognition performance groups.


TABLE 1. The cognition performance cut-off points of test score (CERAD W-L, AFT, and DSST), adjusted according to age (60–70 years, 70–80 years, and ≥80 years).
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Covariates

We included some covariates, according to the past literature on dietary factors and cognitive function (4, 27, 28). They mainly included socioeconomic status variables (such as age), health behavior variables (such as drinking status), and health factors (such as hypertension). In addition, we also adjusted the total energy intake. Detailed classification information of covariates was shown in Table 2.


TABLE 2. The classifications of covariates.
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Statistical Analysis

According to the analysis guide of NHANES, we calculated new sample weights (29). We used the Kolmogorov–Smirnov normality test to test the normality of continuous variables. To describe normal variables, we used mean ± standard deviation (SD). As for non-normally distributed variables, we used the median (interquartile range) to describe it and used the Mann–Whitney U test to compare it. For normal distribution variables, we used the Student’s t-test to compare the factors between the low and normal cognition groups. The Chi-square test was used to compare the percentage of categorical variables.

The lowest dietary VK intake group (Q1) was taken as the reference group. Logistic regression analyses were used to explore the relationship between VK intake and cognition. We used odds ratio (OR) and 95% confidence interval (95% CI) to report results. Sex stratification analysis was also included in our study. Restricted cubic spline was used to explore the dose–response relationships between dietary VK and cognition. The three nodes were located at the 5th, 50th, and 95th percentile of dietary VK intake, respectively. We performed sensitivity analysis by excluding participants taking VK antagonists (warfarin or clopidogrel). In order to further excluded the influence of total energy intake on the results, we added a sensitivity analysis. The regression residual represented the difference between the actual VK intake for each participant and the predicted intake based on the total energy intake. The VK intake of participants was recalculated, and then regression analysis was carried out. When the p-value < 0.05, the results were considered statistically significant. Stata 15.0 (Stata Corp., College Station, TX, United States) was used to perform the primary statistical analysis.




RESULTS


Participant’s Characteristics

For all cognitive tests, the low cognitive performance group had a lower education level, poverty-income ratio, recreational activity, total energy intake, dietary VK intake, and a higher prevalence of diabetes. For the CERAD W-L and DSST, the low cognition group had lower work physical activity level. For DSST, the low cognitive function group had a high prevalence of hypertension. For the AFT and DSST, the low cognition group had a high prevalence of stroke. The characteristics of dietary VK intake participants classified by cognitive function were shown in Table 3.


TABLE 3. Characteristics of the dietary VK and cognition study population, National Health and Nutrition Examination Survey (NHANES) 2011–2014 (N = 2524).
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Association Between Dietary Vitamin K and Cognition

In the crude model, compared with the lowest dietary VK intake group, the OR (95% CI) of low CERAD W-L score for the quartile two intake group was 0.61 (0.45–0.82), for the quartile three intake group was 0.48 (0.32–0.72), and for the highest intake group was 0.27 (0.17–0.42), respectively. Compared with the lowest dietary VK intake group, the OR (95% CI) of low AFT score for the quartile three intake group was 0.53 (0.33–0.85), and for the highest intake group was 0.34 (0.23–0.52). Compared with the lowest dietary VK intake group, the OR (95% CI) of low DSST score for the quartile three intake group was 0.41 (0.29–0.57), and for the highest intake group was 0.21 (0.14–0.30).

In multi-adjusted model (model 1), compared with the lowest dietary VK intake group, the OR (95% CI) of low CERAD W-L score for the quartile two intake group was 0.67 (0.49–0.91), for the quartile three intake group was 0.63 (0.43–0.91), and for the highest intake group was 0.39 (0.26–0.60), respectively. Compared with the lowest dietary VK intake group, the OR (95% CI) of low AFT score for the highest intake group was 0.59 (0.38–0.92). Compared with the lowest dietary VK intake group, the OR (95% CI) of low DSST score for the quartile two intake group was 0.48 (0.30–0.74), and for the highest intake group was 0.44 (0.29–0.65). The joint test of the effect for the multiple categorical variables was used, and the dietary VK intake was correlated with low CERAD W-L score, with an OR value of 0.995, p = 0.000. For low AFT score, the OR value was 0.996, p = 0.001, and for low DSST score, OR value was 0.997, p = 0.006. The results were shown in Table 4.


TABLE 4. Weighted odds ratios (95% confidence intervals) for scores on CERAD W-L, AFT, DSST across dietary VK intake, NHANES 2011–2014 (N = 2524).
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In sensitivity analysis, after excluding 218 participants who took VK antagonists, the association of dietary VK intake with low cognitive performance was still significant. Detailed information was shown in Supplementary Table 1. After readjusting VK intake according to total energy intake, dietary VK intake was negatively correlated with low CERAD W-L and AFT scores. Detailed information was shown in Supplementary Table 2.

In stratified analysis by sex, dietary VK intake was inversely associated with low cognitive function. In model 1, for females, compared with the lowest dietary VK intake group, the OR (95% CI) of low CERAD W-L score for the quartile two intake group was 0.38 (0.23–0.63), for the quartile three intake group was 0.52 (0.31–0.89), and for the highest intake group was 0.27 (0.15–0.48), respectively. For males, compared with the lowest dietary VK intake group, the OR (95% CI) of low AFT score for the highest intake group was 0.43 (0.19–0.96). For females, compared with the lowest dietary VK intake group, the OR (95% CI) of low DSST score for the quartile two intake group was 0.43 (0.23–0.81), and for the highest intake group was 0.42 (0.23–0.76). The results were shown in Table 5.


TABLE 5. Weighted odds ratios (95% confidence intervals) for scores on CERAD W-L, AFT and DSST across dietary VK intake, stratified by sex, NHANES 2011–2014 (N = 2524).
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Relationships Between Dietary Vitamin K Intake Derived From Different Sources (Vegetables, Grain) and the Risk of Low Cognitive Performance

The association of dietary VK intake derived from vegetables with low cognitive performance risk was shown in Table 6. In a multiple-adjusted model, dietary VK intake was correlated with low CERAD W-L score. Compared with the lowest dietary VK intake derived from vegetables group, the OR (95% CI) of low CERAD W-L score for the highest intake group was 0.60 (0.37–0.99). The joint test of the effect for the multiple categorical variables was used, with an OR value of 0.997, p = 0.032. We did not find the relationship between dietary VK intake from grains and the risk of low cognitive ability, and the results were shown in Table 7.


TABLE 6. Association between VK intake derived from vegetables and cognitive performance.
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TABLE 7. Association between VK intake derived from grain and cognitive performance.
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Dose–Response Relationships

Figure 2 showed the L-shaped dose–response relationship between dietary VK intake and low CERAD W-L scores (pfor non–linearity = 0.121). It reached a plateau, when the dietary VK intake was higher than 215 mcg/day. As for dietary VK intake and low AFT scores, we found a linear dose–response relationship (pfor non–linearity = 0.664). The relationship was significant when the dietary VK intake was above 110 mcg/day (Figure 3). For the low DSST score, we found a linear dose–response relationship (pfor non–linearity = 0.325), and when dietary VK intake was lower than 163 mcg/day or higher than 234 mcg/day, the relationship was no longer significant (Figure 4).


[image: image]

FIGURE 2. Dose–response relationship between dietary VK intake and low CERAD W-L score.
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FIGURE 3. Dose–response relationship between dietary VK intake and low AFT score.
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FIGURE 4. Dose–response relationship between dietary VK intake and low DSST score.





DISCUSSION

There was a negative correlation between the low cognitive risk and dietary VK intake. After adjusting for many confounding factors, the correlation was still significant. For the low CERAD W-L score, we found an L-shaped dose–response relationship. This dose–response relationship means that when the plateau is reached, even if the dietary intake of VK is increased, the protective effects on cognitive function will not be increased. As for low AFT and DSST scores, we found a linear dose–response relationship, which means the prevalence of low cognitive performance decreased with increasing dietary VK intake. According to the 2020–2025 American dietary guidelines (30), the adequate intake of VK was 120 mcg for elderly males and 90 mcg for females. Of the 2524 participants, only 947 (37.52%) met the criteria.

In stratified analysis by sex, it was significant in the AFT for men and was significant in the CERAD W-L and DSST among women. We also found that the dietary VK intake derived from vegetables was negatively correlated with the low CERAD W-L score. We did not find an association between VK intake from grains and the risk of low cognitive ability, possibly due to low VK content in grains or insufficient sample size. In the sensitivity analysis, after excluding the participants who took VK antagonists, the effect of VK antagonist on the results was ruled out, and the results were still significant. According to the total energy intake, we recalculated participants’ VK intake and found that dietary VK intake was still negatively correlated with low CERAD W-L and AFT scores.

Previous studies partially explored the relationship between dietary VK intake and cognition. Some studies analyzed the clinical research evidence between VK and cognition (10). In addition, a survey conducted in France, the subjects were 160 hospitalized or seen in consultation patients (the average age was 82 years old), and the results showed that VK intake was positively correlated with the Memory Complaint Questionnaire scores (31). Another survey of 192 hospitalized or treated patients (the average age was 83 years old) in France also found higher dietary VK intake was related to better Mini-Mental State Examination scores of the elderly (13). A study of 156 elderly people (the average age was 78 years old) in Ireland showed that dietary VK was a predictor of good cognition (14). A Canadian study was conducted in 31 patients with Alzheimer’s disease and 31 healthy controls (average 78 years old) found that the intake of VK in patients with Alzheimer’s disease was lower (12). Although different dimensions of cognitive function had been evaluated, our study was consistent with previous results, and both of them found that there was an association between VK and cognitive function. A study among 599 participants (55–65 years old) showed that the association between VK status and cognition was not significant (15). This was inconsistent with our results, but we used different indicators of VK status, and our study participants were older. Such controversies may be due to the various age distribution, study design, geographical region, and methods of cognitive assessment.

There were several possible mechanisms of the relationship between dietary VK and cognitive ability (10, 32). VK played an important role in neurodegenerative diseases. VK participated in the synthesis of sphingolipids, which were the main components of myelin sheaths and were involved in the proliferation and differentiation of neurons (33). Studies showed that two VK-dependent proteins, named growth arrest-specific 6 (Gas6) and S protein, might affect the cognitive process (9). In addition, VK had anti-inflammatory activity and provided antioxidant stress protection (11).

This research had several advantages. Firstly, the dose–response relationship between dietary VK intake and cognitive performance was explored. Secondly, we used a large sample of representative American elderly data, and NHANES had a high-quality data collection method. Thirdly, we adjusted many confounding factors by referring to previous articles and made sensitivity analysis. Finally, we explored the dietary intake of VK from vegetable and grain sources.

However, this research also had some limitations. Firstly, due to the cross-sectional design, we were unable to determine a causal relationship between dietary VK intake and low cognitive risk. Second, the data obtained through 24-h dietary recall might have recall bias. Thirdly, we were unable to estimate endogenous VK production, considering only dietary VK. Finally, we can’t rule out the possible influence of other unadjusted confounding factors on the observation results.



CONCLUSION

In the study, we explored the relationship between dietary VK intake and cognition. Dietary VK intake and VK intake from vegetables were inversely related to the risk of low cognitive performance of the elderly. We need further prospective studies to explore their relationship.
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Children born very low birth weight (VLBW, <1,500 g) are at high risk for cognitive and academic difficulties later in life. Although early nutrition (e.g., breastfeeding) is positively correlated with IQ in children born VLBW, the association between dietary intake in childhood and cognitive performance is unknown. Thus, our study is the first to investigate the relationship between diet quality, as measured by the Healthy Eating Index-2010 (HEI-2010) and cognitive performance in a Canadian cohort of 5-year-old children born VLBW (n = 158; 47% female). Diet quality was measured using two 24-h diet recalls obtained from parents and cognitive performance was assessed using the Wechsler Preschool and Primary Scale of Intelligence-IV (WPPSI-IV). To account for additional sociodemographic factors that could influence neurodevelopment, linear regression analyses were adjusted for sex, household income above/below the poverty line, maternal education, birth weight and breastfeeding duration. Mean ± SD HEI-2010 score was 58.2 ± 12.4, with most children (67%) having diets in “need of improvement” (scores 51–80). HEI-2010 scores were not significantly associated with IQ or any other WPPSI-IV composite score. Significant predictors of IQ in our model were birth weight, sex, and maternal education. Our findings emphasize the important role of maternal education and other sociodemographic factors on neurodevelopment in children born VLBW. Further, despite not finding any significant association between HEI-2010 scores and IQ, our results highlight the need to improve diet quality in young children born VLBW. Further research is needed to confirm the impact of diet quality on cognitive performance in this vulnerable population.

Keywords: preterm, very low birth weight, diet quality, cognition, children


INTRODUCTION

Very low birth weight (VLBW, <1,500 g) infants are born early in the third trimester of pregnancy, a critical period of brain development, putting them at higher risk of cognitive impairments and academic underachievement later in life (1–3). Convergent findings support overall lower academic performance and IQ scores in preterm [<37 weeks gestational age (GA)] compared to full-term children, with one meta-analysis reporting almost a 12-point difference in IQ among school-aged children born preterm, independent of socioeconomic status [SES; (4)]. Several factors, as a consequence of preterm birth, increase the risk of sub-optimal neurodevelopment, including inadequate nutrient intake and morbidity during initial hospitalization [e.g., sepsis, necrotizing enterocolitis, chronic lung disease; (5–7)]. After hospital discharge, SES factors play a central role in the neurodevelopment of preterm infants, but other factors such as childhood nutrition have not yet been explored (8, 9).

While the role of post-discharge diet on neurodevelopment in infants born VLBW is unknown, evidence from studies of full-term infants suggests that a moderate association exists between diet and academic outcomes (8). In full-term children, different components of the diet (e.g., fruits and vegetables, breakfast consumption) are associated with cognition (8, 10, 11). In one large Canadian cohort (n = 5,200) of grade 5 students, higher diet quality scores, assessed by the Diet Quality Index-International and Healthy Eating Index (HEI), were associated with a reduced likelihood of failing school literacy assessments (12). More recently, a cross-sectional analysis in a Spanish cohort of children and adolescents (n = 1,371, 8–18 years) found better adherence to a Mediterranean diet, as measured by the KIDMED diet quality index, was associated with higher academic performance (13). A Mediterranean diet is typically rich in vegetables, fruit, nuts, fish and olive oil. Importantly, these findings remained significant after adjusting for various confounders including maternal education, sex, age, birth weight and GA. Infants born VLBW, however, were not included in these studies.

In preterm and VLBW children, the only studies investigating the relation between diet and cognition have focused on nutrient intake during early infancy. In one study, greater breastmilk intake during initial hospitalization in preterm infants (<37 weeks GA) was associated with higher verbal IQ in adolescence [n = 50, 13–19 years; (14)]. In boys, breastmilk intake was also linked with higher IQ scores, as well as total brain and white matter volume. Importantly, in the seminal meta-analytic paper by Anderson et al. (1), the authors found that low birth weight infants who were breastfed derived a greater cognitive benefit than normal birth weight infants, even after adjusting for covariates such as SES or maternal education. More recent systematic reviews and a cluster-randomized control trial also support the positive association between breastfeeding and neurodevelopment that persists after adjustment for maternal IQ in both full-term and preterm children (15, 16).

Given the high risk of academic underachievement and cognitive difficulties in children born VLBW, elucidating modifiable factors that impact cognitive outcomes in this population is an essential step for informing supports and strategies for families and educators (17, 18). Further, preschool age represents a critical time period to investigate the association between diet and cognitive development, as dietary preferences are established early in childhood (19), and cognitive ability at this age is associated with later academic achievement in full-term children (20, 21). Thus, our study estimated diet quality in children born VLBW using the HEI-2010 (22, 23) to evaluate associations with cognitive performance. In line with the full-term literature, we hypothesized that higher HEI-2010 scores (reflecting closer conformance with dietary guidelines) would correspond with higher IQ scores.



METHODS


Participants

All surviving children and their families who consented to the original randomized trial were approached for the present follow-up study when the children were 5 years of age. The feeding intervention, study protocol and outcomes have been published (24–27). Briefly, VLBW infants were enrolled between October 2010 and December 2012, from four tertiary neonatal intensive care units in Ontario, Canada. Infants were eligible if their birth weight was <1,500 g, and if families consented within 4 days of birth. Exclusion criteria included chromosomal or congenital anomalies that could affect neurodevelopment. At the 5-year follow-up, written informed consent was obtained from parents and verbal assent from children.



Exposures: Diet Quality, Sociodemographic and Lifestyle Characteristics

A 24-h dietary recall was completed with parents during the study visit and parents were contacted 1 week later to complete a second recall by phone or email as described in detail previously (28). Briefly, the 24-h dietary recall asks parents to detail everything their child ate and drank in the previous day using the Automated Self-Administered 24-h (ASA24) Dietary Assessment tool, Canadian version (2016). The HEI-2010, a validated measure of diet quality in both children and adults (22, 23), was used to assess diet quality. Importantly, this tool considers diet quality distinctly from the quantity of food consumed (i.e., food groups are considered per 1000 kcal consumed).

The HEI-2010, created by the U.S. Department of Agriculture, consists of 12 components: nine adequacy components (that should be consumed in adequate amounts for optimal health) and three moderation components (that should be consumed in limited amounts for optimal health; see Supplementary Tables 1, 2 for the HEI-2010 Components and Standards for Scoring). Overall diet quality is reflected in the total index score, which is the sum of the 12 dietary components. HEI-2010 scores range from 0 to 100, with higher scores reflecting greater adherence to dietary requirements and better diet quality. Diets with HEI-2010 scores >80 are categorized as being “healthy”, with scores between 51 and 80 reflecting diets that “need improvement”, and scores <51 considered “poor” diets (22). HEI-2010 scores were calculated from the two non-consecutive 24-h dietary recalls using the multivariate Markov Chain Monte Carlo approach, which adjusts for weekday vs. weekend, season and recall sequence. A validated scoring algorithm was used to calculate individual HEI-2010 scores.



Outcome Measures: Cognitive Performance

The primary outcome measure for this study was cognitive performance assessed using Full-Scale IQ on the Wechsler Preschool and Primary Scale of Intelligence-IV [WPPSI-IV; (29)]; the version based on Canadian norms. The WPPSI-IV is a standardized measure of intelligence for children between 2 years and 6 months through to 7 years and 7 months of age. Secondary outcome measures included the following composite scores of the WPPSI-IV: verbal comprehension index (VCI), vocabulary acquisition index (VAI), visual spatial index (VSI), fluid reasoning index (FRI), processing speed index (PSI), and working memory index (WMI). All WPPSI-IV composite scores are calculated as standard scores with a mean of 100 and a standard deviation of 15, with “low average” scores defined as scores <90 (29). In line with other experts in the field, children who were unable to complete the WPPSI-IV assessment due to severe disability or who performed below the threshold of the test, were assigned a score of 49 (24, 30–32).



Demographic and Clinical Variables

Demographic and clinical factors including sex, birth weight, household income above/below the poverty line, maternal education, maternal ethnicity, and duration of breastfeeding were collected as described in detail previously (24). Briefly, sex and birth weight were collected from medical records and maternal education and ethnicity, as well as household income were reported from standardized parent questionnaires at birth. Maternal education was dichotomized as mothers having a university degree or not and household income above/below the poverty line was based on 2006 Statistics Canada family size-adjusted cut-off values (33). Duration of breastfeeding was calculated as the last recorded date that any breastmilk was provided, up to 18 months corrected age. During initial hospitalization, daily volumes of both parenteral and enteral nutrition were prospectively recorded in all infants. Enteral feed type during the intervention was characterized as receiving >50% of enteral feeds as either donor milk, preterm formula or mother's breastmilk.



Statistical Analyses

Normality of data were confirmed visually using histogram distributions and analytically using the Shapiro-Wilk test. Normally distributed variables were described as mean (standard deviation or 95% confidence interval [CI]) or median (interquartile range) when not normally distributed. Independent samples t-tests were used to compare differences between sexes for continuous outcome variables, and categorical variables were compared using chi-square tests.

Linear regression models were computed for primary and secondary outcomes. The association between HEI-2010 scores and WPPSI-IV composite scores was analyzed using linear regression models adjusted for sex, birth weight, breastfeeding duration, income above/below the poverty line, and maternal education (university degree or not). Interactions between exposure variables and sex were assessed in linear regression models to test whether the association between diet quality and IQ varied by sex. If the interaction was not statistically significant, it was removed from the model and the analyses were re-run. Multicollinearity was assessed using variance inflation factors with a cut-off value >10 considered to represent multicollinearity. Statistical analyses were performed in R 3.5.1 (34) using the rms statistical package. All hypothesis tests were two-sided and considered statistically significant if p-values were <0.05.



Sensitivity Analyses

To ensure that imputation of scores did not impact study findings, sensitivity analyses were performed by excluding children who were assigned a score of 49. In addition, in-hospital enteral feed type (receiving >50% mother's breastmilk, donor milk, or preterm formula) was included as a covariate in multivariable models to test for the effect of supplemental milk provided in-hospital. We also tested the interaction between enteral feed type and maternal education (university degree or not) in linear regression models. If the interaction was not statistically significant, it was removed from the model.




RESULTS


Participant Characteristics

One hundred and fifty-eight of 316 (50% follow-up rate) eligible children born VLBW participated in the 5-year follow-up [mean (SD) age: 5.7 (0.2) years]. Birth and parental baseline characteristics are summarized in Table 1, including sex, birth weight, birth GA, mother's ethnicity, mother's education, family income, enteral feed type, and breastfeeding duration. Mean (SD) birth weight and GA were 1013 (264) g and 28 (3) weeks, respectively. Fifty percent of mothers in our sample had an education level of university or above and 20% had incomes below the poverty line. As reported previously, except for maternal education, no statistically significant differences in baseline characteristics were found between children who participated in the 5-year follow-up and those who did not (28). Mothers of children who participated in the follow-up study were more educated than mothers of children who did not (p = 0.02).


Table 1. Birth and parental baseline characteristics of children and families who participated in follow-up at 5 years.
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Cognitive Assessments

Complete WPPSI-IV data were obtained for 91.1% (144 of 158) of children born VLBW. Fourteen children who attended the follow-up visits were unable to complete the WPPSI-IV (see Figure 1 for participant flowchart). In these cases, an IQ score of 49 (the lower limit of IQ) was assigned. The mean (SD) of IQ was 94.3 (20.4), which is within the average range of standard IQ classification (90–109). The mean (SD) for all WPPSI-IV composite scores are summarized in Table 2. Males had significantly lower scores for IQ, FRI, WMI, and PSI. In addition, more males had an IQ score below 90, which according to the WPPSI-IV manual (29) is indicative of low average or borderline level cognitive ability (p = 0.006).


[image: Figure 1]
FIGURE 1. Flow of VLBW participants through the randomized clinical trial from initial enrollment to inclusion in primary analysis.



Table 2. WPPSI-IV composite scores for 5-year-old children born VLBW.
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Diet Quality

HEI-2010 diet quality scores ranged from 19.2 to 87.1, with a mean (SD) of 58.2 (12.4). As previously reported (28), most children had diet scores that fell within the “poor” (43/158 children) or “needs improvement” (106/158 children) diet quality categories. Only 6% of our cohort had HEI-2010 scores that were above 80, indicative of a good quality diet meeting recommended age-specific guidelines. There were no sex differences in HEI-2010 total scores.



Association Between Exposure and Outcome Variables

Of the 158 children who were tested, 149 children were included in the primary analyses due to missing covariate data (Figure 1). HEI-2010 scores were not significantly associated with IQ scores (Table 3). However, statistically significant variables in our model were birth weight, sex, and maternal education. Every additional gram of birth weight was associated with a gain of 0.02 points in IQ (95% CI, 0.01–0.03). On average, males had IQ scores that were 7.7 points below females (95% CI, 1.5–13.8). The strongest predictor of IQ in our model was maternal education. Children whose mothers had a university degree were found to have an IQ of 9.1 points greater, or a 0.6 standard deviation difference, than children whose mothers were college-educated or had no post-secondary education (95% CI, 1.8–16.2). The interaction between HEI-2010 scores and sex were assessed in the adjusted linear regression model to test whether the association between diet quality and IQ varied by sex. This interaction term, however, was not significant (p = 0.83) and therefore removed from the model. Further, the associations between the different components of the HEI-2010 (i.e., total fruits, total vegetables, whole grains, etc.) with IQ were also investigated in adjusted linear regression models but revealed no significant associations (Supplementary Table 3).


Table 3. Associations between diet quality, sociodemographic variables and IQ in children born VLBW (n = 149).
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Secondary outcome variables (other WPPSI-IV composite scores) were regressed on HEI-2010 scores and revealed non-significant associations (p > 0.05). These findings remained unchanged in a sensitivity analysis that excluded children who were unable to complete the assessments and who would have otherwise been assigned a score of 49 (Supplementary Table 4). In sensitivity analyses, in-hospital enteral feed type (e.g., >50% mother's breastmilk, donor milk, or preterm formula) was included in the General linear model (GLM) as a covariate but was not statistically significant.




DISCUSSION

Our findings demonstrate that diet quality at 5 years of age was not correlated with IQ or any other WPPSI-IV composite measures in children born VLBW. There are no comparable data in the preterm or VLBW populations, but our findings are inconsistent with the few studies who report a positive association between diet quality and cognition in full-term children, even after adjusting for a range of confounding factors (12, 35, 36). Unlike our findings, Khan et al. (36) in a cross-sectional study from the United States assessing diet quality using the HEI-2005 version, found positive associations with executive function in full-term children (n = 65, 7–9 years). Similarly, Haapala et al. (35) in a large Finnish cohort of full-term children (n = 428, aged 6–8 years), found that poor diet quality assessed using the Baltic Sea Diet Score, was associated in a dose-dependent manner with lower cognitive scores on the Raven's Colored Progressive Matrices; this relation was strongest for the boys. Similar to the HEI-2010, the Baltic Sea diet score assesses diet quality but is specific to Nordic dietary recommendations. Both full-term studies, however, did not directly measure IQ and were performed in older cohorts of children, which may explain why we did not find significant associations between diet quality and cognitive performance in our study (35, 36). Another reason for this discrepancy is the index of diet quality used in these studies, which makes comparison difficult. Further, with the exception of the previously mentioned studies (35, 36), few other studies have used validated measures of diet quality, such as the HEI-2010 in children. Thus, future studies should focus on investigating diet quality using validated tools to better understand its impact on cognition in young children.

In this cohort, the average HEI-2010 score was 58.2 out of 100, with the majority of children (94%) having diets in the “needs improvement” or “poor quality” range. Although diet quality scores were low in our sample of children born VLBW, they are similar to those reported in Khan et al.'s cohort of 7–9-year-old full-term children (mean HEI-2005 score: 66.4) and Florence et al.'s cohort of 10–11-year-old full-term children (mean DQI-I score: 62.4), both of which found significant associations between diet and cognitive performance. However, the lack of variability in our diet scores may be one reason why we did not find significant associations between diet quality and IQ. It is also possible that the association between diet and cognition, may become more apparent with increasing age as IQ scores begin to stabilize over childhood (12, 36). Our results may also indicate that other factors are more critical in supporting neurodevelopment in children born VLBW that were not assessed in this study, such as early growth (9, 37–39). More specifically, it is important to consider the confounding role of SES factors related to neurodevelopment and diet quality in children such as maternal education.

In this cohort, maternal education was the strongest predictor of IQ, with children whose mothers had a university degree, compared to no university degree, having a 9-point gain in IQ. SES indicators such as maternal education have been reported to be predisposing risk factors of preterm birth and have also been linked with adverse cognitive and academic outcomes in both preterm and full-term populations (40, 41). Our findings are similar to those of Voss et al. (41), who reported that 10–13-year-old children born preterm (n = 148, mean: birth weight = 798 g, GA = 27.1 weeks) from mothers with low educational background (high school or less) were almost 22 times more likely to have an IQ score ≤ 85 compared to those from more highly-educated mothers (college or higher). The reasons for this association may be due to many factors, including parenting style and quality of cognitive stimulation (41). Given the current and previous findings that maternal education is predictive of cognitive performance in preterm children (42, 43), early interventions focused on supporting families with low maternal education may help attenuate cognitive impairment related to preterm birth.

Despite previous findings that children born preterm are consistently below full-term children in neurocognitive outcomes, encouragingly mean IQ scores were within the average range in our cohort. Males, however, had significantly lower IQ, FRI, WMI and PSI scores compared to females and consistently underperformed in all other cognitive domains. This is in line with previous developmental studies, showing females have a slight IQ advantage in early to mid-childhood due to earlier maturational processes (44, 45). Consistent with this, Lean et al. (46) found males born very preterm were at higher risk of poor intellectual outcomes compared to very preterm-born females at 5 years of age. Thus, future studies and interventions should consider the heightened “triple-risk” of being born male, preterm and to socioeconomically disadvantaged mothers, to mitigate later cognitive risk.

Our study has many strengths, including using the HEI-2010, a measure of diet quality that has been validated in young children (22). In addition, dietary intake was assessed using two 24-h recalls that were adjusted for usual intake using the NCI method. To our knowledge, this is the first study to assess the association between diet quality and cognitive performance in young children born VLBW. Further, our study adjusted for sociodemographic variables such as maternal education and household income, which many other studies fail to take into account. However, despite the many strengths of our study, there are some limitations to consider. Only 50% of the survivors from the original trial participated in this 5-year follow-up. Great efforts were made to contact all 316 families who participated in the initial trial, however, due to various reasons indicated in Figure 1, many families were unable or not interested in participating in this follow-up study. While sample retention is a common challenge faced in prospective cohort studies, we acknowledge that our sample may not be representative of all children born VLBW. However, our sample represented diversity in educational attainment and household income, as well as similar incidence of major morbidity to national data of VLBW infants (47). Another limitation is the lack of a matched control group in our study. Although this study was performed cross-sectionally (i.e., association between diet quality and cognitive performance at 5 years), children were part of a prospective cohort study, from birth, in which they were recruited from birth. Follow-up studies such as ours are costly and time-intensive, making it difficult to include a control group. We did, however, find that average diet quality scores in full-term children were similar to our results (12, 36). In addition, we also acknowledge the possibility of other unmeasured confounding variables, such as the amount and quality of preschool education, that may influence the relations between diet and cognition. We did, however, collect and control for various other sociodemographic factors that could influence neurodevelopment such as sex, household income above/below the poverty line, maternal education, birth weight and breastfeeding duration. Further research is also necessary to assess the impact of specific micronutrients (e.g., iron) and its association with neurodevelopment, which was not assessed in the current study.

Diet quality, assessed using the HEI-2010, was not associated with IQ in 5-year-old children born VLBW. Although this is inconsistent with previous studies reporting a positive association between diet quality and cognition in older cohorts of full-term children, our study is the first to assess this association in 5-year-old children born VLBW. While it is unclear which factors contribute to these discrepant findings, the age range of our cohort, the measure of diet quality used, or the lack of variability in the diet quality scores (most within the “needs improvement” range), all may contribute to these differences. In addition, previous studies did not directly assess the association between diet quality and IQ, which may explain differences with our study findings. Maternal education, however, was independently associated with cognitive performance, and was the strongest predictor of IQ in our model. Maternal education is an important predictor of neurodevelopment in children born VLBW and should be considered in future interventions to target those at risk for cognitive difficulties. Finally, most children in our study had diets that were “in need of improvement”, which has important implications for the health and developmental outcomes in this vulnerable population. Future studies are needed to confirm these findings and assess the impact of diet quality on cognitive performance in young children born VLBW.
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Background: A combination of green tea, rhodiola and magnesium with B vitamins has previously been reported to significantly increase EEG resting state theta, attenuate subjective stress, anxiety and mood disturbance, and heighten subjective and autonomic arousal under acute psychosocial laboratory stress. Here we examine the capacity of green tea and rhodiola extract administered in combination or in isolation with magnesium and B vitamins to moderate spectral brain activity during attentional task performance under stress.

Materials and Methods: One-hundred moderately stressed adults received oral supplementation of (i) Mg + B vitamins + green tea + rhodiola; (ii) Mg + B vitamins + rhodiola; (iii) Mg + B vitamins + green tea; or (iv) placebo, in a double-blind, randomised, placebo-controlled, parallel-group design (Clinicaltrials.gov: NCT03262376; 25/0817). Participants completed an attention switching and emotionally threatening attentional bias task after stress induction (Trier Social Stress Test). Spectral alpha and theta brain activity and event related potentials (ERPs) were recorded during cognitive task performance by electroencephalogram (EEG; BioSemi ActiveTwo 64 channel).

Results: The combined treatment of Mg + B vitamins + green tea + rhodiola significantly increased frontal midline theta vs. placebo and rhodiola in isolation during the attention switching task, specifically in anticipation of a change in task performance parameter. The combined treatment also significantly increased contralateral theta activation in relation to viewing emotionally threatening images in the left (vs. placebo and rhodiola in isolation) and right parietal (vs. placebo) regions. Further, this treatment demonstrated significantly heightened ipsilateral left parietal theta activation in relation to viewing emotionally threatening images. The combined treatment attenuated a decrease in alpha power during the attentional bias task evident in comparator treatments, but this did not reach significance. No significant effects of treatments on behavioural performance or ERP were found.

Conclusion: The combination of Mg + B vitamins + green tea + rhodiola increased spectral theta brain activity during the execution of two attentional tasks suggestive of a potential to increase attentional capacity under conditions of stress. Further examination of these ingredients in relation to attentional performance under stress is warranted to ascertain if functional benefits suggested by theta activation can be shown behaviourally.

Keywords: stress, green tea, rhodiola, magnesium, EEG


INTRODUCTION

Oscillatory brain activity measured by electroencephalogram (EEG) is an emerging marker for assessing the functional benefits of nutrient intake. Significant modulation of neural EEG activity has been demonstrated after acute intake of both green tea (1–3) and rhodiola (4). We have recently reported that combining green tea and rhodiola extract and administering with magnesium (Mg) and a B vitamin complex (B6, B9, and B12) significantly increased resting state frontal midline theta activity under stress conditions compared to placebo, and rhodiola extract combined with Mg and B vitamins (5); post hoc exploratory analysis also demonstrated the combined treatments superiority to green tea in isolation combined with Mg and B vitamins. Increased frontal midline theta is associated with a relaxed, alert state and anxiolytic action (6) suggesting the combination of these ingredients has the potential to enhance coping capacity and offer protection from the impairing effects of stress exposure. Further, the fully combined treatment was significantly more efficacious in the alleviation of the negative effects of stress exposure on subjective state. Here we report further data from this study on the combined effects of green tea, rhodiola extract, Mg and B vitamins on spectral frequency and event related potentials (ERPs) as measured by EEG during the completion of two attentional tasks under conditions of acute stress.

Attentional tasks sensitive to stress exposure and that engage neural processes previously shown to be moderated by green tea or rhodiola intake were selected for examination. Attention switching tasks typically require respondents to repeatedly perform a task on some trials then switch to another task when cued to do so, thus requiring the effortful suppression of a dominant or distracting response (1, 7). Attention switching performance is sensitive to impairment by stress (8). Further, acute intake of L-theanine – a constituent found almost exclusively in green tea – has been demonstrated to modulate alpha band activity associated with the deployment of attentional resources and suppression of distracting information (1, 9). Attentional bias tasks measure the degree to which attention is selectively focussed on a certain type of stimuli over another. Typically, threatening or rewarding stimuli are compared to neutral stimuli to determine the level of vigilance toward or avoidance of specific stimuli categories. Attentional bias performance is moderated by stress and anxiety (10). Rhodiola intake has also been shown to activate theta band activity whilst viewing emotional/threatening stimuli which has been interpreted as enhanced cognitive processing capacity (4). These demonstrated neural effects are indicative of potential functional benefits of green tea and rhodiola intake during the completion of attentional operations. Moreover, the previously demonstrated combined effects of these ingredients in the activation of EEG activity associated with a relaxed, attentive state and reduction of the subjective impact of stress exposure suggests a potential to offer direct protection from the impairing effects of stress by increasing stress coping capacity.

This randomised, placebo controlled trial examined the effects of a combination of green tea, rhodiola extract, Mg and B vitamins on attentional performance and associated spectral frequency EEG alpha and theta responses, and attention related ERPs, after acute stress provocation. The combined treatment was compared to placebo, and rhodiola or green tea combined with Mg and B vitamins in isolation to ascertain the potential capacity of the ingredients to affect behavioural attentional performance, and associated spectral brain activity, under stress. The combined treatment was expected to offer greater behavioural cognitive functional benefit which would be reflected in the associated EEG activity compared to placebo and treatments administering green tea and rhodiola in isolation.



MATERIALS AND METHODS


Study Design

The study conformed to a double blind, randomised, placebo controlled, parallel group design comprising four treatment arms: (i) COMBINED: Mg + vitamins B6, B9, B12 + green tea + rhodiola extract; (ii) GREEN TEA: Mg + vitamins B6, B9, B12 + green tea; (iii) RHODIOLA: Mg + vitamins B6, B9, B12 + rhodiola extract; (iv) PLACEBO. The design and primary and secondary outcomes of the study were pre-registered at Clinicaltrials.gov (NCT03262376; August 25th 2017). The study was approved by the University of Leeds, School of Psychology Research Ethics Committee (17-0235; granted October 30th 2017) and conducted according to the principles of Good Clinical Practice and the Declaration of Helsinki (11).



Primary Outcomes

The effect of treatment on EEG spectral frequency oscillatory brain activity during the rested state [previously published (5)] and during completion of attentional tasks under conditions of stress exposure.



Secondary Outcomes

The effect of treatment on subjective state, salivary cortisol, cardiovascular parameters [previously published (5)], cognitive performance and attentional event related potentials (ERPs).



Participants

One hundred healthy adults (men = 36; women = 64) were recruited from the University of Leeds and local community. Eligible participants were identified from responses to an online eligibility screening questionnaire [N = 535; the full CONSORT diagram is previously published (5)]. Inclusion and exclusion criteria were as follows:


Inclusion Criteria


–Reporting moderate subjective stress levels [score of ≥13–≤25 on stress subscale of the Depression Anxiety and Stress Scale (DASS) (12)].

–≥18–≤50 years of age (premenopausal if female indicated by self-reported lack of menopause symptoms or associated absence of period for 12 months+).

–BMI ≥18 and ≤30 kg/m2.

–Healthy [free from significant physical or psychiatric disorders (self-report)].





Exclusion Criteria


–Intake of prescribed medication except contraceptives.

–Hypertension (self-report or resting blood pressure >160/95 mmHg).

–Intake of regular nutritional supplementation.

–Smoking >5/day.

–Pregnant or lactating.

–Previous exposure to a laboratory stress protocol.

–Night-working/shift work.

–Recreational drug use.

–Previous brain surgery or severe brain injury requiring hospital treatment.

–Any form of neurological condition (e.g., epilepsy).



The eligibility criteria were confirmed at a face-to-face screening and written informed consent attained from all participants. An honorarium of £60 was paid for completion of the study protocol.




Treatments

Magnesium and B vitamins were administered in a single pressed tablet form [Mg (150 mg elemental) + vitamins B6 (0.7 mg), B9 (0.1 mg), B12 (0.00125 mg)]. Teadiola® (Sanofi) – a commercially available combined green tea/rhodiola extract formulation – was employed for the green tea and rhodiola treatments. To permit administration of the two ingredients, both combined and in isolation, the manufacturer was requested to split the formulation into separate treatments: dry extracts of green tea leaf [Camellia sinensis L. 125 mg containing 40% L-theanine (50 mg)], and rhodiola root (Rhodiola rosea L. 222 mg, or 1,887 mg equivalent plant) standardised in rosavins and salidrosides. To ensure blinding these separate treatments were administered in opaque capsule form. Identical placebo equivalent forms (cellulose crystalline) were produced for all treatments. All treatments were manufactured by an affiliate of Sanofi.



Randomisation

Respondents were allocated a 6 digit/string ID code1 at the face-to-face screening visit. Eligible respondents were subsequently randomly allocated to treatment by an independent statistician using an adaptive randomisation scheme to ensure a balanced representation of age and gender across the treatment arms (13).



Blinding

Participants were allocated to treatment arms by the independent statistician using 4 treatment codes generated by an independent technician at Sanofi. The treatments were prepared at the Leeds site by a laboratory manager not directly involved in testing. All treatments were supplied in identical forms and identifiable to the experimenters only by a packing number.

Final data sets were locked upon completion of data collection and initial EEG processing and duplicate copies logged. The Leeds team and statistician remained blinded until data locking and completion of primary statistical analyses. Treatments codes were broken to complete a priori post hoc comparisons as per the fixed hierarchical statistical analysis approach employed (detailed in section “Statistical Analyses”).



Measures


Cognitive Tasks

Two attentional cognitive tasks were employed to permit EEG measurement of neural processing and cognitive performance under stress, and to assess the effects of treatment on these outcomes. Both cognitive tasked were presented using PsychToolBox plugin for MATLAB on a desktop computer and an iiyama Prolite B2483HS 24″ display (1920 × 1080 full HD 1080p, 2.1 megapixel, 60 Hz refresh rate).


Attention Switching Task

The attention switching task was originally develop by Wylie et al. (7) and combines an attention switching paradigm with a Go/No-Go task. Letter-number pairs were presented on a horizontal plane in the centre of the screen for 2 s (120 ms inter-stimulus delay). Each character was 1° to the left or right of the central fixation point (randomly determined). The letters were taken from a set of 4 vowels (A, E, I, and U) and four consonants (G, K, M, and R). The numbers were taken from a set of 4 even (2, 4, 6, and 8) and 4 odd (3, 5, 7, and 9) numbers. Letter-number pairs were presented in one of two alternating colours every three trials. Respondents were required to make a Go/No-Go choice based upon the colour of the letter-number pair with the change in colour cueing the switch in task-set. For example, when the letter-number pairs were red, respondents were required to respond when the letter was a consonant (Go), but not when the letter was a vowel (No-Go). Alternatively, when the letter-number pairs switched to white, respondents were required to respond when the number was odd (Go), but not when the number was even (No-Go). Switch trials were the first letter-number pairs presented after the task-switch (i.e., the Go/No-Go colour switch). Nested and pre-switch were the subsequent repeat trials within the same task-set. A total of 216 trials were presented (72 three trial task sets). Performance was measured by reaction time (RT) and accuracy across each trial type. See Figure 1 for stimulus configuration.


[image: image]

FIGURE 1. Attention switching task stimulus configuration [adapted with permission from Wylie et al. (7)] showing seven consecutive trials/EEG epochs.




Attentional Bias Task

A simple dot probe task comprising neutral (n = 24) and emotionally threatening (n = 24) images taken from the International Affective Picture System (IAPS) (14) was employed. A central fixation cross was shown for 500 ms followed by two images – one neutral and one threatening – presented simultaneously on a horizontal plane in the centre of the screen 1.5° to the left or right of the central fixation point. The images measured 150 mm width by 80 mm height and were shown for 500 ms. After a 500 ms cue-target delay, a target – the letter E or F – appeared on the left or right in the centre of the location previously occupied by one of the displayed images. Participants were asked to press E or F on the keyboard dependent upon which letter target was displayed. The presentation of the target letter coincided with the position of the emotionally threatening image (congruent trial), or the position of the neutral image (incongruent trial) with a 50% probability. The pairing of neutral and emotionally threatening images was held constant for all participants. Each stimulus image pair was shown three times across the task. A total of 144 trials were presented comprising 72 congruent and 72 incongruent trials. Target type (E or F), location of emotionally threatening/neutral image and target (left or right of fixation) were all counterbalanced and trials were presented in random order. Participants were instructed to look at the fixation cross and discriminate the target as quickly and accurately as possible. A congruency score was calculated by subtracting mean RT for congruent trials from incongruent trials. A congruency score below zero is indicative of attentional avoidance and scores above zero of attentional vigilance. See Figure 2 for stimulus configuration.


[image: image]

FIGURE 2. Attentional bias task stimulus configuration showing two consecutive trials and EEG epoch.






Electroencephalogram Methodology

Electroencephalogram was recorded continuously with a BioSemi ActiveTwo EEG system (BioSemi, Amsterdam) from 64 electrodes at a 1,024 Hz sampling rate. Four electrooculograms (EOG) electrodes were used to record eye movements and were placed lateral and dorsal to each eye. Two EOGs were placed on the mastoids. EEG recordings comprised four separate blocks: two resting state measures (580 s), attention switching task (550 s), and attentional bias task (530 s). All tasks were completed in sequential order in one session. The resting state data is reported elsewhere (5).

Prior to analysis, EEG data were pre-processed in MATLAB using both EEGLAB (15) and Fieldtrip (16). Data were initially down sampled to 512 Hz. All participants’ data were checked by eye and exceptionally bad channels removed. Continuous data was then re-referenced to the average of all 64 channels (with exception of removed bad channels) and data destined for spectral analysis were high-pass finite impulse response (FIR) filtered using a 1 Hz cut-off. Independent component analysis (ICA) (17) was used to identify eye-movement components in the data. Prior to spectral analysis, data was high-pass finite impulse response (FIR) filtered using a 0.1 Hz cut-off, and ICA components derived from the 1 Hz filtering set were used to remove eye-movement artefacts from 0.1 Hz filtered set. Data were segmented into epochs and baseline corrected using the following methodology:


Attention Switching Task

Switch, nested and pre-switch trials were considered individual epochs. Epochs were extracted −0.1 to 1.7 s to trial onset (appearance of stimulus). Baseline period: −100 to −20 ms (epoch shown in Figure 1).



Attentional Bias Task

Each trial (comprised of crosshair, picture presentation, and response letter presentation) was considered an individual epoch. Epoch length −0.1 to 3.3 s relative to crosshair onset. Baseline period: −100 to −20 ms (epoch shown in Figure 2).

After defining epochs a MATLAB implementation of the Fully Automated Statistical Thresholding for EEG Artefact Rejection [FASTER (18)] was used to remove artefacts in the data. This included (1) thresholded interpolation of bad channels via identification of global and local artefacts in channel data and (2) removal of bad trials on the basis of remaining eye and muscle movement noise and voltage spikes. Spectral power was estimated across each epoch in the range of 2–40 Hz in 0.1 Hz steps using a Hann taper with a variable time window (four cycles at each frequency). Frequencies of specific interest – alpha (8–12 Hz) and theta (4–7 Hz) – were extracted for statistical analysis. Alpha and theta EEG frequency data were extracted for each cognitive task using the following methodology:


Attention Switching Task

Alpha and theta values were extracted from each trial epoch – switch, nested and pre-switch trials – and averaged for each participant.



Attentional Bias Task

Alpha and theta values were extracted from each epoch and further binned into 250 ms time bands to permit comparisons of alpha/theta activity over the course of the trial.





Event-Related Potential Methodology

High-density event-related potentials (ERPs) were extracted from frontal and parietal sites during completion of the attention switching task. The componentry of the ERPs was extracted using the following electrode configuration: Left Frontal: “AF3,” “F3,” “F1,” Right Frontal: “AF4,” “F2,” “F4”; Left Parietal: “PO3,” “PO7,” “O1,” Right Parietal: “PO4,” “PO8,” “O2.” To permit ERP componentry identification, data from these site-specific electrodes were collapsed across treatment arms and averaged into a single average waveform for the left and right hemisphere sites for each trial type (switch, nested, and pre-switch). The waveforms were visually inspected and their componentry broadly defined in accordance with the components originally identified for this specific attention switching task by Wylie et al. (7) The ERP components extracted for statistical analyses are shown in Table 1.


TABLE 1. Attention switching task event related potential component summary [with onset and offset timings (ms)] by region.

[image: Table 1]



Stress Protocol

The Trier Social Stress Test (TSST) was employed to experimentally induce acute stress. The TSST protocol has been defined elsewhere (19). Briefly, participants completed two extemporaneous 5 min socially evaluated tasks – presenting themselves as a job candidate and completing a maths subtraction task – in front of an unresponsive panel of two female confederates.



Procedure

The study was undertaken at the Human Appetite Research Unit (HARU), School of Psychology, University of Leeds, United Kingdom. All participants completed the study protocol between 11 and 3 pm, fasted 1 h prior to commencement of the study protocol, and avoided alcohol and vigorous exercise 24 h prior to the visit. The test day procedural timeline is shown in Figure 3. Upon arrival participants relaxed in the testing cubicle. A number of physiological and subjective measures were collected throughout the visit. These measures are reported elsewhere (5). After 15 min the allocated treatment was administered with water and consumption witnessed and checked by the experimenter. Participants relaxed in the cubicle for 30 min before being taken to a separate room and introduced to the TSST task. Participants returned to the testing cubicle for a 5 min anticipation period. Participants then completed the TSST (lasting ∼ 10 min). Following stress induction participants were taken immediately to the EEG laboratory for fitting of the BioSemi and a clear signal established, participants completed 10 min of resting state measures. The attentional switching and attentional bias task were then undertaken in sequential order.


[image: image]

FIGURE 3. Procedural timeline.




Statistical Analyses

All statistical analyses were performed using SAS (Statistical Analysis System, Version 9.2; SAS Institute, Inc., Cary, NC, United States) and Fieldtrip (16). Cognitive performance outcome residual plots were inspected for deviations from normality and residual outlying data points removed (±2.58 SD). One participant was removed from the study and replaced due to a fault in the EEG system preventing measurement. The primary analyses were performed in the randomised population, defined as all randomised subjects who received at least one dose of the treatment and for whom a reliable EEG signal could be obtained.

A sample size power calculation was conducted based upon previous evidence of the modulation of resting state and attentional performance-related EEG alpha wave activity by L-theanine (1–3, 9). Reported effect sizes ranged from 0.803 to 1.141 (Cohen’s d). Assuming an effect size of 0.9, α = 0.05, and a power of 80%, it was estimated that a sample of 25 participants per arm (100 total) would be required to find an effect of this magnitude.

For all EEG analysis (spectral frequency and ERP), individual trials for each condition were averaged for each participant prior to statistical analysis in Fieldtrip or mean extraction for ROI analysis. A whole brain approach was initially adopted comparing oscillatory activity between the COMBINED vs. PLACEBO treatments as a primary analysis step. For this, independent sample T-tests (Monte Carlo approach 500 random permutations for all electrodes) were employed in Fieldtrip (16) to compare oscillatory alpha and theta power magnitude (μV) across the brain. Secondary regions of interest (ROIs) analyses were carried out on ROIs in which a significant difference was observed in this primary analysis step (p < 0.05). ROIs selected for further analyses were informed by the whole brain result but with ROIs defined a priori on the basis of previous literature. Regions were defined in this way in order to prevent circularity and bias in data analysis (20) and analysed using a six-sequence mixed effect ANCOVA in SAS as per the procedure outlined below.

A mixed-effects ANCOVA was employed with treatment and gender entered as fixed model effects and participant ID entered as a random effect. Age, gender, BMI, trait anxiety (STAI-Y2), and DASS stress score were entered as covariates in all models and removed or retained based on the Akaike Information Criterion (AIC). To control the family-wise type 1 error rate, a fixed sequence testing procedure (six-steps) was used to assess the effect of each treatment arm within each primary outcome. The six-step sequence adhered to the following order: (1) COMBINED vs. PLACEBO; (2) COMBINED vs. RHODIOLA; (3) GREEN TEA vs. PLACEBO; (4) RHODIOLA vs. PLACEBO; (5) COMBINED vs. GREEN TEA; and (6) RHODIOLA vs. GREEN TEA. The significance at a level of 0.05 was tested only if the results of the previous step reached significance. Secondary endpoints related to the secondary objectives were also tested using the same fixed sequence procedure. Exploratory (post hoc) analyses of the comparisons not reached in the fixed sequence due to non-significance of previous steps are briefly summarised in the discussion for exploratory purposes only and to aid future investigation of the ingredients.




RESULTS

A descriptive summary of the final sample is shown in Table 2. One way ANOVAs revealed no significant differences between the study conditions across the participant characteristics of Age [F(3,96) = 2.318, p = 0.08], BMI [F(3,96) = 0.359, p = 0.78], STAI-Y2 [(trait anxiety]; F(3,96) = 2.185, p = 0.10], and DASS Stress score [F(3,96) = 0.906, p = 0.44].


TABLE 2. Summary characteristics of sample receiving each treatment.
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Electroencephalogram Outcomes


Attention Switching Task


Alpha

Whole brain analysis of oscillatory alpha band activity revealed no significant differences across the electrode sites between the COMBINED and PLACEBO treatments during execution of the attention switching task. Heightened alpha at FCz and surrounding electrodes was evident in the COMBINED vs. PLACEBO treatment but this comparison did not reach significance (p > 0.05). Accordingly, no ROI analyses were undertaken.



Theta

Whole brain analysis of oscillatory theta band activity revealed significantly heightened theta activity during the execution of the attention switching task (p < 0.05). This effect predominantly consisted of an overall heightened frontal midline theta in the COMBINED vs. PLACEBO treatment during performance of the attention switching task (Figure 4A). To permit further analyses, frontal midline theta values were extracted from channels “Cz,” “Fz,” “FCz,” “FC1,” “FC2,” and combined and averaged separately for switch, nested and pre-switch trials in each treatment. The COMBINED treatment heightened frontal midline theta compared to the PLACEBO during execution of the three attention switching trials (Figure 4B). This increased theta in the COMBINED treatment reached significance during the pre-switch trials, t(95) = 2.46; p = 0.02. The COMBINED treatment also significantly heightened frontal midline theta during pre-switch trials compared to RHODIOLA treatment, t(95) = 2.93; p = 0.004. No significant difference between the GREEN TEA treatment and PLACEBO was found for pre-switch trials. Accordingly, no further comparisons are reported.


[image: image]

FIGURE 4. (A) Map of t-statistic comparison of oscillatory theta band activity during attention switching task in COMBINED vs. PLACEBO treatments (positive values indicate COMBINED > PLACEBO in comparison). A priori defined ROI midline frontal electrodes shown in map by [image: image]. (B) Mean averaged ROI (SEM) frontal midline theta for each attention switching trial by treatment.





Attentional Bias Task


Alpha

Whole brain analyses of oscillatory alpha band activity over the time course of the attentional bias task revealed significant differences in alpha power in response to stimulus presentation compared to baseline in the COMBINED treatment vs. PLACEBO. There was a strong contralateral central-parietal alpha increase when emotionally threatening images were presented in either the left and right visual fields in the COMBINED treatment (Figures 5A,B). The COMBINED treatment also demonstrated heightened ipsilateral alpha activity in the central-parietal cortex for left presented emotionally threatening images (Figure 5A), but not right. For both left and right presented emotionally threatening images, there was significantly greater ipsilateral alpha activation in the frontal cortex in the COMBINED treatment compared to PLACEBO.


[image: image]

FIGURE 5. T-statistic map of alpha band power differences between COMBINED and PLACEBO treatments during presentation of emotionally threatening images shown in the (A) LEFT and (B) RIGHT visual fields. Values > 0 indicate COMBINED treatment alpha values are higher than PLACEBO treatment. Significant electrodes (p < 0.05) marked with an x. Each figure depicts a series of T-tests along the time course of the presentation of the images (0.5–1.05 s, in 0.1 s steps, 0.25 s sample widths).


To permit further exploration of the data, contralateral frontal and centro-parietal ROIs corresponding with the locus of alpha activity were extracted using the following configurations, representative of both frontal and parietal brain regions: Right Frontal: channels “F6,” “F8,” “FT8,” “FC6”; Left Frontal: channels “F5,” “F7,” “FT7,” “FC5”; Right Parietal: channels “CP2,” “CP4,” “CP6,” “P2,” “P4,” “P6”; Left Parietal: channels “CP1,” “CP3,” “CP5,” “P1,” “P3,” “P5” (ROIs are shown mapped on the scalp in Figure 6). ROI analyses were undertaken on spectral activity during the temporal response peak between 0.5 and 0.75 s immediately after the presentation of the images.


[image: image]

FIGURE 6. Central figure: T-statistics maps of alpha difference between COMBINED and PLACEBO treatments 0.5–0.75 s after presentation of the images, distinguished by left and right emotionally threatening image presentation. Positive values in maps indicate COMBINED > PLACEBO. ROI electrodes symbols shown on maps and in respective summary bar charts. (A–D) Ipsilateral and contralateral frontal a priori defined ROI alpha band power when emotionally threatening image shown on left and right. (E–H) Ipsilateral and contralateral centro-parietal a priori defined ROI alpha band power when emotionally threatening image shown on left and right.


The COMBINED treatment increased contralateral right centro-parietal alpha power when viewing emotionally threatening images presented in the left visual field but this did not reach significance (p = 0.07; Figure 6). Since no primary comparisons were significant no further comparisons are reported.



Theta

Whole brain analyses of oscillatory theta band activity over the time course of the attentional bias task revealed significant differences in theta power in response to stimulus presentation compared to baseline in the COMBINED treatment vs. PLACEBO. Significantly heightened theta activation was shown in ipsilateral and contralateral central-parietal regions in the COMBINED treatment during presentation of emotionally threatening images in the left and right visual fields (Figures 7A,B). The effect was more pronounced in contralateral regions. This central-parietal effect in the COMBINED compared to PLACEBO treatment declined over the course of the image presentation, becoming more focussed in right frontal regions, particularly when emotionally threatening images were presented in the right visual field (ipsilateral activation; Figure 7B).
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FIGURE 7. Theta band power differences between COMBINED and PLACEBO treatments during presentation of emotionally threatening and neutral images when stress images shown in (A) LEFT and (B) RIGHT visual fields. Values > 0 indicate COMBINED treatment theta values are higher than PLACEBO treatment. Significant electrodes (p < 0.05) marked with an x. Each figure depicts a series of T-tests along the time course of the presentation of the images (0.5–1.05 s, in 0.1 s steps, 0.25 s sample widths).


To permit further analyses, frontal midline and left and right parietal ROIs corresponding with the locus of theta activity were extracted using the following configurations: Frontal midline: channels “Cz,” “Fz,” “FCz,” “FC1,” “FC2”; Left Parietal: channels “C1,” “C3,” “C5,” “CP1,” “CP3,” “CP5”; Right Parietal: channels “C2,” “C4,” “C6,” “CP2,” “CP4,” “CP6” regions (ROIs are shown mapped on the scalp in Figure 8). These analyses were undertaken on spectral activity during the temporal response peak between 0.5 and 0.75 s immediately after the presentation of the images.
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FIGURE 8. Central figure: T-statistic maps of spectral theta activity difference between COMBINED and PLACEBO treatments 0.5–0.75 s after presentation of the images, distinguished by left and right emotionally threatening image presentation. Positive values in maps indicate COMBINED > PLACEBO. ROI electrodes symbols shown on maps and in respective summary bar chart. (A,B) Theta band activity in a priori defined ROI midline frontal region for left and right presented images. (C,D) RIGHT parietal a priori defined ROI theta activity when emotionally threatening image shown on left and right. (E,F) LEFT parietal a priori defined ROI theta activity when emotionally threatening image shown on left and right.


No significant differences in theta activation were shown between COMBINED and PLACEBO treatments in the frontal midline region (p > 0.05; Figures 8A,B). Accordingly, no further comparisons are reported for this region.

Significantly greater contralateral theta activation was shown in the left parietal region in the COMBINED treatment when emotionally threatening images were shown in the right visual field compared to PLACEBO, t(95) = 2.94, p = 0.02, and RHODIOLA, t(95) = 2.91, p = 0.02 (Figure 8F), treatments. The COMBINED treatment also demonstrated significantly greater contralateral theta activation in the right parietal region when emotionally threatening images were shown in the left visual field compared to PLACEBO, t(96) = 2.77, p = 0.03 (Figure 8C). Additionally, the COMBINED treatment demonstrated significantly greater ipsilateral theta activation in the left parietal region when emotionally threatening images were shown in the left visual field compared to PLACEBO, t(96) = 2.64, p = 0.05, and RHODIOLA, t(96) = 2.74, p = 0.04, treatments (Figure 8E).





Cognitive Performance


Attention Switching Task

The expected pattern of lower accuracy and slower RT on switch compared to repeated trials (nested and pre-switch) was demonstrated across the sample as a whole. However, no significant differences in accuracy or RT performance between trials were found between the COMBINED and PLACEBO treatments (Figures 9A,B). Accordingly, no further comparisons are reported.
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FIGURE 9. Attention switching task (A) mean accuracy and (B) RT (ms) by trial type and treatment, and (C) attentional bias task attentional congruency score (incongruent trials RT – congruent trials RT) by treatment.




Attentional Bias Task

No significant difference between congruent RT, incongruent RT or congruency score was shown between the COMBINED and PLACEBO treatments. Accordingly, no further comparisons are reported. Inspection of the congruency score data (Figure 9C) suggests the COMBINED and PLACEBO treatments show a pattern of attentional vigilance (score > 0), RHODIOLA treatment attentional avoidance (score < 0), and GREEN TEA treatment no bias (score = ∼0). However, all congruency scores fall within a range about zero of 25 ms. The validity of congruency scores below 25 ms has been questioned and a congruency score between −25 and +25 ms suggested as an appropriately conservative criterion to indicate a lack of attentional bias (21).




Event Related Potentials

No significant differences between the COMBINED and PLACEBO treatments were shown across any of the extracted right or left frontal or parietal ERP components (p > 0.05). Accordingly, no further analyses are reported. Inspection of the overall ERP waveform collapsed across all treatments showed that the typical attentional ERP components expected to be shown during the completion of an attention task were demonstrated (e.g., P1, N1, and P2). However, the well-characterised ERP differentiation (7) between switch, nested and pre-switch trials typically observed in this attention switching paradigm was not demonstrated. Differentiation in ERPs for each trial type during this task typically become evident in frontal regions from ∼450 to 470 ms and parietal regions from ∼ 230 ms and show further sustained differentiation in the slow late potentials (LP1 and LP2) (7); this was not replicated here.




DISCUSSION

This study examined the capacity of green tea and rhodiola extract when administered in combination or in isolation with magnesium and B vitamins to moderate spectral brain activity during attentional task performance after acute stress provocation. As previously reported for frontal midline theta activity and subjective responses to acute stress provocation (5), the combination of these ingredients was shown to induce significantly greater effects, particularly in relation to theta activity. The study findings are discussed in relation to each attentional task employed below.


Attention Switching

Overall, spectral EEG analysis during the attention switching task showed a trend for frontal midline theta to increase in the COMBINED treatment compared to the PLACEBO treatment, with the RHODIOLA and GREEN TEA treatments showing intermediate effects. This trend of heightened theta in the COMBINED treatment reached significance during pre-switch trials vs. PLACEBO and RHODIOLA treatments. Thus, demonstrating a trial specific heightened frontal theta activation in the COMBINED treatment during execution of the attention switching pre-switch trials. Contrary to this, alpha band spectral activity showed no treatment difference during the attention switching task.

Frontal theta activity has been implicated in the operation of numerous domains of cognitive function (6). Heightened frontal theta activity is most commonly associated with executive function and working memory performance, but also correlates to a diverse range of cognitive processes including: error processing (22), attention (23), and episodic memory (24). Tasks typically shown to increase frontal midline theta are those characterised by non-specific, focussed or sustained attention or concentration, or resistance to intrusion (6). This association with a broad range of higher-order cognitive functions has led to the proposal that frontal theta is the putative “language” of a prefrontal network, in which action monitoring and top-down control mechanisms interact to optimise performance (25, 26). Heightened frontal midline theta may be particularly relevant to the realisation of a need to exert greater cognitive control, for example, when required to implement adaptive control in situations incorporating conflicting stimulus-response requirements (27). This may account for the observed increased heightened frontal midline theta in the COMBINED treatment reaching significance in the pre-switch trials, due to the anticipated need to exert greater cognitive control for the impending switch in No-Go response on the following switch trial. This heightened frontal midline theta in the COMBINED treatment is indicative of enhanced processing capacity during the execution of the attention switching task. Since performance on attention switching tasks is vulnerable to the impairing effects of stress (8), this effect may be due to the previously demonstrated capacity of the COMBINED treatment to induce a relaxed focussed state and reduce subjective rating of stress and anxiety (5).

Evidence of potential theta activity-related enhanced attentional capacity in the COMBINED treatment was not reflected in behavioural performance on the attention switching task. The COMBINED treatment demonstrated a tendency toward higher accuracy and slower RTs – a cognitive performance pattern previously associated with heightened frontal midline theta (28) – but no significant performance differences between treatments were found. The attention switching task may not have been sensitive enough to demonstrate any potential enhancing effects of increased attentional capacity suggested by increased theta activation. However, this task employs cognitive processes closely associated with frontal theta activity – namely: focussed attention, executive control, resistance to intrusion – and is therefore a prime candidate task to confirm any positive behavioural effects of treatment. Attention switching tasks have also been previously shown to be sensitive to the enhancing effects of micronutrient interventions [e.g., green tea (29)]. However, the employment of alternative tasks may better demonstrate the potential behavioural enhancements of the COMBINED treatment.

The COMBINED treatment did not significantly moderate alpha activity during the attention switching task despite evidence of constituent ingredients previously being shown to increase alpha activity during attentional performance [L-theanine (1–3)]. Alpha activity has traditionally been associated general alertness and arousal states (30). A role for alpha has further been proposed in operation of selective attentional mechanisms (31); specifically, during attentional processing that requires the inhibition of non-essential/distracting stimuli (1). However, existing evidence of alpha activity involvement in selective attentional processing, and the capacity of green tea constituents to moderate this activity, primarily relates to the anticipatory suppression of distracting visual stimulation during the switching of attention between sensory modalities, particularly between visual and aural stimuli (1, 32). These findings were specific to the inferior and posterior parietal cortex, suggesting a principal engagement with visual processing regions (32). Therefore, the attention switching task employed here may not have modulated alpha activity due to less engagement of visuo-spatial attentional processes. Further, the capacity of green tea constituents to moderate alpha activity may be specific to the attentional switching tasks that primarily engage visuo-spatial processing.



Attentional Bias

Overall, whole brain spectral EEG analysis during the attentional bias task showed a trend for theta to be higher for the COMBINED compared to PLACEBO treatment. This effect was predominantly seen in the contralateral (and sometimes ipsilateral) central parietal area. ROI analysis confirmed that this was a strong effect, with left and right images eliciting significant contralateral activation and ipsilateral in the right parietal region a short time after the emotionally threatening images were presented. The COMBINED treatment elicited significantly greater contralateral left parietal theta activation vs. PLACEBO and the RHODIOLA treatments and contralateral right parietal theta activation vs. PLACEBO treatment. Post hoc analyses showed the COMBINED treatments also significantly heightened left parietal contralateral theta activation vs. the GREEN TEA treatment (p = 0.02); suggesting the combination of the ingredients may be crucial in the observed effects. Significantly higher ipsilateral left parietal activation was also shown in the COMBINED treatment vs. PLACEBO and RHODIOLA treatments.

The attentional processing of affective stimuli is prioritised by the visual attention system to permit prioritised perceptual processing of threat-relevant stimuli – whilst paying less attention to non-threat relevant stimuli (33). This permits the rapid preparation of adaptive behavioural responses, such as avoidance of threat. Increased theta activation is associated with the viewing of affective stimuli such as emotional or threatening images, and facial expressions (34). Early theta activity in response to viewing threatening stimuli is commonly shown in the occipital and parietal-occipital lobes with later responses focussed in the frontal region (35–37); a regional and temporal specificity replicated here. These findings suggest the COMBINED treatment enhanced attentional processing function during an emotionally threatening attentional task. The greater contralateral activation – relative to the presentation of emotionally threatening images in the left and right visual field – suggest this effect was most pronounced for emotionally threatening stimuli. Such attentional vigilance to threatening stimuli is known to be heightened by stress states, with stress induction shown to narrow attentional processes toward threat salient stimuli (38, 39). However, we have previously reported the COMBINED treatment significantly attenuated subjective stress immediately prior to the attentional bias task (5), so a heightened stress response does not account for the difference in theta activation observed in the COMBINED treatment. The COMBINED treatment also demonstrated significantly increased ipsilateral left parietal theta when emotionally threatening images were presented in the left visual field. This is suggestive of increased attentional processing of non-emotionally threatening stimuli which may indicate a general increase in attentional processing function in the COMBINED treatment irrespective of the affective content of stimuli.

Evidence of increased attentional processing capacity in the COMBINED treatment during the attention bias task was not supported by the behavioural data which demonstrated no significant or meaningful (21) difference between treatments in responsiveness to stimuli. It is important to note the observed increased theta activity relates to the early processing of the attentional bias task images. The heightened theta peaked immediately upon viewing the images (0.5–0.75 ms) and subsided as the trial progressed. Therefore, this activity related to early attentional processing of emotionally threatening images may not have been sufficient to impact upon behavioural responses which were temporally removed from initial attentional processing-related theta activation. The stimulus latency employed on the attentional bias task (500 ms) was specifically selected as shorter stimulus exposure times (≤150 ms) have been shown to be less sensitive to demonstration of a relationship between threat processing and theta activity (40). However, a reduction in the delay between stimulus presentation and behavioural response (≥150–≤500 ms) may increase the likelihood of demonstrating any behavioural effects of the heightened attentional capacity suggested by the theta response in the COMBINED treatment.

Spectral EEG analysis during the attentional bias task also demonstrated significantly higher alpha band activity in left and right parietal regions (and ipsilateral in the left parietal cortex) in the COMBINED treatment compared to the PLACEBO treatment. This significance did not follow through into the a priori ROI analysis; however, it is evident from Figure 6 that the whole brain results are driven by a larger contra and ipsilateral decrease in alpha band activity in the PLACEBO group, compared to all other treatments and particularly the COMBINED group treatment. Decreased alpha power has traditionally been associated with increased task engagement, for example heightened perceptual judgement or attentiveness (41, 42). The degree of suppression of alpha is considered to index the level of task demand or relevance (30, 43–45). Whilst the significance of alpha modulation by the COMBINED treatment did not retain significance in the ROI analysis, the mean alpha power values indicate that this difference was predominantly the result of a decrease in alpha power in the PLACEBO treatment being attenuated in the COMBINED treatment, and to a lesser extent RHODIOLA and GREEN TEA treatments. This is suggestive of a greater level of attentional engagement with the stress imagery in the PLACEBO treatment. However, the proposed relationship between alpha inhibition and attentional engagement is largely reflective of the operation of non-affective attentional processes; the relationship between alpha activity and affective attentional processes is inconsistent and at times contradictory (46), including evidence of no modulation of alpha power (47, 48), increased alpha power (49, 50) and decreased alpha power (51, 52) during the processing of affective stimuli. Therefore, the lack of significant ROI treatment differences and the inconsistent pattern of relationship between affective attentional processing and alpha activity limits further interpretation of the findings.



Attention Switching Event-Related Potential

No significant effects of treatment on attention related ERPs during the attention switching task were found. The lack of significant treatment differences for specific attention-related ERPs during this task is perhaps not surprising considering the lack of behavioural performance differentiation between treatments. The enhanced spectral EEG activity observed in the COMBINED treatment may therefore represent a general increase in attentional functional capacity rather than relating to specific indices of attentional processing on the attention switching task that would be expected to be shown in the ERP data, and further reflected in behavioural performance outputs. The lack of any treatment effects may also be due to the absence of the well-characterised differentiation between switch, nested and pre-switch trials typically observed in this attention switching paradigm. This lack of differentiation between trial types may be as a result of this attention switching task being performed under conditions of stress; a context in which, to the authors’ knowledge, the characteristic ERP response for this task has yet to be confirmed.



Limitations and Future Directions

We acknowledge the proposed enhanced attentional capacity suggested by the modulation of theta activity during the employed attentional tasks was not supported by the behavioural or ERP data. This disassociation between EGG spectral activity proposed to index enhanced neural functional capacity and observed behavioural performance is not uncommon in the literature [e.g., (1, 9)]. However, behavioural confirmation of the observed EEG effects of the COMBINED treatment would strengthen the evidence of the potential cognitive enhancing effects of this combination of ingredients. The employed tests may not have been sensitive enough to capture any behavioural improvements associated with the enhanced cognitive capacity indicated by the EEG data. However, both employed tasks have been widely proven to be sensitive to the effects of stress and extensively applied and well characterised in EEG experimentation. Future attempts to confirm the potential for this combination of ingredients to enhance attentional performance should consider the use of a multi-modal visuo-spatial attentional switching task, and vary the delay between exposure to emotionally threatening images and behavioural response for the attentional bias task.

Timing of exposure to the attentional tasks may have been a potential factor in the lack of observed effects on behavioural performance. Impaired cognitive performance under stress can often occur only during the period when cortisol and sympathetic arousal are concurrently activated (53, 54). We have previously reported that the cortisol response was still elevated during completion of the attentional tasks, but the sympathetic response had returned to baseline levels (5). The timing of cognitive testing was constrained by the methodological requirements of the EEG, however, cognitive effects may be more likely demonstrated if cognitive testing is undertaken during peak sympathetic and cortisol activation. Increasing the sensitivity of the attentional tasks to the modulating effects of acute stress may increase the likelihood that the enhanced theta activation observed has more room to confer protective effects on detriments in performance.

Future studies of the observed effects should consider recording dietary intake prior to participation to assess any impact of basal dietary status on measured outcomes; for example, via the completion of a daily food intake diary. However, the accuracy of self-reported dietary intake recall is often questioned, especially when considering the small margins of scale in levels of available vitamin, minerals and botanicals relevant here. Biochemical assessment of baseline levels would be required to give a more meaningful insight into baseline levels. However, this was not feasible in a trial of this size.



Conclusion

We further demonstrate the combination of green tea and rhodiola extract, magnesium and a B vitamin complex (B6, B9, and B12) offers potential functional benefits under conditions of stress. This combination of ingredients has previously been demonstrated to induce a relaxed, attentive state (indexed by increased resting theta activity) and attenuate subjective stress and anxiety under conditions of acute stress (5). Here we further demonstrate the capacity of these ingredients to modulate, predominantly, theta activity during the execution of two distinct attentional tasks. These findings suggest increased attentional capacity following the intake of the COMBINED treatment. Further examination of these ingredients in relation to attentional performance is warranted to demonstrate the potential of this heightened attentional capacity to protect or enhance behavioural performance under condition of stress.
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Green tea has significant protective activity on nerve cells, but the mechanism of action is unclear. Epigallocatechin gallate (EGCG) and N-ethyl-L-glutamine (L-theanine) are the representative functional components of green tea (Camellia sinensis). In this study, an AD model of Aβ25–35-induced differentiated neural cell line PC12 cells was established to study the synergistic effect of EGCG and L-theanine in protecting neural cells. The results showed that under Aβ25–35 stress conditions, mitochondria and axons degenerated, and the expression of cyclins was up-regulated, showing the gene and protein characteristics of cellular hyperfunction. EGCG + L-theanine inhibited inflammation and aggregate formation pathways, significantly increased the percentage of G0/G1 in the cell cycle, downregulated the expression of proteins such as p-mTOR, Cyclin D1, and Cyclin B1, upregulated the expression of GAP43, Klotho, p-AMPK, and other proteins, promoted mitochondrial activity and energy metabolism, and had repair and regeneration effects on differentiated nerve cells. The synergistic mechanism study showed that under the premise that EGCG inhibits amyloid stress and inflammation and promotes metabolism, L-theanine could play a nourish nerve effect. EGCG + L-theanine keeps differentiated nerve cells in a quiescent state, which is beneficial to the repair and regeneration of nerve cells. In addition, EGCG + L-theanine maintains the high-fidelity structure of cellular proteins. This study revealed for the first time that the synergistic effect of EGCG with L-theanine may be an effective way to promote nerve cell repair and regeneration and slow down the progression of AD. Our findings provide a new scientific basis for the relationship between tea drinking and brain protection.
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Introduction

Proteotoxic stress, mitochondrial dysfunction, and genomic instability lead to cellular hyperactivity and are closely associated with age-related degenerative diseases such as atherosclerosis, type 2 diabetes, osteoporosis, and Alzheimer’s disease (1–3). Under various stressful conditions, cells promote mTOR or other growth factors sensitive growth-stimulating pathways, causing cells to exhibit hyperactivity.

Following damage to the genome and epigenome of cells, many senescence-related secretions are mainly transcribed through NF-κB, secreting interleukins, growth factors, proteases, cytokines, matrix-degrading enzymes, and metalloproteinases into the extracellular space. Furthermore, it mediates insulin resistance, blocks cellular signaling feedback, accelerates senescence in neighboring cells, and mediates the development of senescent phenotypes. Pathological amyloid Aβ is the most neurotoxic agrin with a high aggregation rate. Many drugs can effectively inhibit the formation of Aβ, but clinical studies have no effect. Earlier studies identified Aβ amyloid plaques in the extracellular matrix, and recent studies have also found low levels of amyloid plaques in the intracellular Golgi apparatus, endoplasmic reticulum, and mitochondria (4, 5). Nerve cell axons are rich in mitochondria and prone to degeneration of nerve cells and axons under β-amyloid stress (6).

Alzheimer’s disease is a neurodegenerative disease characterized by dysregulation of the neuronal cell cycle, leading to cell death (7). Cell cycle markers are present in degenerating AD neurons in G1, S, G2, or M phases, indicating that terminally differentiated neurons re-enter the cell cycle. When the cell cycle is reactivated, the function and integrity of terminally differentiated neurons are disrupted. Furthermore, inappropriate activation of cyclins alters the function of DNA-binding proteins, thereby affecting the overall structure and further DNA damage by exacerbating oxidative damage by various endonucleases (8). Therefore, AD and other related neurodegenerative diseases can be effectively treated by inhibiting amyloid stress, regulating cell cycle, keeping cells in a quiescence state, improving energy metabolism, and promoting axonal growth (9, 10).

Currently, there is much literature on the neuroprotective effects of green tea (Camellia sinensis) and its core functional components Epigallocatechin gallate (EGCG) and N-ethyl-L-glutamine (L-theanine) (11–14). The molecular structures of EGCG and L-theanine are shown in Figure 1. EGCG is a flavonoid that belongs to the gallate-esterified flavan-3-ols. EGCG accounts for about 9–13% of the dry tea weight of tea leaves, and 50–80% of the total catechins. EC, EGC, and ECG each account for about 5–15% of the total catechins (15). EGCG significantly protects biological macromolecular structures such as proteins and phospholipids by inhibiting the formation of β-sheet, a toxic seed structure of aggregates (16, 17). EGCG is a mitochondria-targeted drug that modulates mitochondrial metabolism, including mitochondrial biogenesis, and mitochondrial-mediated cell cycle and apoptosis (18, 19). In addition, EGCG can also promote axonal growth in PC12 cells (20). L-theanine, a non-protein water-soluble amino acid, is characteristically found in tea plants (21). L-theanine content accounts for about 1–2% of the dry weight of tea leaves, and the content of L-theanine in high-theanine tea tree varieties is about 4% or more (22). There are 26 amino acids identified in tea, of which 6 are non-protein amino acids. L-theanine accounts for about 50–60% of the total amino acids in tea (22). L-theanine has cerebral protective activities such as anti-anxiety, anti-depression, memory promotion, prevention of vascular dementia, and nutritional nerve (23–26). L-theanine can inhibit glutamate receptors, increase intracellular glutamine and glutathione concentrations, attenuate oxidative damage, and have neuroprotective effects (24). In the SAPM8 brain aging model, L-theanine significantly inhibits the concentration of Aβ42 and down-regulates the Aβ42 formation pathways such as PS1, BACE1, and p16 (27).
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FIGURE 1
Molecular structures of the active ingredients Epigallocatechin gallate (EGCG) and N-ethyl-L-glutamine (L-theanine) in tea.


Epigallocatechin gallate is mainly stored in the vacuoles of fresh tea leaves and has protective effects on tea trees such as anti-ultraviolet rays and anti-insect pests. L-theanine is synthesized in the roots of tea trees, and has a high content in the actively growing tea buds and other tissues, providing carbon and nitrogen sources for the growth of tea trees (28, 29). The repairing effect of EGCG and the growth-promoting effect of L-theanine are beneficial to the growth of tea tree shoots. This study speculates that EGCG and L-theanine have a synergistic effect on neuroprotection. PC12, a cell line derived from rat pheochromocytoma, has been widely used as an in vitro model to study neuronal apoptosis and differentiation (30). We established an AD cell model through PC12 cells to study the synergistic protective effect of EGCG and L-theanine on differentiated neural lineage cells.



Materials and methods


Materials

Both EGCG (≥99%) and L-theanine (≥99%) were purchased from Sigma-Aldrich (St Louis, MO, United States). In addition to the secondary antibody (Abcam, CA, United Kingdom), the following primary antibodies were used for western blot analysis: anti-GAPDH, anti-Histone H3, anti-CyclinD1, anti-CyclinB1, anti-IL6, anti-AMPK, anti-mTOR, anti-Sirt1, anti-NF-κB, anti-Nrf2, and anti-KEAP1 (Cell Signaling Technology, Boston, United States), anti-Klotho (Novusbio, Colorad, United States), both RAGE and β-Amyloid (Santa Cruz Biotechnology, San Cruise, United States), anti-p62 (Epitomics, Burlingame, United States), anti-4-HNE (Millipore, Boston, United States), Anti-Multi Ubiquitin mAb (MBL, Tokyo, Japan). Western chemiluminescent horseradish peroxidase substrate (Thermo Fisher Scientific, Waltham, MA, United States), protease inhibitor mixture (Beyotime, Shanghai, China), BCA protein assay reagent (Thermo Fisher Scientific, Waltham, MA, United States), and radioimmunoprecipitation assay (RIPA) lysis buffer (KeyGEN BioTECH, Nanjing, China) were also used in the experiments.



Incubation and preparation of different Aβ25–35 protein samples

Epigallocatechin gallate (1 mM), L-theanine (1 mM), and EGCG (1 mM) + L-theanine (1 mM) were mixed with Aβ25–35 (1 mM) at a concentration of 1 mM, respectively, and incubated in a 37°C incubator for 7 days (31). After incubation, they were diluted 20 times and added to cells for use. That is, the final concentrations used in cell experiments were 50 μM Aβ25–35, 50 μM Aβ25–35/50 μM EGCG, 50 μM Aβ25–35/50 μM L-theanine, and 50 μM Aβ25–35/50 μM EGCG + 50 μM L-theanine. In the description of the results that follow in the article, 50 μM Aβ25–35, 50 μM Aβ25–35/50 μM EGCG, 50 μM Aβ25–35/50 μM L-theanine, and 50 μM Aβ25–35/50 μM EGCG + 50 μM L-theanine are abbreviated as Aβ25–35, Aβ25–35/EGCG, Aβ25–35/L-theanine, and Aβ25–35/EGCG + L-theanine, respectively.



Fluorescence detection of thioflavin T

Thioflavin T fluorescent probes bind to β-sheet-rich molecules to emit fluorescence. ThT fluorescent probes are ideal for detecting amyloid aggregates in protein misfolding research (32, 33). Mixed 10 μL of aliquots of Aβ25–35 solution (1 mM) with 90 μL of ThT (80 μg/mL) in PBS. The fluorescence was measured at λex and λem of 440 and 485 nm, respectively, using a fluorescence microplate reader (Thermo, Waltham, MA, United States).



Cell culture

Rat pheochromocytoma cell lines (PC12 cells) were from Peking Union Medical College, Cell Bank (Beijing, China) and grown in Dulbecco’s modified Eagle medium (DMEM) (Cromwell, CT, United States) containing 10% fetal bovine serum (FBS) (BI, IL), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a humidified incubator with 95% air and 5% CO2. During cell culture, cells were passaged approximately every 2 days.



Aβ25–35 insult, drug treatment, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide assay

PC12 cells were seeded in a 96-well cell culture plate at a density of 104/well and cultured for 24 h. Then the cells were treated with different Aβ25–35 protein samples (Aβ25–35, Aβ25–35/EGCG, Aβ25–35/L-theanine, and Aβ25–35/EGCG + L-theanine) for 24 h. Cell viability was detected by MTT colorimetric assay. Briefly, the supernatants were exchanged with a medium containing 0.5 g/ml MTT for 4 h, the superments were removed, and 150 μL/well dimethyl sulfoxide (DMSO) was added. The absorbance was detected at 570 nm. The relative cell viability was expressed as the mean percentage of absorbance in treated vs. control cells. The value of the control was set at 100%.



Transmission electron microscopic examination

Cell samples from different treatment groups were collected and double-fixed in 2.5% glutaraldehyde solution containing Millonig’s phosphate buffer (pH = 7.3). Examined and photographed on a Hitachi HT-7700 electron microscope after double staining with 3% uranyl acetate and lead nitrate.



Flow measurement of cell cycle and apoptosis

After collecting cells, washed twice with pre-chilled PBS. The cell cycle determination steps were as follows: added 2 mL of 70% ethanol, vortex to mix the cells, incubated at −20°C for 2 h, removed the ethanol by centrifugation, and washed twice with PBS, divided the cells into 5 mL flow cytometry tubes, added 500 μL PI/Rnase staining buffer, mixed the cells, incubated at room temperature in the dark for 15 min, stored at 4°C, and detected by flow cytometry within 1 h. The steps for apoptosis assay were as follows: added 1 × cell binding buffer, divided the cells into 5 mL flow cytometry tubes, each tube contained 1 × 105 cells, added 5 μL each of FITC Annexin V and PI dye, and protected from light until incubated for 15 min at room temperature, added 400 μL 1 × cell-binding buffer to each tube, and detected by flow cytometry (FACSCalibur system, BD Biosciences) within 1 h.



Fourier transform infrared spectroscopy spectral analysis

Cell samples from different treatment groups were collected for freeze-drying and infrared spectroscopy analysis. Cells protein samples were prepared by freeze-drying method, and vacuum freeze-dried at −42°C for 24 h. Samples were detected by Fourier transform Infrared spectroscopy (FTIR) (34, 35). The spectral range was 4000–400 cm–1. It was recorded in reflectance mode with a spectral resolution of 4 cm–1, accumulating 64 scans per spectrum. Amide I bands (1700–1600 cm–1) were used to determine the secondary structure of proteins in cell samples from different treatment groups, and spectra of original untreated spectra were synthesized and analyzed using omnic software (Thermo Nicolet, Waltham, United States).



JC1 detection of cell mitochondrial membrane potential

Mitochondrial membrane potential was detected using a fluorescent dye mitochondrial membrane potential detection kit (JC-1) staining kit (Beyotime, Shanghai, China) (36). PC12 cells were seeded on 24-well cell slides at a density of 5 × 104/well, and the cells were cultured according to the experimental method in Sections “Cell culture” and “Aβ25–35 insult, drug treatment, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide assay.” Subsequent experimental operations were carried out in strict accordance with the kit instructions. After the experiment, the staining of cells in different treatment groups was observed by s fluorescence microscope (Zeiss, Axio scope. A1). In the dual-color staining of JC-1, the higher the ratio of red/green fluorescence intensity, the higher the mitochondrial membrane potential.



DAPI fluorescent staining

After cell experiment, the cells were washed three times in the dark with PBS, mounted with Antifade Mounting Medium with DAPI (Beyotime, Shanghai, China), and then photographed with a fluorescence microscope (Zeiss, Axio scope. A1).



LDH cytotoxicity assay

The lactate dehydrogenase kit (Beyotime, Shanghai, China) detected lactate dehydrogenase activity released by cells in different treatment groups. PC12 cells were seeded in a 96-well cell culture plate at a density of 1 × 104/well, and cells were cultured according to the experimental methods in Sections “Cell culture” and “Aβ25–35 insult, drug treatment, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide assay.” After the experiment, the cell culture medium of different treatment groups was collected and centrifuged (400 g, 5 min) to remove dead cells in the culture medium. Finally, the LDH in the culture medium was detected strictly according to the operation method of the kit.



Adenosine triphosphate detection

Usually, a drop in ATP levels indicates impaired or decreased mitochondrial function (37). PC12 cells were seeded in a 6-well culture plate at 1.5 × 105/well, and cultured according to the experimental methods in Sections “Cell culture” and “Aβ25–35 insult, drug treatment, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide assay.” After the experiment, the medium was discarded, washed twice with pre-cooled PBS, 200 μL of cell lysate was added to each well, centrifuged (4°C, 12000 rpm, 20 min), and the supernatant was collected. The subsequent ATP detection experiments were performed according to the Adenosine triphosphate (ATP) detection kit (Beyotime, Shanghai, China).



Western blotting assay

After cell experiments were completed, cells were washed twice with pre-chilled PBS, an appropriate lysis buffer containing 1 × cocktail (Fermentas) and RIPA buffer (Pplygen), and the cells were lysed for 30 min on ice, vortexing every 10 min. The supernatant was collected by centrifugation (4°C, 12000 rpm, 20 min). Protein concentrations were determined using the BCA kit (Thermo, Waltham, United States), and equal amounts of protein (30 μg) per sample were separated by SDS-PAGE electrophoresis. After electrophoresis, the proteins on the gel were transferred to PVDF (Millipore, Boston, United States) membranes and blocked with TBST buffer containing 5% non-fat milk at room temperature for 1 h with slow shaking. Primary antibodies were added, overnight at 4°C. After washing with TBST for 5 min × 5 times at room temperature, the PVDF membranes were incubated with appropriate secondary antibodies for 1 h. After washing with TBST for 5 min × 5 times, the PVDF membranes were reacted with an enhanced chemiluminescence substrate (Piece Rockford, United States) for 2∼5 min. The luminescence signals were then detected by a chemiluminescence gel imaging system, and finally the optical density (OD) value of each band was analyzed using Image-J software.



Enzyme-linked immunosorbent assay

The TNF-α expression levels in the cell protein samples of different treatment groups were detected strictly according to the ELISA kit (Jiangsu Feiya Biological Technology Co. Ltd.) operation method.



BODIPY fluorescent staining

PC12 cells were seeded on 24-well cell slides at a density of 5 × 104/well, and the cells were cultured according to the experimental method in Sections “Cell culture” and “Aβ25–35 insult, drug treatment, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide assay.” After the experiment, the cells were washed twice with PBS, and 200 M l/well of fixative was added for 10 min. After washing twice with PBS, BODIPY staining solution (Invitrogen, New York, United States) was added and incubated for 30 min in an incubator. Finally, the staining of cells in different treatment groups was observed by s fluorescence microscope (Zeiss, Axio scope. A1).



RNA sequencing and gene expression analysis

After the cell experiment, the collected cell samples were immediately pre-frozen in liquid nitrogen for 2 min, frozen in dry ice and sent to BGI (Shenzhen, China1) for transcriptome sequencing (RNA-seq) detection. The expression level of each gene was calculated using the number of fragments per kilobase of transcript (FPKM) after normalizing the expression level of each gene. Differentially expressed genes (DEGs) were screened by the screening conditions of | fold changes| ≥ 2 and Q value ≤ 0.05, and correlation analysis was performed in different treatment groups. In order to more comprehensively explore the mechanism of action from the transcriptome level, with |fold changes| ≥ 1.2 and Q value ≤ 0.05 as the screening conditions, more DEGs were screened for network interaction analysis. In addition, to explore the synergistic mechanism of EGCG and L-theanine, according to the DEGs of the Aβ25–35/EGCG + L-theanine treatment group, a heat map analysis of the expression of related genes in different treatment groups was performed. Finally, STRING2 and Cytoscape (United States, v3.8.2) software were used to analyze the network interaction and visualize visualization of DEGs in different blocks in the heat map.



Statistical analysis

Using GraphPad Prism 8.01 software (GraphPad Software Inc., San Diego, United States), combined with Turkey’s multiple comparison test, a one-way ANOVA test was used to analyze the significance of differences. The results were expressed as mean ± standard deviation. The variation was judged significant at p < 0.05 and highly significant at p < 0.01.




Results


Epigallocatechin gallate and L-theanine synergistically protect PC12 cells from Aβ 25–35-induced injury

PC12 cells were incubated with different concentrations of EGCG or L-theanine for 24 h. EGCG had no significant effect on cell viability in the 50 μM concentration range, but significantly decreased cell viability at 100 μM concentration (p < 0.01). L-theanine promoted cell growth in a concentration-dependent manner in the 100 μM range. The above results revealed that EGCG had no growth-promoting effect on cells, and had cytotoxicity at a high concentration of 100 μM; while L-theanine had a cell growth-promoting effect at a concentration of 100 μM (Figures 2A,B).
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FIGURE 2
EGCG and L-theanine synergistically protect PC12 cells from Abeta25–35-induced injury. (A) MTT assay of cell viability in EGCG or Aβ25–35/EGCG treated group. (B) MTT detection of cells viability in L-theanine or Aβ25–35/L-theanine treated group. (C) ThT assay of different Aβ25–35 proteins samples. (D) MTT assay of cell viability in the synergistic group of EGCG and L-theanine. (E) White light photography of cell morphology. #p < 0.05, ##p < 0.01, compared with control group; **p < 0.01, compared with Aβ25–35 group, n = 6.


Soluble oligopeptide β-sheet (A11+) structure, the seed structure of protein misfolding and protein aggregate formation, is the toxic core structure of amyloid (38, 39). Aβ25–35 is the neurotoxic fragment of Aβ1–40 and Aβ1–42 (40, 41). ThT fluorescence probe detection was performed on different Aβ25–35 (50 μM) protein samples. The results showed that the β-sheet (All+) structure of the Aβ25–35 group was significantly increased (p < 0.01); EGCG and EGCG + L-theanine had significant inhibitory activity on β-sheet (All+) structure formation (p < 0.01), while the inhibitory activity of L-theanine was not significant (Figure 2C). EGCG interacts with Aβ, apparently forming small unstructured Aβ aggregates (42). When Aβ25–35 was at 50 μM, EGCG had the best cytoprotective activity at 50 μM concentration. L-theanine from 10 to 100 μM had a significant effect on promoting cell growth. While under Aβ25–35 stress conditions, different concentrations of L-theanine had no cytoprotective activity, and the difference in activity was not obvious. Therefore, we determined the concentration of EGCG and L-theanine to be 50 μM each for subsequent synergy studies. Subsequent content abbreviated 50 μM Aβ25–35, 50 μM Aβ25–35/50 μM EGCG, 50 μM Aβ25–35/50 μM L-theanine and 50 μM Aβ25–35/50 μM EGCG + 50 μM L-theanine to Aβ25–35, Aβ25–35/EGCG, Aβ25–35/L-theanine and Aβ25–35/EGCG + L-theanine, respectively.

Different Aβ25–35 protein samples were incubated with PC12 cells for 24 h. The results of MTT and brightfield photography showed that Aβ25–35/EGCG, Aβ25–35/EGCG + L-theanine, and Aβ25–35/L-theanine significantly promoted cell activity, and the Aβ25–35/EGCG + L-theanine group had the strongest cell viability, and its activity was better than that of the control group (Figures 2D,E).



Epigallocatechin gallate and L-theanine synergistically inhibit amyloidogenic and inflammatory pathways

The most striking features of neurodegenerative diseases are the accumulation of protein aggregates and autophagic dysfunction (43, 44). Ubiquitin-conjugated Proteins (Ups) and p62-modified proteins can be diagnostic tools for the aggregate formation and autophagy dysfunction (45, 46). Western blotting analysis showed that Aβ25–35 group cells produced a large amount of β-amyloid, accumulated 4-HNE, Ups and p62-modified aggregates, up-regulated TNF-α content (p < 0.01) and RAGE protein expression, and increased NF-κB nuclear transcription level by about 75% (p < 0.01). The results showed that the Aβ25–35 group had increased cell aggregates formation and up-regulated inflammatory pathways (p < 0.01), while EGCG and EGCG + L-theanine had significant inhibitory effects, followed by L-theanine. Nrf2/KEAP1 is an endogenous antioxidant signaling pathway in cells, and Nrf2/KEAP1 is unstable and released under stress conditions (47). The level of nuclear translocation of Nrf2 protein decreased in Aβ25–35 group cells (p < 0.01), and the unbound keap1 protein increased (p < 0.01); EGCG, EGCG + L-theanine, and L-theanine promoted Nrf2 nuclear translocation (p < 0.01) and decreased the amount of unbound keap1 protein (p < 0.01) (Figures 3A,B).
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FIGURE 3
EGCG and L-theanine synergistically inhibit amyloidogenic and inflammatory pathways. (A,B) ELISA and Western-blotting detection and analysis of protein expression levels associated with aggregates formation and inflammation. Among them, ELISA detected TNF-α, and Western-blotting detected the remaining proteins. “Nuclear/Extra” indicates the degree of nuclear translocation of the associated proteins. (C) Amide I band (1700–1600 cm–1) infrared spectra and Gaussian fitting analysis of cell samples in different treatment groups. In the fitted plots, amide I maxima between 1675 and 1695 cm–1 are generally assigned to antiparallel β-sheet/aggregated strands; and amide I maxima of 1660–1670 cm–1, 1648–1660 cm–1, 1640–1648 cm–1, 1625–1640 cm–1, and 1610–1628 cm–1 are assigned to 310-helix, α-helix, unordered strands, β-sheet, and aggregated strands, respectively (49). ##p < 0.01, compared with control group; **p < 0.01, compared with Aβ25–35 group, n = 3.


β-sheet formation is a crucial early step in amyloidogenesis (48). The infrared absorption peak spectrum and fitting analysis results of the protein amide I band (1700–1600 cm–1) showed that (Figure 3C), the infrared absorption peaks of Aβ25–35 group shifted to low wavenumbers, and the β-sheet structure increased significantly, α-helix and disordered structures were reduced. EGCG significantly inhibited the formation of β-sheet structure and promoted the formation of α-helix structure, but still had a great influence on cellular protein structures; L-theanine inhibited the shift of the absorption peak to the lower band; the absorption peaks and secondary structures fitting peaks of the Aβ25–35/EGCG + L-theanine group were almost identical to those of the control group.



EGCG + L-theanine targets cell cycle and promotes axonal growth

The results of DAPI nuclear staining showed that the nuclei of the Aβ25–35 group had different morphologies, some nuclei were enlarged, and the staining was high, indicating severe DNA damage; the nuclei of Aβ25–35/EGCG + L-theanine group were uniform in morphology and light staining, same as the control group; the Aβ25–35/EGCG and Aβ25–35/L-theanine groups also had some improvement (Figure 4A).
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FIGURE 4
EGCG + L-theanine regulates cell cycle and promotes axonal growth. (A) DAPI nuclear staining observation (bar = 50 μm). (B,C) Western-blotting detection of Cyclin B1, Cyclin D1, and GAP43. (D) Flow cytometry analysis of cell cycle and apoptosis. (E) Statistical analysis of cell cycle. (F) Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis (red arrows point to the cellular fibrous aggregate fraction). ##p < 0.01, compared with control group; **p < 0.01, compared with Aβ25–35 group, n = 3.


Cell cycle control is closely related to neuronal axonal growth (50). Cyclin D1 and Cyclin B1 are markers of the G1 and G2 phases of the cell cycle, respectively (51). Cyclin D1 and Cyclin B1 are in a low expression state in differentiated neural cells to maintain cell differentiation state and normal function (52). The results of Western blotting showed that the protein expressions of Cyclin D1 and Cyclin B1 in the Aβ25–35 group were up-regulated, and the expression of Cyclin D1 increased by about 50% (p < 0.01); in Aβ25–35/EGCG and Aβ25–35/EGCG + L-theanine groups, Cyclin D1 and Cyclin B1 protein expressions were down-regulated (p < 0.01), and the Aβ25–35/EGCG + L-theanine group was the most significant; Cyclin B1 was down-regulated in the Aβ25–35/L-theanine group (p < 0.01) (Figures 4B,C).

The results of cell cycle detection showed that the percentage of S phase increased by about 5% in the Aβ25–35 group (p < 0.01). The Aβ25–35/EGCG and Aβ25–35/EGCG + L-theanine groups increased the percentage of G0/G1 phase (p < 0.01) and down-regulated the percentage of S phase (p < 0.01), which was more significant in the Aβ25–35/EGCG + L-theanine group. The S phase percentage of Aβ25–35/L-theanine was the highest (Figures 4D,E). The above results indicate that, under the condition of Aβ25–35 toxic stress, EGCG + L-theanine significantly promotes the formation of the quiescent state of cells, and is beneficial to the repair of differentiated nerve cells and the growth of axons.

The neurite growth factor GAP43 is a nerve-specific protein involved in nerve cell growth, synapse development and nerve cell regeneration (53). The expression of GAP43 protein in the Aβ25–35 group was decreased (p < 0.01); compared with the Aβ25–35 group, the expressions of the three tea component treatment groups were all up-regulated (p < 0.01), among which the Aβ25–35/EGCG + L-theanine group expression increased about 4-fold (Figures 4B,C).

The scanning electron microscopy (SEM) results showed that cells in the Aβ25–35 group had flattened cell bodies and atrophied axons; in the Aβ25–35/EGCG + L-theanine group, the cells were plump, with rich surface structures and thick axons. Transmission electron microscopy (TEM) results showed that in the Aβ25–35 group cells, there were fibrous aggregates in the cell membrane and intracellular organelles (the part indicated by the red arrow), mitochondrial vacuolation and nucleus heterochromatin aggregates were formed. In contrast, no fibrous aggregates were detected in the Aβ25–35/EGCG + L-theanine-treated group cells, and the cell status was significantly improved (Figure 4F).



EGCG + L-theanine protects mitochondria and promotes energy metabolism

Decreased mitochondrial membrane potential (MMP) is a hallmark event in the early stage of apoptosis (54). The results of JC-1 staining showed that the MMP in the Aβ25–35 group (p < 0.01), while the MMP in the Aβ25–35/EGCG, Aβ25–35/L-theanine, and Aβ25–35/EGCG + L-theanine groups all increased (p < 0.01), in which EGCG and L-theanine exhibited a significant synergistic effect (Figures 5A,B). Cellular LDH content increased and ATP production decreased in Aβ25–35 group (p < 0.01); cellular LDH content decreased in Aβ25–35/EGCG + L-theanine and Aβ25–35/L-theanine groups (p < 0.01) (Figure 5C); compared with Aβ25–35 group, cellular ATP production was increased about 4-fold and 6-fold in the Aβ25–35/EGCG and Aβ25–35/EGCG + L-theanine groups, respectively (Figure 5D). The results indicate that EGCG and L-theanine have different protective effects on mitochondria and have synergistic effects.
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FIGURE 5
EGCG and L-theanine synergistically protect mitochondria and promote energy metabolism. (A) JC1 fluorescence staining of mitochondrial membrane potential. (B) JC1 staining statistics (bar = 50 μm). (C,D) Kit detection of LDH and ATP. (E) The expression levels of proteins related to mitochondria and energy metabolism were detected by Western blotting. ##p < 0.01, compared with control group; **p < 0.01, compared with Aβ25–35 group, n = 3.


The results of mitochondria and energy metabolism-related protein expression detection showed that under Aβ25–35 stress conditions, the expression of anti-aging factor Klotho decreased (p < 0.01); EGCG and L-theanine alone had no effect, while EGCG + L-theanine up-regulated Klotho expression by about 65% (p < 0.01). During calorie restriction, Sirt1 and p-AMPK proteins are highly expressed, while p-mTOR is lowly expressed, closely related to cellular energy metabolism, maintaining the balance of cellular energy supply and demand by affecting multiple links of cellular material metabolism (55, 56). Under Aβ25–35 stress conditions, the expression levels of Sirt1 and p-AMPK were decreased, and p-mTOR was significantly increased (p < 0.01); EGCG + L-theanine and L-theanine significantly up-regulated Sirt1 and p-AMPK expression levels (p < 0.01); in addition, the protein expression level of p-mTOR in the three tea component treatment groups was at a low level (p < 0.01) (Figure 5E). The results suggest that L-theanine is more effective than EGCG in activating calorie restriction-like energy metabolism pathways, which maybe related to the high bioavailability of L-theanine (57).



Transcriptome analysis of the synergistic effect of epigallocatechin gallate and L-theanine in protecting nerve cells

This study obtained 699.87 million raw reads from 15 transcriptome cDNA libraries, and the filtered clean reads accounted for more than 91.23%. Comparing valid readings with Rattus_norvegicu (GCF_000001895.5_Rnor_6.0), each sample had a total contrast of over 81.7% and a unique contrast of over 76.65%. Transcriptome sequencing (RNA-seq) is high quality and suitable for subsequent bioinformatic analysis.


Differentially expressed genes enrichment analysis

Differential genes (DEGs) were screened according to the screening conditions of | fold change| ≥ 2 and Q ≤ 0.05. Compared with the control group, 95 DEGs were identified in the Aβ25–35 group. Compared with the Aβ25–35 group, 67, 63, and 16 DEGs were in Aβ25–35/EGCG group, Aβ25–35/EGCG + L-theanine group, and Aβ25–35/L-theanine group, respectively (Figure 6A). The results of the Venn diagram showed that there were 14103 co-expressed genes in all treatment groups (Figure 6B). Cluster analysis of DEGs of co-expressed genes showed that the expression trends of DEGs in different treatment groups were significantly different, and Aβ25–35/EGCG + L-theanine group showed the opposite expression trend to Aβ25–35 (Figure 6C).
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FIGURE 6
Analysis of differentially expressed genes (DEGs) in different treatment groups. (A) Statistical analysis of DEGs expression between groups. (B) Venn diagram. One of the circles represents the set of DEGs for a treatment group, areas where different circles were superimposed represent DEGs common to different treatment groups, and non-overlapped parts represent DEGs specific to the treatment group. (C) Heat map. The color blocks from red to blue indicate the gene expression levels from high to low.


GO analysis showed that the different genes (DEGs) in Aβ25–35 group cells were significantly enriched in transcription, cell proliferation, inflammation, aging, and extracellular matrix (Figure 7A). DEGs in the Aβ25–35/EGCG group were mainly enriched in cell translation, extracellular matrix, wound healing, cytoplasm, and growth factor stimulation (Figure 7B). The DEGs-enriched pathways in the Aβ25–35/L-theanine group and Aβ25–35/EGCG + L-theanine group were similar, mainly enriched in DNA or RNA binding transcriptional activity, gonadotropins, female progesterone and cell differentiation (Figures 7C,D). Progesterone and other estrogenic pathways are neuroprotective against traumatic brain injury by promoting GAP43 expression (58). The above results indicate that Aβ25–35 has extensive toxic effects inside and outside cells, while EGCG has extensive intracellular and extracellular repair effects, and L-theanine and EGCG + L-theanine can nourish nerve cells and promote axonal growth, and so on.
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FIGURE 7
GO enrichment analysis of differentiated genes (DEGs) in PC12 cells of different treatment groups. Graphs from panels (A–D) represent the GO analysis of Control-vs-Aβ25–35, Aβ25–35-vs-Aβ25–35/EGCG, Aβ25–35-vs-Aβ25–35/EGCG + L-theanine, and Aβ25–35-vs-Aβ25–35/L-theanine, respectively. The blue-purple, red, and green columns in the GO enrichment analysis diagrams represent the biological processes, cellular components, and molecular functions of cells in different treatment groups, respectively.




Interaction network analysis of differential genes and detection of lipid metabolism

The DEGs interaction network analysis showed that, compared with the control group, the DEGs in the Aβ25–35 group (Control-vs-Aβ25–35) acted on the following network: metabolism (lipids, carbohydrates, amino acids, and energy metabolism) (Figure 8A yellow blocks), genetic material related (cell growth and death, cellular community and endocrine system, genetic information procession, replication and repair, immune system, and other signal transduction) (Figure 8A green blocks) and the inflammatory immune system (Figure 8A pink blocks). The DEGs of Aβ25–35-vs-Aβ25–35/EGCG mainly acted on networks such as anti-inflammatory (Figure 8B pink blocks), lipid and energy metabolism pathways (Figure 8B yellow blocks). The DEGs of Aβ25–35-vs-Aβ25–35/L-theanine mainly act on cell cycle, immune regulation, genetic material such as DNA and RNA (Figure 8C green blocks) and immunomodulation (Figure 8C, pink blocks). The DEGs in Aβ25–35-vs-Aβ25–35/EGCG + L-theanine mainly interacted in cell cycle, MAPK, metabolism, signal transduction, genetic information processing, and other pathways (Figure 8D yellow, green, and pink blocks). The results indicate that L-theanine fully exerts its regulatory effects on cell cycle, immunity, DNA and RNA, and other genetic materials under EGCG inhibiting Aβ25–35 stress and regulating metabolism.
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FIGURE 8
Network interaction plot (PPI) analysis of differential genes in different treatment groups. (A–D) Interaction analysis of differential genes in different treatment groups. The yellow blocks in the panel represent metabolisms such as lipids, carbohydrates, amino acids, and energy; green blocks represent signal transduction such as cell growth and death, cellular community and endocrine system, genetic information procession, replication, and repair, etc.; pink blocks represent signal transduction, such as inflammation and immune system. The gray lines represent functional associations of differential genes; the nodes from blue to red represent the ranges of enriched differential genes, from panels (A–D) are 1∼64, 1∼58, 1∼45, and 1∼9, respectively. (E) BODIPY staining of cell lipid droplets in different treatment groups.


Lipid metabolism is of particular interest due to its high concentration in CNS. Chronic accumulation of phase-separated molecular aggregates such as lipid droplets and amyloid can lead to neurotoxicity (59, 60). The result of lipid droplets BODIPY fluorescence staining showed that under Aβ25–35 stress condition, the structure of intracellular lipid droplets became blurred and smaller, or merged into large-area lipid plaques; EGCG and EGCG + L-theanine have significantly reduced the content of intracellular lipid droplets (Figure 8E). This result was corroborated with transcriptomic EGCG promoting lipid and energy metabolism (Figure 8B).



Analysis of the synergistic mechanism of epigallocatechin gallate and L-theanine from the transcriptome level

Using the DEGs of Aβ25–35-vs-Aβ25–35/EGCG + L-theanine as a reference, the cluster analysis and interaction correlation of different genes between groups were carried out. The results showed that the cluster map of DEGs in the Aβ25–35-vs-Aβ25–35/EGCG + L-theanine was mainly divided into four blocks, of which two blocks [Figure 9 (1,3)] gene expression trend was opposite to that of other treatment groups, which was presumed to result from the synergistic interaction between EGCG and L-theanine. The up-regulated genes were mainly related to autophagy, axon guidance and neurotrophin signaling pathways, while the down-regulated genes were mainly enriched in ribosome, transcription, apoptosis and mTOR signaling pathway. This result is consistent with the previous experimental results.


[image: image]

FIGURE 9
Analysis of the synergistic mechanism of EGCG and L-theanine from the transcriptome level. (1–4) The results showed that the cluster map of DEGs in the Aβ25-35-vs-Aβ25-35/EGCG + L-theanine was mainly divided into four blocks, of which (1) and (3) blocks gene expression trend was opposite to that of other treatment groups, and (2) and (4) blocks gene expression trend were very similar to that of Aβ25–35-vs-Aβ25–35/EGCG. The expression level of each gene was calculated using the transcripts per kilobase of exon model per million mapped reads (TPM) after normalizing the expression level of each gene.


The gene expression trends of the other two blocks [Figure 9 (2,4)] were very similar to that of Aβ25–35-vs-Aβ25–35/EGCG. It is speculated that these two blocks were mainly the effects of EGCG, and the up-regulatory genes were mainly enriched in metabolism pathways, focal adhesion and actin regulation, and the down-regulated genes were main enriched in MAPK and PI3K-Akt signaling pathways. Combined with the previous results (Figure 8), we speculated that under the premise that EGCG inhibits amyloid stress, promotes lipid metabolism and inhibits cell mitogenic activity, L-theanine could exert anti-inflammatory, promote axonal growth and nourish nerves. The synergistic effect of EGCG and L-theanine made EGCG have a milder effect on cells, thereby better maintaining the high-fidelity structure of cellular proteins (Figure 3C).





Discussion

This study demonstrates that EGCG and L-theanine synergistically promote repair and regeneration of differentiated neural cell line PC12 cells under amyloid stress conditions. EGCG mainly inhibits amyloid stress and inflammation and promotes lipid metabolism. In the presence of EGCG, L-theanine can fully exert its neurotrophic effect. EGCG + L-theanine targets the cell cycle, keeps nerve cells in a quiescent state under amyloid stress, promotes cell viability and axonal growth, and maintains the high-fidelity structure of cellular proteins.


Maintain the fidelity structure of nerve cell proteins

The toxicity of disease-causing protein aggregates may be due to their inherent misfolded nature and structural heterogeneity. These properties will lead to numerous aberrant interactions with various cellular components, including phospholipid bilayers, protein receptors, soluble proteins, RNA, and small metabolites, leading to cellular damage and ultimately cell death (38). Extensive literature studies have shown that EGCG binds to fold-rich aggregates, significantly inhibits β-amyloid fibrillogenesis, and is a potent remodeler of mature amyloid fibrils (16, 17). EGCG targeted and inhibited β-sheets formation of Aβ25–35 toxic structure (Figure 2C), and promoted the growth of differentiated PC12 cells (Figure 2A). Aβ25–35 can function as a neurotrophic factor for differentiation neurons and has important physiological roles (61, 62). Aβ25–35 may have a certain neurotrophic effect after EGCG changes its toxic structure, which needs to be further verified.

Under Aβ25–35 stress conditions, EGCG, L-theanine, and EGCG + L-theanine significantly downregulated neurotoxic proteins such as p62, ubiquitination and 4-HNE, and inhibited inflammatory pathways (Figures 3A,B). L-theanine significantly suppressed the shift of the protein infrared spectrum to lower wavenumbers, while also protecting the disordered structure of the protein (Figure 3C). Hub proteins, such as GAP43 and ubiquitination, are often disordered and flexible structures that perform essential signal transduction (63). In many neurodegenerative diseases, intrinsically disordered proteins form fibrillar aggregates for pathogenesis (64). EGCG + L-theanine maintained the high-fidelity structure of the neuronal protein, and the disordered structure was the same as that of the control group (Figure 3C). EGCG has a significant inhibitory effect on amyloid stress and significantly affects the protein amide I band spectrum, indicating that EGCG also has a more significant effect on cells. The Aβ25–35/EGCG + L-theanine group has the best cellular protein fidelity, almost identical to the control group (Figure 3C). This result may be that L-theanine’s weak acidity helps protect EGCG from being degraded, making EGCG bind more tightly to Aβ25–35, and enhancing its anti-amyloid stress activity (65).

Based on the above results, we speculate that EGCG and L-theanine can promote each other, and fully exert repair and growth-promoting effects, so that EGCG + L-theanine exhibits milder and more effective cytoprotective activities.



Targets cell cycle and promotes the formation of cellular quiescence

Cell mitotic quiescence is critical for complex connected neuronal systems (66, 67). In differentiated neuronal cells, amyloid stress leads to abnormal cell cycle entry and is closely associated with neuronal inflammation and apoptosis (68–70). This study showed that the expression of cyclin marker proteins Cyclin D1 and Cyclin B1 in Aβ25–35 group was significantly increased. In Aβ25–35/EGCG + L-theanine group, the expression of Cyclin D1 and Cyclin B1 was significantly decreased, the percentage of cell cycle G0/G1 phase was significantly increased, the cell inflammation was down-regulated, the GAP43 protein expression was up-regulated, the p-mTOR expression was down-regulated, and the axonal growth was obvious (Figures 3, 4). In quiescent cells, mTOR is deactivated, and levels of pS6, cyclin D1, p21, and p16 are low (52). This study and literature show that EGCG + L-theanine promotes the formation of the neuronal quiescent state under amyloid stress, keeps differentiated neuronal cells in the G0 phase, and improves cell viability and axonal growth.

Aβ25–35 significantly promoted the formation of neuronal inflammation and oxidative stress, while EGCG and EGCG + L-theanine had significant inhibitory activity (Figures 3A,B). The transcriptome results further demonstrated that EGCG + L-theanine enhanced the anti-inflammatory efficacy (Figures 8, 9). Additionally, lipids play an important role in neurodegeneration, neuroinflammation, and psychiatric disorders. Imbalances in sphingolipid levels is associated with diseases (71). EGCG and EGCG + L-theanine significantly promote cellular lipid metabolism, energy metabolism, and caloric restriction (Figures 5E, 8E). These results further demonstrate that EGCG and EGCG + L-theanine promote a quiescent state of neuronal cells under amyloid stress conditions.



Synergistic effects of epigallocatechin gallate and L-theanine in promoting nerve cell regeneration

Epigallocatechin gallate exhibited toxicity at high concentrations, while L-theanine exhibited cell growth-promoting activity. Under Aβ25–35 stress conditions, EGCG promoted cell viability concentration-dependent, while L-theanine showed no cytoprotective activity. The bioavailability of EGCG is not high, but it has a significant anti-amyloid stress effect. L-theanine is a naturally brain-derived neurotrophic factor (BDNF) but has no inhibitory activity against amyloid stress (Figures 2A,B). The above results indicate that the mechanisms of action of EGCG and L-theanine have opposite effects.

Neurotrophic factors play an important role in combinatorial approaches to spinal cord repair by promoting cell survival, and maintaining axonal growth and regeneration (72). Although neurotrophins have positive effects in animal models, their short half-lives, low bioavailability, and limited permeability across the blood-brain barrier (BBB) limit their use in patients (73). The bioavailability of L-theanine is nearly 100%, and it has BDNF and neurogenesis (23, 29, 74–76). The transcriptome results showed that L-theanine mainly acts on genetic material such as DNA and RNA, and has estrogen-like and other growth-promoting effects (Figures 7–9). Their estrogenic pathways have significant neuroprotective effects.

Neuronal cells have abundant mitochondria, especially in axonal structures. Differentiated neural cells have higher energy requirements than normal cells, which require the transport of mitochondria to distal synapses (77). Therefore, protecting mitochondria, improving energy metabolism, and maintaining the differentiated state of neuronal axons are crucial. EGCG promoted the metabolism of lipids, carbohydrates, amino acids and energy (Figures 8B,E), and significantly promoted ATP production (Figure 5D). L-theanine inhibited LDH production and significantly promoted the phosphorylation of AMPK. EGCG + L-theanine significantly up-regulated Klotho protein expression, had the best effect on improving mitochondrial membrane potential activity and promoted mitochondrial rejuvenation (Figure 5).

The above results revealed that under the premise that EGCG binds to amyloid and promotes quiescent state repair of cells, L-theanine enters cells to play neuron nutrition and promote axonal growth (Figure 10). Drink 5–10 g of green tea daily to get adequate amounts of EGCG and L-theanine (15, 22). An epidemiological survey study showed that drinking two or more cups of green tea per day (100 mL/cup) can reduce the damage to brain memory (78). Another survey found that drinking two cups of tea daily or drinking tea continuously for more than 8–10 years can reduce the risk of Parkinson’s disease by 28˜80% (79).


[image: image]

FIGURE 10
Schematic diagram of the molecular mechanism by which EGCG and L-theanine synergistically promote nerve cell repair and regeneration under amyloid stress conditions. Epigallocatechin gallate (EGCG) and N-ethyl-L-glutamine (L-theanine) are the representative functional components of green tea (Camellia sinensis). This study investigated the synergistic protective effect of EGCG and L-theanine on neural cells by establishing an AD model of Aβ25–35-induced differentiated neural cell line PC12 cells. Through a series of cell and molecular biology experiments, it was found that amyloid stress mainly promotes the accumulation of UPs/p62-modified aggregates, upregulates the NF-κB/RAGE inflammatory pathway, stimulates cell-cycle dysregulation, and leads to cell hyperactivity and damage; EGCG + L-theanine can repair and regenerate amyloid-stressed differentiated neural cells. The synergistic mechanism is that under the premise that EGCG inhibits amyloid stress and inflammation and promotes metabolism, L-theanine can nourish nerves. EGCG + L-theanine increases the G0/G1 phase, down-regulates the expression of cyclins, keeps the cells in a quiescent state, and is beneficial to the repair and regeneration of the differentiated neuronal cells. In addition, EGCG + L-theanine maintains the high-fidelity structure of cellular proteins. This study revealed for the first time that the synergistic effect of EGCG with L-theanine or drinking green tea may be an effective way to promote nerve cell repair and regeneration and slow the progression of AD.





Conclusion

Proteotoxic stress, mitochondrial dysfunction, and genomic instability lead to cellular hyperactivity and are closely associated with age-related degenerative diseases such as atherosclerosis, type 2 diabetes, osteoporosis, and Alzheimer’s disease. In the context of neurodegenerative diseases, targeting a single pathway may not be sufficient to promote long-distance axonal regeneration and functional recovery after injury. Amyloid stress-mediated neuronal degeneration results from multi-faceted effects and the synergy effect of EGCG and L-theanine exhibits multi cytoprotective activities. EGCG mainly inhibits the formation of amyloid protein rich in toxic β-sheet structure, improves lipid and energy metabolism, protects cell membrane structure, and maintains cellular protein homeostasis (Figures 3–5, 8). L-theanine mainly improves the endogenous antioxidant capacity of cells and protects mitochondria and cell genetic materials (Figures 5, 8). The synergistic effect of EGCG and L-theanine has multi-target protective effects on nerve cells under amyloid stress. EGCG and L-theanine promote each other and exert mild cytoprotective effects. This study revealed one of the core underlying mechanisms by which green tea delays age-related degenerative diseases such as AD.
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Cross-cultural studies suggest that people typically prefer to eat familiar foods from their own culture rather than foreign foods from other cultures. On this basis, it is plausible that neural responsiveness elicited by palatable food images from one’s own culture differ from those elicited by food depictions from other cultures. Toward clarifying this issue, we examined neural activation and self-report responses to indigenous (Chinese) versus Western food images among young Chinese adults. Participants (33 women, 33 men) viewed Chinese food, Western food and furniture control images during a functional magnetic resonance imaging (fMRI) scan and then rated the images on “liking,” “wanting,” and “difficult resisting.” Analyses indicated there were no significant differences in self-report ratings of Chinese versus Western food images. However, Chinese food images elicited stronger activation in regions linked to cravings, taste perception, attention, reward, and visual processing (i.e., cerebellum crus, superior temporal gyrus, supramarginal gyrus, middle temporal gyrus, inferior parietal lobule, posterior insula, middle occipital gyrus; inferior occipital gyrus). Conversely, Western food images elicited stronger activation in areas involved in visual object recognition and visual processing (inferior temporal gyrus, middle occipital gyrus, calcarine). These findings underscored culture as a potentially important influence on neural responses to visual food cues and raised concerns about the ecological validity of using “standard” Western food images in neuroimaging studies of non-Western samples. Results also provide foundations for designing culturally informed research and intervention approaches in non-Westerns contexts guided by the use of external food cues that are most salient to the cultural group under study.

KEYWORDS
food images, neural activation, fMRI, culture, food preferences, Chinese


Introduction

Cross-cultural studies have indicated that people typically show stronger overall preferences for foods that are familiar to their own cultural group than less familiar, foreign foods (1, 2). Consequently, neural responses elicited during exposure to images of foods from one’s local culture may also differ from those elicited during exposure to foods imported from other cultures. As such, the implicit assumption that “standardized” images of palatable Western foods are appropriate for use in neuroimaging studies of responses to food cues in non-Western groups warrants scrutiny. Toward testing this premise, we examined neural responses and subjective reactions of mainland Chinese young adults during exposure to images of traditional Chinese foods versus Western foods more typically depicted in neuroimaging studies of non-Western samples.

Taste is a critical factor shaping food preferences (3, 4). For example, studies of adolescents in the United States (5) and non-Western nations including China (6) indicate taste is the most important influence on food selection. Neophobia, the tendency to reject or avoid novel edibles while developing preferences for more familiar foods (3), is an important genetic predisposition that shapes preferences for particular foods (4). While neophobic tendencies are encoded in genetics, their expression is shaped by culture and can differ between countries (7, 8). Past studies have found that unfamiliar taste and appearance deter people from trying ethnic food (9) while familiarity influences food preferences and willingness to eat novel foods across cultures and socio-demographic groups (3, 10, 11).

As an illustrative example, despite considerable diversity in food preferences between its different regions, traditional culture and food tastes in China have strong roots (12). Based on Chinese traditions, good food should be excellent in terms of color, aroma and taste (2). “Proper meals” in Chinese culture comprise appropriate amounts of starches (e.g., rice, noodles), vegetables and meats, and lower amounts of dairy products and sweets (13). As well, flavors that distinguish Chinese cuisine include a soy sauce, rice wine, and ginger mixture (14). This traditional pattern provides less total fat, saturated fat, cholesterol, and calcium than the typical American dietary pattern does (13).

Studies of Chinese samples suggest food preferences are affected by culture (1, 13–17). For example, among residents of Shanghai and Xi’an, “unfamiliar,” “sweet,” and “greasy” were unique, negatively valenced taste descriptors of European foods while “safe” and “upscale” were endorsed as positively valenced descriptors (15). In another China-based study of adolescents, the most frequently consumed snacks included fruit, milk and instant noodles (16); underscoring possible aversions to sweet foods, these snacks were consumed at least 2–3 times more often than soft drinks, candy/gum and chocolate. Among Asian travelers to Australia, Chang et al. (14) found Chinese food was highly preferred despite immersion within a new culture. Even when participants were eager to try local delicacies, they sought Chinese foods during mealtimes because the “acceptability” and “palatability” of these dishes were guaranteed and mitigated shock experienced from eating less familiar foods. Many also sought “familiar flavors” in local Australian food and welcomed the fusion of Chinese and Australian food to foster acceptance of unfamiliar foods. Finally, in contrast to “palatability,” motives for trying Australian foods included a desire to learn about the culture, increase Western culinary knowledge, develop memories about Australian holiday experiences, and assert prestige and status. Similarly, Chinese travelers to Spain preferred eating Chinese food and familiar fast food relative to unfamiliar local Spanish food (17). Finally, Li (1) found that although Chinese cruise tourists traveling abroad were initially willing to try novel Western foods, they were subsequently more reluctant due to being less accustomed to the taste, type, preparation and temperature of Western foods; these reactions were especially strong among older adults who became neophobic to Western food.

Notwithstanding evidence that Chinese samples prefer familiar Chinese foods in contrast to less familiar Western foods, concerns have emerged about diets becoming increasingly Westernized in China (18, 19). Wang et al. (19) noted the remarkable growth of U.S.-based fast-food restaurants in China during the past 30 years with McDonald’s franchises expanding at a rate of nearly 10 new restaurants per week due to their perceived convenience, safety, and prestige. Given the proliferation of Western food products in China, it is also possible that reactions to Western foods do not diverge sharply from those of indigenous Chinese foods, particularly among children, adolescents, and young adults to whom Westernized diets are marketed.

Despite increased research in non-Western contexts such as China, studies on food consumption and food representations typically have comprised North American and European samples (20). Augmenting dominant North American and European perspectives on these issues with data from Asian contexts has the potential to elucidate how cultural background informs preferences for and brain responses to presentations of foods from local and non-local cultures.

In sum, numerous China-based self-report studies have underscored stronger taste preferences for familiar Chinese foods as opposed to novel foods from other cultures, albeit conflicting data highlight increasingly Westernized diets in China, especially among younger cohorts. Functional magnetic resonance imaging (fMRI) has been essential in documenting underlying neural activation patterns elicited by images of palatable foods. Though not exhaustive, food image presentations can elicit increased activity in reward/craving circuitry regions including the anterior and posterior insula (PI), orbital frontal cortex (OFC), anterior cingulate cortex (ACC), caudate, hippocampus, amygdala, and dorsolateral prefrontal cortex (DLPFC) (21–25) as well as regions involved in taste perception, olfaction, temperature, and texture perception (e.g., insula/operculum, left OFC, pregenual cingulate cortex) (26–28). Exposure to food images can also elicit activation of regions linked to visual processing (e.g., fusiform gyrus, occipital gyrus, superior parietal lobule, cuneus) (26–28) and attention/cognitive control (e.g., precuneus, inferior parietal lobe, middle frontal gyrus) (26, 29, 30).

A majority of related fMRI studies has employed images of palatable Western foods in samples from the United States or Europe (21, 26, 31–35). Similarly, research on Chinese samples (36–38) has tended to employ standard Western food images even though these may be less preferred and/or less frequently consumed than food staples typical of Chinese diets are. Consequently, it is plausible that neural activity patterns elicited during exposure to palatable Western food images differ from patterns elicited during exposure to palatable indigenous food images that represent daily diets and/or food preferences of most mainland Chinese residents.

To test this premise, we evaluated self-reported reactions to and neural responses elicited by images of indigenous (i.e., local Chinese) versus Western food dishes among mainland Chinese young adults. Following from behavior studies of food preferences in Chinese samples reviewed above, we hypothesized that Chinese food images would elicit higher ratings of liking, wanting and difficulty resisting than Western food images would. Based on the assumption that subjective preferences for Chinese (versus Western) foods might reflect underlying differences in neural activation, we also tested an exploratory hypothesis that Chinese food images would elicit comparatively stronger neural activation responses than Western food images would in regions linked to reward/cravings circuitry, taste perception, attention and inhibitory control.



Materials and methods


Participants

The initial sample comprised 67 students (34 women, 33 men) recruited from a major university in China. On average, participants were 20.05 years of age (SD = 1.62, range: 18–25 years) and had an average body mass index (kg/m2) of 25.41 (SD = 5.65, range: 18.12–40.14). Exclusion criteria included the presence or history of major medical conditions or psychiatric illnesses including clinical eating disorders, previous or current prescription medications, and significant visual impairments. Specific contraindications for fMRI (i.e., pacemaker, metal implants, dentures, severe claustrophobia) were other exclusion criteria.



Image sets

Images were 180 color photographs representing three image categories: 60 Chinese food items (e.g., dumplings, noodles, tofu), 60 Western food items (e.g., hamburger, French fries) and 60 furniture items (e.g., tables, cabinet, chairs) that served as control images (Figure 1). Chinese and Western food images were selected from the Food Image Library of the Psychology Department of the affiliated university (39). Some Western food images were selected from another food image database (40). Furniture images were obtained from freely available websites. For standardization, all images of Chinese food, Western food, and furniture were displayed in same resolution (720 × 540 pixels) and featured against a white background (41).


[image: image]

FIGURE 1
Examples of image types and the sequence of events in each task trial. (A) Depicted is one Chinese food block; (B) Chinese food (ChFd); (C) Western food (WeFd); (D) Furniture (Furn).


The final image set was selected from a pilot study in which 10 undergraduates (five women, five men), who did not participate in this study, sorted images into the three categories listed above. Participants were provided with definitions and sample images of each image category prior to the sorting task. During the task, a question was displayed below the image querying, “What kind of image do you think this is?” with A = Chinese food item, B = Western food item, and C = furniture item as the choices. Only images correctly classified within their appropriate category at rates of 90% or higher were retained in the final image set. Highlighting equivalent levels of familiarity and distinctiveness between these image sets, mean classification accuracy rates for retained Chinese food images (98%), Western food images (100%), and furniture images (100%) were near perfect and far exceeded chance alone rates (33%). In addition, rater judgments of image visual complexity did not differ between the three image categories, F(2,177) = 0.513, p = 0.600. Finally, although calorie counts of individual food images varied, Chinese versus Western food image sets did not differ significantly in terms of (i) average calories based on the operationalization of high calorie foods as those with an energy density ≥ 1.5 kcal/gram (42, 43) and calorie information from related databases (40, 44), percentages of high calorie food image [92% versus 85%, χ2(1, N = 120) = 1.29, p = 0.26], (ii) overall food content (e.g., meats, vegetables, etc.), χ2(2, N = 66) = 1.31, p = 0.52, based on operationalizations from other published sources (45), (iii) how food was presented (alone or in white dish against white background versus in non-white dish/container against white background), χ2(1, N = 120) = 2.83, p = 0.093, or (iv) flavor (i.e., sweet, savory, blandness), χ2 (2, N = 120) = 2.89, p = 0.39.



Procedure

The study was approved by the Human Research Ethics Committee of the affiliated university. An a priori power analysis with the G*Power Version 3.1 (46) was used to estimate sample size based on a repeated measures analysis of variance (ANOVA) with the following parameters: a medium effect size (Cohen’s f) = 0.35, alpha = 0.05, power (1-β) = 0.95. The analysis resulted in an estimated sample N of 64, though we recruited beyond this level anticipating a 5–10% attrition rate.

Participants were solicited via an advertisement on the university’s electronic bulletin board seeking volunteers for a study on reactions to different kinds of images. Prospective volunteers completed an online screen that included demographics (age, gender, height, weight), exclusion criteria and MRI contraindications. Appointments were made with eligible, willing volunteers. They were asked to wear light, comfortable clothing and consume their regular meals but refrain from eating or drinking (except water) for at least 2 h before their appointment (47) to better ensure they were not overly hungry or satiated during testing. Upon arrival, participants removed their shoes and objective measures of height and weight were taken to calculate body mass index (BMI). Next, measures of demographics (age, gender, Han versus minority ethnicity), parental education (high school completion or lower versus more than high school completion) were completed with single item ratings of current hunger and fullness anchored by 0 (not at all) 50 (somewhat), and 100 (extremely) (38). Time since last meal was assessed with the query, “How long has it been since your last meal (in minutes)?”

Prior to scanning, participants were instructed to lie still, remain awake but relaxed, think of nothing in particular while keeping their eyes open, and focus carefully on each image presented to them. At the scan outset, written instructions were presented: “In the next task you will see food and non-food images. Please pay close attention to the images since you will be tested on their nature at the end of the MRI session.” The scan then proceeded with each trial comprising one full-color image presented once for 2.5 s. Participants viewed food/control images through an adjustable mirror mounted on the scanner head coil. Following other published work (48), each block comprised five images of the same type (Chinese food, Western food, or furniture) presented with no pauses (see Figure 1). Blocks were separated by a 10 s inter-block interval featuring a central fixation cross. The total run comprised 36 blocks (820 s) including a 30 s rest after 18 blocks. Blocks were presented pseudo-randomly so that the same image type was never presented more than twice in a row. Immediately after the fMRI run, participants were asked if they had fallen asleep during the scan; none reported having done so. They also completed a simple memory item in which they were asked to identify two image categories from the following list that were NOT presented in the immediately preceding viewing task: cars, Chinese foods, people, Western foods, and furniture. Data from one female participant who answered this item incorrectly were excluded due to potential inattention.

After leaving the scanner, participants rated each image on computer in a separate room. Following other published research (49), respondents rated how much they (1) liked each portrayed image (anchored by 1 = dislike extremely and 5 = like extremely), (2) wanted to eat (or use) each depicted stimulus (anchored by 0 = do not at all, 50 = want somewhat, and 100 = definitely want), and (3) had difficulty to resist eating or using each depicted stimulus (anchored by 0 = definitely not difficult, 50 = somewhat difficult, 100 = definitely difficult). For wanting and difficulty resisting ratings, any number between 0 and 100 could be selected. Images were presented in random order to control for potential order effects or participant “response sets.” After the rating task, participants were asked to guess the main study hypotheses, debriefed, and paid 100 RMB for their time and effort. On average, this study took 35–45 min to complete.



Functional magnetic resonance imaging data acquisition and preprocessing

Images were acquired via a Magnatom Terra 7T MRI (Siemens Medical, Erlangen, Germany) with a 64-channel head coil. Soft foam pads were used to decrease head motion and scanner noise. Image presentations and self-report ratings were controlled by a computer outside scanner using E-prime 2.0 (50). Functional images were collected using a T1-weighted gradient echo-planar imaging (EPI) sequence [repetition time (TR) = 2000 ms; echo time (TE) = 30 ms; Flip Angle = 90°; voxel size = 2 mm × 2 mm × 2.3 mm; Field of View (FoV: AP, FH, RL) = 224 mm × 143 mm × 224 mm, slices = 62]; 410 BOLD images were collected. A high-resolution T1-weighted anatomical image was acquired for precise normalization, using a standard MPRAGE (magnetization prepared rapid acquisition gradient echo) sequence [repetition time (TR) = 2530 ms; echo time (TE) = 2.98 ms; Field of View (FoV: AP, FH, RL) = 224 × 256 × 192 mm3; voxel size = 0.5 × 0.5 × 1 mm3; slices = 192].

Data were preprocessed using DPABI (Data Processing & Analysis for Brain Imaging) (51) in MATLAB (version 2014a, Math Works, Natick, MA, United States). Both functional images and T1 images were converted from DICOM to NIFTI format. Slice timing was conducted to correct slice order, functional images were realigned to the first volumes, and six head-motion parameters were estimated from three translation and three rotation vectors. All images were skull stripped. T1-weighted images were co-registered to averaged functional images and segmented into constituent tissues using a DARTEL template (52). Functional images were normalized to the MNI (Montreal Neurological Institute) space with the DARTEL template. Spatially normalized echo-planar images were smoothed with Gaussian kernel of 8 × 8 × 8 mm FWHM (Full-width-at-half-maximum) (53).



Data analysis


Self-report data analyses

Descriptive statistics summarized sample characteristics, state hunger/fullness ratings, and reactions to the three image types. Repeated measures analyses of variance (ANOVAs) assessed within sample differences in ratings of (1) liking, (2) wanting, and (3) difficulty resisting Chinese food versus Western food versus control (furniture) images. Least significant difference (LSD) post hoc tests were run to identify specific image type differences when ANOVA values were significant. These analyses were conducted using SPSS 26 (54) with p < 0.05 significance cutoffs. Finally, Spearman correlation coefficients were calculated to examine intercorrelations between BMI and self-report ratings of hunger, fullness, time since last meal, image liking, wanting, and difficulty resisting ratings.



Imaging data analyses

Image preprocessing and multiple corrections were performed with DPABI. We used SPM12 (Statistical Parametric Mapping), run on MATLAB 2021, for analyses and Bspmview (55) for results presentations. In first-level analyses, task-related activity within each participant’s data was detected by convolving the canonical hemodynamic response function (HRF) with a boxcar function representing onsets and durations of different conditions. Image type conditions were treated as regressors and head motion parameters were treated covariates in a generalized linear model (GLM). For the GLM analysis, Chinese food, Western food, and furniture image type conditions were generated to model the boxcar function via a sustained epoch representing each stimulus duration. Main analyses featured within sample contrasts between Chinese vs. Western food images. Supplementary analyses included within sample contrasts between Chinese or Western food images vs. furniture.

In second level analyses, at a group level, contrasts from individual participants were first entered into one-sample t-tests to measure brain response differences regarding the within sample contrasts. Scan time served as a covariate. A family-wise error (FWE) correction based on Gaussian random field (GRF) theory was applied to control for false positives resulting from multiple comparisons at the α = 0.05 level (56) and cluster-based inferences about findings for which there were likely to be significant activation effects (45, 57). The corrected height-extent threshold was calculated for numbers of voxels (k) in each statistical map across the whole brain. To identify significant activations for Chinese food vs. Western food, Chinese food vs. furniture and Western food vs. furniture contrasts, a p < 0.001 threshold was submitted to cluster detection within DPABI; cluster sizes of 178 voxels, 222 voxels and 231 voxels, respectively, resulted in corrected probabilities of p < 0.05. Finally, Spearman correlation coefficients were calculated to examine relations of BOLD signals in clusters from the Chinese versus Western food image contrast that included structures previously implicated as “reward” regions with measures of BMI, hunger, fullness, time since last meal, image liking, wanting, and difficulty resisting ratings. We extracted beta values in BOLD signals of these clusters using Marsbar (58) (sphere radius at 10 mm) and SPM12.





Results


Preliminary analyses

Data from one male participant whose hunger rating was nearly three standard deviations above the mean were retained in main analyses because results were very similar to those in which his data were dropped.



Description of sample characteristics and differences in reactions to image categories

Descriptive statistics for sample demographics and background measures are summarized in Table 1. The sample had significantly higher liking, wanting and difficulty resisting ratings for both Chinese and Western food images than furniture images. However, contrary to predictions, none of these ratings differed for Chinese versus Western food images (see Table 2). Finally, correlation analyses indicated BMI was not related to self-reported hunger or fullness, time since last meal, or ratings of liking, wanting, or difficulty resisting either food image set (all r’s < 0.172, all p’s > 0.168).


TABLE 1    Demographic and background characteristics of sample (N = 66).
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TABLE 2    Sample differences in liking, wanting, and difficulty resisting food and furniture image sets (N = 66).
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Neural activation differences between image categories


Activation differences between Chinese food versus Western food images

In the Chinese-Western food image contrast, Chinese food images elicited significantly stronger activation in clusters comprising (i) the right cerebellum crus, (ii) inferior occipital gyrus (IOG) and middle occipital gyrus (MOG), (iii), MOG and (iv) superior temporal gyrus (STG), supramarginal gyrus (SMG), middle temporal gyrus (MTG), inferior parietal lobule IPL, and PI (Table 3). PI involvement was modest based on the DPABI report (14 voxels) and SPM xjView report (20 voxels) but less evident in the anatomical map (Figure 2). Conversely, Western food images elicited significantly stronger activation in visual processing regions including two inferior temporal gyrus (ITG)/MOG clusters, a fusiform gyrus cluster, and a calcarine/MOG cluster (Table 3 and Figure 2).


TABLE 3    Activation differences during exposure to Chinese vs. Western food images (N = 66).
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FIGURE 2
Brain regions showing significant activation in whole brain analysis of Chinese food vs. Western food images (corrected p < 0.05). Warm tones indicate greater activation during exposure to Chinese food images and cool tones indicate greater activation during exposure to Western food images.




Associations of self-report measures and image ratings with reward region activation in Chinese versus Western food image contrast

Analyses examining correlates of reward region activation in the Chinese versus Western food contrast indicated responsivity of the STG/SMG/MTG/IPL/PI cluster) was not related to BMI, state hunger or fullness, time since last meal or liking of Chinese or Western food images (Table 4). However, pronounced activation of this cluster had significant positive associations with reported wanting and difficulty resisting Western food images and, especially, Chinese food images (Figure 3). Differences in strengths of relation between right PI-Chinese food versus right PI-Western food image responsiveness on measures of wanting (r = 0.36 versus r = 0.28) and difficulty resisting (r = 0.33 versus r = 0.31) were not statistically significant (p’s > 0.30).


TABLE 4    Bivariate associations between self-report ratings and reward region cluster1 differentiating Chinese versus Western food images.
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FIGURE 3
Correlations of food image ratings with BOLD responses of “reward” region cluster (superior temporal gyrus, supramarginal gyrus, middle temporal gyrus, inferior parietal lobule, posterior insula) differentiating Chinese versus Western food images (*p < 0.05, **p < 0.01).




Supplementary analyses of neural activation differences between food versus furniture image categories

Although no hypotheses were generated, Supplementary Table 1 summarizes activation results based on contrasts of Chinese food-furniture and Western food-furniture contrasts. Chinese food images elicited comparatively stronger activation in the left middle occipital gyrus, calcarine, and bilateral lingual gyrus and comparatively weaker activity in the right calcarine, left precuneus and cerebellum. Western food images elicited relatively increased responsivity in the lingual gyrus, cerebellum, and superior orbital frontal gyrus, and comparatively attenuated activity in the fusiform gyrus, precuneus, calcarine, cerebellum, frontal pole, middle frontal gyrus and angular gyrus (Supplementary Table 1 and Supplementary Figure 1).





Discussion

This study is the first to evaluate differences in neural activation elicited by and judgments of Chinese versus Western food images among young Chinese adults. The hypothesis that respondents would display comparatively stronger activation in regions associated with reward, gustatory responses, attention, and cognitive control during exposure to Chinese food images received partial support. Conversely, the hypothesis that participants would report corresponding elevations in liking, wanting, and/or difficulty resisting Chinese food images was not supported. Potential implications are elaborated in the context of related research on responses to visual food cues.


Neural activation in response to Chinese versus Western food images

Significantly stronger neural responsivity to Chinese than Western food images was found in select regions related to cravings, taste perception, and attention including the cerebellum crus, STG, SMG, MTG, IPL, and PI. Although the cerebellum is frequently overlooked in studies of neural responses to food images (59), its involvement in higher order functions such as reward-based learning, attention, emotion and executive functions (60) as well as the regulation of eating behaviors (61, 62) and olfaction (63) are widely documented. Some of this literature has underscored cerebellum involvement in processes underlying addiction including reward, motivational drive, salience, and inhibitory control (64). Briefly, the cerebellum crus is related to functional resting state networks and cerebral structures involved in executive control, drug craving, response selection and salience (65, 66). The cerebellum also modulates reward and saliency responses based on reciprocal connections with dopaminergic systems in basal ganglia (64). Previously, fMRI studies on addiction have found significantly increased cerebellum crus activation in response to images of drug use versus neutral images among recently abstinent heroin users (67, 68). Similarly, recently abstinent alcoholics have shown stronger cerebellum crus I activation during exposure to ethanol odors compared to non-patient controls (69). Although we do not claim that heightened cerebellum crus I responsiveness to Chinese versus Western food images in this study illustrates responses to addictive substances, the addiction metaphor has utility in framing fMRI results on responses to food cues (21, 70, 71). As such, our cerebellum crus I results may reflect greater intake of, stronger approach motivation toward, and/or increased automatic preferences for Chinese food images.

A cluster of structures (STG, SMG, MTG, IPL, PI) also showed significantly stronger activation during exposure to Chinese (versus Western food cues); associated functions of these structures include taste perception, reward processing, visual perception, cravings and inhibitory control. The STG is functionally related to the primary gustatory cortex (34). Links between STG responsiveness and taste perception have been found in various studies. For example, significantly stronger STG activation has been observed during presentations of food (versus non-food) images or food (versus non-food) commercials (72–74). Our results diverged somewhat from past studies (73, 74) in that we found no food versus non-food activation differences in the STG. Instead, stronger activation observed during exposure to Chinese (versus Western) food images suggested that differential STG responses are not a reflection of exposure to food per se but are due, instead, to indigenous versus non-indigenous culture of food images and related patterns of consumption. Aside from its involvement in taste perception, possibly due to accompanying emotional valences, the SMG has been linked to food reward processing, inhibitory control and eating behavior (59, 75–77). For example, stronger SMG disinhibition corresponds to increased food reward-related brain activation and emotional eating (75). Furthermore, compared with a satiated state, hunger elicits higher SMG functional connectivity with midbrain and limbic regions (59, 76). Increased SMG connectivity with the dorsal anterior cingulate cortex, insula, cerebellum has also been observed among binge-eaters in response to high (vs. low) calorie food cues (77). In the context of these findings, increased SMG activity during exposure to Chinese (versus Western) food images could reflect enhanced reward responsivity, reduced cognitive control, and/or increased motivation to eat.

Regarding other structures involved in this cluster, comparatively stronger activation of the IPL and MTG were also evident in response to Chinese food images. The IPL is a core attentional network node (26, 49) previously found to have enhanced responsiveness to food (versus non-food) images (78) as well as cues for addictions including gaming and smoking (79). In a recent China-based study, extreme cravers of spicy foods, showed significantly stronger activation to spicy than non-spicy food images compared to non-cravers in several regions including both the bilateral insula and right IPL. Furthermore, among extreme cravers, right IPL activation and frequency of spicy food intake had a significant positive correlation, independent of liking (80). In the context of these findings, IPL activity differences from our sample may have reflected increased attention allocation to Chinese food images and/or, more speculatively, higher intake of Chinese foods than Western foods. Differential MTG involvement may reflect increased visual perception or episodic memory elicited by Chinese food images, though one recent study reported increased MTG activation during processing of appetitive or high-calorie food cues (81).

Finally, Chinese (versus Western) food images elicited stronger activation in the PI, albeit involvement of this structure was modest, The PI has been implicated in somatosensory processing and as a food reward region (82–84). Pronounced PI activity has positive associations with subjective cravings elicited by images of addictive stimuli (73), imagination of taste and smell during visual food cue presentations (85, 86), passive visualization of food stimuli (87), consumption of highly palatable substances (88), receipt of a preferred food/drink odors (86), internal hunger state (89), and gastric distention in the absence of actual food intake (90). In line with such data, images of Chinese foods may have elicited stronger recollections of taste properties (e.g., intensity, valence and identity of taste) and corresponding increases in PI activity compared to Western food images (91). Localization to the right PI also aligns somewhat with early support for right hemisphere dominance found for taste-related insula activation (92).

Notwithstanding the need for replications, these activation findings provide initial support for the hypothesis that, among Chinese participants, Chinese (versus Western) food images elicit stronger automatic responses in brain regions related to reward, attention, food intake and taste perception. Conversely, however, there were no activation differences in other reward circuit regions such as the nucleus accumbens, putamen, caudate, OFC, anterior insula, or amygdala (21, 23–25, 93). The absence of differences in ratings of liking, wanting, and difficulty resisting depicted Chinese versus Western food images may have contributed to the small number of reward area differences between these image sets. In addition, the use of Chinese versus Western food image sets matched for overall calories, familiarity, nutritional content, and flavors may have attenuated the number of differences in reward region responsiveness.

This explanation is not entirely sufficient, however, because supplementary analyses (Supplementary Table 1) revealed very few food versus furniture image differences in reward area activity compared to activation of regions involved in visual processing and attention. Research design features may have contributed to the pattern of food versus furniture activation effects. Specifically, participants did not undergo the study in a food deprived state because effects of culture, rather than hunger, were the central focus. In addition, images were presented during a passive viewing task rather than in the context of active engagement instructions (imagined taste versus imagined use). As such, it is possible that the sight of food (versus furniture) did not produce activation differences in associated brain regions (e.g., OFC) having links with reward because hunger and taste associations were attenuated (66). Future extensions evaluating activation differences in indigenous versus non-indigenous food image contrasts as well as contrasts between these food image types and non-food images under conditions of increased hunger (e.g., following an overnight fast) may provide additional insights about the role of culture as an influence on neural responses to food images.

Other activation differences were observed in regions related to vision and attention. For example, Chinese foods elicited stronger responses in middle and inferior occipital gyri. In general, these regions are involved in visual processing, yet meta-analytic evidence has linked elevations to preferred, “highly hedonic” foods relative to not-preferred, “bland/neutral” foods (93). It is not clear that our findings for these areas align with interpretations of non-conscious or conscious preferences for depictions of more hedonic foods because subjective evaluations of Chinese versus Western food images did not differ. Re-evaluations in the context of paradigms involving forced choice preferences for Chinese versus Western food items might clarify the validity of such interpretations.

Finally, Western food images elicited comparatively stronger activity in visual association regions (i.e., ITG, left middle occipital gyrus, fusiform gyrus) linked to complex visual tasks including attention to shapes, visual processing of objects and color, visual form discrimination, object recognition and object identity retrieval (94). Given that Chinese samples are more likely to eat Chinese foods than Western foods (1, 14, 15, 17), enhanced activity in these regions might reflect lower consumption rates of at least some depicted Western foods. However, extensions that include consumption frequency (e.g., food diaries) are needed to test this conjecture.



Subjective evaluations of Chinese versus Western food images

No Chinese versus Western foods image differences in liking, wanting, and difficulty resisting were reported, contrary to expectations. These null effects may have been due to equating food image sets for calorie levels, content, familiarity, and flavor characteristics. Furthermore, self-report judgments of Chinese versus Western food images may be an imprecise proxy for actual eating patterns or preferences in real world situations. Conversely, these null effects may have reflected increases in Western food outlets and gradual shift toward more Westernized diets in Chinese samples (2, 18). Relatedly, because our sample comprised young adults, differences in subjective evaluations of depicted Chinese versus Western foods may have been attenuated because neophobic attitudes toward Western food are strongest among older Chinese adults (1).



Associations of subjective evaluations with identified regions of interest

Aside from showing differential responsiveness during exposure to Chinese (versus Western) food images, the cluster comprising the STG, SMG, MTG, IPL, and PI also had significant positive correlations with wanting and difficulty resisting ratings of depicted food images following the scans; these correlations were stronger in relation to ratings of Chinese food images though associations with Western food image ratings were also statistically significant. Despite the lag between viewing and rating the food images, these correlations appear to be consistent with evidence of functions that include taste perception (34, 72), cravings (66, 79), reward processing and inhibitory control (59, 75, 88), and attention (26, 49). While few past studies have assessed “difficulty resisting” food items or “dietary restraint” (49, 95), such research also taps evaluations of whether or not to consume depicted foods. The underlying neural system comprises the dorsolateral, inferolateral and superior prefrontal cortex, dorsal anterior cingulate cortex, basal ganglia nuclei, and cerebellum involved in attention, self-regulation and inhibitory control (49). Although preliminary, our results implicate possible involvement of a cluster comprising the right STG, SMG, MTG, IPL and PI in wanting and reported difficulty resisting visual food cues, though significantly different effect size strengths in responsiveness were not elicited by Chinese versus Western food images.



General implications for future research

Our main findings have potentially important implications for research and practice. Given that Chinese (versus Western) food images elicited significant neural activation differences in select clusters having involvement in gustation, cravings, reward processing and inhibitory control, attention, and visual processing, the implicit assumption that Western food images elicit neural responses that are universally representative of all cultural groups is not well founded. From this perspective, researchers should be cautioned against naively using “standardized” image sets of Western foods within neuroimaging studies conducted in China or other non-Western countries that have their own culinary traditions and preferences due to possible threats such images might pose for ecological validity or relevance. That is, neural responses based on exposure to images of Western foods may not always reflect typical neural responses to depictions of culturally indigenous foods that have more potential salience for actual diets of non-Western groups.

That said, the limited number of activation differences between Chinese versus Western food images and the absence of conscious subjective liking, wanting, and difficulty resisting food images from the two cultural contexts suggest that Western food products have become increasingly familiar and more popular in China, at least among young adults (2, 18). As such, hybrid sets of Chinese and Western food images may have more ecological validity than Chinese food images alone do within particular population groups. More broadly, the findings underscore the importance of considering the appropriateness of indigenous and/or standard (Western) food images in designing ecologically valid neuroimaging studies of visual food cues in non-Western groups.

In relation to possible applied implications, food stimuli can trigger significant neural, physiological and psychological changes (96). Therefore, food images can be used in research and clinical practice to detect and treat disordered eating behaviors. In light of their increased ecological validity in this research, Chinese food images from this study may aid in developing culturally informed assessments for detecting eating disturbances and stimuli for interventions (e.g., exposure therapy, imagery) designed to reduce these problems among people currently struggling with these problems within Chinese cultural contexts.



Limitations and future directions

Despite its novel focus and potential implications, the main limitations of this study should be acknowledged. First, it is not clear whether findings generalize to response difference comparisons of indigenous versus foreign food image in other non-Western cultural contexts or other age groups. In light of evidence that older Chinese adults are more prone to neophobia of Western foods (1), it is possible that both subjective preferences and neural responses of older respondents are even more distinct from those observed in our sample. Extensions should also be conducted within other age groups and samples from other cultures. Second, although food image sets were equated for calorie levels, content, familiarity, and flavor characteristics, it is possible that prior Chinese versus Western food consumption patterns reflected or affected associated preferences and neural responses. We did not assess participants’ recent diets because strategies such as weekly food diaries are not well-validated in Chinese samples and are susceptible to potential biases related to a reliance upon retrospective recall. Nonetheless, as such procedures become more refined, effects of individual differences in indigenous versus non-indigenous food consumption patterns can be evaluated. Finally, because participants served as their own controls within this study, activation differences observed in this study could not be explained by numerous individual differences influences. Regardless, future studies might consider moderating effects of individual differences in biological factors (e.g., menstrual cycle stage for women, blood glucose levels), psychological influences (e.g., food neophobia, reward sensitivity), and study design features (e.g., deprivation versus satiation) on conscious reactions and neural responses to indigenous food versus Western food images.




Conclusion

To our knowledge, this study is the first to examine subjective reactions and neural responses to images of indigenous versus non-indigenous foods. Analyses indicated that even though conscious preferences did not differ between Chinese versus Western depictions of food, Chinese food images elicited comparatively stronger activation in particular regions linked to reward, higher-order cognitive control (i.e., cerebellum crus, superior temporal gyrus inferior parietal lobule, posterior insula, occipital gyrus) as well as weaker activation in regions related to visual object recognition (ITG, occipital gyrus) and processing (cuneus). Results are preliminary but underscored culture as a potentially potent influence on neural responses to visual food cues and raised possible external validity concerns with non-critical use of Western food images in studies of non-Western samples. Consequently, in designing culturally informed research or interventions that involve visual depictions of food in non-Western contexts or distinct cultural groups in Western countries, the salience of indigenous food images versus “standard” Western food images warrants consideration.
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Applied psychopharmacotherapy and psychotherapy do not always bring the expected results in the treatment of mental disorders. As a result, other interventions are receiving increasing attention. In recent years, there has been a surge in research on the effects of nutrition on mental status, which may be an important aspect of the prevention of many mental disorders and, at the same time, may lead to a reduction in the proportion of people with mental disorders. This review aims to answer whether and to what extent lifestyle and related nutrition affect mental health and whether there is scientific evidence supporting a link between diet and mental health. A review of the scientific evidence was conducted based on the available literature by typing in phrases related to nutrition and mental health using the methodological tool of the PubMed database. The literature search yielded 3,473 records, from which 356 sources directly related to the topic of the study were selected, and then those with the highest scientific value were selected according to bibliometric impact factors. In the context of current changes, urbanization, globalization, including the food industry, and changes in people’s lifestyles and eating habits, the correlations between these phenomena and their impact on mental state become important. Knowledge of these correlations creates potential opportunities to implement new effective dietary, pharmacological, therapeutic, and above all preventive interventions. The highest therapeutic potential is seen in the rational diet, physical activity, use of psychobiotics, and consumption of antioxidants. Research also shows that there are nutritional interventions that have psychoprotective potential.
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Background

Inherent in urbanization and the accompanying technological and cultural development, the rush of life, the pursuit of self-actualization, and the resulting overstimulation and lack of time, affect the change in eating habits and the consumption of high-calorie and processed foods (1). We can consider them as factors influencing the development of civilization diseases, important from the point of view of public health. Among them, we cannot forget about depressive and anxiety disorders that are becoming a global epidemic (2). The number of people requiring assistance from a mental health professional is steadily increasing in Poland and worldwide. According to the International Health Metrics Evaluation (IHME), at the end of 2017, 13% of the world population suffered from mental disorders (3). The Wittchen et al. study shows that mental disorders affect 38% of the European population (4). By the end of 2019, about 1.6 million people in Poland had received psychiatric treatment (5). The situation was not improved by the COVID-19 pandemic and related sanitary restrictions, which led to the isolation of many people, with feelings of insecurity, sadness, anxiety, and misinformation (6). All this has made psychological and psychiatric help the most sought-after form of health support today. There are only about 4,300 practicing psychiatrists in Poland (7). Even fewer, only 455, are practicing child psychiatry specialists (8). Statistics are believed to be better in the psychological and psychotherapeutic support sector, although public opinion is still divided about this form of support. Moreover, registers of psychologists and psychotherapists are not common. The described phenomena lead to a transformation of the psychiatric care model and mental health support. The number of people receiving psychiatric treatment is expected to increase over the next decades. The applied psychopharmacotherapy and psychotherapy do not always bring the expected treatment result (9). As a result, other interventions are receiving increasing attention. In recent years, there has been a dramatic increase in research on the effects of nutrition on mental status, which may be an important aspect of the prevention of many mental disorders, and at the same time may lead to a reduction in the proportion of people with mental disorders.

Thus, this review aims to answer the question of whether and to what extent lifestyle and related nutrition affect mental health and whether there is scientific evidence supporting the diet and mental health relationship.

The question posed in the objective can be divided into specific questions according to which this review was divided.


Q1:Are there correlations between nutrition and mental health?

Q2:Are there psychoprotective food ingredients?

Q3:Are there nutritional interventions with proven preventive potential for mental disorders?





Review methodology


Methodology background

The main aspect that guided the review works conducted was to look for nutritional recommendations in the cited works regarding nutrition as psychoprophylaxis and dietary management of psychiatric disorders. Unfortunately, the current state of knowledge on this topic, despite many studies, is still poor, so the authors decided to conduct a broad review of the most current knowledge in this area to identify those sources that address the described topic and gather in one place the available knowledge.



Review procedure

The review was conducted following good practices associated with conducting similar reviews. Literature items were searched by a team of researchers (authors) along with a library staff member trained in literature searching and EBM (evidence-based medicine) and HTA (health technology assessment). A preliminary search for items consistent with the topic and purpose of the review was conducted to identify the research field. After reviewing existing data, a keyword package was selected that seemed most relevant and consistent with the review topic.



Eligibility criteria

The primary eligibility criteria were the language of publication, years of research or review, publication status, and whether the authors were specialists in their field (or had other publications in a similar field). Regarding language, English-language articles were selected because this language seems to be universal in the scientific community. In addition, articles that were published after 2005 were included to make sure that the topic addressed was not a completely new field of research, but also to avoid very old data, because as is known from common practice, dietetics, as well as mental health expertise, are two of the most rapidly developing scientific fields. Additionally, articles were selected that were available in full-text on an open-access basis and had impact factor values.



Search strategy

A review of the scientific evidence was conducted based on the available literature by entering sample phrases (consistent with the MeSh dictionary) with Boole operators, logical operators (and, or, not), and special characters,: “psychodietetics,” “nutripsychiatry,” “diet,” “mental health,” “lifestyle,” “body weight,” “obesity,” “depression,” “mental disorders” (and various combinations thereof) using the methodological tool of the PubMed database. The PubMed database in this regard seems most appropriate because it is a methodological tool that allows searching for articles available in multiple scientific databases (such as Medline or Embase). Its use provides the opportunity to meet all expectations from the review (transparency, clarity, comprehensiveness, focus, uniformity, accessibility, coverage of the entire topic).



Sources selection

The literature search yielded 3,473 records, from which 356 sources directly related to the topic of the study were selected, and then those with the highest scientific value were selected according to eligibility criteria.

The accuracy, objectivity, validity, and relevance of the evidence were tested using questions consistent with the GRADE scale: Is the information reliable? Is the information free of mistakes? Has the information been properly substantiated? Is it possible to verify the information against other reliable sources? Who are the authors? Are they qualified to present information on the topic? Are they affiliated with reputable institutions working on the issue? Is the data source peer-reviewed? For what purpose was the information? Is the information an evidenced-based fact or constitutes an opinion? Is the information subject to risk? Can this risk be estimated? When was the information published? Is the information current or outdated? Is the timeliness relevant to the issue at hand? Does the information cover the entire issue? Does the information contain background data or does it explore the issue in depth? The final literature review was based on 110 sources, representing mainly scientific output after 2005 and important multicenter studies performed after 2015. The data obtained from the review are presented in descriptive and tabular form. In addition, 11 additional sources were used in preparing the background of the research problem and the theoretical introduction.



Critical appraisal

In critically evaluating the sources, attention was paid to whether the articles appeared in peer-reviewed journals (by at least two reviewers) and whether they had an impact factor. As described above, 110 sources were eligible for final review. A limitation of the method adopted was primarily the exclusion of sources written in a language other than English. In addition, IF has many well-documented drawbacks as a research assessment tool and therefore is not the best way to evaluate the quality of individual research articles. Nevertheless, it was chosen because it is a synthetic indicator of a source’s impact on the field of science, and a journal that has it can more likely claim to be publishing credible scientific evidence. The review did not include so-called “grey literature”, i.e., literature that has not gone through the review process or that is internal to the university (theses, conference reports, government leaflets, newsletters, etc.). Despite their multiple values, these sources are characterized by a high risk of containing outdated knowledge (Figure 1).
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FIGURE 1
A flowchart of how to proceed in selecting bibliographic sources.




Q1: Are there correlations between nutrition and mental health?

Excess body weight is certainly an important social problem today. More than 0.7 billion people worldwide are obese, this is about 30% of the total population, and the number of obesity-related deaths is constantly increasing (10). We consume more and more processed, high-energy, and nutrient-poor foods. Consequently, we face problems of overweight and obesity with concomitant nutrient deficiencies (quantitative malnutrition) (11). Although the level of calories consumed is increasing, we are not taking in the recommended values of micro- and macroelements that play a significant role in the proper functioning of our nervous system – B vitamins, zinc, and magnesium. Additionally, we consume less fiber- and nutrient-rich vegetables and cereal products than recommended (10, 11). Superimposing smoking, limited physical activity, and harmful alcohol consumption to the above dietary patterns, adversely affect health and development of mental disorders, including depression (10). Whose nutritional prevention is well documented in the literature (12).

The antioxidant system, which has been implicated in the development of psychiatric disorders, is relevant here (13) and its proper functioning depends on the presence of nutrients in food. In addition, the concentration of brain-derived neurotrophic factor (BDNF), which is involved in plasticity and neurodegenerative processes, depends on nutrients (14). Findings indicate a reduction in the incidence of depression and suicide with a healthy eating pattern (15, 16). Randomized trials are emerging that evaluate the efficacy of dietary change as a form of treatment for depression (15–17). Selective food supplementation can be beneficial in the treatment of psychiatric disorders. Among them, compounds such as S-adenosylmethionine, N-acetylcysteine, zinc, and B vitamins including folic acid, and vitamin D are mentioned. Also, omega-3 unsaturated fatty acids have a wide range of effects. They participate in synaptogenesis by influencing receptor degradation and synthesis. They have an anti-inflammatory effect and inhibit apoptosis. They affect cell membrane function, BDNF action, and neurotransmitter reuptake (18). S-adenosylmethionine (SAM) is a compound formed from adenosine and methionine, which plays a key role in methylation processes. The results of studies show its antidepressant effects (19). The use of N-acetylcysteine influenced the effectiveness of therapy in schizophrenia, bipolar affective disorder, or trichotillomania. It has anti-inflammatory, antioxidant, and neuroprotective effects (20). Zinc deficiency, in turn, has been linked to the severity of depressive symptoms, and its supplementation included with antidepressants plays a role in mood stabilization. Zinc modulates cytokine activity and influences neurogenesis by affecting brain-derived neurotrophic factor levels (21). B vitamins play a role in the proper functioning of the nervous tissue. Folic acid (vitamin B9) deficiency has been associated with depressive symptoms and determined in subjects with mediocre responses to antidepressants (22). Low vitamin D levels were associated with a higher risk of schizophrenia and depression (23). It has been proven that vitamin D supplementation for a period of 3 months (4,000 IU/day for 1 month and 2,000 IU/day for 2 months) significantly reduced the severity of depression, irritability, fatigue, mood swings, sleep difficulties, weakness, and ability to concentrate in adolescents diagnosed with depression. This effect is supported by studies on animal models – vitamin D contributes to the plasticity of synapses, has a neuroprotective effect, supports the production of neurotrophic factors such as nerve growth factor (NGF) and regulates the function of the dopaminergic system. (24).

For the review, the results of the most important studies on the psychoprotective effects of bioactive components contained in foods (vitamins, minerals, omega-3, and more). have been collected in tabular form (Table 1).


TABLE 1    Review of selected studies on the psychoprotective effect of probiotics.

[image: Table 1]



Q2: Are there psychoprotective food ingredients?

The gut microbiota is estimated to form a complex ecosystem containing 1,014 microorganisms. It contains 3.3 million genes and outnumbers the human genome by about 150-fold. At the same time, it is built by more than a thousand different species of microorganisms (25). The gut-brain axis describing the bidirectional relationship between the gastrointestinal tract and the central nervous system uses several communication mechanisms. Mutual exchange of information can occur via the autonomic nervous system and the vagus nerve (26). Many of the effects of probiotics on mental status are associated with information transmission via the vagus nerve (27). Results from germ-free (GF) mice cultured under sterile conditions, devoid of detectable microorganisms, demonstrate the involvement of the gut microbiota in the proper formation and function of the endocrine system by influencing the development of the hypothalamic-pituitary-adrenal axis. The response to a stress stimulus as measured by glucocorticosteroid and adrenocorticotropin levels was significantly elevated in GF mice. It was normalized after gastrointestinal colonization with the Bifidobacterium infantis strain (28). Additionally, stress affects the formation and diversity of intestinal microflora (29). Another link of communication is the immune system. The microbiota is involved in the proper development of the gastrointestinal mucosal immune system (30). Bacterial antigens such as polysaccharide A, lipopolysaccharides, and thymic acids shape its proper functioning (31). The microbiota also produces neurotransmitters: gamma-aminobutyric acid, butyric acid, serotonin, dopamine, and short-chain fatty acids, which can directly affect the nervous system (32).

So, can the psychoprotective effect of strains be used in nutritional intervention? It seems reasonable here to consider the possibility of implementing treatment with probiotic preparations containing selected bacterial strains that show positive effects on the human psyche. In this approach, “probiotic” is defined as living organisms that, when consumed in adequate amounts, have a beneficial effect on the functioning of the body (33). Ilya Metchnikov was awarded the Nobel Prize in 1908 for his research on probiotics. Among them, lactic acid bacteria are the most popular. Probiotics are mainly found in fermented dairy products, or pickled products (34). Prebiotics are non-digested food components whose fermentation in the gastrointestinal tract stimulates either bacterial growth or activity or affects both, leading to the development of beneficial intestinal microflora (35). Prebiotics can include ingredients such as inulin or fructooligosaccharides. Prebiotics may also have a beneficial effect by inhibiting the growth of pathogenic bacteria. Moreover, some research results show that prebiotics can reduce inflammation by modifying the composition of the microbiota (36). Synbiotics are ingredients that contain both prebiotics and probiotics. Such a constellation allows the use of synergistic effects of these preparations. In turn, psychobiotics are defined as microorganisms that are probiotics, that show positive effects in patients treated for mental disorders (37). They can often achieve their effect through the production of neurotransmitters such as gamma-aminobutyric acid, serotonin, or other substances with an effect on the cells of the nervous system such as short-chain organic acids: acetic, propionic, or butyric (36). Oral substitution of such probiotics as Lactobacillus helveticus and Bifidobacterium longum over a period of 1 month was associated with a reduction in symptoms of anxiety and depressive disorders and a reduction in stress levels as measured by the determination of cortisol levels in animal models (38). Currently, the most effective treatment of psychiatric disorders is achieved through the use of antidepressants, or antipsychotics. However, the additional use of psychobiotics to treat anxiety or depressive disorders may prove effective in the future. It is also worth noting that popular antidepressants and antipsychotics can affect the quality of gut flora and change the composition of the microbiome to a disadvantage by killing the cultures of bacteria living in the gastrointestinal tract (39).

For the review, the results of the most important studies on the psychoprotective effect of probiotics were collected in tabular form – Table 2.


TABLE 2    Review of selected studies on the psychoprotective effects of substances contained in food.
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Factors such as genotype, intrauterine infections, developmental disorders, later traumatizing events, use of harmful psychoactive substances, and many others will influence the onset of psychiatric disorders. These factors influence not only the onset of the disorder but also its progression. Treating early conditions in psychiatry can result in a much better response to the treatment given and better functioning of patients. This fact can be particularly observed in studies on the early detection of psychotic disorders (40). Prevention in medicine, including psychiatry, requires knowledge of appropriate and useful tools that would allow detection of increased risk of mental illness and monitoring of the developing psychopathology of the disorder. McGorry et al. (41) proposed a four-stage model of the development of mental disorders. According to this model, serious mental disorders develop from high-risk states: grade 0 means the development of undifferentiated, general symptoms, such as slight anxiety, restlessness, depressive symptoms, or somatic symptoms lead to grade 1, in which types 1A and 1B can be distinguished according to their severity. Further progression of the disease results in the development of a first episode of the disorder and here we speak of stage 2, which is accompanied by persistent 7ncludims and frequent relapses. Grade 3 includes incomplete remission and regular and repeated relapses. Grade 4 in this context means treatment-resistant disorder. The worsening of a psychiatric disorder is determined by genetic and environmental factors, and it is the latter that seems to be the main target for preventive interventions in psychiatry. Some biomarkers in psychiatry are directly related to nutrition. The first of these is the hypothalamic-pituitary-adrenal axis (HPA). Reduced ability to cope with stress plays a role in the development of psychiatric disorders (42). It is known that traumatizing experiences in early childhood shape vulnerability to stress in later life (43). The normal functioning of the HPA axis is often altered in psychiatric disorders, and increased cortisol secretion is observed in affective and psychotic disorders. Additionally, antipsychotic drugs appear to decrease HPA axis activity (44–47). Furthermore, healthy individuals who were first-degree relatives of individuals with psychotic disorders were found to have HPA axis dysfunction with elevated cortisol levels (48). These studies show that the HPA axis appears to be an important biological marker of susceptibility to developing psychiatric disorders. In this context, its association with gut microbiota is not insignificant. Other potential biomarkers involved in the pathophysiology of psychiatric disorders are inflammation and oxidative stress (49). The inflammatory theory of depression development is gaining increasing attention, and elevated levels of proinflammatory cytokines are observed in depressive, psychotic, and manic states (50, 51). Elevated levels of proinflammatory cytokines occur before the onset of de novo disorders, suggesting their role in the genesis of these disorders (52). An increase in oxidative stress in psychotic disorders with a decrease in glutathione and antioxidant enzymes has also been observed (53). The potential effectiveness of selective cyclooxygenase-2 antagonists in the treatment of bipolar affective disorder and schizophrenia has been demonstrated (51, 54). The use of statins, which have anti-inflammatory and antioxidant properties, reduced the risk of depressive disorders (55). Polyunsaturated fatty acids are further potential biomarkers that may have applications in psychiatry. Omega-3 polyunsaturated fatty acids may play a role in the pathogenesis of affective and psychotic disorders (56, 57). Their deficiency may be present in the early stages of psychotic disorders – stage 1b. Supplementation with omega-3 polyunsaturated fatty acids reduced the risk of psychotic disorders among individuals at high risk of developing them (58).

The intestinal barrier is composed of several layers, including the intestinal microflora, mucus layer, intestinal epithelium, and elements of the circulatory, immune, nervous, and lymphatic systems. The layer of epithelial cells, mainly enterocytes connected by tight junctions, is the most important for the intestinal barrier (59). Its main function is to regulate the absorption of nutrients, electrolytes, and water from the gastrointestinal lumen into the blood or lymphatic system and prevent the penetration of pathogens from the gastrointestinal lumen. Factors such as stress, pro-inflammatory factors, dysbacteriosis of the intestinal microflora, alcohol, or antibiotics may cause excessive permeability of the intestinal barrier (60–62). Currently, the microbiota and its diversity as a trigger for generalized inflammation are gaining great importance (61) Under the influence of the impaired functioning of the barrier, the migration of bacteria from the lumen of the gastrointestinal tract occurs, which activates the cells of the immune system affecting the functioning of the immune, endocrine and nervous systems (62). It has been observed that patients with depression have elevated IgA and IgM immunoglobulins against lipopolysaccharides of the bacterial microbiome (63). The current study indicates the use of a dietary inflammatory index, which assesses the effect of the entire diet or individual dietary components on the concentration of inflammatory markers. The results of a systematic review by Chen et al. (64) indicate that a higher dietary inflammatory index is associated with an increased risk of common psychiatric disorders, including symptoms of depression, anxiety, distress, and schizophrenia. Of particular importance is the novel finding from the dose-response analysis that a 1 unit increase in the dietary inflammatory index was associated with a 6% higher risk of depressive symptoms. Similar relationships have been observed by Firth et al. (63), particularly in schizophrenia – individuals who consume more pro-inflammatory foods and less anti-inflammatory foods are more predisposed to psychiatric disorders. At this point, it is important to look at the relationship between diet and the proper functioning of the intestinal barrier. It turns out that it is not without significance in maintaining homeostasis. A diet consisting of fast food and highly processed foods is associated with increased intestinal barrier permeability (65, 66).



Q3: Are there nutritional interventions with proven preventive potential for mental disorders?

Epidemiological studies have shown that diet impacts mental health, and intervention studies confirm this relationship (17). The challenge for “nutritional psychiatry” is to produce comprehensive, consistent, and scientifically rigorous evidence-based studies that define the role of diet and nutrients in different aspects of mental health (67–70). Overall, few randomized trials investigate the effectiveness of dietary change in mental health treatment. One intervention study to date involved a 12-week Mediterranean diet. This study reported significant improvements in mood and reduced anxiety in adults with major depression (71) More recent RCTs – HELFIMED (72) and PREDI_DEP (73) have confirmed the benefits of a Mediterranean-style diet for mental health in depression. In contrast to these studies, in the MooDFOOD RCT, multiple nutrient supplementation did not reduce episodes of major depression in overweight or obese adults with subsyndromal depressive symptoms. This study found that multinutrient supplements containing omega-3 PUFAs, vitamin D, folic acid, and selenium neither reduced depressive symptoms, anxiety symptoms nor improved health utility indices (74). Similar results regarding the lack of effect on mental state improvement were obtained in a review of the literature in the context of vitamin D (75). For omega-3 PACs, one RCT including people with mild to moderate depression found no beneficial effect of omega-3 PACs on depressive symptoms (76). No effect of folic acid supplementation in combination with vitamin B 6 and B 12 on the onset of depression was found in older men (77) and older women (78). Furthermore, Rayman et al. (79) found no effect of selenium supplementation on mood in older people. Overall, the studies available to date, do not support the use of nutritional supplementation to prevent depression.

However, many studies confirm that higher dietary quality in adulthood is associated with a reduced risk of cognitive decline (17). Additionally, the intake of antioxidant polyphenols in older adults is associated with improved cognitive ability (80–82). Another study showed that a Mediterranean diet supplemented with olive oil and nuts was associated with improved cognitive function in an older population (83).

Therefore, we undertook an analysis of diets that could potentially affect mental health such as the MIND diet, the Mediterranean diet, and the ketogenic diet.

The MIND diet is a dietary recommendation to counteract neurodegenerative brain changes and improve nervous system function. This diet is beneficial for cognitive decline in the aging process, as well as for the prevention and progression of neurodegenerative diseases, including Alzheimer’s disease (84). The MIND diet combines the principles of the Mediterranean diet and the DASH diet, which are based on a high intake of vegetables, fruits, nuts, whole grain cereal products, olive oil, fish, and seafood, and moderate consumption of dry red wine with meals (85). Studies prove the positive effects of the DASH and Mediterranean diets on other diseases such as diabetes, cancer, and obesity (86–89).

Long-term observations confirm that adherence to the Mediterranean diet reduces the risk of developing neurological disorders by up to 28% compared to the use of other diets (83). Adherence to the MIND diet was significantly associated with a lower chance of depression and psychological distress, but not anxiety, in the entire study population (90). Like the Mediterranean diet and the DASH diet, the MIND diet emphasizes natural plant-based foods and limited intake of animal and high-fat foods, especially of animal origin. However, there are some differences between the MIND diet and the DASH diet, and the Mediterranean diet. For example, leafy green vegetables and especially berries are unique components of the MIND diet that are not included in the Mediterranean and DASH diets (90). The MIND diet does not focus on a high intake of fruit, dairy products, and potatoes. Another difference between MIND and the DASH and Mediterranean diets concerns fish consumption. In MIND, individuals consuming as little as 1 portion of fish per week receive a positive result, whereas, in the Mediterranean and DASH diets, larger amounts of fish would need to be consumed to achieve a result (91). The MIND diet significantly slows cognitive decline with age (92). The Mediterranean diet has also been shown to have a protective effect on anxiety and mental stress (93).

Mental illnesses are associated with numerous metabolic disorders in the brain and co-occur with many other metabolic disorders such as obesity, diabetes, and CVD. The ketogenic diet is an evidence-based treatment for epilepsy that has been shown to have profound effects on brain metabolism and neurotransmitter function. In a ketogenic diet, as much as 80 percent of energy can come from fat. This proportion sounds like a deal-breaker for healthy eating, but it turns out that ketones formed from fats can alleviate epileptic seizures unresponsive to anticonvulsant drug therapy (83). In the case of mitochondrial epilepsy, reports on the effects of the ketogenic diet are conflicting. In a study by El Sabbagh et al. (94), no patients on a ketogenic diet achieved no significant reduction in seizure frequency epileptic seizures. In contrast, a study by Kang et al. (95) involving 14 patients showed that the use of a ketogenic diet in 10 of them reduced the frequency of epileptic seizures by more than 50%, and in 7 patients, epileptic seizures ceased. In the analysis, there were improvements in symptoms including mood, cognitive function, communication skills, energy, anxiety, and auditory and visual hallucinations (90). Other reported benefits included positive biometric changes such as improvements in lipid profile, weight reduction, positive change in blood glucose, and reduction in HbA1c. These benefits may facilitate the management of comorbidities and improve overall health and well-being (93). This highlights that advances in nutritional psychiatry are important and it will be important to replicate, refine and scale up dietary intervention studies targeting the prevention and treatment of common mental health disorders. In addition, there is an unmet need for more randomized, controlled clinical trials (118–121).




Strengths and limitations

There is still little work in the scientific space that summarizes the major findings related to the impact of nutrition on mental health, especially, as this review does, highlighting the importance of nutrition in psychoprevention and pointing to the psychoprotective effects of nutrients. The primary limitation of the presented review of research on the relationship between diet and mental health is the plethora of studies on the topic. The plethora of studies here does not mean that they all address the issue presented in this manuscript. Much of the work that was searched and queried assumes a relationship between nutrition and the psyche, but these tend to be very superficial opinions that are not scientifically grounded. The authors are aware that in the face of such a large body of research, important reports may have been overlooked, but it should be noted that every effort was made to ensure that this review was conducted fairly, taking into account large, multi-center research projects and highlighting the major research streams in psychodietetics and nutripsychiatry.

Additionally, it was observed that in the current state of scientific knowledge, few large meta-analyses are treating the effects of food and diet on mental health. Therefore, it is difficult to discuss the effectiveness of introducing nutritional interventions among people with mental disorders or treating nutrition as the only means of prevention. Furthermore, the primary threat to interventions of this type is the difficulty in monitoring dietary patterns or intake of specific components. In addition, their absorption and metabolism are also dependent on many factors that rarely have a consistent course. Therefore, it is postulated that further research should be directed toward the creation of unambiguous dietary recommendations for mental health problems.



Conclusion

In recent decades, the relationship between nutrition and patients’ mental status has been underappreciated, as evidenced by the lack of research conducted before the 21st century in this area of knowledge – cited in this review. In recent years, this trend has been reversed, with research in psychodietetics and nutripsychiatry gaining popularity. In the context of current changes, urbanization, globalization, including the food industry, and changes in people’s lifestyles and eating habits, correlations between these phenomena and their impact on psychological status are becoming important. Exploring these correlations creates potential opportunities to implement new effective dietary, pharmacological, therapeutic, and above all preventive interventions (Figure 2).


[image: image]

FIGURE 2
Links between nutrition and mental health.
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Early dietary exposure via human milk nutrients offers a window of opportunity to support cognitive and temperament development. While several studies have focused on associations of few pre-selected human milk nutrients with cognition and temperament, it is highly plausible that human milk nutrients synergistically and jointly support cognitive and behavioral development in early life. We aimed to discern the combined associations of three major classes of human milk nutrients with cognition and temperament during the first 6 months of life when human milk is the primary source of an infant’s nutrition and explore whether there were persistent effects up to 18 months old. The Mullen Scales of Early Learning and Infant Behavior Questionnaires—Revised were used to assess cognition and temperament, respectively, of 54 exclusively/predominantly breastfed infants in the first 6 months of life, whose follow-ups were conducted at 6–9, 9–12, and 12–18 months old. Human milk samples were obtained from the mothers of the participants at less than 6 months of age and analyzed for fatty acids [total monounsaturated fatty acids, polyunsaturated fatty acid, total saturated fatty acid (TSFA), arachidonic acid (ARA), docosahexaenoic acid (DHA), ARA/DHA, omega-6/omega-3 polyunsaturated fatty acids ratio (n-6/n-3)], phospholipids [phosphatidylcholine, phosphatidylethanolamine (PE), phosphatidylinositol (PI), sphingomyelin], and choline [free choline, phosphocholine (PCho), glycerophosphocholine]. Feature selection was performed to select nutrients associated with cognition and temperament. The combined effects of selected nutrients were analyzed using multiple regression. A positive association between the arachidonic acid (ARA) and surgency was observed (p = 0.024). A significant effect of DHA, n-6/n-3, PE, and TSFA concentrations on receptive language (R2 = 0.39, p = 0.025) and the elevated ARA, PCho, and PI with increased surgency (R2 = 0.43, p = 0.003) was identified, suggesting that DHA and ARA may have distinct roles for temperament and language functions. Furthermore, the exploratory association analyses suggest that the effects of human milk nutrients on R.L. and surgency may persist beyond the first 6 months of life, particularly surgency at 12–18 months (p = 0.002). Our study highlighted that various human milk nutrients work together to support the development of cognition and temperament traits during early infancy.
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human milk, cognition and temperament, Mullen Scales of Early Learning, IBQ, receptive language, surgency, ARA, DHA


Introduction

Human milk has been considered the best and primary source of nutrients for infants, particularly during the first 6 months of life. Human milk contains a wide variety of nutrients, bioactive components, immunological compounds, and commensal bacteria, which are vital for infants’ survival, health, immunity, brain maturation, and cognitive and temperament development (1, 2). Associations between breastfeeding (BF) and improved child cognitive functions have been widely documented (3); exclusive BF promotes an infant’s receptive language (4) and executive function (5) later in life. BF also has a significant effect on temperament development. Children who were exclusively breastfed had higher surgency and regulation, a trait reflecting an inclination toward high levels of positive affectivity (6) and lower negative affectivity than those who were formula-fed (7). BF duration might be negatively associated with infant fussiness and positively associated with infant unpredictability (8) although these influences on the infant may be mediated by maternal sensitivity (9).

Preclinical and human studies thus far have largely focused on three main classes of nutrients in human milk, namely, the fatty acids, phospholipids, and choline/choline metabolites, separately regarding their effects on early cognitive development. Two long-chain polyunsaturated fatty acids (LCPUFAs), namely, docosahexaenoic acid (DHA) and arachidonic acid (ARA), are believed to be involved in infant brain structural and cognitive development (10–13). It was reported that DHA and ARA supplementation is vital for early cognitive development (14–17) and can improve memory and problem-solving scores of preterm infants (18). In addition, Carlson et al. showed that plasma ARA status was strongly correlated with weights and lengths of preterm infants in the first 12 months of life, suggesting that dietary ARA could lead to an improvement in growth in preterm infants (19). In contrast, the potential effects of total saturated fatty acid (TSFA) are controversial. Some argued that increased saturated fat intake was associated with an impaired ability to maintain multiple task sets in working memory and to flexibly modulate cognitive operations, particularly when faced with greater cognitive challenges (20). Phospholipids have also long been shown to be positively associated with brain cognitive processes (21). As major components of biological membranes and particularly abundant in the nervous system (22), phospholipids could act on the hypothalamic–pituitary–adrenal axis (21) and the microbiota–gut–brain axis (23) to exert their beneficial effects on the brain. Choline provides substrates for phosphatidylcholine and sphingomyelin formation, which are essential for neuronal and other cellular membranes, potentially improving signal transduction and brain development (24). Regarding how aforementioned human milk nutrients may be associated with temperament traits, few significant findings have been reported. For example, the total omega-3 LCPUFA was reported to be associated with infant negative affectivity, but this was not significant at an individual level for DHA, eicosapentaenoic acid (EPA), or eicosatetraenoic acid (ETA), three components of the omega-3 LCPUFA (25). Endocannabinoids, a class of ARA derivatives, were shown to be critically important for motivational processes, emotion, stress responses, pain, and energy balance (26).

Despite the well-recognized importance of human milk on infant health, most of the above studies focused only on the effects of an individual human milk nutrient or a class of nutrients. Nutrients in human milk form a biological system (27); single nutrient supplementation is usually overly simplistic, ignoring the existence of other nutrients and their interplays within such a system. While a joint analysis of the micronutrient effects such as vitamins and iron was performed decades ago (28), this has rarely been investigated for the human milk nutrients described above. To this end, we aimed first to examine the combined effects of three major classes of human milk nutrients, namely, fatty acids, phospholipids, and choline, rather than separately evaluating their individual associations with cognition and temperament traits during the first 6 months of life and second to determine whether the effects persist up to 18 months of age.



Materials and methods

A subset of infants (n = 54) enrolled in the Baby Connectome Project—Enriched (BCP-E) study (29) who were exclusively/predominantly breastfed [fed less than four teaspoons or 20 g per day of non-formula and complementary foods/liquids (water, apple juice, etc.)] and younger than 6 months (chronological mean age: 4.43 ± 0.83 months) were included. The rationale for only including exclusively/predominantly breastfed infants was to minimize nutritional contributions from sources other than human milk, i.e., cow’s milk or formula. Children were returned for follow-up visits up to 18 months of age.

Subject recruitment and data collection were conducted by two institutions (University of North Carolina at Chapel Hill, Chapel Hill, NC, and University of Minnesota, Twin Cities, MN). All study activities were approved by the institutional review boards of the two universities. Informed consent was obtained from parents prior to enrolling in the study. The inclusion criteria were as follows: birth at gestational age 37–42 weeks; birth weight appropriate for gestational age; and absence of major pregnancy and delivery complications. The exclusion criteria were as follows: adopted infant; birth weight < 2,000 g; abnormal MR in previous MR imaging; contraindication for MRI; neonatal hypoxia (10-min Apgar score < 5); chromosomal or major congenital abnormality; illness requiring NICU stay > 2 days; significant medical illness or developmental delay, or significant medical and/or genetic conditions affecting growth, development, or cognition (including visual/hearing impairment); the presence of a first-degree relative with autism, intellectual disability, schizophrenia, or bipolar disorder; or maternal preeclampsia, placental abruption, HIV status, and alcohol or illicit drug use during pregnancy.

We used R version 3.6.3 for all the following statistical analyses. We fixed a significance level α = 0.05 and corrected for regression model significance with false discovery rate (FDR) adjustment.


Human milk collection and macronutrient analyses

Human milk samples were collected at each visit from the second feed of the day whenever possible and from the right breast using a hospital-grade, electric Medela Symphony breast pump. Mothers were instructed to completely express the contents of their right breast to ensure that the collected human milk was representative of nutrients received by the infant across a full feed. The collected human milk samples were vortexed at a maximum speed for 2 min, whose volume and weight were measured and recorded with special attention to avoid bubbles. Subsequently, 3 ml of human milk was used for mid-infrared spectroscopic analyses using the MIRIS Human Milk Analyzer. This step was to ensure that the total fat content (as an indicator of the quality of milk sampling) fell within the expected range. Finally, an aliquot of the minimum 30 ml of volume was transferred from the collection bottle to a 50-ml glass beaker. Using a repeating pipette and an appropriate tip, 11 aliquots of 1 ml of volume were made in 1-ml Eppendorf tubes and nine aliquots of 2 ml of volume were made in 2 ml Eppendorf tubes for storage in a –80°C freezer within 30 min from the end of the time of collection.



Fatty acids, phospholipids, and choline analyses

A representative 1 ml aliquot of collected human milk was shipped on dry ice to the Nestle Research Center (Switzerland) for analyses of fatty acids (FAs) and phospholipids, whereas choline was analyzed at UNC-Chapel Hill. Specifically, direct quantifications of FAs were accomplished using gas chromatography as detailed in Cruz-Hernandez et al. (30), and the total monounsaturated fatty acids (TMUFA), total polyunsaturated fatty acids (TPUFA), TSFA, ARA, DHA, ARA-to-DHA ratio (ARA/DHA), and omega-6/omega-3 polyunsaturated fatty acids ratio (n-6/n-3) were obtained. In contrast, analyses of phospholipids were accomplished using high-performance liquid chromatography coupled with a mass spectrometer detector (31), which yielded phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and sphingomyelin (SPH). Finally, quantification of choline and choline metabolites was performed using liquid chromatography–stable isotope dilution–multiple reaction monitoring/mass spectrometry (LC–SID–MRM/MS). Chromatographic separations were performed on an Acquity HILIC 1.6 μm 2.1 × 50 mm column (Waters Corp., Milford, CT, United States) using a Waters ACQUITY UPLC system, and free choline, phosphocholine (PCho), and glycerophosphocholine (GPC) were obtained.



Assessments of cognition and temperament

Two measures, namely, the Mullen Scales of Early Learning (MSEL) and Infant Behavior Questionnaires—Revised (IBQ-R) (32), were employed to assess cognition and temperament, respectively. The MSEL includes five subscales, namely, fine motor (F.M.), gross motor (G.M.), visual reception (V.R.), receptive language (R.L.), and expressive language (E.L.). An early learning composite (E.L.C) score considered as the developmental quotient of infants was calculated by summing the T-scores of all subdomains excluding G.M. The MSEL was administered by trained staff at every visit. In contrast, the IBQ-R is a widely used 14-scale parent report measure designed to assess infant temperament. To reduce the number of variables, three factors were extracted by using three linear weighted averages of the 14 subscales. Specifically, we incorporated the weights of three latent factors reported in the exploratory factor analysis results of Gartstein and Rothbart (32) and obtained three personality traits, namely, surgency/extraversion (SUR), negative affectivity (NEG), and orienting/regulation (REG). The subscale items included in the above three factors and loading scales are provided in Supplementary Table 1. In our study, the MSEL or IBQ-R assessments in the first 6 months were obtained within 30 days from the collection of human milk samples.



Statistical modeling for associations analyses in the first 6 months of life

All human milk nutrient concentrations were first normalized with mean zero and unit variance. Marginal association analyses between each individual nutrient and each subdomain of MSEL and IBQ-R scores were carried out by linear regression of each subdomain score on each nutrient. As nutrients could vary with postpartum duration, to ensure that age does not contribute to our analyses, age was included as a controlled variable. Other confounding factors including sex, data collection site, and household income (if < 75k) were also controlled in the above linear model, and the standardized regression coefficient was obtained between each nutrient and each MSEL/IBQ-R score. Household incomes of two infants were missing and imputed with the overall average. Specifically, we used the linear model [image: image] where Ck, k = 1,…, 4, are the four controlled confounders for each nutrient Xj.

To evaluate the potential combined and conditional effects of human milk nutrients in association with MSEL and IBQ-R and to deal with the collinearity among the human milk nutrients, the correlation matrix among all nutrients was calculated. Subsequently, nutrients were clustered into several subgroups based on their correlation using the single linkage clustering analysis (SLCA) (33). The SLCA clustering, also known as the nearest-neighbor clustering, is one of the widely used approaches of hierarchical clustering. The SLCA approach was chosen as it offers intuitive interpretations of the results by using the minimum spanning tree; all pairs of nutrients exhibiting correlation coefficients greater than a predefined threshold Tc were combined into one sub-group. The optimal number of clusters was determined by maximizing the Dunn index (34). A higher Dunn’s index indicates a better clustering with either an increased minimal intercluster distance or a decreased maximal cluster diameter. Furthermore, in order to minimize redundancy and collinearity (35), the best subset selection model (36–38) was employed for nutrient selection. To reduce multi-collinearity, we only consider possible combinations from those with at most a single nutrient from each cluster. To formularize the model, we denote 𝒯 as the set of all the nutrients, and 𝒯k, k = 1,…,p, as p clusters obtained based on the SLCA clustering approach. The nutrient selection model is [image: image], where q is the number of selected nutrients with  0 ≤ q ≤ p and Xj is the selected nutrient from the kjth cluster 𝒯kj with kj ∈ {1,…,p} and kj ≠ kl if k ≠ l. Different combinations of nutrients Xj were fed into model M1, and the final selected nutrients will be determined by maximizing the adjusted R-squared of model M1 to reduce overfitting. The final selected nutrients were then used as the covariates and MSEL or IBQ-R obtained within 30 days before or after the collection of human milk samples as the outcomes for the regression model to uncover the potential associations. The overall significance was reported using the ANOVA F-statistics in comparison with the reduced baseline model [image: image]. The FDR adjustment was adopted for controlling type I errors of multiple comparisons. To assess whether the identified nutrients predict cognitive and temperament scores of new subjects, multiple regression models with the above-selected nutrients were evaluated by squared cross-validation (CV) errors and prediction correlations through 100 repetitions of 5-fold CV.



Model evaluation on follow-up visits beyond 6 months

To evaluate whether the identified associations of human milk nutrients and cognition/temperament persisted beyond the first 6 months of life in the same subjects, the subjects with follow-up visits were binned into three age groups: 6–9 months, 9–12 months, and 12–18 months. Each observation within each age group corresponded to a unique subject. The regression models trained above were used to predict MSEL and IBQ-R scores (predicted scores). The correlation and p-value based on Pearson’s t-test between the predicted and observed scores were evaluated.




Results

Of the 54 subjects, cognition was assessed using MSEL in 38 subjects (4.64 ± 0.89 months; 12 male subjects), whereas temperament was assessed using IBQ-R in 42 subjects (4.48 ± 0.73 months; 16 male subjects) and both were available in 26 subjects (4.81 ± 0.71 months; 9 male subjects). After the initial assessments, the follow-up assessments of MSEL were available in 27, 34, and 25 subjects at 6–9 (7.63 ± 0.87 months; 9 male subjects), 9–12 (10.5 ± 0.97 months; 10 male subjects), and 12–18 months old (14.02 ± 1.08 months; 8 male subjects), respectively. In contrast, IBQ-R was obtained from 7, 7, and 27 subjects between 6 and 9 (mean: 243.9 ± 12.3 days), 9 and 12 (mean: 341.1 ± 18.8 days), and 12 and 18 (mean: 13.34 ± 0.79 months) months, respectively (Figure 1 and Table 1). Detailed demographic information on infants and their mothers including infant age, sex, anthropometrics, measured breast milk gross composition such as fat, carbohydrates, proteins, and energy, as well as household income and mother’s education, is summarized in Table 1.
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FIGURE 1
Study flowchart provides the overall experimental details.



TABLE 1    Characteristics of the participants.a

[image: Table 1]

Figure 2 shows how the 14 human milk nutrients vary with age during the first six postpartum months, while the summary statistics of their individual concentrations are provided in Table 2. Among these nutrients, DHA decreases (p < 0.002), while ARA/DHA ratio (p < 0.03) increases with postpartum age. As some of the subjects only had MSEL, but not IBQ-R, or vice versa during the first 6 months of life, the mean values of each nutrient from the MSEL dataset and the IBQ-R dataset were compared using the two-sided two-sample t-test. No significant differences were observed, suggesting that there is no selection bias in the mean nutrient concentrations. In addition, the MSEL and IBQ-R scores are provided in Supplementary Tables 2, 3, respectively, which are within the normal ranges of both scales.


[image: image]

FIGURE 2
Scatterplots of the 14 nutrients with age in months (x-axis) for subjects assessed with MSEL (blue circles), IBQ-R (red circles), and both (black circles). TMUFA, total monounsaturated fatty acids; TPUFA, polyunsaturated fatty acid; TSFA, saturated fatty acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; ARA/DHA, the ARA-to-DHA ratio; n-6/n-3, omega-6/omega-3 polyunsaturated fatty acids ratio; PC, phospholipids; PE, phosphatidylethanolamine; PI, phosphatidylinositol; SPH, sphingomyelin; Choline, free choline; PCho, phosphocholine; GPC, glycerophosphocholine; SUR, surgency; NEG, negative affectivity; REG, regulation; mcmol, micromoles.



TABLE 2    Composition of fatty acids, phospholipids, and choline metabolites in human milk in the first six postpartum months.

[image: Table 2]

While the focus of our study was to jointly analyze a wide array of human milk nutrients in association with cognition and temperament in typically developing children, the marginal associations of each nutrient with MSEL and IBQ-R scores are given in Tables 3, 4, respectively. A significant association between ARA and SUR (r = 0.54, p = 0.0006, adjusted p = 0.024, 95% CI = [0.25, 0.83]) was observed. Several other nutrients including TSFA (r = 0.35, p = 0.035, 95% CI = [0.03, 0.68]), TPUFA (r = 0.35, p = 0.031, 95% CI = [0.03, 0.67]), and PCho (r = 0.46, p = 0.003, 95% CI = [0.17, 0.76]) were positively associated with SUR; TPUFA (r = 0.32, p = 0.046, 95% CI = [0.007, 0.64]) and ARA (r = 0.39, p = 0.015, 95% CI = [0.08, 0.70]) were associated with REG. In addition, marginal negative associations between G.M. and TSFA (the standardized regression coefficient r = −0.40, p = 0.01, and 95% confidence interval (CI) = [−0.71, −0.08]) and TMUFA (r = −0.38, p = 0.02 and 95% CI = [−0.70, −0.05]) and a positive association between DHA and R.L. (r = 0.38, p = 0.049 and 95% CI = [0.002, 0.76]) were observed, although all of these associations did not pass the FDR control due to limited sample size.


TABLE 3    Standardized regression coefficients of the human milk nutrients with the Mullen Scales of Early Learning scores.a

[image: Table 3]


TABLE 4    Standardized regression coefficients of the human milk nutrients with the Infant Behavior Questionnaires—Revised factors.a

[image: Table 4]

We further tested whether human milk nutrients are correlated. Evidently, many of the human milk nutrients were highly correlated (Figure 3A). In particular, the nutrients in the phospholipid family were highly correlated. As outlined above, to minimize collinearity, the single linkage clustering analysis was used to cluster highly correlated nutrients into one group and the Dunn index was used to determine the optimal number of clustered nutrient groups. The rationale here is to keep highly correlated nutrients in the same group while splitting those less correlated nutrients into different groups. The optimal number of clusters was 7, which exhibited the largest Dunn index (Table 5). Note that the optimal clustering result was stable for 0.53 < Tc ≤ 0.69. In addition, the memberships of groups 1–3 were stable independent of the Tc for 0.53 < Tc ≤ 0.77. The minimum spanning tree representing the smallest sum of distances to touch all vertices of the graph of the optimal clustering results is shown in Figure 3B.
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FIGURE 3
Relations between nutrients. (A) Pearson’s correlation between each pair of the 14 nutrients, where single asterisks (*) and double asterisks (**) represent a raw p-value of <0.05 and adjusted p < 0.05, respectively, using the standard Pearson correlation test and the FDR correction. (B) The minimum spanning tree, where colors represent different clusters and numbers represent the correlation coefficients between a given pair of nutrients. Note the optimal clustering result is stable for 0.53 < Tc ≤ 0.69. In addition, the minimum spanning tree shows that the strongest correlation between the clusters (PC, PI, PE, and SPH) and (TSFA, TMUPA, TPUFA, and ARA) is between the pair of TSFA and PC (0.28). It implies that only when Tc ≤ 0.28, these two clusters will merge together, while PCho and choline are closer in the sense that these two will merge when Tc ≤ 0.50.



TABLE 5    Correlation and grouping of the 14 nutrients.

[image: Table 5]

Significant combined associations of human milk nutrients were observed for R.L. (MSEL) and SUR (IBQ-R) summarized in Figure 4A. Specifically, for receptive language, the final linear regression model includes DHA, n-6/n-3 ratio, PE and TSFA (-), and R-squared = 0.39 (adjusted p = 0.025), where the information provided in the parentheses indicates the sign of the coefficients and positive otherwise. In contrast, for SUR, the model includes ARA, PI, and PCho with R-squared = 0.43 and adjusted p = 0.003. Finally, a positive association between ARA and REG with R-squared = 0.23 and adjusted p = 0.03 was observed. The scatterplots of the combined associations between the experimentally obtained and fitted R.L. and SUR using the identified association model are shown in Figures 4B,C, respectively. More detailed coefficients, confidence intervals, and p-values for each model are given in Table 6. In addition, the scatterplots of the associations between each of the selected nutrients for R.L., SUR, and REG are shown in Figure 5. Finally, a 5-fold CV between the observed and predicted MSEL and IBQ-R scores was conducted. The boxplots of Pearson’s correlations between the observed and predicted MSEL and IBQ-R scores from 100 random splits of 5-fold CV are shown in Figure 6A. The boxplots imply that in 99% and 91% cases of the 100 random splits of CV repetitions, the correlation between the observed and predicted R.L. scores and SUR was significant, respectively, whereas in most cases the association with the observed REG was not significant. These results showed a stronger prediction power of R.L. and SUR, but not REG. The observed (X-axis) versus the predicted R.L. (Figure 6B) and SUR (Figure 6C) of the 100 times’ predictions are also provided. The mean and the 95% confidence interval of prediction correlations (based on the random splits in CV) were 0.434 and [0.349, 0.501] for R.L. and 0.409 and [0.281, 0.509] for SUR, respectively. These results showed model robustness of predictions against training data perturbations.


[image: image]

FIGURE 4
(A) The identified conditional effects of human milk nutrients (filled triangles) on receptive language score (R.L., filled blue circles) and surgency (SUR, filled green circles) using linear regression. The blue and red arrows represent the positive and negative associations, respectively. The corresponding effect size (ES), confidence interval of coefficients for each association, and FDR-corrected p-values for the regression model are provided. Dotted lines indicate the regression coefficient of the covariate is not significant, but the inclusion of the corresponding nutrient improves model fitting with a higher adjusted R2 value. (B) The association between the experimentally obtained R.L. and the combined effect of selected human milk nutrients DHA, n-6/n-3, PC, and TSFA (fitted R.L.). (C) The association between the experimentally obtained SUR and the combined effect of selected human milk nutrients ARA, PCho, and PI (fitted SUR). Pearson’s correlation between the fitted and observed measurements is included in panels (B,C) with (*) indicating adjusted p < 0.05.



TABLE 6    Multiple regression results for MSEL scores/IBQ-R factors with the selected nutrients.
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FIGURE 5
The scatterplots of selected nutrients for receptive language score (R.L.) are shown in panels (A–D), surgency (SUR) in panels (E–G), and regulation (REG) in panel (H) mcmol, micromoles.
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FIGURE 6
Prediction results for linear regression models from 100 random splits of 5-fold CV. Panel (A) shows the boxplots of 100 Pearson’s correlations between the observed and predicted MSEL scores, including the early learning composite score (E.L.C.), gross motor (G.M.), and receptive language score (R.L.) and IBQ-R factors including the regulation (REG) and surgency (SUR), respectively, based on 100 repetitions of CVs. The purple dashed line represents the significance threshold of the correlation at α = 0.05 with n = 38 subjects. Panels (B,C) show the observed R.L. (left) and SUR (right) vs. the predicted R.L. and SUR of the 100 times’ predictions, respectively. The dashed lines and the green areas show the mean and the 95% confidence intervals of the fitted linear slopes between the observed and predicted observations, respectively.


Finally, we performed exploratory analyses for predicting the two outcome measures at the follow-up observations using results obtained < 6 months old. With the limited sample sizes for IBQ-R at the 6–9- and 9–12-month follow-up visits (Table 1 and Figure 1), the IBQ-R analyses were only performed for the 12–18-month age group, whereas, MSEL was conducted for all three age bins. The correlation coefficients (p-values) for MSEL were 0.35 (p = 0.07), 0.14 (p = 0.43), and −0.21 (p = 0.32) at 6–9, 9–12, and 12–18 months, respectively; the correlation coefficient (p-value) for SUR at 12–18 months was 0.58 (p = 0.002). Evidently, the associations between the predicted and observed R.L. decrease with age with the best performance at 6–9 months (p = 0.07; Figure 7A). In contrast, a significant association between the predicted and observed SUR at 12–18 months was observed (p = 0.002; Figure 7B).
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FIGURE 7
Association of the predicted and observed receptive language score (R.L.) and surgency (SUR) at the follow-up ages. (A) Predicted vs. observed R.L. at 6–9 months. (B) Predicted vs. observed SUR at 12–18 months.




Discussion

The human milk produced by each mother for her infant has a unique composition and contains a myriad of different lipids, vitamins, minerals, bioactive carbohydrates, proteins, and immune factors that evolve in tandem with the growth and developmental needs of the infant (39). In addition, maternal diet and lifestyle can also affect human milk composition, especially the lipid components (40). While several studies have shown positive associations of human milk bioactive components and nutrients with brain development (29, 41), most of them have largely considered one or only few nutrients. Christian et al. (27) recently pointed out that these approaches may be overly simplistic and failed to consider the complex synergetic effects of human milk nutrients on infant development and health. They advocated the need for a paradigm shift by considering human milk nutrients as a biological system in future studies aiming to discern the benefits of human milk nutrients. To this end, we collected human milk samples, concurrently assessed the cognition and temperament of BF infants, utilized advanced statistical models to jointly consider 14 widely evaluated human milk nutrients spanning the three families, namely, choline, fatty acids, and phospholipids, and reported combined associations between these nutrients and cognition/temperament during the first 6 months of life. Furthermore, whether the effects of identified nutrients during the first 6 months persist through to 1.5 years old was also evaluated.

An analysis of the temporal trends in human milk nutrients over the first six postnatal months revealed that DHA exhibited a significant negative age effect and choline remained relatively stable, consistent with those reported previously (42). In contrast, while the phospholipids were stable with age, several studies have reported an increase in lactation (42, 43). Human milk DHA content was highly variable (ranging from 0.08% to 0.71%) with a median concentration of 0.19%, which is below the worldwide average (0.37%) and those reported from Southeast Asian regions (42, 44). Nevertheless, lower levels of human milk DHA have been reported in the North American region (45), possibly due to low habitual intake of seafood in the inland areas, and those levels are strongly impacted by maternal DHA intake (46). In addition, the median human milk ARA of 0.60% in our cohort was higher compared with the global average (0.55 %), leading to a higher ARA/DHA ratio (3.24) when compared with that reported in the literature (1.5–2) (47). The human milk n-6/n-3 fatty acid ratio in our study (mean 10.57), while comparing some geographies, was higher than others (48), suggesting differences in either body fat composition and mobilization of fat stores or dietary habits such as consumption of LA-rich vegetable oils (49). The levels of most PLs (PC and PE) in our study were comparable to those reported from Singapore (42). We observed higher concentrations of free choline and GPC, but lower levels of PCho, compared with reports from Canada and Cambodia (50), possibly due to differences in dietary choline intake and amounts of choline available from the maternal circulation. Taken together and compared with other studies, our findings highlight that several human milk nutrients in the choline, fatty acids, and phospholipids families may show geographical differences across regions reflecting differences in diet and lifestyle.

The potential interplay between nutrients and early brain development has been widely recognized (51). Our brains undergo rapid development during the first years of life by establishing new synapses (synaptogenesis), removing excessive synapses (pruning), myelination (52), and forming highly complex yet efficient brain functional networks enabling the performance of cognitive tasks and social behaviors (53). During these dynamic and highly energy-demanding brain developmental processes, an appropriate nutrient supply is key to healthy neurodevelopment in infancy. Our results show that while the individual content of PE, DHA, n-6/n-3, or TSFA does not show a significant association on its own, a combined effect is observed on receptive language (R.L.). In contrast, ARA by itself is significantly associated with SUR (adjusted p = 0.024), whereas neither PCho nor PI is associated. Nevertheless, three nutrients, namely, ARA, PCho, and PI, jointly exhibit an improved association and predictive performance with SUR in terms of elevated model significance, decreased AIC, and CV errors. Importantly, we also observed a significant association between ARA and REG. This finding differs from the marginal association analyses where no associations were observed between REG and ARA after FDR correction. Largely, this finding is not surprising. Specifically, FDR correction was employed for the marginal associations to control for 14 nutrients and subscales of scores. In contrast, as multiple regression was employed with features selected using approaches outlined above, the FDR correction was only employed to control for subscales of scores, but not for 14 nutrients. Instead, 5-fold cross-validation was used to evaluate the possibility of overfitting. Indeed, CV results showed that the identified association between (PE, DHA, n-6/n-3, TSFA) and R.L. and (ARA, PCho, and PI) and SUR was robust, but not between ARA and REG. Therefore, caution should be taken when interpreting the association between ARA and REG. Future studies with a larger sample size are warranted to further evaluate the association between ARA and REG.

Several key findings of our study deserve additional discussion. First, while MSEL assesses five domains of cognition, significant joint associations were only observed between PE, DHA, n-6/n-3, TSFA, and receptive language in our study. Several studies have previously evaluated the potential associations between individual human milk nutrients and infants’ language ability. However, thus far the results are inconsistent and sometimes controversial. Although the effect of PE on language abilities has not been specifically reported in the literature, the milk fat globule membrane (MFGM), which is a diverse mixture of bioactive components including phospholipids, has been shown to improve visual function, language, and motor domains in both term and preterm infants (16, 54, 55). In contrast, DHA has been reported to improve language ability. However, a recent comprehensive review by Gawlik et al. (56) has concluded that the current evidence of DHA supplementation on language development is limited and non-conclusive. Ramos et al. (57) reported that a higher ratio of the linoleic (n-6 fatty acid) to the alpha-linolenic acid (n-3 fatty acid) could exert beneficial effects for R.L. in human milk-fed preterm infants. Nevertheless, their results are contrary to the body of literature showing that n-6/n-3 ratio in the maternal blood and diet is negatively associated with the vocabulary and verbal fluency of their infants (58, 59). Although the use of the n-6/n-3 ratio to assess potential health benefits is debatable due to the observed positive correlation between ARA and DHA concentrations in maternal plasma phospholipids (60–62), an appropriate balance between the two has been shown as an important factor contributing to cognitive development during infancy (63, 64). Nonetheless, inconsistent results are reported in the literature. The reasons may be found in differences in methodology, infant ages at assessment, and length of supplementation among these studies. Alternatively, failure to consider possible joint effects of multiple nutrients could also contribute to the observed inconsistent results reported in the literature, underscoring the importance of considering the strong dependency between human milk nutrients and the need to jointly analyze multiple nutrients.

Second, the general consensus is that temperament traits emerge early in life and have a strong genetic and neurobiological basis (65). However, what is less understood is the role of BF and human milk nutrients in shaping these offspring behavioral traits. Our study highlights that human milk ARA (adjusted p = 0.024) alone (but not DHA) and the combined effects of ARA, PCho, and PI exhibited a significant association with SUR, which includes high-intensity pleasure, smiling and laugher, perceptual sensitivity, vocal reactivity, and activity. Tallima and Ridi reported that the downstream metabolites of ARA such as eicosanoids or endocannabinoids play a critical role in brain reward signaling, motivational processes, emotion, stress responses, and pain (26), which may further shape infants’ behavioral traits. Our results differ from the recent findings of Hahn-Holbrook et al. (25), who showed that higher n-3 PUFAs in human milk (more specifically ALA which is a precursor of DHA), but not any of the n-6 PUFAs, were associated with significantly less sadness and distress to limitations (25). It is plausible that differences in experimental design (varying ages among subjects in our cohort vs. all assessed at 3 months old by Hahn-Holbrook) and the limited sample size in our study may have contributed to the different findings. Nevertheless, compared with the human milk nutrients associated with receptive language and SUR in our study, it appears that there may be distinct LCPUFA roles (DHA vs. ARA) for temperament and language functions, respectively. This finding could be of importance particularly in light of the legislation adopted by the European Commission in 2016 stipulating that all infant and follow-up formulas marketed in Europe must contain DHA in the amount of 20–50 mg/100 kcal, but without any requirement for ARA starting 2020 (66). Our study highlights the importance of ARA, which by itself and jointly with PCho and PI exhibit a significant association with SUR. Nevertheless, future studies with a larger sample size are warranted to determine whether ARA or its metabolites have a distinct role from that of DHA on behavioral development.

Finally, our findings also reinforce the importance of choline (PCho) during the BF period in supporting the developmental needs of the infant (67). While no study has specifically looked at HM choline levels and infant behavior, phosphatidylcholine supplementation during pregnancy has shown to result in fewer attention problems and less social withdrawal at infant age of 40 months by increasing activation of the α7-nicotinic acetylcholine receptor (68), and newborns of mothers with higher choline levels during gestation (and concurrent infection) had improved inhibition of auditory cerebral response, while their infants at 1 year of age had improved development of self-regulation, approaching the level of children of mothers without infection at 1 year of age (69). Equally, phospholipid supplementation in early life (via milk fat globule membrane-supplemented formula) was shown to be associated with fewer parent-reported behavioral problems in their children and improved behavioral regulation (70).

The regression models elucidating potential relations between the observed human milk nutrients and cognition/temperament during the first 6 months of life were evaluated on subjects whose follow-up MSEL and IBQ-R were available at 6–18 months of age. Using association analyses, the correlation between the predicted and observed SUR scores was significant at 12–18 months of age (r = 0.58, p = 0.002), and there is a trend toward significance (p = 0.07) between the predicted and observed R.L. at 6–9 months. These results suggest that the MSEL or SUR scores beyond 6 months can be possibly predicted using the derived regression models encompassing the combined effects of human milk nutrients from the first 6 months of life. Although the limited sample sizes for SUR at 6–9 and 9–12 months made it difficult to determine whether the findings observed at 12–18 months are also present during the two age periods, our results appear to suggest that the effects of human milk on temperament persist longer than those for R.L. Specifically, the association of SUR is quite strong at 12–18 months, while the association of R.L. exhibits a trend toward significance at 6–9 months (p = 0.07) but continues decreasing at 9–12 and 12–18 months. It is, however, worth noting that other unobserved confounders could affect the future cognition and temperament, such as type of confounding factors (amount and variety), solid food intakes, and environmental stimulations. As a result, the effects of human milk nutrients that infants received < 6 months on cognition/temperament could diminish with age. Nevertheless, our results suggest that the SUR is less affected by unobserved confounders and thus may be more predictable from baseline. Future studies need to carry out an in-depth investigation to confirm our results.

It should be noted that our studies consisted of two main limitations. First, the limited sample size could lead to biases, including collinearity among the human milk nutrients, overfitting, and instability due to potential outliers. To this end, we carefully carried out several analysis steps to mitigate potential biases. To reduce the multi-collinearity caused by the limited sample size and potential correlations among the nutrients, we used a data-driven approach to classify human milk nutrients into six clusters. Nutrients in different clusters are significantly less correlated compared with those within the same cluster. By selecting only one nutrient from each cluster for the optimal model, we could minimize the collinearity. To reduce potential overfitting caused by the limited sample size, we evaluated the prediction performance using cross-validation. Our results indicated that the predicted and the true MSEL and IBQ-R measures on the test set were significantly correlated. Finally, our results showed that the prediction performance with random alterations between the training and test data based on 100 repetitions of cross-validation was stable and consistently significant, suggesting the robustness against outliers. Second, it was reported that the gestational length could influence DHA and ARA levels among the milk samples, especially for preterm infants (71). In our study, the potential effects of gestational lengths (280.6 ± 6.0 days) on DHA and ARA levels were not considered. Future studies including the effects of gestational lengths on DHA and ARA should be considered.



Conclusion

The development of cognitive and behavioral functioning is complex and likely involves the interplay of social, psychological, and biological factors. Nevertheless, human milk nutrients such as LCPUFAs, choline, and phospholipids may be modifiable contributors to cognitive and behavioral development, especially during the early BF period. Our results provide evidence that specific nutrients in human milk may act together to support cognitive and behavioral traits. However, these findings warrant replication in larger cohorts of BF infants with longitudinal follow-up for more definitive behavioral phenotyping, by controlling maternal diet and lifestyle, by an in-depth understanding of the mechanisms by which human milk nutrients jointly affect developmental trajectories, and by careful examination of the synergistic effects, if any, of these nutrients on functional outcomes.
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Previous studies have shown that myristic acid (MA), a saturated fatty acid, could promote the proliferation and differentiation of neural stem cells in vitro. However, the effect of MA on hippocampal neurons aging has not been reported in vivo. Here we employed 22-month-old naturally aged C57BL/6 mice to evaluate the effect and mechanism of MA on hippocampal aging. First, we examined a decreased exploration and spatial memory ability in aging mice using the open field test and Morris water maze. Consistently, aging mice showed degenerative hippocampal histomorphology by H&E and Nissl staining. In terms of mechanism, imbalance of GABRB2 and GABRA2 expression in aging mice might be involved in hippocampus aging by mRNA high throughput sequencing (mRNA-seq) and immunohistochemistry (IHC) validation. Then, we revealed that MA alleviated the damage of exploration and spatial memory ability and ameliorated degeneration and aging of hippocampal neurons. Meanwhile, MA downregulated GABRB2 and upregulated GABRA2 expression, indicating MA might alleviate hippocampal aging correlated with GABAergic signaling. In conclusion, our findings revealed MA alleviated hippocampal aging correlated with GABAergic signaling, which might provide insight into the treatment of aging-associated diseases.
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Introduction

With the rapid increase in the global aging population, aging-related diseases have brought a huge burden to patients, families, and socioeconomics. It is imminent to explore the pathogenesis and therapeutic drugs of aging. The hippocampus is an important part of the limbic system of the brain and contains various messenger receptors (1). It is not only a high-level regulatory center of neuroendocrine system but also the most sensitive area (1, 2). Studies have confirmed that hippocampus function is closely related to aging (3, 4). The decline of hippocampal neurons is the most pronounced change with age (5). These changes in hippocampus are closely related to age-related exploration and spatial memory impairment as well as an imbalance of hippocampal messenger receptors (6, 7). Therefore, a more in-depth understanding of hippocampus aging is essential for the improvement of treatment and prevention of aging-associated diseases.

GABAergic neural circuits play an important role in regulating hippocampal neuronal synaptic plasticity, memory, and cognitive function (8). GABAergic interneurons synthesize and release the neurotransmitter γ-aminobutyric acid (GABA) and contribute substantially to the regulation of the adult neuronal network (8). Generally, GABA exerts its effects on nerves mainly through its receptors; GABRA2 (GABAA receptor subunit alpha2) and GABRB2 (GABAA receptor subunit beta2) are the two important subunits of GABAA receptor, respectively. Previous studies demonstrated that GABRA2 expression decreased with age in the hippocampus (9, 10). However, aging-related disorders on GABRB2 expression are contradictory and need further experimental validation.

Previous studies have shown that myristic acid (hereinafter referred to as MA, IUPAC name: tetradecanoic acid, molecular formula: CH3(CH2)12COOH, CAS#: 544-63-8), a saturated fatty acid, mainly present in cardamom oil, coconut oil, palm kernel oil, butterfat, and bovine milk, could be used to prepare a variety of foods (11, 12). MA could promote the proliferation and differentiation of neural stem cells in vitro (13). Besides, aging was accompanied by a decline in MA, indicating MA played an important role in aging-related disorders (14). The isomer of MA, Myristoleic acid, could suppress osteoclastogenesis and bone resorption by inhibiting RANKL activation, indicating MA had a potential therapeutic effect on bone aging-related diseases, such as osteoporosis and osteoarthritis (15). However, the effect of MA on hippocampal neurons aging has not been reported in vivo. Here we employed 22-month-old naturally aged C57BL/6 mice to evaluate the effect and mechanism of MA on hippocampal aging. Our investigations indicated that MA alleviated hippocampal aging correlated with GABAergic signaling, which may provide insight into the treatment of aging-associated diseases.



Materials and methods


Mice

C57BL/6 male mice aged 3 and 22 months were obtained from the Laboratory Animal Center of Guangzhou University of Chinese Medicine (GZUCM) (Animal production certificate#(Yue)20180034). Mice had ad libitum access to tap water and standard rodent chow (Product performance standard: GB14924.3-2010, Laboratory Animal Center of GZUCM). All animal experiments were approved by the Ethics Committee of the First Affiliated Hospital of GZUCM (approval no. TCMF1-2021026). Firstly, the mice were divided into two groups: 3-month-old mice (3M) and 22-month-old mice (22M) group to assess the success of natural aging murine models. Secondly, another batch of 22-month-old mice was randomly divided into two groups: 22-month-old mice (22M, equal amount of solvent intraperitoneal injection) and MA (MA+22M, 2mg/kg·d MA intraperitoneal injection) group. They were randomized to each group after matching for age and body mass. Drugs were administered for 2 months by intraperitoneal injection. The concentration of MA was referred to a previous study (15). Following the behavioral assessment (open field test and Morris water maze), samples from murine brains were used for subsequent experimental assessments.



Open field test

The operation of open field test process was in accordance with a previous study which was used for assessing murine exploratory behavior (16). Generally, the exploration ability of aging mice decreased (17). Briefly, mice were transported to the laboratory room 2 h in advance to adapt to the environment before the experiment. The open field reaction box for C57BL/6 was a 50 × 50 cm open field chamber. The open-field chamber was divided into nine grids. The central area is defined as the center 1/9 area of open-field chamber bottom, and the remaining area is defined as the peripheral area. The longer time the mice spent in the center, longer distance the mice across the center and more times the mice across the center in the open-field chamber, the better the mouse's ability to explore (17). Wipe the bottom of open-field chamber with 75% alcohol. Gently remove the animals from the cage, place them quickly in the open-field chamber. Set up the parameters in SuperMaze software (Version 3.0, Shanghai XinRuan Information Technology Co., Ltd) and automatically record the animal activities in the box for 5 min. After one mouse was finished, the bottom of the box was wiped with 75% alcohol to remove the odor, and the next mouse was tested with the same method before. The parameters including total distance traveled by the mice (Total Distance), mice quiescent time (Quiescent Time), distance in the central region (Distance Center), number of central region entries (Number of Center), central region staying time (Time Center), distance in the periphery region (Distance Periphery), number of periphery region entries (Number of Periphery), Periphery region staying time (Time Periphery), the ratio of Distance Center vs. Distance Periphery and Time Center vs. Time Periphery were evaluated.



Morris water maze

Morris water maze was employed to assess the mouse spatial memory (6). After the open field test, the process of the Morris water maze was operated next day. Mice were placed into the pool from four quadrants facing the pool wall, and the time required by the mice from entering the water to finding and standing on the underwater concealed platform was recorded as the escape latency with SuperMaze software (Version 3.0, Shanghai XinRuan Information Technology Co., Ltd). If the mice could not find the platform 60 s after entering the water, the mice were guided to stay on the platform for 10 s. This was a positioning navigation test of mice, which was four quadrants a day for a total of four days. On the fifth day, a space exploration test was conducted. The platform was removed and the mice were placed from the opposite quadrant of the platform. The swimming time of the mice lasted 60 s. Each mouse was put into the pool from four water entry points for one training, and the interval between the two training was at least 30 min. The quadrants of each day's training were randomly arranged. The parameters including Escape Latency and Platform crossover number were recorded.



HE staining and Nissl staining

The murine cerebral hemispheres and organs (Heart, liver, spleen, lung, kidney and testis) were removed completely on ice, fixed with 4% paraformaldehyde for 48 h, then embedded in paraffin. The hemispheres were cut to the hippocampus zone at the midsagittal plane of 5 μm, and stained with H&E staining solution (Servicebio, G1005, Wuhan) and Nissl staining solution (Servicebio, G1036, Wuhan) respectively. The organs including heart, liver, spleen, lung, kidney and testis were cut into 5 μm slices, and stained with H&E staining solution (Servicebio, G1005, Wuhan). The H&E and Nissl staining of sections were intelligently photographed by Digital Pathology Scanning System (3D HISTEC Ltd., Pannoramic MIDI). The rate of Nissl-stained cells and neurodegeneration of hippocampus were calculated using Image J 1.51 analysis software (Wayne Rasband, National Institutes of Health, USA). The rate of Neurodegeneration was defined as the ratio of pathological neuronal cells to total cells in the entire hippocampus; Neuronal pathological changes included disarrangement of neurons, nuclear shrinkage, and dark staining of neuronal cells (18). Each group had three biological replicates; each mouse was randomly selected two non-overlapping visual fields in each partial of hippocampal CA1, CA3 and DG area under high magnification microscope (400×) of each slice, and counted the mean rate of Nissl-stained cells and neurodegeneration.



mRNA-seq of hippocampus

The total RNA was extracted from young (3M) and aging (22M) hippocampus samples in mice by using Trizol reagents (Invitrogen). The extracted total RNA samples were subjected to agarose electrophoresis and Nanodrop for quality inspection and quantification. Oligo magnetic beads were used to enrich the mRNA, and the KAPA Stranded RNA-Seq Library Prep Kit (Illumina, Aksomics, Shanghai) was used to construct the library. The constructed library was checked by Agilent 2100 Bioanalyzer (Aksomics, Shanghai), and the final quantification of the library was performed by qPCR. According to the quantitative results and the final sequencing data, the sequencing libraries of different samples were mixed into the sequencing process. The screening thresholds to determine the significant differential expression (DE) genes were P <0.05 and |log2 fold change (FC)| > 0.585 (19). The normalized data of each group were analyzed by hierarchical clustering. The color green represented low expression, whereas red represented high expression, to investigate the possible mechanism of the upregulated and downregulated DE genes involved in the process of hippocampal aging. The raw data of mRNA-seq of hippocampus were uploaded to GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE201029).



KEGG analysis

The differentially mRNAs expressions from mRNA-seq data were employed for KEGG analysis by using the KEGG database. The upregulated and downregulated mRNAs were uploaded into the KEGG database. The bar plot showed the top in front enrichment score value of the significant enrichment pathway in terms of the value of -log10 (P-value).



Immumohistochemical staining (IHC)

IHC was used to detect the GABRB2, GABRA2, P16, and P21 protein expression in the brain. The brain tissue sections were dewaxed, antigen repaired, and sealed successively. GABRB2 (Bioss Cat# BS-12065R, Rabbit, 1:200), GABRA2 (Affinity Biosciences Cat# DF6626, RRID: AB_2838588, Rabbit, 1:100), P16 (Affinity Biosciences Cat# AF0228, RRID: AB_2833403, Rabbit, 1:200) and P21 (Beyotime Cat#AP021, 1:200) antibodies were added respectively and incubated at 4°C overnight. Then Goat anti-rabbit or mouse IgG antibodies were added on brain tissue sections and incubated at room temperature for 1 h. After conventional DAB staining, the sections were stained with hematoxylin and sealed. IHC of brain sections for the whole film scanning was intelligently photographed by Digital Pathology Scanning System (3D HISTEC Ltd., Pannoramic MIDI). Image J 1.51 analysis software (Wayne Rasband, National Institutes of Health, USA) was used to calculate the relative protein expressions. Each group had three biological replicates; each mouse was randomly selected two non-overlapping visual fields in each partial of hippocampal CA1, CA3 and DG area under high magnification microscope (400×) of each slice, and counted the mean optical density, and then normalized by the folds of experimental group to control group.



Immunofluorescence (IF)

The paraffin sections of hippocampal tissue were deparaffinized with xylene, anhydrous ethanol, 85% alcohol and 75% alcohol, respectively. The tissue sections were placed in citric acid buffer (pH 6.0) in a microwave oven for antigen retrieval. Then the primary antibodies including GABRB2 (Bioss Cat# BS-12065R, Rabbit, 1:200), GABRA2 (Affinity Biosciences Cat# DF6626, RRID: AB_2838588, Rabbit, 1:100), Sox2 (Bioss Cat#BS-0523R, 1:200), Nestin (Proteintech Cat#19483-1-AP, 1:100) were placed in a humid box and incubated overnight at 4°C. Next, the secondary antibody Alexa Fluor 488 AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson Cat#111-545-003, 1:200) was incubated at room temperature for 50 min in the dark. Nuclei were counterstained with DAPI (Solarbio, C0060, 1:100) and incubated for 10 min at room temperature in the dark. After tissue sections drying, the sections were mounted with anti-fluorescence quenching mounting medium. IF of hippocampus sections for the whole film scanning was intelligently photographed by Digital Pathology Scanning System (3D HISTEC Ltd., Pannoramic MIDI). Image J 1.51 analysis software (Wayne Rasband, National Institutes of Health, USA) was used to calculate the relative protein expressions. Each group had three biological replicates; each mouse was randomly selected two non-overlapping visual fields in the hippocampal CA3 area under high magnification microscope (400×) of each slice, and counted the average fluorescence intensity, and then normalized by the folds of experimental group to control group.



Statistical analysis

All data were checked for normality and homogeneity of variance. If two independent sample data fit a normal distribution, the results are expressed as means ± standard deviations (SDs) and two-tailed Student's t-test was used. If two independent sample data do not conform to a normal distribution, the Mann-Whitney U test was employed and a box plot was used. Two-way analysis of variance (ANOVA) following Bonferroni's multiple comparisons test was employed to analyze the Morris water maze data. P < 0.05 was considered statistically different. Statistical analysis was performed using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California, USA).




Results


Aging mice displayed decreased exploration and spatial memory ability

To evaluate the exploration ability and spatial memory ability of aging mice, we normally raised 3-month-old mice (young) and 22-month-old mice (aged), and evaluated behavioral memory using the open field test and Morris water maze. In the open field test, aging mice displayed impaired exploration ability, including decreased Total Distance (P<0.05), Time Center (P<0.05), Distance Periphery (P<0.05), Number of Periphery (P<0.05), and Time Center vs Time Periphery (P<0.05), while increased Quiescent Time (P<0.01) and Time Periphery (P<0.01); and a slight downward trend in Distance Center, Number of Center and Distance Center vs. Distance Periphery but no statistical differences (Figure 1A). Morris water maze were used to evaluate the hippocampus-dependent spatial memory. In Morris Water Maze Test, aging mice witnessed extended escape latency in the navigation test (Two-way ANOVA, P<0.01 in 3d and 4d) and reduced platform crossover number in the space exploration test (Mann-Whitney U test, P< 0.05), compared with young mice (Figures 1B–D). This showed that the exploratory ability and spatial memory ability of aging mice decreased with age.
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FIGURE 1
 Evaluation of exploration and spatial memory ability in aging mice. (A) The parameters of open field test between young (3M) and aging mice (22M) group. Data were represented as mean ± SD and were analyzed by Student t-test. *P < 0.05 and **P < 0.01. (B) The locus diagrams of Morris water maze. Day 1th to Day 4th, Navigation test; Day 5th, Space exploration test. (C) Escape Latency in the navigation test of Morris water maze. Data were represented as mean ± SD and were analyzed by two-way analysis of variance (ANOVA) following Bonferroni's multiple comparisons test. **P < 0.01. (D) Platform crossover number in the space exploration test of Morris water maze. Mann-Whitney U test was employed and a box plot was used. *P < 0.05.




Aging mice showed degeneration and aging of hippocampal neurons

To more intuitively reflect the pathological manifestations of the hippocampal neurons of aging mice, the CA1, CA3, and DG regions of hippocampus were assessed by HE staining and Nissl staining (Figure 2A). The nerve cells of the young group had intact cell structure, clear round shape, and were arranged compactly and neatly; while the nerve cells of aging mice in hippocampus were disordered and the granules of Nissl bodies were blurred (Figure 2A). Accordingly, quantitative analysis revealed that the number of Nissl bodies decreased (P<0.001), while the rate of neurodegeneration increased significantly (P<0.001) in the hippocampal neurons of aging mice than that of young mice (Figures 2B,C). The expressions of senescence markers p21 and p16 protein detected by IHC in aging murine hippocampal neurons was higher (P<0.05) than those of young mice, implying that aging murine hippocampus showed the characteristics of aging (Figures 2D–F).


[image: Figure 2]
FIGURE 2
 Evaluation of hippocampal histomorphology in aging mice. (A) H&E and Nissl staining in the hippocampus between 3M and 22M group. The magnifications and scale bars were shown in (A). (B,C) Nissl positive cells and Neurodegeneration rate in the hippocampus were assessed by Nissl staining. Data were represented as mean ± SD and were analyzed by Student t-test. ***P < 0.001. Arrows showed degenerated neurons. (D) IHC of senescence markers P16 and P21 in the hippocampus. The magnifications and scale bars were shown in (D). (E,F) Relative expressions of senescence markers P16 and P21 were calculated by IHC. Data were represented as mean ± SD and were analyzed by Student t-test. *P < 0.05.




mRNA-seq and IHC of hippocampus indicated the imbalance of GABRB2 and GABRA2 expression in aging mice

To further explore the mechanism of hippocampus aging in mice, we employed mRNA-seq to screen for possible genes and pathways in the young (3M) and aging (22M) hippocampus. The heat map displayed up-regulated and down-regulated gene sets (Figure 3A). KEGG pathway enrichment analysis found that GABAergic synapse was involved in both up-regulated and down-regulated signaling pathways (Figure 3B). We further analyzed the differential expression genes and found that GABRB2 (P<0.05) was up-regulated in the aging hippocampus whereas GABRA2 (P<0.01) was down-regulated in the aging hippocampus, indicating an imbalance of GABRB2 and GABRA2 expressions in aging mice (Figures 3C,D). We then employed hippocampal immunohistochemistry to further validate the GABRB2 and GABRA2 protein expressions in aging mice. Consistent with the mRNA-seq results, we verified that GABRB2 protein expression (P<0.01) was increased in the aging hippocampus whereas GABRA2 protein expression (P<0.01) was decreased in the aging hippocampus (Figures 4A–C). This study laid a foundation for further study on the mechanism of MA in improving hippocampus aging.


[image: Figure 3]
FIGURE 3
 GABRB2 and GABRA2 expression were evaluated by mRNA-seq of hippocampus in aging mice. (A) Heat map of hippocampus between 3M and 22M group. (B) KEGG analysis of the hippocampus between 3M and 22M group. (C,D) FPKM value of GABRB2 and GABRA2 in the hippocampus by mRNA-seq. Data were represented as mean ± SD and were analyzed by Student t-test. *P < 0.05 and **P < 0.01.
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FIGURE 4
 Validation of GABRB2 and GABRA2 expression by IHC of hippocampus in aging mice. (A) IHC of GABRB2 and GABRA2 in the hippocampus between 3M and 22M group. The magnifications and scale bars were shown in (A). (B,C) Relative expressions of GABRB2 and GABRA2 were calculated by IHC. Data were represented as mean ± SD and were analyzed by Student t-test. *P < 0.05.




MA alleviated the damage of exploration and spatial memory ability in aging mice

MA, a saturated fatty acid, was a promising anti-aging effective constituent in previous studies. First, we evaluated the safety of MA treatment on aging mice. Using HE staining, we found that MA could not lead to damage to organs, including heart, liver, spleen, lung, kidney, and testis (Supplementary Figure 1). Expectedly, MA alleviated hippocampal aging to some extent. In the open field test, we examined an improved exploration ability in aging mice, including increased Total Distance (P < 0.05), Number of Center (P<0.05), Time Center (P<0.05), and Time Center vs Time Periphery (P<0.05); and decreased Quiescent Time (P<0.05); and an upward trend in Distance center and Distance Center vs Distance Periphery and a downward trend in Time Periphery (Figure 5A). In Morris water maze, we observed a reduced escape latency in the navigation test (Two-way ANOVA, P<0.01 in 3d and P<0.001 in 4d) and increased platform crossover number (Mann-Whitney U test, P<0.05) in the space exploration test, indicating MA improved hippocampus-dependent spatial memory (Figures 5B–D).
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FIGURE 5
 Evaluation of exploration and spatial memory ability in MA-treated aging mice. (A) The parameters of open field test between aging mice (22M) and MA-treated aging mice (MA+22M) group. Data were represented as mean ± SD and were analyzed by Student t-test. *P < 0.05. (B) The locus diagrams of Morris water maze between 22M and MA+22M group. Day 1th and Day 4th, Navigation test; Day 5th, Space exploration test. (C) Escape Latency in the navigation test of Morris water maze between 22M and MA+22M group. Data were represented as mean ± SD and were analyzed by two-way ANOVA following Bonferroni's multiple comparisons test. **P < 0.01 and ***P < 0.001. (D) Platform crossover number in the space exploration test of Morris water maze. Mann-Whitney U test was employed and a box plot was used. *P < 0.05.




MA ameliorated degeneration and aging of hippocampal neurons

We further used H&E and Nissl staining to demonstrate the effect of MA on hippocampal histomorphology. We found an improvement in the disorder of hippocampal neurons and clearer Nissl bodies in MA-treated aging mice (Figure 6A). Accordingly, our quantitative results also showed that the rate of Nissl positive cells was increased (P<0.01) and the rate of neurodegeneration was decreased (P<0.01) (Figures 6B,C). Furthermore, hippocampal immunofluorescence of nerve regeneration marker Nestin demonstrated that MA increased Nestin protein expression (P<0.05); an increased trend of Sox2, another nerve regeneration marker, was observed in MA-treated aging hippocampus (Supplementary Figures 2A–D). IHC of Classic aging marker P16 also displayed that MA-treated aging hippocampus reduced the aging marker P16 protein expression (P<0.01). There was a decreasing trend of P21 protein expression in the aging hippocampus, although there was no statistical difference (Figures 6D–F). We also explored the effect of MA on cerebral cortex neurons and found that MA could alleviate neurodegeneration of cerebral cortex and reduce aging marker P16 expression (Supplementary Figures 3A–D).
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FIGURE 6
 Evaluation of hippocampal histomorphology in MA-treated aging mice. (A) H&E and Nissl staining in hippocampus between 22M and MA+22M group. The magnifications and scale bars were shown in (A). (B,C) Nissl positive cells and Neurodegeneration percentage in hippocampus were assessed by Nissl staining between 22M and MA+22M group. Data were represented as mean ± SD and were analyzed by Student t-test. **P < 0.01. Arrows showed degenerated neurons. (D) IHC of senescence markers P16 and P21 in the hippocampus between 22M and MA+22M group. The magnifications and scale bars were shown in (D). (E,F) Relative expressions of senescence markers P16 and P21 calculated by IHC. Data were represented as mean ± SD and were analyzed by Student t-test. **P < 0.01.




MA alleviated hippocampal aging correlated with GABAergic signaling

To further explore the mechanism of MA-treated hippocampus aging in mice, we employed hippocampus IHC to further validate the GABRB2 and GABRA2 protein expressions in MA-treated aging mice. We verified that GABRB2 protein expression was decreased (P<0.05) in the aging hippocampus whereas GABRA2 protein expression was increased (P<0.05) in MA-treated aging hippocampus, indicating that MA may improve the imbalance of GABAergic expressions (Figures 7A–C, Supplementary Figures 4A–D).
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FIGURE 7
 Validation of GABRB2 and GABRA2 expression by IHC of hippocampus in MA-treated aging mice. (A) IHC of GABRB2 and GABRA2 in the hippocampus between 22M and MA+22M group. Magnifications and scale bars were shown in (A). (B,C) Relative expressions of GABRB2 and GABRA2 were calculated by IHC. Data were represented as mean ± SD and were analyzed by Student t-test. *P < 0.05.





Discussion

Our study demonstrated that MA, a saturated fatty acid extracted from cardamom oil, coconut oil, palm kernel oil, etc., ameliorated the aging of hippocampus correlated with GABAergic signaling. Aging mice displayed a decline in exploration and spatial memory ability, impairment in the hippocampal histomorphology, upregulation of GABRB2 and downregulation of GABRA2 expression; these effects were improved by the administration of MA.

In aging mice of 22M, a decreased exploration and spatial memory ability were observed using open field test and Morris water maze, which were consistent with previous studies (20, 21). As we know, exploration and spatial memory ability assessed by open field test and Morris water maze respectively are hippocampus-dependent type of exploration and memory ability (22, 23). Hippocampus, as an important part of the limbic system of the brain, is a high-level regulatory center of the neuroendocrine system, whose function is closely related to aging. Aging is characterized by a decrease of hippocampal neurons (5), which was verified by H&E and Nissl staining in our study. To further explore the mechanism of hippocampus aging, we employed mRNA-seq to detect differential gene expressions in the hippocampus between young and aging mice. We found that GABAergic synapse, oxytocin and endocannabinoid signaling were involved in this process. Aging induced oxytocinergic transmission impairment in the central nervous system (24); oxytocin in people aged over 65 may be associated with aging-related changes in hippocampus (25). Furthermore, oxytocin induced GABA release onto mossy cells of the rat dentate gyrus of hippocampus (26). Endocannabinoid system activity contributes to the homeostatic defense against aging and thus may retard brain aging (27, 28). Besides, cannabinoid type 1 receptor activity on hippocampal GABAergic neurons ameliorated age-dependent cognitive decline by decreasing pyramidal cell degeneration and neuroinflammation (29). Given that both oxytocin and endocannabinoid signaling can participate in the regulation of the GABA pathway, we focused on GABAergic signaling in this study. KEGG pathway analysis was found that GABRB2 was upregulated whereas GABRA2 was downregulated, which was verified by IHC of hippocampus between young and aging mice. Previous studies also demonstrated that GABRA2 expression decreased with age in the hippocampus (9, 10). However, aging-related disorders on GABRB2 expression are contradictory. The mRNA level of GABRB2 in the nucleus accumbens and prefrontal cortex was decreased in middle-aged female mice (30). However, kainic acid, an epileptic seizures inducer in mice, could downregulate GABRB2 expression (31). The reasons of contradictory results of GABRB2 expression may be due to the differences in brain regions and disease detections. Overall, we implied an imbalance of GABAergic signaling in the hippocampus between young and aging mice, which may provide insight into the discovery of targets in aging-related disorders.

To further explore the anti-aging effect of drugs through the GABAergic signaling pathway, MA, a saturated fatty acid, was selected and employed to verify the effect and mechanism of anti-hippocampus aging. Studies have reported that aging was accompanied by a decline in MA, indicating MA played an important role in aging-related disorders (14). However, contradicting our study, Zeng et al. pointed out that MA may promote tumor progression and drug resistance, which may be due to different diseases studied and different drug doses (32). Furthermore, previous studies have demonstrated that MA could promote the proliferation and differentiation of neural stem cells in vitro (13). The isomer of MA, Myristoleic acid, could suppress osteoclastogenesis and bone resorption by inhibiting RANKL activation, indicating MA had a potential therapeutic effect on aging-related diseases (15). However, the effect of MA on hippocampal neurons aging has not been reported in vivo. We employed 22-month-old naturally aged C57BL/6 mice to evaluate the effect and mechanism of MA on hippocampal aging. Our investigations indicated that MA alleviated hippocampal aging correlated with GABAergic signaling. To the best of our knowledge, this is the first time that we report that MA improved hippocampal aging, which was expected to provide new drugs for combating aging-related diseases.

Our current study has some limitations. We performed in vivo study to verify the effect of MA alleviating hippocampus aging via regulating GABAergic expressions. However, there is still a lack of in vitro experiments to further explore the effect and mechanism of MA in improving the aging of hippocampal neurons. Secondly, the knockout and overexpression of GABRA2 and GABRB2 in animals and hippocampal neurons are worthy of further exploration to verify the role and mechanism of hippocampal aging and MA in improving hippocampal neuronal aging. As a potential nutritional supplement for the treatment of aging-related diseases, such as Alzheimer's disease and osteoporosis, MA is worthy of further verification by clinical trials.

In conclusion, we demonstrated a decline in exploration and spatial memory ability and impairment of hippocampal histomorphology in aging mice, which may result from an imbalance of GABRB2 and GABRA2 expressions. MA, a saturated fatty acid extracted from food, alleviated the aging of hippocampus correlated with GABAergic signaling (Figure 8). Our study indicated that MA has the potential as a nutritional supplement, which may provide insight into the treatment and prevention of aging-associated diseases.
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FIGURE 8
 Working model. Aging mice displayed a decline in exploration and spatial memory ability, impairment in hippocampal histomorphology, upregulation of GABRB2, and downregulation of GABRA2 expression; these effects were improved by the administration of MA.
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Background and aim: Stroke-associated infection (SAI) is a common and serious complication in patients with IS. This study aimed to evaluate the impact of nutritional status at admission assessed on SAI, explore the predictive value of the Nutritional Risk Screening 2002 (NRS-2002 for SAI.

Methods: This study included patients with IS who were admitted to five major hospitals in Chengdu from January 2017 to February 2019. The nutritional status was assessed using the NRS-2002 tool. Logistic regression analysis was performed to explore the predictive value of NRS-2002 for SAI.

Results: A total of 594 patients with IS were included in this study; among them, 215 (36.20%) patients were at risk of malnutrition, and 216 (36.36%) patients developed SAI. The area under the curve of the NRS-2002 scores was smaller than A2DS2 (0.644 vs. 0.779), and NRS-2002 improved the predictive values of the A2DS2 score(Age, Atrial fibrillation, Dysphagia, Sex, Stroke Severity) for SAI (P < 0.001). Logistic regression analysis showed that patients with NRS-2002 score ≥ 3 had significantly higher risks of SAI (NRS-2002: odds ratios (OR) = 1.450, 95% confidence interval (CI): 1.184–1.692, P < 0.001).

Conclusion: NRS-2002 is a useful and simple tool for identifying the risk of SAI. Malnutrition is related to the development of SAI. Malnourished patients with stroke may benefit from further nutritional supplements and management.
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Introduction

Ischemic stroke (IS) is the main type of stroke in clinical practice, accounting for approximately 69.6% of all strokes (1), with the characteristics of high morbidity, high disability rate, high mortality, and high recurrence rate (2). The occurrence of serious complications is the most important cause of death and disability in patients with IS. Stroke-associated infection (SAI) is one of the extremely common and serious complications, with an incidence of 23–65% (3, 4). SAI not only prolongs the length of hospitalization and increases the economic burden but also is closely related to the increase in severe disability and mortality (5). Therefore, early evaluation and prevention of SAI is considered an important part of stroke diagnosis and treatment. The current diagnosis of SAI is mainly based on the inflammatory marker procalcitonin (PCT) and computed tomography (CT) scan, but both indicators only appear clinically after infection. Therefore, it is of great significance to find effective assessment tools for the early prevention and treatment of SAI.

Malnutrition is a common condition in patients with stroke. The prevalence of malnutrition is up to 62% in patients with stroke (6) due to reduced mobility, cognitive impairments, and dysphagia (7). Malnutrition may worsen clinical outcomes and increase mortality (8–10). The mortality rate of malnourished patients with stroke was significantly higher. Research has revealed that malnutrition leads to immune dysfunction (11), resulting in reduced resistance to bacteria and pathogens, and heightens drug resistance, which in turn leads to an increased probability of infection. It was noted that patients with stroke are prone to become immunocompromised due to malnutrition, thus increasing the probability of SAI.

The Nutritional Risk Screening 2002 (NRS-2002) tool (12, 13) is a nutritional assessment tool that is widely used in clinical applications. The effectiveness of this tool has been confirmed by a large number of clinical studies (14, 15). Kyle et al. found that the NRS-2002 tool had higher sensitivity and specificity than other nutritional assessment tools (16). Nutrition may be a reliable indicator for predicting infection. Therefore, nutritional screening tools can be used for the early risk assessment of SAI. To the best of our knowledge, no studies have shown that nutritional risk assessment tools can be used for the early identification of SAI.

This study aimed to evaluate the nutritional status of patients with IS using the NRS-2002 tool and explore its correlation with SAI occurrence to screen for high risk of SAI and early clinical intervention to improve the prognosis of patients with IS.



Materials and methods


Study design

This is a retrospective multicenter study based on recovery trajectory data to assess whether NRS-2002 can predict the incidence of SAI in patients with IS. Patients were recruited from the stroke centers of five hospitals. This study was registered at www.chictr.org.cn (Identifier: ChiCTR2100052025) and conducted in accordance with the Helsinki Declaration. The research plan was approved by the Human Ethics Committee of West China Hospital of Sichuan University. Informed consent was obtained from each participant.



Study population

Patients with acute stroke admitted to the Emergency Stroke Center of five major hospitals in Chengdu, Sichuan, from January 2017 to February 2019 were retrospectively included in this study. The inclusion criteria were as follows: (1) in line with diagnostic criteria for IS (17); (2) patients who were admitted to hospitals within 24 h after onset and diagnosed with cerebral infarction by head CT or head magnetic resonance imaging (MRI); (3) age ≥ 18 years. The exclusion criteria were as follows: (1) severe liver, kidney, and hematological diseases; (2) previous history of stroke and legacy sequelae; (3) cancer history or immunosuppressive therapy; (4) incomplete clinical data.



Data collection and measures

The following data were retrieved from the database of retrospective multicenter studies on IS: demographic statistics and characteristic information, vital signs, medical history, drugs, laboratory tests, hospitalization, and adverse outcomes. In this study, blood cells were counted using a hematology analysis system (LH750, Beckman Coulter, Brea, CA). Blood biochemical tests were performed using an Architect C16000 analyzer (Abbott Diagnostics, Dallas, TX, USA).

The A2DS2 score (Age, Atrial fibrillation, Dysphagia, Sex, Stroke Severity) was calculated (age ≥ 75 years = 1; male sex = 1; atrial fibrillation = 1; dysphagia = 2; stroke severity: National Institutes of Health Stroke Scale (NIHSS) score ≥ 5 = 3) (18), which is a validated screening tool for stroke-associated pneumonia, and the range of A2DS2 score was from 0 to 10, and 0–4 points for low risk and 5–10 points for high risk. The NIHSS (19) which can assess stroke severity, was administered at admission and discharge. The range of the NIHSS scores was from 0 to 42.



Malnutrition screening tools

The NRS-2002 tool (12) was used to evaluate the nutritional status of patients by trained nurses. The NRS-2002 score ranges from 0 to 7 and consists of three components: (1) disease severity (reflecting increased nutritional needs), which ranges from 0 to 3 based on the patient's comorbidities and medical history; (2) nutritional impairment status, which relates to BMI, body weight, and food, which ranges from 0 to 3; (3) age, with one point for patients ≥ 70 years old. According to European Society for Parental and Enteral Nutrition(ESPEN) guidelines for malnutrition diagnosis (12), patients with NRS-2002 scores ≥3 were identified as malnourished.



Outcomes

The main outcome was SAI during hospitalization. According to the revised standard definition of the Centers for Disease Control and Prevention based on electronic medical records (20), SAI was defined as an infection in the 1st week after stroke, mainly including the following three types: pneumonia, urinary tract infection, and other infections. All infections were reviewed and verified by experienced clinical doctors.



Statistical analysis

Parametric continuous variables were represented by mean ± standard deviation, and nonparametric continuous variables were represented by the median of the quartile interval. Categorical variables were reported in the form of frequencies and percentages. The t-test was used for comparison between groups with parametric characteristics, and the Mann–Whitney U test was used for comparison between groups with non-parametric characteristics. A chi-square test or Fisher's exact test was used to compare categorical variables.

Logistic regression analysis was performed to analyze the relationship between malnutrition and SAI. The logistic regression model was adjusted for demographic variables (sex, age, smoking, and drinking), physiological variables (body mass index and blood pressure), laboratory tests (hemoglobin, urea nitrogen, and creatinine), and chronic diseases (hypertension, diabetes, and hyperlipidemia) to further determine whether these relationships were independent of risk factors. In the model, the patients were divided into groups according to age (<65 years vs. ≥65 years), sex (male vs. female), hypertension (yes vs. no), diabetes (yes vs. no), treatment (conservative vs. thrombolysis or thrombectomy), and NIHSS score (≤ 7 vs. >7). The area under the receiver operating characteristic (ROC) curve and continuous net reclassification improvement (NRI) were established to evaluate the predictive ability of NRS-2002 and A2DS2 for SAI.

The significance level was set at 0.05. All statistical analyses were performed using SPSS version 26.0 (IBM Corp, Armonk, NY, USA) and R software 3.5.0 (Vienna, Austria).




Results


Baseline patient characteristics

Finally, after an overview of the inclusion and exclusion criteria, 594 patients were included in this study. The average age was 58.79 ± 11.97 years. Of these participants, 378 (63.6%) were male. In addition, 215 (36.20%) patients were at risk of malnutrition (NRS-2000≥3). A total of 216 (36.36%) patients developed SAI during hospitalization. At admission, patients with NRS-2002 score ≥3 were found to be older, have a lower Barthel index and hemoglobin, have a higher D-dimer, and high-density lipoprotein, and have a higher NIHSS score and A2DS2 score. The baseline characteristics of the patients are presented in Table 1. Table 1 show the baseline characteristics of the patients.


TABLE 1 Baseline patient characteristics and nutritional risk score 2002 in patients with ischemic stroke.
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Relationship between NRS-2002 scores and SAI

Patients with NRS-2002 score ≥3 were more likely to develop SAI (P < 0.001) (Figure 1). In the logistic regression model (Table 2), after adjusting for demographic variables, physical examination, laboratory testing, and chronic medical conditions, patients with malnutrition risk (assessed by NRS-2002) or neurological deficit (assessed by NIHSS) had significantly higher risks of SAI (NRS-2002: odds ratio (OR) = 1.350, 95% confidence interval (CI): 1.144–1.592, P < 0.001; NIHSS: OR = 1.142, 95% CI: 1.098–1.189, P < 0.001). Restricted cubic spline analyses demonstrated continuous relationships between NRS-2002 and odds for SAI (Figure 2).


[image: Figure 1]
FIGURE 1
 Chi square test was used to compare categorical variables. The proportion of patients with malnutrition (NRS-2002≥3) in SAI is higher than that in non-SAI (P < 0.001). Patients with NRS-2002 score ≥3 were more likely to develop SAI (P < 0.001). SAI, Stroke-associated infection;NRS-2002, Nutritional Risk Screening 2002.



TABLE 2 Adjusted ORs (95% CI) for the association of NRS-2002, NIHSS, and A2DS2 scores with the incidence of stroke-associated infection.
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FIGURE 2
 The association between NRS-2002 and odds ratio for stroke-associated infection. The solid line indicates the point estimate, and the shaded area is the 95% CI. Models were adjusted by by age, sex, smoking (never, former, current), drinking (never, former, current), body mass index, systolic blood pressure, smoking, drinking,.hemoglobin, urea nitrogen, and creatinine.




Predictive value of NRS-2002 for SAI

According to ROC curve analysis, the area under the curve (AUC) of NRS-2002 and A2DS2 for SAI was 0.644 (95% CI: 0.588–0.700, P < 0.001) and 0.779 (95% CI: 0.735–0.823, P < 0.001), respectively. A2DS2 combined with NRS-2002 achieved a higher AUC (0.822, 95% CI:0.793- 0.862) than A2DS2 alone (P < 0.001). Additionally, NRS-2002 combined with A2DS2 achieved additional predictive values for SAI beyond A2DS2 according to the NRI analysis (NRI = 0.095, 95% CI: 0.048–0.139, P < 0.001) (Table 3, Supplementary Figure 1).


TABLE 3 Predictive value of the NRS-2002, NIHSS and A2DS2 for stroke-associated infection.
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An NRS-2002 score ≥5 had optimal specificity (95.69%) to predict SAI (Table 4).


TABLE 4 The predictive value of nutritional risk screening 2002 for stroke associated infection in patients with ischemic stroke.
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Subgroup analysis

Subgroup analyses stratified by age, sex, hypertension, diabetes, treatment, and NIHSS score were performed (Figure 3).


[image: Figure 3]
FIGURE 3
 Subgroup analyses stratified by age, sex, hypertension, diabetes, treatment and NIHSS score.The absent of malnutrition group was used as reference in Logistic regression models.


The results showed that patients with NRS-2002 score ≥3 combined with other factors including age ≥ 65 (OR = 2.626, 95% CI: 1.504–4.585, P < 0.001), female (OR = 2.158, 95% CI: 1.364–3.146, P < 0.001), hypertension (OR = 4.141, 95% CI: 1.763–9.728, P < 0.001), diabetes (OR = 4.659, 95% CI: 2.282–9.513, P < 0.001), and NIHSS score >7 (OR = 2.008, 95% CI: 1.149–3.511, P = 0.014) have a higher risk of SAI. In contrast, the risk of SAI associated with NRS-2002 was significantly stronger for patients with diabetes than for those without diabetes (P for interaction: 0.032).




Discussion

Stroke is the second major cause of death worldwide and the leading cause of death and disability in China (21). The clinical data of 594 patients with IS were analyzed; among them, 31.19% had malnutrition, and 36.36% had SAI. The results show that malnutrition and malnutrition risk are risk factors for SAI and using NRS-2002 to predict SAI is effective. The comprehensive evaluation recommended early nutritional screening as an effective measure to reduce the incidence of SAI.

Recently, malnutrition has been reported to increase the incidence of infections in patients with stroke during rehabilitation and delay the recovery of motor nerve function (22, 23). Studies have shown that malnutrition can affect the size of organs, hormones, and cytokine levels and even affect the immune cells' function (24). Malnutrition is associated with immunosuppression, leading to increased susceptibility to infection. Furthermore, studies have reported that patients with IS at risk of malnutrition are 3.40 and 4.08 times more likely to develop infection complications than those with normal nutrition, respectively (25). Early nutritional support for malnourished patients with IS through nutritional assessment using NRS 2002 can help improve the prognosis. It is recommended to use NRS-2002 to guide nutritional support, which can predict short-term and long-term outcomes (26). To the best of our knowledge, this is the first study that uses the NRS-2002 tool to predict the occurrence of SAI in patients with IS. The factors that constitute the index may explain the relationship between the malnutrition index and SAI. Patients with NRS-2002 score ≥3 were more likely to develop SAI (P < 0.001). The logistic regression model showed that patients with malnutrition risk (assessed by NRS-2002) or neurological deficit (assessed by NIHSS) had significantly higher risks of SAI, which is consistent with previous studies (27, 28). The higher the NIHSS score, the more serious the neurological deficit, the higher the risk of bed rest, and the more prone to follow pneumonia and aspiration pneumonia caused by gastroesophageal reflux (29).

In this study, we validated the diagnostic value of NRS-2002 for SAI in patients with IS. Our data showed that NRS-2002 could predict the SAI. Moreover, considering sensitivity, specificity, and AUC, the results showed that NRS-2002 combined with A2DS2 can optimize the prediction effect of SAI. According to ROC curve analysis, the AUC of NRS-2002, A2DS2, and A2DS2 combined with NRS-2002 was 0.644, 0.779, and 0.822, respectively. Based on the NRI analysis, NRS-2002 combined with A2DS2 achieved additional predictive values for SAI beyond A2DS2 (NRI = 0.095, 95% CI: 0.048–0.139, P < 0.001). Because the A2DS2 does not include the evaluation of nutrition and malnutrition increases the SAI incidence, it is meaningful to include the evaluation of nutrition in the tool for predicting SAI. Subgroup analysis shows that NRS-2002 predicts a better value in SAI for patients with diabetes. In hyperglycemic patients, insulin is relatively insufficient due to insulin resistance, and glucose utilization is reduced. This increases the nutritional risk of the patient. The risk of malnutrition assessed using NRS-2002 is related to the development of SAI. NRS-2002 may be a useful and simple tool for identifying SAI.

This study also has some limitations. First, this is a retrospective study and needs to be confirmed by prospective studies. Second, the evaluation results of the scale were not compared with the infection biomarkers, and the evaluation results were not further verified. Third, the study failed to use NRS-2002 for continuity assessment during hospitalization.

IS is a common disease in clinical neurology. Generally, early nutritional screening should be part of the standard clinical treatment management for patients with IS. It is necessary to check the nutritional status and risk factors for patients with IS. The risk of malnutrition assessed using the NRS-2002 score is related to the development of SAI. NRS-2002 may be a useful and simple tool for identifying SAI. Patients with malnutrition and malnutrition risk should be given appropriate nutritional management as soon as possible to help reduce infection complications, improve prognosis, and reduce medical costs. However, how to provide nutritional supplements and management for malnourished patients with stroke is still a key issue faced by clinicians. Thus, further research is needed to explore an effective approach to address malnutrition in patients with IS.
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Emerging evidence indicates a connection between serum iron levels and autism, but the underlying causal association is yet unclear. Thus, we performed two-sample Mendelian randomization (MR) analysis to evaluate the causal link between iron status on autism, using genetic instruments (p < 5E–08) strongly associated with iron status (N = 48,972), including serum iron, ferritin, transferrin levels, and transferrin saturation. Summary statistics of autism was obtained from two independent studies conducted by Psychiatric Genomics Consortium (PGC, Ncases = 5,305, Ncontrols = 5,305) and FinnGen Consortium (FC, Round six, Ncases = 344, Ncontrols = 258,095), respectively. Using the inverse-variance weighted (IVW) method, the combined results of PGC and FC demonstrated that genetically determined serum transferrin level was significantly associated with an increased risk of autism [odds ratio (OR) = 1.16, 95% CI: 1.03–1.30, p = 0.013]. There was no significant causal effect of serum iron (OR = 0.99, 95% CI: 0.72–1.37, p = 0.951), ferritin (OR = 0.88, 95% CI: 0.47–1.64, p = 0.676), and transferrin saturation (OR = 0.89, 95% CI: 0.72–1.09, p = 0.252) on autism. No obvious pleiotropy was found in this MR study. Taken together, our findings highlight that elevation of serum transferrin level might be associated with a high risk of autism, suggesting a potential role of iron deficiency in autism development. Future studies are warranted to clarify the underlying mechanism, which will pave a new path for the prevention and treatment of autism.
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Introduction

Autism, also called autism spectrum disorder (ASD), is a mental disorder characterized by challenges with communication, social skills, speech, and repetitive behaviors. Epidemic data from the Center for Disease Control and Prevention (CDC) show that autism affects about one in 44 children in the United States (1), and the signs of autism often appear as early as 24–36 months. Although currently, the etiology of autism remains largely unknown, it is suggested that genetic background, environmental factors, and their interaction play a vital role in the development of autism (2). The imbalance of trace elements, such as iron, copper, zinc, selenium, nickel, manganese, aluminum, etc., has been reported to be tightly associated with autism risk (3).

Iron is the most important trace element in maintaining the body’s metabolic process and intracellular oxygen transport. There are about 1.2 billion people who suffer from iron deficiency, especially in children and women (4). In the central nervous system, iron exerts a crucial role in regulating neurotransmitter synthesis, myelination, and neuro-inflammatory response (5). Previous studies indicated that, in autistic children, serum iron and ferritin levels were significantly decreased and increased, respectively. However, a recent meta-analysis with a large sample size demonstrated that there was no significant association between serum ferritin as well as hair iron and autism. Although iron supplementation is a common intervention for the prevention and treatment of various diseases caused by iron deficiency (6), it is also worthy to note that excess iron could increase the levels of reactive oxygen species, contributing to the oxidative damage of DNA, proteins, and lipids, which eventually lead to cell death, also known as ferroptosis (7, 8). Iron supplementation for healthy individuals may pose unexpected health risks owing to the toxicity of iron deficiency and iron overload. Thus, it invokes the need to confirm the causal effect of iron deficiency on autism, which is crucial for the prevention of autism via iron supplementation.

The Mendelian randomization (MR) analysis, treating germline genetic variants as instrumental variables (IVs), is now widely used in determining the potential causal link between exposures and corresponding outcomes. MR can effectively minimize the impact of confounding factors that might influence both exposure and outcome phenotype. Therefore, we here performed a two-sample MR analysis to examine whether genetically determined iron status was causally associated with autism development.



Materials and methods


Study design and instrumental variants selection

Single nucleotide polymorphisms (SNPs) strongly associated with iron status (p < 5E–08) were selected as IVs, which were obtained from genome-wide association studies (GWAS) summary statistics of European ancestry performed by Benyamin et al. (9). The iron status (N = 48,927) was indicated in four stages, including serum iron, ferritin, transferrin levels, and transferrin saturation (Supplementary Table 1). Instrument variables were clumped based on the 1,000 Genomes Project linkage disequilibrium (LD) structure (r2 < 0.001 within 10,000 kb, European). The detailed information on study design has been well-described in the original publication (9).



Autism genome-wide association studies datasets

Two independent GWAS datasets on autism were obtained from studies performed by the Psychiatric Genomics Consortium (PGC) and the FinnGen Consortium (Round 6),1 respectively. For summary statistics from PGC, a total of 5,305 autism cases and 5,305 controls of European descent were included (OpenGWAS: ieu-a-1184) (10). For summarized association data from FinnGen Consortium (Round 6), there were 344 cases and 258,095 normal controls of European descent. To further validate the results, we also adopted the latest autism GWAS dataset of Integrative Psychiatric Research and PGC (iPSYCH-PGC) as a replication (Ncases = 18,382, Ncontrols = 27,969, OpenGWAS: ieu-a-1185) (11), which contained GWAS summary statistics from population-based samples of iPSYCH and family-based samples of PGC (10). Autism was diagnosed according to Autism Diagnostic Interview-Revised (ADI-R) and/or Autism Diagnostic Observation Schedule (ADOS) (12).



Mendelian randomization analysis

Mendelian randomization analysis was conducted using the TwoSampleMR package (v0.5.6) (13). Moreover, if SNPs selected as IVs were absent in the summary statistics of autism, overlapping proxy SNPs in LD (r2 = 0.8) were used instead. To strengthen the reliability of MR analysis, SNPs with minor allele frequency (MAF) less than 0.3 were also removed. The inverse-variance weighted (IVW), providing a robust causal evaluation under a lack of directional pleiotropy, was employed as the primary method to calculate causal estimates between iron status and autism. Meanwhile, both weighted median and MR–Egger regression methods were also applied to assess the causal estimates. After MR analysis, a meta-analysis was performed to combine the overall causal estimates from PGC or iPSYCH-PGC and FinnGen Consortium, respectively. A p-value less than 0.05 was considered statistically significant. Three corresponding principal assumptions and the flowchart in this study was described in Figure 1.
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FIGURE 1
The flowchart in this two-sample Mendelian randomization study. The red cross means that genetic variants are not associated with confounding factors and outcomes. PGC, psychiatric genomics consortium; SNPs, single nucleotide polymorphisms.




Pleiotropy, heterogeneity, and power analysis

Mendelian randomization-Pleiotropy RESidual Sum and Outlier (MR-PRESSO) test with default parameters was performed to identify horizontal pleiotropic outliers (14), and the MR-Egger intercept test was conducted to assess whether there was potential horizontal pleiotropy driving the MR results. Meanwhile, the IVW method and MR-Egger regression were also used to estimate heterogeneity, which was quantified by Cochran Q statistics. To validate the reliability of the causal association between iron status and autism, we performed a power analysis using the online tool mRnd2 (15). F values of more than 10 indicated good stability.




Results


Summary of the Mendelian randomization analysis

A detailed list of all harmonized instrumental variables, namely SNPs, for each exposure-outcome group was archived in the Supplementary Data Sheet 1. The causal estimates (OR values and 95% CI) of the IVW with p-values, number of SNPs, and combined estimates of the meta-analysis were presented in forest plots. The results of MR-PRESSO global with p-values, MR-Egger intercept with p-values, heterogeneity in IVW, and MR Egger test for each exposure-outcome pair were shown in Table 1 and Supplementary Table 2. Causal estimates using weighted median and MR–Egger method were also calculated.


TABLE 1    Heterogeneity and power analysis of iron status on autism.
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Causal effects of iron status on autism

Using the IVW method, genetically predicted serum transferrin was significantly associated with an increased risk of autism in PGC (OR = 1.16, 95% CI: 1.03–1.31, p = 0.018), but not FinnGen Consortium (OR = 1.15, 95% CI: 0.80–1.65, p = 0.451). A further meta-analysis based on the above two independent data showed that serum transferrin remained associated with an increased risk of autism (OR = 1.16, 95% CI: 1.03–1.30, p = 0.013). Similar results were found using both weighted median (OR = 1.179, 95% CI: 1.043–1.333) and MR Egger (OR = 1.207, 95% CI: 0.939–1.553). No obviously directional horizontal pleiotropy and heterogeneities were found in MR-PRESSO global (RSSobs = 7.94, p = 0.659) and MR-Egger Intercept test (p = 0.109). Additionally, there was no evidence showing significant heterogeneity in MR Egger (Cochran Q = 0.72, p = 0.993) and IVW (Cochran Q = 4.24, p = 0.751) regression test.

Using the IVW method, no significantly causal link between serum iron and ferritin levels and transferrin saturation on autism was observed in both PGC and FinnGen Consortium datasets (Figure 2). Further meta-analysis combining the causal estimates of PGC and FinnGen Consortium also showed that there was no association between serum iron (OR = 0.99, 95% CI: 0.72–1.37, p = 0.951), ferritin (OR = 0.88, 95% CI: 0.47–1.64, p = 0.676) as well as transferrin saturation (OR = 0.89, 95% CI: 0.72–1.09, p = 0.252) and autism. Similar results were found using weighted median (Figure 3A) and MR Egger methods (Figure 3B). No obvious horizontal pleiotropy and heterogeneity were found in the MR analysis between serum iron, transferrin, and transferrin saturation and autism. To further validate the MR results above, we replicated the MR analysis using the latest GWAS dataset of iPSYCH-PGC, which showed consistent results (Supplementary Figure 1).
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FIGURE 2
Forest plots of MR analyses showing the causal effects of iron status on autism using the IVW method. Two independent autism genome-wide association studies (GWAS) datasets from PGC and FinnGen Consortium were used to evaluate the causal effect. The combined estimates were presented as red diamonds. PGC, psychiatric genomics consortium; IVW, inverse-variance weighted; MR, Mendelian randomization.
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FIGURE 3
Forest plots of MR analyses showing the causal effects of iron status on autism using weighted median and MR Egger method. Two independent autism GWAS datasets from PGC and FinnGen Consortium were used to evaluate the causal effect. The combined estimates were presented as red diamonds. (A) Showed the causal effect of iron status on autism using the weighted median method. (B) Showed the causal effect of iron status on autism using the MR Egger method. PGC, psychiatric genomics consortium; WM, weighted median; MR, Mendelian randomization.




Power analysis

The overall F statistics for genetic variants selected as IVs of serum iron, ferritin, and transferrin levels and transferrin saturation in PGC were 368.72, 112.84, 1191.06, and 741.80 individually. For FinnGen Consortium, the F statistics of serum iron, ferritin, and transferrin levels and transferrin saturation in were 8957.97, 2725.23, 28988.48, and 18045.50. The F value from the iPSYCH-PGC dataset also showed that there was no obvious weak instrumental bias (Supplementary Table 2).




Discussion

Although various studies have been performed to explore the association between iron status and autism, this study here is the first MR analysis conducted to evaluate the naturally causal link between iron status on autism susceptibility. Using the IVW method, our results demonstrated that genetically predicted serum transferrin was causally associated with an increased risk of autism, indicating that transferrin may be a potential marker for autism development.

Iron deficiency could cause numerous detrimental effects in people, such as anemia, fatigue, atrophic glossitis, hair loss, etc. (16), and is also associated with the risk of many diseases. For example, previous studies showed that iron deficiency was associated with an increased risk of type 2 diabetes, Parkinson’s disease, and cancers (17–20). Maternity with a lower mean daily iron intake led to an increased risk of autism in offspring (21). Numerous studies have suggested that iron deficiency was a common phenomenon in autism (22), and iron supplementary has been widely advised for pregnant women and children with finicky habitation. However, it is also hypothesized that excess iron intake might contribute to a higher susceptibility to autism via over-activating the immune system (23). Thus, it is urgent for clinicians to find an optimistic marker to guide iron supplementation, especially for those who do not need iron supplementation. There are four classical iron biological states, including serum iron, ferritin, transferrin levels, and transferrin saturation, commonly used in reflecting iron status in humans. In this study, we found that only serum transferrin was associated with an increased risk of autism, but not serum iron, ferritin, and transferrin saturation. Indeed, a recent meta-analysis also showed that hair iron and serum ferritin were not significantly different between controls and autism patients (24). Meanwhile, serum transferrin levels were significantly decreased in autistic children as compared to their non-autistic siblings (25). These data suggested that transferrin, but not iron levels might be a more sensitive and efficient marker for autism development.

The main function of transferrin, an iron-binding glycoprotein, is to mediate the transport of free iron to suitable cells with corresponding surface receptors around the body (26). Transferrin plays a vital role in transporting iron to erythroid precursors in the bone marrow, maturity dysfunction of which would cause anemia (27). Increased serum transferrin level is often observed in people with iron deficiency anemia, which is tightly associated with autism and other neurological diseases (28). It is suggested that transferrin saturation could also serve as an effective diagnostic criterion for iron deficiency (29). In addition, transferrin also was reported to have an anti-oxidative function, which could further reduce the risk of autism (30). Due to the elevation of transferrin often happening earlier than the reduction of serum iron, it might contribute to a positive association between autism and serum transferrin, but not iron.

Previous studies suggest that immune dysfunction also plays a vital role in the development of autism (31). The over-activated neuro-inflammatory response was found in the brain specimen of both children and adults with autism (32). In addition, the plasma and cerebral-spinal fluid pro-inflammatory factors were also significantly increased in autistic patients (33). Yet interestingly, it is reported that transferrin also exerts an important role in regulating the immune response in the brain. Treatment of transferrin-derived synthetic peptide could induce a pro-inflammatory phenotype of macrophage, which might contribute to an elevated cytokines level (34). A study in fish also suggested that transferrin could activate macrophages in response to pathogens (35). Taken together, these data suggested that iron deficiency might not directly increase the pathological changes in autism, and might contribute to a higher risk of autism indirectly via elevating the expression of transferrin. Similarly, our results showed that only transferrin was significantly associated with autism risk, but not serum iron levels. Thus, a current challenge for researchers is to determine the underlying mechanisms contributing to the association between an elevation of transferrin and autism risk, which is important for establishing prevention strategies in patients with autism susceptibility.

There are several obvious strengths in our study. No pleiotropy were found in the MRPRESSO test and MR-Egger Intercept test, suggesting the good reliability of our results. Moreover, the causal estimates obtained from three different methods (IVW, MR Egger, and weighted median) were consistent. Finally, although the MR results of serum transferrin using the latest autism GWAS dataset of iPSYCH-PGC were not statistically significant, the causal estimates showed a similar trend and were significant in the meta-analysis. Meanwhile, the results of the meta-analysis showed that genetically determined serum transferrin was still significantly associated with an increased risk of autism, even if using the negative result from FinnGen Consortium, indicating our results were robust.

Owing to the intrinsic principles and assumptions behind MR, the results of the current study should be interpreted cautiously and some limitations should also be addressed here. First, less than ten SNPs were selected as IVs for all four traits of iron status, which might weaken the association between iron status and autism. Second, although the combined estimates of the meta-analysis showed serum transferrin was associated with an increased risk of autism, the causal effect obtained from FinnGen Consortium was not statistically significant. Third, there were only 344 autism cases from the GWAS of the FinnGen Consortium. Further released data with larger case samples from FinnGen Consortium are required to verify the associations above. Forth, all genetic data used in this MR study are from the European population. Whether the causal link between iron status and autism observed in this study is common in other ethnic groups needs to be further verified.



Conclusion

In summary, the results of this MR study demonstrate that genetically predicted serum transferrin levels might be causally associated with an increased risk of autism. Our findings reminded clinicians that more attention and concern should be paid to iron status in children with autism family history. To clarify the underlying mechanism of iron deficiency contributing to autism susceptibility is vital for guiding autism prevention and therapy.
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Subarachnoid hemorrhage (SAH) is a devastating subtype of stroke with high mortality and morbidity. Although serious side effects might occur, nimodipine, a second-generation 1,4-dihydropyridine calcium channel blocker, is clinically used to improve neurological outcomes after SAH. Recently, (-)-epigallocatechin-3-gallate (EGCG) has been reported to inhibit Ca2+ overloading-induced mitochondrial dysfunction, oxidative stress, and neuronal cell death after SAH; however, low bioavailability, instability, and cytotoxicity at a high dose limited the clinical application of EGCG. To overcome these limitations, PEGylated-PLGA EGCG nanoparticles (EGCG-NPs) were constructed to enhance the bioavailability by using the double-emulsion method. Antioxidative activity, cytotoxicity, behavioral, and immunohistochemistry studies were carried out to determine the neuroprotective effectiveness after cotreatment with EGCG-NPs (75 mg/kg/d preconditioning for 7 days before SAH) and nimodipine (10 mg/kg/d after 30 min of SAH) by using in vivo SAH models. The optimized EGCG-NPs with a Box–Behnken design showed a small particle size of 167 nm, a zeta potential value of −22.6 mV, an encapsulation efficiency of 86%, and a sustained-release profile up to 8 days in vitro. Furthermore, EGCG-NPs (75 mg/kg/d) had superior antioxidative activity to free EGCG (100 mg/kg/d). EGCG-NPs combined with nimodipine exhibited significant synergistic effects against neuronal cell death by suppressing oxidative stress, Ca2+ overloading, mitochondrial dysfunction, and autophagy after SAH. These results suggest that cotreatment with EGCG-NPs and nimodipine may serve as a promising novel strategy for the treatment of SAH.
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Introduction

Green tea, the second most popular beverage in the world, is made from fresh leaves of Camellia sinensis, which contains abundant polyphenols. Polyphenols have been associated with providing beneficial health effects in the prevention of cancers, diabetes, and neurodegenerative and cardiovascular diseases (1–4). (-)-Epigallocatechin-3-gallate (EGCG) is one of the most abundant compounds, having excellent bioactivities even at low concentrations (plasma levels of ≤10 μM), such as antioxidant and anti-inflammatory properties (5, 6). However, the limitations of EGCG such as its low bioavailability, instability, short half-time, and cytotoxicity at a large dose have hampered its application in clinical settings. Encapsulated EGCG might be effective in overcoming the aforementioned disadvantages, which enhances its stability and increases its concentration in the plasma via slow and sustainable release (7). Therefore, several different nanoparticles (NPs) have been formulated, including liposomes, magnetic NPs, and polymeric NPs (8–12). Among these nanocarriers, PLGA is a safety European Medicines Agency (EMA)- and U.S. Food and Drug Administration (FDA)-approved drug carrier with higher biocompatibility and biodegradability. More importantly, PLGA microspheres provide sustained drug release over a period of a few weeks to months. Moreover, PLGA-encapsulated EGCG-NPs exhibited a more therapeutic effect against several cancers, such as non-small-cell lung cancer, breast cancer, and prostate cancer (13, 14). Most recently, loading of EGCG in PEGylated-PLGA NPs (EGCG-NPs) has been found to have neuroprotective effects with no major side effects against epilepsy and Alzheimer's disease, indicating that EGCG-NP administration might be a potential therapeutic strategy in clinical settings (15, 16).

Even though survivors of subarachnoid hemorrhage (SAH) have increased by 17% in the past few decades due to the advanced early diagnosis and interventional therapy, SAH, an uncommon subtype of stroke, remains a leading cause of death and severe disability worldwide (17). It has been reported that multiple factors, including inflammatory responses, oxidative stress, calcium overloading, and mitochondrial dysfunction, are associated with SAH progression and poor outcomes (18). Among them, calcium homeostasis is critical for the physiological maintenance of intra- and extracellular signaling cascades because overloaded calcium triggers secondary ischemia, which results in poor outcomes by inducing the narrowing of intracranial arteries and activating Ca2+ signaling pathway-induced cell life-and-death decisions (19). Therefore, blocking calcium channels is a promising strategy to counteract the elevation of intracellular calcium either from the endo- and/or exogenous pool after SAH. Indeed, several calcium antagonists exhibited neuroprotective properties, including nimodipine and nicardipine (20). Nimodipine, an L-type dihydropyridine calcium channel antagonist, is the only FDA-approved drug to improve neurological outcomes and to decrease mortality in patients with SAH (19, 21). The recommended dose of orally administered nimodipine is 30–120 mg every 4 h for 21 days. However, one of the serious side effects of nimodipine is hypoperfusion, which worsens neurological outcomes.

A mutual interplay between calcium signaling pathways and ROS signaling systems might contribute to the pathogenesis of various disorders. In our previous studies, EGCG has been found to act as a voltage-gated calcium channel (VGCC) antagonist by blocking the calcium influx from the extracellular space and as an antioxidative agent by reducing ROS generation (22–24). Indeed, the imbalance between ROS generation and reduction/scavenging inevitably resulted in oxidative stress, which was strongly associated with the diverse pathogenesis of early brain injury (EBI) after SAH. Kang et al. reported that EGCG decreased cell death processes and neurotoxic effects by inhibiting oxidative stress in the hippocampal tissue (25). However, some in vivo and in vitro pharmacological studies have demonstrated that EGCG at high concentrations exhibited acute and subacute toxicities (26). For example, 50 μM or 50 mg/kg/day of EGCG dramatically increased reactive oxygen species (ROS) generation and exacerbated mitochondria abnormalities (27–29). Several studies have demonstrated the neuroprotective efficacy of EGCG-NPs; however, none of them has been used in in vivo SAH therapy. Therefore, the aim of this study was to prepare PEGylated-PLGA EGCG-NPs and investigate its efficacy and safety against SAH. In this study, EGCG-NPs were characterized by particle size and morphology, polydispersity index, drug encapsulation efficiency, and drug loading capacity. The synergetic neuroprotective effects of EGCG-NPs (75 mg/kg/d) with nimodipine (10 mg/kg/d) were evaluated using in vivo and in vitro SAH models.



Materials and methods


Materials

mPEG-poly lactic-co-glycolic acid (PLGA) (75:25, 45,000) was purchased from Daigang Biomaterial Co., Ltd (Jinan, Shandong, China). EGCG (purity > 98%; Yuanye Biotechnology Co., Ltd, Shanghai, China) was dissolved in water (pH 3.0) and stored at −20°C. Nimodipine was obtained from Ruiyang Pharmaceutical Co., Ltd (Yi Yuan, Shandong, China). Lactate dehydrogenase (LDH), glutathione (GSH), superoxide dismutase (SOD), total antioxidant capacity (T-AOC), and malondialdehyde (MDA) kits were obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). JC-1, Fluo-3 AM, DCFH-DA, Nissl staining kits, and enhanced chemiluminescence kits were purchased from Beyotime (Shanghai, China). CaMKII, Atg5, Beclin-1, and Mn-SOD antibodies were obtained from Proteintech Group, Inc (Rosemont, IL, USA). SP-9002 SPlink detection and DAB kits were purchased from Zhongshan Golden Bridge Biotechnology (Beijing, China).



Preparation of EGCG-NPs

EGCG-NPs were prepared by using the double-emulsion method in three steps: (1) EGCG was dissolved in 1 ml of the aqueous phase (W1) at pH 3.0 and emulsified with 1.5 ml of an oil phase (O) composed of ethyl acetate, which contained the dissolved polymeric matrix. Simple emulsion (W1/O) was prepared by using an ultrasound probe at 20% amplitude for 20 s; (2) 2 ml of 2.5% Tween-80 (W2) was added to W1/O, and the mixture was subjected to ultrasound at 20% amplitude for 2 min to yield a double emulsion (W1/O/W2); (3) 2 ml of 0.02% Tween-80 was added dropwise to stabilize the emulsion. Finally, the organic solvent was evaporated by stirring for 24 h.



Optimization

To obtain the optimal formulation, a 23 Box–Behnken design was used (Table 1). The effect of the independent variables [EGCG (X1), PEG-PLGA (X2), and Tween-80 (X3)] on the dependent variables [average particle size (Zav) (Y1), zeta potential (ZP) (Y2), polydispersity index (PDI) (Y3), and encapsulation efficiency (EE) (Y4)] was evaluated. A total of 15 experiments were required. The response Y was modeled using the following full second-order polynomial equation:
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where Y is the established response, β0 is the intercept, and β1-β33 are the measured coefficients computed from the observed experimental values of Y.


TABLE 1 Box-Behnken design used for optimization of EGCG-loaded formulae.
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Physicochemical characterization

The Zav, PDI, and ZP were measured using dynamic light scattering and laser Doppler electrophoresis using an M3 PALS system in Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at a detection angle of 90°, 25°C with a 5-mW He–Ne laser operating at a 633-nm wavelength. Samples were diluted in water (1:10). The results were the averages of triplicate experiments with an average of 15 runs per measurement.



Morphology of EGCG-NPs

Transmission electron microscopy (TEM) (JEM 1010, JEOL, Japan) was used to investigate the morphology of the EGCG-NPs. A single drop of the diluted samples (1:10) was mounted on a carbon-coated copper grid, and then negative staining with uranyl acetate (2%) took place to visualize the particles.



Determination of the encapsulation efficiency

Free EGCG was separated from EGCG-NPs by filtration/centrifugation using an Amicon® Ultra-0.5 centrifugal filter device (Millipore® Co, Massachusetts, USA) for centrifugation at 12,000 × g for 30 min at 4°C. The concentration of EGCG was detected. An Agilent 1100 HPLC system with a UV detector was used for the HPLC analysis by using a C18 analytical column at 40°C. The optimized mobile phase consisted of acetonitrile and buffer. The flow rate was 0.8 ml/min, and the injection volume was set at 15 μl. The UV wavelength was set at 280 nm. Standards with a concentration range of 0.03–0.5 mg/ml were prepared. All experiments were carried out in triplicate. Then, encapsulation efficiency was calculated using the following equation:
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In vitro drug release

The release profile of EGCG from the polymeric matrix was determined by bulk equilibrium direct dialysis, as described by Albuquerque et al., with some modifications (30). For this test, two different release mediums were chosen: one medium was composed of an acid buffer solution (pH 3.0) with ascorbic acid 0.25%, and the other medium was PBS 0.1 M buffer solution (pH 7.4) with ascorbic acid 0.25%. The dialysis sacs were equilibrated with the dissolution medium 1 h before the start of the experiment. After that, 5 ml of EGCG-NPs and free EGCG samples were enclosed in dialysis bags (Viskase Inc. MWCO 12–14,000, IL, USA) and then placed in 70 ml of buffers at 37°C with stirring at 50 rpm in a shaking incubator. At predetermined time intervals, 1 ml of the sample was withdrawn from the release medium to be analyzed with HPLC using the conditions described earlier. Then, the same amount of fresh medium was added to a dialysis container. Different kinetic models were used to adjust the data. The assay was carried out in triplicate.



Animals

The animal use and care protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Henan Normal University. A total of 60 adult male Kunming mice weighing 18–20 g were purchased from Zhengzhou University. All animals underwent institutional quarantine for 7 days before use. The animals were housed in a temperature-controlled (22 ± 3°C) and humidity-controlled (40–70%) environment with a 12-h light/dark cycle.


Experiment 1

To evaluate the antioxidant effect of EGCG-NPs, 24 mice were randomly divided into four groups (n = 6): Sham, SAH, SAH + free EGCG (150 mg/kg/d), and SAH + EGCG-NPs (75 mg/kg/d). The samples were collected from serum and ipsilateral hippocampus and cortex, and antioxidative enzymes activities, ROS level and the expression of Mn-SOD were detected. EGCG was intragastrically administered with water for 7 days before OxyHb injection, respectively.



Experiment 2

To explore the neuroprotective effects of cotreatment with EGCG-NPs and nimodipine, 30 mice were randomly assigned to five groups (n = 6): Sham, SAH, SAH + nimodipine (30 mg/kg), SAH + EGCG-NPs, and SAH + EGCG-NPs+nimodipine (10 mg/kg). Ipsilateral hippocampus and cortex were chosen for immunofluorescence and Nissl staining. Nimodipine was given after 30 min of SAH.




Mouse SAH model

SAH was induced in mice using the model reported by Huang et al. (31). The animals were placed in a prone position under 1% pentobarbital general anesthesia (50 mg/kg, intraperitoneally). The posterior cervical muscles were dissected through a suboccipital midline skin incision and retracted laterally. The exposed transparent atlantooccipital membrane was penetrated with a 30-gauge needle. Under spontaneous breathing, a 23-gauge needle without a point was percutaneously inserted into the skull at a controlled depth of 1.5 mm in the cross-position at 2 mm from the sagittal suture and 1 mm from the coronal suture. Subsequently, 50 μl (150 μmol/l) of OxyHb was injected through this hole into the subarachnoid space. Then, the animals were euthanized 48 h after SAH. Some were isolated the ipsilateral hippocanpus and cortex and stored at −80°C for enzyme activity assay. The others were perfused with 4% paraformaldehyde in phosphate buffer 0.1 M and then embedded in paraffin. Coronal sections of the brain with the cortex and hippocampus were chosen for the following studies.



LDH, GSH, SOD, T-AOC, and MDA assay

The LDH, GSH, SOD, T-AOC, and MDA contents in serum and ipsilateral hippocampus and cortex were determined by using specific commercial assay kits according to the manufacturers' instructions.



Measurement of intracellular reactive oxygen species

To detect the ROS levels of brain tissues, the brain sections were incubated with 10 μM of DCFH-DA at 37°C for 30 min. Excitation and emission wavelengths were set at 485 and 530 nm, respectively. The sections were then observed by fluorescence microscopy (AX10, Zeiss). Fluorescence intensities were quantified by using ImageJ software.



Cell culture and treatments

PC12 cells were grown in the RPMI 1640 medium with 5% fetal bovine serum (FBS), 10% horse serum, and 1% penicillin/streptomycin at 37°C under 5% CO2. At 24 h after seeding the cells, OxyHb was added to a final concentration of 10 μM to establish an in vitro SAH model. Then, 25 μm of EGCG-NPs and 10 μm of nimodipine were used.



Measuring cytosolic Ca2+ concentration levels

To investigate the changes in the intracellular calcium level after SAH, the Ca2+ concentration was detected using Fluo-3 AM. In brief, 1 × 105 cells were incubated with 2 μM of Fluo-3 AM for 1 h at 37°C in the dark. After gently washing the cells three times with Hanks' balanced salt solution (HBSS), an additional incubation was performed to equilibrate the intracellular dye concentration at room temperature. The fluorescence was continuously monitored at 10-s intervals for up to 8 min using a microplate fluorometer, with excitation wavelength of 506 nm and emission wavelength of 526 nm. The average fluorescence value was presented as relative fluorescence units (RFUs).



Immunohistochemistry assay

Deparaffinized sections were treated with 0.3% hydrogen peroxide in methanol for 15 min at room temperature to block endogenous peroxidase activity. The sections were incubated in 0.01 M, pH 9.0 EDTA buffer for 20 min at 121°C and cooled to room temperature. After being blocked with 10% normal goat serum for 1 h at room temperature, the sections were subsequently incubated overnight with anti-Mn-SOD, CaMKII, anti-Atg5, and anti-Beclin-1 antibodies. After being extensively washed, the sections were then stained by using the SP-9002 SPlink detection kit. ImageJ software was used to evaluate the expression level.



Nissl staining

Nissl staining was performed to measure hippocampus injury. After being deparaffinized and hydrated with distilled water, the brain sections were incubated with 0.5% toluidine blue at 37°C for 30 min, then dehydrated with graded alcohols, and cleared in xylene. Finally, these sections were coverslipped using neutral resins and observed under a light microscope by a researcher who was entirely blind to experimental conditions. The neuronal density loss was estimated.



Neurological score evaluation

The modified Garcia scoring system was blindly assessed for neurological function at 48 h after SAH. The total score ranged from 3 to 18, and the scoring was used based on (1) spontaneous activity, (2) symmetry of limb movement, (3) climbing, (4) body proprioception, (5) the movement of forelimbs, and 6) response to vibrissal touch. Higher scores for the modified Garcia scoring system indicated a better neurological function.



Statistical analysis

The statistical analysis was performed using the Statistical Package for Social Sciences (SPSS Inc., Chicago, IL) program. All data were reported as means ± SD of three independent experiments. One-way ANOVA, followed by Tukey's post-hoc test, was performed for group comparison. The neurological scores were compared using a Kruskal–Wallis non-parametric test, followed by multiple-comparison procedures using Duncan's method. A statistical significance was set at a P < 0.05.




Results


Optimization study

Table 2 shows 15 experimental results of the optimization of EGCG-NPs formulation, with the obtained responses of dependent variables. The particle size of the EGCG-NPs varied from 94.97 to 256 nm and was directly proportional to the concentration of polymer and EGCG (Figure 1A). ZP was found to be in the range of −23 to −15.8 mV, which was inversely proportional to the concentration of polymer and EGCG, indicating that a low dose of EGCG and polymer led to an increase in ZP (Figure 1B). The observed PDI values varied from 0.077 to 0.243, revealing a narrow size distribution and good homogeneity of distribution (Table 2). The most influential parameters of PDI were the concentration of EGCG and polymer, suggesting that the high concentrations of EGCG and polymer induced very broad size distribution of nanoparticles (Figure 1C). The observed EE values varied from 78.62 to 85.97% (Table 2). In contrast to the lower encapsulation efficiency caused by an intermediate concentration of polymer and EGCG-NPs, either a high or a low concentration of polymer and EGCG will increase the encapsulation efficiency, indicating that larger amounts of EGCG can be loaded in the developed NPs (Figure 1D). The multiple regression analysis was performed using the following polynomial equations:
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TABLE 2 Box-Behnken design matrix with values and the measured response.
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FIGURE 1
 3D surface of the effect of EGCG-NPs. (A) Zav surface response at a fixed EGCG concentration of 1.5 mg/ml. (B) ZP response at a fixed Tween-80 concentration of 2.25%. (C) PDI response. (D) EE response at a fixed Tween-80 concentration of 2.25%.




Validation of optimized EGCG-NPs formulation

To promote drug release from the polymeric matrix, a high drug-loading formulation with low-surfactant level was used to develop nanoparticles. Based on the Box–Behnken design, the optimal formulation with 7.0 mg/ml of EGCG, 12 mg/ml of PLGA-PEG, and Tween-80 1.2% was obtained. The optimized formulation was composed of 167 nm Zav, −22.6 mV ZP, 86% EE, and 0.136 PDI (Figures 2A, B). The morphology of the optimized EGCG-NPs formulation was observed using TEM, with the microspheres showing no aggregation (Figure 2C). The diameter of the EGCG-NPs was consistent with the results obtained from an electrophoretic light-scattering spectrophotometer experiment. PEG located toward the aqueous phase creates a smooth surface and a hydrophilic layer surrounding the particles, which increases the stability of the sample.


[image: Figure 2]
FIGURE 2
 Optimization of EGCG-NPs. Particle size distribution of EGCG-NPs measured with electrophoretic light-scattering (ELS) analyzer (A). Zeta potential measurement of EGCG-NPs (B). TEM image of EGCG-NPs (C). Scale bar = 100 nm.




In vitro release of EGCG-NPs

The diffusion/degradation process of the polymer matrix is the limited step to control the encapsulated drugs released from the polymeric delivery systems (32). In vitro release tests were performed to investigate the EGCG-NPs release profile on pH 3.0 and pH 7.0 medium (Figure 3). EGCG showed an initial burst (in acid buffer and in PBS) owing to the superficially entrapped drug. Free EGCG showed faster kinetics than EGCG-NPs. After 6 h, more than 90% of free drugs were released, whereas the released EGCG-NPs were ~10% of the initial amount. The best fit with the highest correlation was found for the hyperbola model for free EGCG, EGCG-NPs in acid buffer, and EGCG-NPs in PBS, indicating a diffusion-governed release.


[image: Figure 3]
FIGURE 3
 In vitro EGCG release profile of free EGCG and EGCG-NPs in pH 3.0 and pH 7.4 buffers. Data are expressed as mean ± SD (n = 3).




EGCG-NPs inhibition OxyHb-induced oxidative stress

To determine whether EGCG-NPs have stronger antioxidative activity than free EGCG, we examined the T-AOC, GSH, SOD, and MDA after SAH. As shown in Figures 4A–D, the lowest serum level of T-AOC, GSH, and SOD in the SAH group (P < 0.05 vs. Sham) was restored by both EGCG and EGCG-NPs groups (P < 0.05 vs. SAH). However, T-AOC activity reached its highest peak after EGCG-NPs treatment, but there was no significant difference between EGCG and EGCG-NPs groups. In contrast to the EGCG-induced upregulation of GSH and SOD, EGCG-NPs enhanced the GSH and SOD (P < 0.01 vs. Sham; P < 0.01 vs. SAH) activities and showed a significant difference compared with the EGCG group (P < 0.01 vs. EGCG; P < 0.05 vs. EGCG). As a result, the serum MDA level was significantly downregulated by EGCG-NPs (P < 0.01 vs. EGCG). Similar to the serum GSH, T-AOC, SOD, and MDA levels, the activities of antioxidative enzymes in ipsilateral hippocampus and cortex were higher in the EGCG-NPs group than in the EGCG group (Figures 4E–H).
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FIGURE 4
 Effects of EGCG-NPs on the regulation of antioxidative enzymes activities after SAH. Serum T-AOC, GSH, SOD activities, and MDA level, respectively (A–D). T-AOC, GSH, SOD activities, and MDA levels in the brain, respectively (E–H). Values represent three independent experiments. *P < 0.05 vs. Sham, **P < 0.01 vs. Sham; #P < 0.05 vs. SAH, ##P < 0.01 vs. SAH; &P < 0.05 vs. EGCG, &&P < 0.01 vs. EGCG.




EGCG-NPs reduced ROS generation by increasing Mn-SOD activity after SAH

In order to investigate the mitochondrial function after EGCG-NPs treatment, we measured the changes in intracellular ROS and Mn-SOD levels. OxyHb exposure significantly increased the intracellular ROS level (P < 0.01 vs. Sham), whereas preconditioning EGCG and EGCG-NPs decreased the ROS level (P < 0.01 vs. SAH) (Figures 5A, B). Notably, there is a significant difference between these two groups (P < 0.01 vs. EGCG). Considering that Mn-SOD is a major player in scavenging ROS in mitochondria, we next detected Mn-SOD expression (Figures 5C, D). Consistent with the ROS level, the low expression of Mn-SOD in SAH and EGCG groups was significantly increased in the EGCG-NPs group (P < 0.01 vs. SAH, P < 0.01 vs. EGCG), suggesting that EGCG-NPs downregulated ROS generation after SAH mainly by maintaining the mitochondrial function.
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FIGURE 5
 Effects of EGCG-NPs on the mitochondrial oxidative stress after SAH. ROS fluorescence distribution in the brain detected by fluorescence microscopy (A). Quantification of ROS fluorescence intensity after SAH (scale bar = 100 μm) (B). Identification of the expression of Mn-SOD by the immunohistochemical assay (scale bar = 20 μm) (C). Quantification of the Mn-SOD level by densitometry (D). Quantification represents the means and standard deviations of the results from three independent experiments. **P < 0.01 vs. Sham; ##P < 0.01 vs. SAH; &P < 0.05 vs. EGCG; &&P < 0.01 vs. EGCG.




Cotreatment with EGCG-NPs and nimodipine inhibition Ca2+ overloading and CaMKII activation after SAH

Previous studies have demonstrated that Ca2+ overloading is a major player inducing secondary brain injury. To determine the effects of EGCG-NPs and nimodipine on Ca2+ concentration after SAH, the cytosolic Ca2+ level was measured using Fluo-3 AM. A high Ca2+ level in the SAH group can be downregulated by preconditioning EGCG-NPs and nimodipine, but there is no significant difference between these two groups (P < 0.05 vs. Sham). However, EGCG-NPs + nimodipine showed stronger effects on the regulation of calcium homeostasis than EGCG-NPs or nimodipine, and a significant difference was observed (P < 0.01 vs. SAH; P < 0.05 vs. EGCG; P < 0.01 vs. nimodipine) (Figure 6A).
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FIGURE 6
 Cotreatment of EGCG-NPs and nimodipine attenuated the intracellular Ca2+ levels and the expression of CaMKII after SAH. EGCG-NPs + nimodipine significantly attenuated the Ca2+ overloading after SAH (A). Fluorescence was monitored at a measurement frequency of 10 s using a fluorescence plate reader. Cotreatment of EGCG-NPs and nimodipine inhibited the expression of CaMKII (B), scale bar = 100 μm. Quantification of the CaMKII level by densitometry (C). Scale bar = 100 μm. *P < 0.05 vs. Sham, ** P < 0.01 vs. Sham; #P < 0.05 vs. SAH, ##P < 0.01 vs. SAH; &P < 0.05 vs. EGCG, &&P < 0.01 vs. EGCG.


Calcium overloading is an important pathological event in SAH development, which activates the CaMKII-mediated signaling pathway. In this study, the expression of CaMKII was markedly activated after SAH, but EGCG-NPs, nimodipine, and cotreatment with EGCG-NPs and nimodipine significantly inhibited the expression of CaMKII (P < 0.01 vs. SAH) (Figures 6B, C). Compared with EGCG-NPs, both nimodipine and EGCG-NPs + nimodipine dramatically inhibited the expression of CaMKII (P < 0.05 vs. EGCG, P < 0.01 vs. EGCG, respectively), but there was no statistically significant difference between these two groups.



EGCG-NPs synergistic nimodipine reduction autophagy after SAH

Activated CaMKII can directly phosphorylate Beclin-1, activating autophagy, which is the main pathway for eliminating abnormal mitochondria. As shown in Figure 7A, the expression of Beclin-1 was similar to that of CaMKII. In normal brain tissue, faint Beclin-1 staining signals were observed, whereas strong Beclin-1 staining signals were found in the SAH group (P < 0.01 vs. Sham). The moderate Beclin-1 was only observed in the EGCG-NPs group, but not in the nimodipine and EGCG-NPs + nimodipine group, indicating that the expression of Beclin-1 largely relied on the CaMKII activation (Figure 7B). As for Atg5, the strongest staining signals were detected in the SAH group (P < 0.01 vs. Sham). The expression of Atg5 can be inhibited in the other three groups (P < 0.01 vs. SAH), but faint signals were observed in EGCG-NPs+ nimodipine group (P < 0.01 vs. EGCG; P < 0.01 vs. nimodipine) (Figures 7C, D).
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FIGURE 7
 Cotreatment of EGCG-NPs and nimodipine inhibited autophagy induced by OxyHb. Identification of the expression of Beclin-1, scale bar = 100 μm (A). Quantification of the expression of Beclin-1 (B). Immunohistochemical microscope image of Atg5, scale bar = 100 μm (C). Quantification of the Atg5 level by densitometry (D). *P < 0.05 vs. Sham, **P < 0.01 vs. Sham; #P < 0.05 vs. SAH, ##P < 0.01 vs. SAH; &P < 0.05 vs. EGCG, && P < 0.01 vs. EGCG; $$P < 0.01 vs. nimodipine.




Synergistic effects of EGCG-NPs and nimodipine improve the pathological changes after SAH

Nissl staining also showed that both EGCG-NPs and nimodipine treatment groups showed an obvious reverse to the severe damage in the dentate gyrus areas of the hippocampus after SAH (Figure 8A). However, there was significantly less neuron loss and shrinkage morphology of neurons in cotreatment with EGCG-NPs and nimodipine groups than those in either EGCG-NPs or nimodipine group.
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FIGURE 8
 Cotreatment of EGCG-NPs and nimodipine significantly improves the pathological changes after SAH. Representative micrographs of Nissl staining in the hippocampal DG region, scale bar = 500 μm (A). LDH levels after SAH (B). Neurological deficits after SAH (C). Results are presented as the means and standard deviations of the results of three independent experiments. **P < 0.01 vs. Sham; #P < 0.05 vs. SAH, ##P < 0.01 vs. SAH; &P < 0.05 vs. EGCG, &&P < 0.01 vs. EGCG; $P < 0.05 vs. nimodipine.


The neuroprotective role of EGCG-NPs was also evaluated by detecting the LDH level, which was widely regarded as a cell injury marker after SAH (Figure 8B). The LDH level was significantly increased after SAH (P < 0.01 vs. Sham), whereas treatment with EGCG-NPs and nimodipine significantly downregulated LDH activity. Specifically, treatment with EGCG-NPs led to a lower LDH activity than treatment with the nimodipine group (P < 0.01 vs. EGCG-NPs). However, the lowest LDH level was observed in cotreatment with EGCG and nimodipine groups (P < 0.01 vs. Sham, P < 0.01 vs. EGCG-NPs, P < 0.01 vs. nimodipine), which almost reached the normal level.

Similar to the LDH and Nissl staining results, the neurological scores, as shown in Figure 8C, were significantly lower 48 h after SAH than those of the Sham group (P < 0.01 vs. Sham). However, both EGCG-NPs and nimodipine improved neurological scores, with no significant difference between these two groups (P < 0.01 vs. Sham; P < 0.01 vs. SAH). Cotreatment with EGCG-NPs and nimodipine considerably improved the neurological performance, showing a statistically significant difference with either EGCG-NPs or nimodipine (P < 0.01 vs. Sham; P < 0.01 vs. SAH; P < 0.01 vs. EGCG-NPs; P < 0.05 vs. nimodipine), indicating that impaired behavior function caused by SAH can be restored by EGCG-NPs + nimodipine.




Discussion

A growing body of evidence supports a correlation between EGCG intake and a reduced risk of central nervous diseases (33, 34). Recently, we have reported the efficacy of EGCG in SAH treatment by inhibiting calcium-induced autophagy (22–24). This study describes EGCG-NPs as a novel therapeutic approach for the treatment of SAH, including the following novel findings: (1) PEGylated-PLGA-loaded EGCG-NPs were successfully synthesized; (2) EGCG-NPs exhibited stronger antioxidative stress activity than free EGCG; (3) cotreatment with EGCG-NPs and nimodipine inhibited Ca2+ overloading and CaMKII activity; (4) cotreatment with EGCG-NPs and nimodipine eliminated dysfunctional mitochondria by autophagy; and (5) EGCG-NPs + nimodipine significantly reversed histopathological alterations after SAH.

Even though free EGCG has been found to exhibit antioxidative activities and mitochondrial protective effects after SAH, its poor bioavailability, low stability, and potential toxicity restricted its usage in clinical settings. Therefore, a nanoparticle formulation based on the biodegradable PLGA polymer was performed. Previous research studies have synthesized PEGylated-PLGA-loaded EGCG-NPs, showing an increase in the penetrating capability of the blood–brain barrier (BBB). However, low drug loading restricted its use both in the laboratory and clinical studies (10). In this study, 7 mg of EGCG was used to synthesize EGCG-NPs, and highly monodisperse and uniform EGCG-NPs were spherical in shape and had an average diameter of 167 nm, a PDI value of 0.136, a zeta potential value of −22.6 mV, and an EE of 86%. Particles smaller than 200 nm and the surfactant (Tween-80) might enhance the penetration of EGCG-NPs through the BBB. In addition, a suitable release of the drug from PLGA resulted in a prolonged permanence time in blood. Polymeric surface modification with PEG has also been demonstrated to enhance the rapid spread of carried drugs within brain tissue by reducing the reticuloendothelial system uptake (35). As a result, synthesized EGCG-NPs might exhibit stronger bioavailability and stability than free EGCG. These findings are consistent with the present study showing that the low concentration of EGCG-NPs (75 mg/kg) had stronger antioxidative properties than free EGCG (150 mg/kg) in the treatment of SAH, that is, upregulation of GSH, SOD, and T-AOC activities and downregulation of MDA and ROS levels.

ROS are not only harmful oxidative stressors but also function as well-accepted second messengers by regulating target proteins in a variety of physiological and pathological conditions, as well as in SAH progression. ROS modulates plasma membrane/intracellular Ca2+ channels and Ca2+ ATPase activities to maintain intracellular calcium homeostasis (36). Calcium signals, in turn, are essential for the formation of free radicals because an elevated intracellular Ca2+ level regulates ROS-generating enzymes (37). Considering that EGCG-NPs inhibited ROS generation after SAH, the intracellular Ca2+ level was detected. The level of Ca2+ concentration in cotreatment with EGCG-NPs and nimodipine groups was significantly lower than that in either EGCG-NPs or nimodipine group. In recent years, substantial antagonists/agonists have been chosen to block or activate one signaling pathway but, finally, failed to be successfully used in the clinic, such as NO donors, calcium channel blockers, antioxidants, and anti-inflammatory agents. Subsequently, some researchers proposed that the combination of two or multiple treatments may improve the SAH outcome due to the cross-talk between pathological pathways. In our previous studies, EGCG has been reported to reduce Ca2+ overloading, reduce ROS generation, and eventually prevent mitochondrial function and neuronal cell death. Therefore, EGCG combined with nimodipine might be a novel strategy in the treatment of SAH by targeting ROS and calcium signaling pathways. Due to the pivotal roles of mitochondria in regulating ROS generation, Ca2+ homeostasis, and cell growth and differentiation, a growing body of studies is focusing on developing strategies to precisely maintain sustainable mitochondrial function. In line with previous studies, cotreatment with EGCG-NPs significantly reduced mitochondrial oxidative stress than free EGCG, indicating that EGCG-NPs might directly protect mitochondrial function after SAH.

The accumulation of dysfunctional mitochondria was deleterious and caused serious consequences, even led to cell death. Autophagy plays pivotal roles in cellular quality control by alleviating abnormal mitochondria; therefore, moderate activation of autophagy predominantly acts as a pro-survival pathway after SAH (38–41). On the other hand, either defective or excess autophagy can promote cell injury and death after SAH (42–44). CaMKII, the major calcium-dependent signaling protein, has been evoked either by intracellular Ca2+ overloading or by ROS (45–47). Recently, CaMKII has been reported to directly phosphorylate Beclin-1 at Ser90, resulting in the ubiquitination of Beclin-1 and initiation of autophagy (48). Therefore, the CaMKII signaling pathway might be a potential target in SAH therapy (49–51). Bensalem et al. have demonstrated that polyphenols upregulated the expression of CaMKII to inhibit a cognitive decline in middle-aged mice (52). Green tea polyphenols also exhibited a similar bioactivity profile by upregulation of the expression of CaMKII to attenuate cognitive deficits (53). In contrast to these findings, our study showed that the over-expression of CaMKII activated autophagy through Beclin-1 and Atg5 in SAH, whereas cotreatment with EGCG-NPs and nimodipine downregulated autophagy by maintaining calcium homeostasis, indicating that EGCG-NPs synergistically improved the neuroprotective effects of nimodipine by regulating mitochondrial function, ROS generation, and antioxidative enzyme activation and eventually protecting neuronal cells against OxyHb insult.



Conclusion

Results of this study confirmed that the EGCG-NP formulation represents a promising drug delivery strategy to enhance its antioxidative activity and related mitochondrial protection. The findings clearly indicated that cotreatment with EGCG-NPs and nimodipine exhibited stronger neuroprotective effects by maintaining calcium homeostasis, mitochondrial function, and autophagy flux. Taken together, EGCG-NPs combined with nimodipine can be regarded as a potential novel pharmacological strategy in SAH.
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Source

Gazerani (96)

Cateretal. (97);
Parikh etal. (95)

Parikh etal. (95)

Park etal. (99);
Mulat etal.
(100)

Mittal etal.
(101)

Fernindez et al.

(1025
Dogan-Sander
etal. (103);
Godos etal.
(104)

Godos et al.
(101
Burton.-Freeman
etal. (105)

i O e s

Sample

Review article - group struggling with migraine headaches

Review artile - neurotherapeutic properties among healthy
‘human populations and newborns

Review article - among a population of people with nervous
system conditions - depression and newborns with
encephalopathy

Depressed patients. Blinded randomized study. N = 40,
duration - 8 weeks

An obese mouse model of neuronal imy
randomized study. Duration - 14 weeks

ment. Blinded,

Review article - reduction in symptoms and progression of
Parkinson's discase

Review studies, meta-analysis of studies. Improvement of
neuronal and cognitive impairment in patents with Parkinson's
discase,schizophrenia, depression

Review studies, meta-analysis of studies
Improving neuronal and cognitive impairm
Alzheimer’ disease,

in patients with

fammation neurons.

i

Bioactive ingredient

Folate in the form of folic acid - B

Docosshexaenoic acid - omega-3

Alpha-lipoic acid,lignans, soluble fiber,
phytoestrogen - secoisolaricresinol diglucoside

Flavonoids

0 acid - tryptophan

Magnesium calcium, selenium, zinc, manganese,
‘copper, antioxidants - vitamin D, E, G, carotenoids

‘Complex carbohydrates, eicosapentaenoic acid,
amino acid - glycine, polyphenols,anthocyanins

Results or conclusions

‘Addition of a methyl group to DNA methyltransferase during the DNA
‘methylation process and adequate serum homocysteine secretion levels prevent
‘migraine headaches

Stimulates neurotransmission and development of the cerebral cortex

and visual organ through the blood-brain barrier. Increased neuro-effciency of
‘non-verbal and verbal communication processes

Development and size of cortical clls i the prenatal and postnatal periods
Neuromodulates cognitive-behavioral behavior. Prevention against depressive
symptoms i offspring and hyporic-ischemic encephalopathy among newborns.
Reduced oxidative sress parameters in the oxidation process reducing
inflammation within the nervous system

Improving brain-derived neurotrophic parameter (BDNF), reducing symptoms
i the pathomechanism of depression. PSD-95 protein expression affects
dysfunction within synapses and neurons

Metabolic transformations to the starting compound serotonin allow to achieve
regulation of the diurnal thythm, emotional state. Participation in the
‘metabolism of catecholamines regulating processes at the level of the brain-gut
axis. Prevention in the pathomechanism of Parkinsons disease

Reducing the mechanism of oxidative stress achieving systemic balance
consequently the absence of chronic inflammation along with a decrease in CRP,
1L-6, WBC indices and somato-psychological symptomsin a depressed state

Regulation of neuromodulator and neurotransmiter expression. Reduced
activation of the hypothalamic-pituitary-adrenal axis under the influence of
ower levels of endogenous stres - lower corticosterone concentrations. Proper
insulin secretion and glucose ejection into cells - adequate GLUT receptor
functionality. Modulation of the processes of neurogenesis, synaptic plastcity
and activation of microgliain the central nervous system. Prevention of
inflammation, neurodegenerative changes through inactivation of the process of
oxidation ofthe LDL fraction, lipid peroxidation and activation of the enzymes
catalase and superoxide dismutase
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Source Sample
Healthy persons
Diop ctal.(106)  Healthy aduls. Blinded, randomized study.
Duration - 12 weeks

Messaoudi etal. Healthy adults. Double-blind, randomized

study. N = 55, duration - 30 days

Depression

Wallace et al,

Depressed patients who were not taking
(107) antidepressants. Blinded, randomized study.
N'= 108, duration - 16 weeks

Kazemi etal. Depressed patients who were taking
(108) lopram,
luixetine, or amitriptyline). RCT study.
N =81, duration - 8 weeks
Rudzki etal. Patients with depression. Double-blind RCT
(109) study. N = 60, duration - 8 wecks
Wallace etal, Patients with depression. Double-blind RCT
(107) study. N = 10, duration - 8 weeks
Heidarzadeh Patients with depression. RCT post hoe
Rad etal. analysis, N = 78, duration - 8 weeks
(110)

Alzheimer' disease

Agahietal. (111)  Alzheimer’spatients. Double-blind RCT study.
N = 48, duration - 12 weeks

Akbarietal. Alzheimers patients. Double-blind RCT study.

(1) N = 52, duration - 12 weeks

Tamtaji et . Alzheimers patients. Double-blind RCT study.
(13) N =79, duration - 12 weeks

Chronic fatigue syndrome

Walls etal. Patients with Chronic Fatigue Syndrome.
(14) Open-label study. N = 44, duration - 6 weeks

Cognitive dysfunction

Huvang ctal. Patents with mild cogaitive impirment,
15) Double-blind RCT sudy. N
12 wecks

Kobayashi et al.
(16) Openlabel study. N = 27, duration - 6 months

Kobayashi et al. Patients with mild cognitive impairment
(17) Double-blind RCT study. N = 117, duration -
12 weeks

T —

S—

Preparation (Bacterial strain)

Lactobacillusacidophilus Rosell-52, Bifidobacterium longum
Rosell175 (3 x 10° CFU/day)

Lactobacillus helveticus R0052, Bifidobacterium longum ROI7S
@ % 10° CFU/day)

Lactobacillus helve
(6 10° CEU/day)

s RODS2, Bifidobacterium longum RO175.

Bifidobacterium longum

SSRI + Lactobacillus plantarum 299v (10 x 10° CFU/day)

Lactobacillus helveticus Rosel-52, Bifidobacterium Longum
Rosell175 (3 x 10° CFU)

Lactobacillus heleticus Rosell-52, Bifidobacterium Longum
Rosell-175 (= 10 x 10° CFU)

Lactobacillusfermentum, Lactobacillus plantarum, Bifidobacterium

Bifidobacterium longum (3 x 10° CFU/day)

200 mL/day of milk product containing Lactobacillus acidophilus,
Lactobacillus casei, Bifidobacterium bifidum, Lactobacillus
fermentum (2 x 10° CFU/day)

Lactobacillus acidophilus, Bifidobacterium bifidum,
Bifidobacterium longum (6 x 10° CFU/day) + 200 meg selenium

otic and probiotc therapy:
Erythromycin + Lactobacillus thamnosus (2.5 x 101° CFU/day),
Bifidobacterium lacts (1.5 x 10/ CFU/day), Bifidobacterium breve
(5 x 10° CEU/day), Bifidobacterium longum (5 x 10° CFU/day)

Lactobacilus plantarum C29 (1.25 x 10'° CFU/day) + powdered
fermented soybeans (DW2009)

Bifidobacterium breve Al (2 x 10'° CFU/day)

Bifdobacterium breve A1 (2 x 10/ CFU/day)

Results or conclusions

c therapy has been shown for the first time to reduce gastrointestinal
complaints in people under stress:

o Significant reduction in gastrointes
group:

« Significant reduction in the severity of stress-induced nausea and abdominal
pain,
“The first sudy to show that adminstration of a psychobioti aleviates
stress-induced psychiatric symptoms;

 Reduction in anxiety symptoms on the HSCL-90 scale;

nificant reduction in anxiety and depressive symptoms;

 Confirmed reduction of the stress hormone cortisolin urine;

 In the group of people with lower cortisol levels (less stressed), improvements in
depression and anxiety scores on the PSS, HADS, and HSCL-90 scales.

1 symptoms compared to the placebo

After 4 weeks of
assessment scales:

 Poor mood (MADRS - Monigomery-Asberg Depression Seale, QUIDS-SRI6 -
Quick List of Depressive Symptoms):

o Stress intensity (PSQI - Sleep Quaity Questionnaire):

 Anhedonia (SHAPS - Scale of Perceived Pleasure);
Level of anxiety (GAD-7 - Generalized Anxiety Questionnaire, STAI - State and
Trait Aniety Inventory).

& the psychobiotic, there was reduction in scores on the

 Decreased scores on the Beck Depression Scale (compared to te group taking
Placebo or the prebiotic galactooligosaccharide).

« Increase serotonin production from tryptophan (decrease in
Kynurenine/tryptophan ratio)
Augmenting SSRI treatment with probiotic bacteria Lactobacillus Plantarum
299 improved cognitive performance and reduced KYN levels in MDD patients
Reduced KYN levels may have contributed to cognitive improvement i the
LP299v group compared to the placebo group.

Probiotics have  role in alleviating symptoms of depression

Eight-week supplementation in depressed patients improved depressive
symptoms, likely by increasing BDNF levels

ve and biochemical

Cog cations n patients with severe AD are insensitive
o probiotic supplementation. Therefore, in addition to the composition and
dose of probiotic bacteia,the severity of the disease and the timing of

administration profoundly affect treatment outcomes.

Pro

c treatment had no significant ffect on biomarkers of oxidative stress
and inflammation, fasting glucose and other lipid profils. The study showed that
probiotic consumption for 12 weeks had a posiive effect on cogaitive function
and some metabolic statuses in AD patients

Co-supplementation of probiotics and selenium for 12 weeks in AD patients
improved cognitive function and some metabolic profiles

Specific microorganisms interact with some ME/CES symptoms and offer the
promise of therapeutic potential argeting intestinal dysbioss n this population

DW2009 can be safely administered to improve cognitive function i people
with MCI

Oral supplementation of B, breve Al in participants with MCl improved
v function, thus suggesting the potential of B.breve Al for improving
ning quality oflife in the elderly

The resuls of the present study suggest the safety of B. breve Al
supplementation and its potential in maintaining cognitive function in elderly
people with memory impairment
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Contrast Anatomical label BA Hem Voxels X > 4 z Peak T-value

ChEd > WeFd Cerebellum crus = R 502 2 78 414 539
R 32 -60 37 423

R 2 -84 48 3.86

MOG/I0G 18/17 L 457 -2 -100 92 520

106 18/17 R 449 28 -100 -46 642

STG/SMG/MTG/IPL/PL 2/13 R 293 60 40 207 465

WeFd > ChFd ITG/MOG 1937 L 440 -52 78 -69 523
FEG 37 L E -60 23 473

ITG/MOG 1937 R 304 48 -70 -92 428

Calcarine/MOG 18/17 R 234 10 -96 46 605

BA, Brodmann ares; Hem, Hemisphere; x.y,2 coordinates in MNI space (Montreal Neurological Institute); ChFd, Chinese food; WeFd, Western food; L and R, left and right; Reported
brain activation was significantat corrected p < 0.05; MOG, middle occipital gyrus; I0G, inferior occipital gyrus; STG, superior temporal gyrus; SMG, supramarginal gyrus; MTG, middle
Rainoval wvrie 10V fater oatiatal lobolie PE: peslinior nsile: FTE fuksior Sayoesl pyros WP S kean prras:
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Measure Food image type

Chinese Western
Body Mass Index 010 006
Current Hunger 0.06 0.05
Current Fullness -0.17 ~B13
Time Since Last Meal 005 004
Liking of Depicted Food 019 018
Wanting of Depicted Food 036" 028"
Difficulty Resisting Depicted Food 033 031°

p <0.05,"p < 0.01 (two-tailed).

'Cluster comprising superior temporal gyrus, supramarginal gyrus, middle temporal

oyr: Siikarior pavistat ntide. pontarios nstl:
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Methodological tool - | search phrases:
PubMed database 'psychodietetics’,
'nutripsychiatry’,
( 'diet’,
'mental health',’
lifestyle’,
'weight',
'obesity’,
'depression’,
'mental disorders'

Configurations and combinations
of phrases along with the
number of retrieved records with
narrowing of search results using
Boole' operators - 'AND'

The value of bibliometric impact factors (IF)

356 records

research <2005 years
multicenter studies carried out after 20165.

The final literature review

110 stuaies includea
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Measure

Gender (Female)

Age

Body Mass Index

Ethnicity (Han majority)

Parent Educational level (>high school)
Maternal

Paternal

Current Hunger

Current Fullness

Time since last meal (in minutes)

%/M £ SD

51.5%
20.05 £ 1.66
25.21 +5.44

90.9%

53.0%
63.6%
29.32 +24.13
48.53 +21.72
191.61 +155.01
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Reaction measure

Liking
Wanting
Difficulty resisting

**p < 0.001.

Chinese food (ChFd)

3.57 £0.47
51.11 +16.81
40.18 +19.58

Image type
Western food (WeFd)

3:554=0.52
51.63 &+ 17.46
41.07 £+ 20.49

Furniture (Furn)

2.91 4 0.68
37.44 + 1747
26.61 £ 18.59

F

41.58*
41,180+
48.440*

Post hoc tests

ChFd > Furn***, WeFd > Furn***
ChFd > Furn***, WeFd > Furn***
ChFd > Furn***, WeFd > Furn***
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A B
Emotional threatening Emotional threatening image
Image left visual field right visual field

Image appears Image appears
0.5 - 0.75 secs. 0.6 — 0.85 secs. 0.5 -0.75 secs. 0.6 — 0.85 secs.
2 2 2
(0 t-stat. (0 t-stat. 0 t-stat. 0 t-stat.
-2 -2 -2
0.7 - 0.95 secs. 0.8 —1.05 secs. 0.7 — 0.95 secs. 0.8 —1.05 secs.
2 2 2 2
() t-stat. () t-stat. () t-stat. () t-stat.
-2 -2 -2 -2

d
-

Image disappears Image disappears
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Characteristic n Mean (SD) o n (%)

Sex

Female 158 74.(47)
Male 84(53)
Birth weight, grams 158 1,013 (264)
Birth gestational age, weeks 158 28(3)
Mother’s ethnicity

European 156 68 (44)
Asian 25(16)
Middle Eastern or South Asian 29(19)
Mixed or other 34(22)
Mother’s education

None/high school diploma 156 31 (20)
College/vocational diploma 41 (26)
Baccalaureate 49 (31)
Post baccalaureate 35(22)
Family living below poverty line

No 149 120 (81)
Yes 29(19)
Enteral feed type during initial hospitalization

>50% donor mik 158 22 (14)
>50% preterm formula 20 (13)
>50% mother's breastmik 116(73)

Breastfeeding duration, days 158 223 (181)
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WPPSI-IV composite All participants, Female, mean (SD), Male, mean (SD), p-value

scores mean (SD), range range range
(n=158) (n=74) (n=284)
Full-scale 1Q 94.3(20.4), 49-130 98.9(18.8), 49-128 90.4 21.1), 49-130 0007
vol 96.1(209), 49-138 98.9(190), 49-138 985 (22.3), 49-133 0.056
vsi 94.1 (17.7), 49-138 95.5(17.5), 49-124 92.8(18.0), 49-132 0.208
FRI 93.1 (18.6), 49-133 97.8(16.8), 49-131 89.0(19.3), 49-133 0.002*
WMl 97.1(19.4), 49-137 1006 (17.7), 49-131 94.0(20.4), 49-137 0014
Psi 91.2(203), 49-126 957 (21.2), 49-126 87.2(18.6), 49-123 4.98 x 100
VA 96.6(19.2), 49-132 985 (18.1), 49-132 94.9(20.0), 49-132 0.197
Low average scores 55/158 (34.8) 17/74 23.0) 38/84 (45.2) 0006
<90, No./Total (%)
Full scale I

VG, verbal comprehension index; VAI, vocabulary acquisition index; VIS, visual spatialindex; FR, fluid reasoning index; PSI, processing speed index; WIMI, working memory index.
*Statistically significant between sexes.
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Full-scale IQ

Factor B (S.E) p-value
HEI-2010 score, per point ~0.026 (0.129) 0839

Birth weight, per g 0017 (0.006) 0.006"
Sex, reference = female —~7.670(3.105) 0015*
Breastfeeding duration, per day 0,004 (0.009) 0642

Income below the poverty line, -2.505 (4.277) 0545

reference = no

Maternal education, reference = 9,059 (3.635) 0014*
no university

Results presented are beta cosfficients (standard error) from linear regression models
for HEI-2010 scores and IQ adjusted for sex, bith weight, income, matemal education,
and breastfeeding duration. HEI-2010, Healthy Eating Index 2010, VLBW, very low
birth weight.

“Statistically significant variables in regression model.
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Treatment N Sex Age BMI STAL-Y2 DASS stress score
Mean (SEM)

Green tea 25 16F 9M 26.44 (1.57) 22.9(0.56) 38.72 (1.46) 166 (0.68)

Rhodila 25 17F 8M 26.2(1.13) 23.05 (0,63 40.48 (1.24) 15.68(0.63)

Combined 25 14F 11M 222(0.74) 22.93(052) 42.48 (1.49) 17.12(0.74)

Placebo 25 17F 8M 25.56 (1.55) 23.69 (0.56) 43.12(1.37) 15.96 (0.66)
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R-squared
Adjusted R-squared
Raw p-value®
Adjusted p-value><
TSEA%ef

TPUFA

TMUFA

ARA

n-6/n-3

DHA

ARA/DHA

SPH

Choline

PCho

GPC

Age

Sex (if Male)

Site (if UNC)
Income (if < 75k)

Composite score

031
0.12
0.05
0.05

—0.42 (0.03)

0.26 (0.19)
0.55 (0.02)

—0.22 (0.23)

—0.006 (0.98)
0.03 (0.87)
0.20 (0.29)

—0.13 (0.44)

Gross motor

0.42
0.26
0.05
0.11

—0.51

0.19
0.30

028 (0.12)
0.08 (0.61)
0.44 (0.01)
0.14 (0.35)

Receptive language

0.36
0.18
0.005
0.025

—0.30 (0.05)

0.37 (0.006)
0.75 (0.002)

0.30 (0.07)

030 (0.03)
—0.01(0.79)
0.10 (0.63)
—0.15(0.21)

Surgency

0.43
0.31
0.0008
0.003

0.42 (0.008)

0.19 (0.24)

0.27 (0.08)

0.18 (0.26)
—0.03 (0.83)
—0.32 (0.05)
—0.15 (0.34)

2This row shows ANOVA F-test p-values comparing the full and reduced models (confounders only); the results with raw p-values of > 0.05 are not shown.

b P_values in this line indicate the p-values after FDR correction for multiple comparisons.
€ Adjusted p-values less than 0.05 are shown in bold.
dNumbers in parentheses show the p-values of the coefficients using the ¢-test statistic.

¢Hyphen “-” indicates that this variable is not selected in this model based on the best subset selection feature selection algorithm.
fCoefficients here are standardized linear regression coefficients.

Regulation

0.23

0.12
0.017
0.03

0.39 (0.02)

0.18 (0.31)
—0.004 (0.98)
022 (0.21)
0.06 (0.71)
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Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9

Dunn index

Clustering result 1

0.53 < T,* <0.69

TSFA, TMUFA, TPUFA, ARA
n-6/n-3
DHA, ARA/DHA
PC,PE,PL,SPH
GPC
PCho
Choline

0.64

2T, The threshold values for the correlation coefficients.

Clustering result 2

0.69 <T, <0.74

TSFA, TMUFA, TPUFA, ARA
n-6/n-3
DHA, ARA/DHA
PC, PE, SPH

Choline
PCho
GPC

PI

0.44

Clustering result 3

0.74 < T, <0.77

TSFA, TMUFA, TPUFA, ARA
n-6/n-3
DHA, ARA/DHA
PE, SPH
Choline
PCho
GPC
PC
PI
0.41
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Nutrients Surgency  Negative affectivity  Regulation

TSFA 0.35 (0.035)° 0.24 0.09
TMUFA 0.28 0.19 0.28
TPUFA 0.35(0.031) 0.18 0.32 (0.046)
n-6/n-3 0.00 —0.12 0.06
ARA 0.54 (0.0006)* 0.30 0.39 (0.015)
DHA 0.15 0.24 0.12
ARA/DHA 0.02 —0.12 —0.07
PC 0.24 0.17 0.23

PE 0.38 0.23 0.23

PI 0.26 0.23 0.09
SPH 0.09 0.12 0.07
Choline —0.19 —-0.13 —0.07
PCho 0.46 (0.003) 0.05 0.18
GPC 0.09 0.22 0.11

2Confounding factors: age, sex, site, and household income (if < 75k) were controlled.
PStatistics in bold italics are standardized coefficients with raw p-values (in
parentheses) of < 0.05.

*Adjusted p < 0.05 after FDR correction.
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Nutrients Composite score Gross motor

TSFA —0.25 —0.40 (0.01)°
TMUFA —0.15 —0.38 (0.02)
TPUFA —022 —0.27
n-6/n-3 0.10 0.14
ARA —0.06 —0.25
DHA 0.25 —0.08
ARA/DHA —0.13 0.20

PC 0.05 —0.28

PE 0.04 —0.22

PI —0.16 —0.19
SPH —0.30 —0.26
Choline 0.03 0.09
PCho —0.02 —0.03
GPC —0.05 0.07

Visual reception

—0.07
—0.07
—0.18
0.23
—0.08
0.02
—0.14
—0.03
—0.14
—0.05
—0.37
0.03
0.03
0.21

Fine motor

—0.21
—0.15
—0.11
—0.06
0.00
0.14
—0.15
—0.11
—0.26
—0.21
—0.31
—0.07
—0.23
—0.10

Receptive language

—0.24
-0.12
—0.19

0.02
—0.11

0.38 (0.049)

—0.09
022
0.17

—0.13

—0.13

—0.10
020

—0.23

Expressive language

—0.19
—0.08
—0.09
0.05
0.06
0.07
0.06
—0.03
0.26
—0.11
—0.10
0.29
—0.09

?Confounding factors: age, sex, site, and household income (if < 75k) were controlled.

PStatistics in bold italics are standardized coefficients with raw p-values (in parentheses) of < 0.05.
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Nutrients

TSFA (g/100ml)

TMUFA (g/100ml)

TPUFA (g/100ml)

n-6/n-3

ARA (mg/100ml)

DHA (mg/100ml)

ARA (% of total fatty acids)
DHA (% of total fatty acids)
ARA/DHA

PC (mg/100ml)

PE (mg/100ml)

PI (mg/100ml)

SPH (mg/100ml)

Choline (mcmol/1)

PCho (mcmol/l)

GPC (mcmol/l)

Mean (SD)

1.54 (0.59)
1.32(0.53)
0.64 (0.26)
1057 (2.27)
2007 (6.32)
835 (5.14)
0.60 (0.15)
0.24 (0.14)
324 (1.73)
4.99 (2.58)
753 (3.98)
3.06 (1.19)
7.7 (3.61)
216.49 (140.47)
448.85 (235.64)
568.53 (192.07)

Median

1.43
1.21
0.6
10.14
19.15
7.09
0.60
0.19
3.2
4.6
6.4
2.94
7.66
173.5
439.56
528.62

(Lower) 5%

0.76
0.69
0.33
7.39
12.21
2.58
0.40
0.11
1.01
193
345
124
1.86
725
120.85
335.08

(Upper) 95%

2.64
2.19
1.03
14.37
33.99
18.14
0.80
0.52
6.15
10.51
16.39
5
14.19
530.45
834.8
931.9
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Numbers of subjects
Sex (male)
Age (months)
Birth length (cm)
Gestation ages (days)
Birth weight (g)
Weight at visit (g)
Height at visit (cm)
Household incomes (n)
<75k
75k-150k
150k <
Not answered
Maternal education
> Graduate®
<Graduate

Unavailable

All subjects

54
19
443 (0.83)
52.35 (2.50)
280.6 (6.0)4
3630 (420)
6818 (1081)
63.81 (4.54)

18
28

26
27

MSELP
(<6 m)

38

12
4.64(0.89)
5229 (2.35)
279.3(6.2)
3548 (399)
6872 (1244)
64.14 (5.15)

22

2Provided are the means with standard deviations in parentheses.
YMSEL, Subjects with Mullen Scales of Early Learning scores taken.

€IBQ-R, Subjects with Infant Behavior Questionnaires—Revised scores taken.

dThe gestation age range for all subjects is 268-292 days.

€> Graduate: subjects with a graduate degree; < Graduate: subjects without a graduate degree.

MSEL
(6-9 m)

27

9
7.63(0.87)
51.85(2.18)
279.1 (5.5)
3469 (396)
8649 (1658)
68.47 (6.10)

15

18

MSEL
(9-12m)

34

10
105 (0.97)
5226 (2.49)
2793 (6.2)
3534 (419)
9396 (1379)
72.98 (4.70)

MSEL
(12-18 m)

25
8
14.02 (1.08)
5227 (2.20)
278.4 (6.5)
3523 (415)
10115 (1160)
75.90 (6.64)

13

12
13

IBQ-R¢
(<6m)

42

16
4.48(0.73)
52.32 (2.45)
280.2 (5.9)
3619 (428)
6936 (824)
64.62 (4.27)

14
23

17
10

IBQ-R
(12-18 m)

27

4
13.34 (0.79)
52,51 (2.47)
280.8 (5.3)
3611 (388)
1028 (1284)
7638 (8.24)

16

23
19
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Brain regions
Volume (cm?) ARA
Right pariotal p=0176
Left orbital N/S

Right postcentral NS
gyrus

Right precuneus $=0203

Cortical thickness (mm)

Left circular insular  N/S
sulous

Left NS
occipito-temporal

sulous

Right postcentral NS
sulous

aP-values for linear regression analysis. P-values < 0.05 are highlighted in bold.
EPA, Eicosapentaenoic acid: DHA, Docosahexaenoic acid; ARA/DHA, Arachidonic acid/Docosahexaenoic acid ratio; p, Beta coefficient; N/S, Not significance.

ARA, Arachidonic acic

EPA
NS

NS
NS

N/S

p=0315
P=0012

N/s

NS

6 months

DHA ARA/DHA

NS NS

Fatty acids

DHA

p=0.341
P <0.001

N/

N/

N/S

12 months

ARA/DHA

NS

NS

NS

18 months
DHA ARA/DHA
p=0.296
P <0.010 P <0.001
N/S NS
N/S N/S
N/S
N/S NS
N/S NS
NS NS
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Brain regions

Volume (em?) Cortical Thickness (mm)
Macronutrients  Right parietal Left orbital Right post-central  Right precuneus  Left circular Insular ~ Right post-central
ayrus suleus sulcus
6 months
Lipids (g/day) N/S NS NS S IS
ARA (g/day) p=0.182 NS p=0210 NS NS
P=0018
DPA (g/day) N/S p=-0.2097 N/S NS NS
DHA (g/day) p=-0273 N/S N/S N/S N/S
Iron (mg/day) B =0249 N/S N/S NS NS
P =0.007
12 months
Lipids (g/day) N/S p=-0.294 p=0281 NS /S s
P =0.001 P =0.009
LA (g/day) N/S NS NS NS =0242 IS
P =0.029
LNA (g/day) N/S =0264 NS /s 'S
P =0014
ARA (g/clay) N/S p=0257 NS /s 'S
P=0019
EPA (g/day) N/S NS NS /s S
DPA (g/day) N/S NS NS /s 'S
DHA (g/day) N/S p=0272 p=0237 /s s
P =0015 P=0.018
n—6-PUFAs (g/cay)  N/S NS NS NS =026 s
P =0.033
n—3-PUFAs (g/day)  N/S NS $=0230 NS /s S
P=0033
Caloium (mg/day)  N/S NS $=0236 NS /s 'S
P=0028
18 months.
Protein (g/day) N/S N/S p=0275 NS 'S p=0.330
P=0013 P=0011
EPA (g/day) N/S N/S NS p=0218 NS NS
P=0027
DHA (g/day) N/S N/S N/S p=0.208 NS NS
P =003
Zinc (mg/day) N/S N/S NS N/S NS B=0.267
P =0.040

aP-values for lnear regression analysis. P-values < 0.05 are highlighted in bold,
CHO, Carbohydrates; LA, Linoleic acid; LNA, a-Linolenic acid; ARA, Arachidonic acid; EPA, Eicosapentaenoic acid; DPA, Docosapentaenoic acid; DHA, Docosahexaenoic acid; PUFAS,
Polyunsaturated fatty acids; n—6, Omega-6; n—3, Omega-3: p, Beta coefficient; /S, Not significance.
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SF(n=37)

Kaufman brief intelligence test (K-BIT)

Vocabulary (typical score) 107.91 & 13.4420
Matrices (typical score) 111,51 & 12,07
1Q (typical score) 109.64 % 11.670
Oral language test of Navarra-Revised (PLON-R)

Form (typical score) 46.92 + 17.30
Content (typical score) 5495 + 24.65
Use (typical score) 52.65 4 23.01
Total score PLON-R (typical score) 5678 +27.34
Computerized battery for neuropsychological evaluation of children (BENCI)
Verbal comprehension (successes) 10.65 = 2.06
Continuous performance (successes) 5392 +4.72
Continuous performance (errors of commissior) 8.14£7.87°
Semantic fluency (successes) 7.65+2.70
Working memory (successes) 400 1.43
Verbal short-term memory (successes) 439 +1.10%
Verbal long-term memory (successes) 441176
Verbal long-term memory (recognition successes) 10.57 +£1.88
Reaction time (ms) 542,92 +£54.25
Go/no-Go task (successes) 46.57 % 4.50
Go/no-Go task (errors of commission) 324+ 250

"Data are presented as means + SD.

EF (0 =239)

113.16 + 13.312
113.21 £+ 12.00
113.46 % 11.50°

47.46 + 14.89
56.38 + 15.23
53.95+21.38
66.31+20.33

11.16 £ 1565
51.17 £ 10.00
9.44 £12.022

7.39£2.11

4.05 £ 1.39

419 +£0.95°

3.95+2.10

10.97 +2.02
567.66 + 64.87

48.28 £ 6.80

3.08+245

2P-values for differences between COGNIS-groups. ANOVA test for normaly distributed variables.
Pag are univariate analysis of covariance (ANCOVA) adjusted by matemal age, smoking during pregnancy, famillar socioeconomic status and sex of the chicren. Velues not sharing the
same sufx (a,b) were significantly different in the Bonferroni post-hoc test. P < 0.05 are highlighted in bold.
SF, Standard infant formula; EF, Experimental infant formula; BF, Breastfed infants; ms, milliseconds.

BF (1=232)

103.78 £ 14.26°
111.78 4 11.07
105.54 & 12.40°

49.84 + 12.61
60.34 + 19.87
61.00 + 16.38
63.34 + 19.42

1126+ 1.86
50.06 £ 851
18.35  17.43°
8.06+2.39
400+ 155
489+ 073
468+ 158
1113+ 112
553.42 + 16125
4813 £5.73
394:£232

0177
0.798
0.302

0.702
0.468
0.207
0.201

0.327
0.055
0.003
0518
0.984
0.010
0.251
0.387
0.669
0.308
0.283

Padj

0.022
0.113
0.031

0.991
0.886
0.896
0.889

0.237
0.115
0.001
0.927
0.256
0.238
0.263
0.525
0.828
0.335
0.071
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Brain region SF (n =30) EF (n=27) BF (n=21) P2 Pag

Volume (mm?)

Right parietal 71,662.67 + 7,999.80° 77,167.15 + 8,496.22° 78,602.10 + 7,684.33° <0.001 0.002
Right postcentral gyrus 4,258.53 + 633.89° 4,885.78 + 911.37° 4,429.24 £ 797.78% 0.008 0.015
Right precuneus 7,144.43 £ 1,201.38° 7,856.89  1,164.50° 7.283.62 1+ 974.12°° 0.029 0.009
Left orbital 3,071.83 + 503.06°° 3,008.48 + 535.85° 2,628.38  554.63° 0.006 0.012
Cortical thickness (mm)

Leftinferior circular insular sulcus 3.08:£0.47° 321:£020° 3.069 +0.17° 0.010 0.012
Left occipito-temporal sulcus 2.69+0.15 278+ 0.12° 2734 +0.15% 0.047 0.027
Right postcentral sulcus 2.46 +0.13* 253 £0.13° 2.423 £ 0.12%° 0.013 0.017

"Data are means + SD.

2P-values for differences between the COGNIS-groups. ANOVA test for normally distributed variables. Volume analysis is corrected by total brain volume.

Pagy are univariate analysis of covariance (ANCOVA) adjusted by smoking during pregnancy, maternal age, familiar socioeconomic status, age and sex of the children. Values not sharing
the same suffix (a,b) were significantly different in the Bonferroni post-hoc test. P < 0.05 are highlighted in bold.

SF, Standard infant formula; EF, Experimental infant formula; BF, Breastfed infants.
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Neurocognitive tasks

Brain Verbal Working
regions comprehension  memory
(successes) (successes)

Volume (cm®)

Right parietal r 0267 0257
Pt 0019 0.024
Right - 0278 0.125
precuneus
P! 0014 0277
Cortical thickness (mm)
Left occipito- r 0048 0245
temporal
sulcus
Pt 0680 0032

aP-values for comelations between brain structure and neurocognitive development.
P < 0.05 are highlighted in bold.
1, Pearson correlation coefficient.
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FAs concentrations (%) SF EF BF P2

6 months. (n=33) (n=37) (n=32)

ARA 1754 056° 2.16+063° 2.80+059° <0.001
AdA 022008 021008 020008 <0.001
EPA 0104005 0.1340.06° 0.12+0.05*° 0,027
DHA 0.35+0.19*° 0.83+0.31° 1.10+0.33° <0.001
ARA/DHA 55241528 279078 272078 <0.001
12 months (n=34) (n=37) (=32

ARA 208056 213+£056 236059 0.101
AdA 0.24 +£0.06%> 0.21£0.05% 0.27 £0.07° 0.002
EPA 012006 014006 012005 0144
DHA 0.48+0.18° 0.77 £0.25° 0.87 +£0.30° <0.001
ARA/DHA 459+ 1.29° 290+0.60° 2.86%0.72° <0.001
18 months (n=39) (n=34) (n=19)

ARA 221£055° 233+056° 1.79+0.46° 0.002
AdA 028+0.07° 027+0.06° 021008 <0.001
EPA 013£006 016007 015010 01472
DHA 059 0.20° 084%029° 0.75%0.33* 0,001
ARA/DHA 405+ 1.18° 296082 270095 <0.001

"Data are means = SD for parametrically distributed data. 2P-values for overall differences
between COGNIS-groups in the ANOVA test (normely distributed variables). Values not
sharing the same suffx (e,b,c) were significantly different in the Bonferroni post-hoc
test. P < 0.05 are highlighted in bold. SF, Standard infant formula; EF, Experimental
infant formule; BF, Breasted infants; FAs, Fatty acids; ARA, Arachidonic acid; EPA,
Eicosapentaenoic acid; Ad#, Adrenic acid; DHA, Docosahexaenoic acid; ARAVDHA,
Arachidonic acid/Docosahexaenoic acid ratio.
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SF (n=37) EF (n=39) BF (n=32) P
Mother
Age (years) 31.5(10.8 30.0 (5.0 34.0 85P 0.013
PBMI (kg/m?) 245+42 256443 246428 0.468
GWG (kg) 58£52 67+48 64+34 0.723
Type of delivery Vaginal 28(75.7) 28(71.8) 24/(75.0) 0919
Gesarean section 9243 11(282) 8(25.0)
1Q (points) 104.0 (16.5) 100.0 (19.0) 111.0(21.0) 0.105
Educational level NS/Primary 4(10.8p° 12 (30.97 2(6.3° 0.001
Secondary 10(27.0) 10(25.6) 2(6.3)
VT 14378 10(25.6) 9(28.1)
University/Ph.D 9 (2448 7(17.90 19 (59.49
Postpartum depression No 29(78.4) 32(84.2) 27 (84.4) 0.749
Smoking during pregnancy No 30(81.1) 33(84.6) 30(93.8) 0.299
Employment status Unemployed 9(24.3 5(12.8) 5(15.6) 0526
Domestic work 127) 3(.7) 13.9)
Temporary contract 2(5.4) 7(17.9) 4(125)
Stable employment 25(67.6) 24.(61.5) 22(68.8)
Familiar
Socioeconomic status Low 7(18.9) 8(205) 13.9) 0.002
Middle-Low 18 (48.6) 1948.7) 8(25.0)
Middle-High 10(27.0) 10(25.6) 13(40.6)
High 2647 2617 10(31.3P
Place of residence Urban 14(378) 11(282) 6(18.8) 0.216
Rural 23(62.2) 28(71.8) 26(81.3)
Siblings 0 8(21.6) 11(282) 5(15.6) 0.445
=1 29 (78.4) 28(71.8) 27 (84.4)
Father
Age (years) 323+7.0° 332+ 6.120 362 + 4.5° 0.033
Educational level NS/Primary 8(216/° 17 (4361 5(15.6 0.005
Secondary 18 (48.6) 10(25.6) 7@19
VT 5(135) 8(205) 8(25.0)
University/Ph.D 6(1637° 4(1037 12 (37.59
1Q (points) 1068 + 13.9 104.7 £16.2 1065 + 18.0 0.822
Employment status Unemployed 5(135) 4(11.1) 1(3.1) 0.302
Domestic work 0(00) 0(0.0) 0(0.0)
Temporary contract 6(16.2) 2(66) 3(9.4)
Stable employment 26(70.3) 30(83.3) 28/(87.5)
Neonate
Gestational age (weeks) 400 2.0) 400 (2.0) 400 (2.8) 0.826
Breastfeeding lactation (days) 13 (21.07 12(31.07 450 (240.0P <0.001
Sex Boy 24 (64.9) 25 (64.1) 13 (40.6) 0.073
Girl 13(35.1) 14(35.9) 19 (59.4)
Children
Age (days) 2025 (38) 2222 (42) 22215 (26) 0.565
BMI (kg/m?) 16.1(2.4) 16.6 (2.6) 158 (2.1) 0.308
Head circumference (cm) 516+£18 518416 516+ 1.1 0.797
Waist circumference (cm) 539(4.7) 55.2(6.9) 53.9(65) 0.356

1Data are presented as means = SD for parametrically distributed data, n (%) for categorical data, and medians (IQRs) for non- parametrically distributed data. 2P-values for overall
differences between COGNIS-groups. ANOVA test for normally distributed variables, Kruskal-Walls test for non-normal continuous variables, and Chi-square or Fisher test for categorical
variables. Values not sharing the same suffix (a,b) were significantly diferent in the Bonferroni post-hoc test. P < 0.05 are highlightedin bold. SF; Standard infant formulz; EF, Experimental
infant formula; BF; Breastied infants; pBMI, pre-conceptional body mass index; GWG, Gestational Weight Gain; NS, No schooling; IQ, Inteligence quotient; VT, Vocational training; BMI,
Body mass index.
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Independent variables Coded levels

Low level Medium High levell
(-1) level (0) (1)

1: EGCG (mg/ml) 1 55 10

>: PEG-PLGA (mg) 12 16 20
: Tween-80 (%) L5 225

1 Average particle size (nm) Minimize

21 Zeta potential (mV) Maximize in terms of absolute value

3: Encapsulation efficiency (%) Maximize

4+ Polydispersity index (PDI) Minimize
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Male/female, n (%)
Age,y
BMI (kg/m?)
Education, y

MMSE
ADL
CDR

Nutrition factors
Erythrocyte (10'2/L)
Hemoglobin (g/L)
Albumin (/L)

Total protein (g/L)

Liver function
AST (UL)

ALT (UL)

Lipid metabolism
Triglyceride (mmol/L)
Gholesterol (mmol/L)
LDL (mmolrL)

Glucose metabolism
Glucose (mmol/L)

Thyroid function
FT3 (pmol/L)

FT4 (pmol/L)
TSH (mIUA)

Renal function
Urea (mmol/L)
Creatinine (wmol/L)
Uric acid (mmol/L)

Inflammation
Leukocyte (10°/L)
Neutrophilic granulocyte (%)
Thrombocyte (109/L)

All patients

85/121 (41/59)
74.90 (0.73)
21.98 (0.29)
7.23(0.39)
12.34 (0.56)
16.96 (0.65)
1.72 (0.07)

4.29(0.04)
130.2 (1.09)
40.26 (0.39)
68.86 (0.51)

2239 (0.71)
17.780.77)

1.33 (0.04)
482 (0.09)
276 0.09)

5.68(0.11)

4.06(0.05)
15.7(0.43)
1.97 (0.09)

5.73(0.15)
73.99(1.82)
294.7 (6.98)

7.53(1.05)
63.19 (0.73)
215,80 (4.99)

Data are presented as frequency (%) for categorical and mean (SEM) for continuous

variables, unless indicated otherwise.

AD, Alzheimer's disease; ADL, activities of dail iving; ApoE, apolpoprotein E; BMI, body
mass index; CDR, Clinical Dementia Rating: MMSE, Mini Mental State Examination. ALT,
alanine aminotransferase; AST, aspartate aminotransferase; FT3, free triodothyronine;
FT4, free thyroxine; LDL, low-density lipoprotein; s, not significant; TSH, thyroid-

stimulating hormone.
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Exposure\Outcome Method PGC (autism) FinnGen consortium (autism)

MR-egger Cochran-Q (P) F-statistic MR_PRESSO (P) MR-egger Cochran-Q (P) F-statistic

intercept (P) intercept (P)

Iron (wmol/l) MR-Egger 0.044 (0.495) 6.64 (0.035) 368.72 11.96 (0.189) —0.007 (0.939) 1.84 (0.397) 8957.97
VW 8.91 (0.030) 1.85 (0.603)

Transferrin (g/1) MR-Egger —0.028 (0.109) 0.72 (0.993) 1191.06 7.94 (0.659) 0.012 (0.780) 1.67 (0.946) 28988.48
VW 424 (0.751) 1.76 (0.971)

Transferrin saturation (%) MR-Egger —0.033 (0.446) 438 (0.111) 741.80 8.41 (0.240) —0.091 (0.325) 0.08 (0.956) 18045.50
VW 6.31 (0.097) 1.75 (0.625)

Ferritin (log10, pg/l) MR-Egger 0.001 (0.978) 14.39 (0.002) 112.84 18.87 (0.053) —0.052 (0.600) 0.44 (0.930) 272523
VW 14.40 (0.006) 0.78 (0.940)

MR, Mendelian randomization; PGC, psychiatric genomics consortium; IVW, inverse-variance weighted; MR_PRESSO, Mendelian randomization pleiotropy RESidual sum and outlier; p, p-value.

MR_PRESSO (P)

3.06 (0.713)

3.12 (0.952)

3.72 (0.602)

1.57 (0.915)
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P for AUROC P for AUROC comparison NRI (95% CI) P for NRI

Variables AUROC (95% CI)

NRS-2002 0.644(0.588, 0.700) <0.001 <0.001 ~0.182 (~0.121, —0.259) <0.001
ADS? 0.779(0.735,0.823) <0.001 Ref. Ref. -
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Variables Unadjusted Model 1 Model 2

OR (95% CI) P-trend OR (95% CI) P-trend OR (95% CI) P-trend
NRS-2002 1358 (1.186,1.554) <0.001 1371 (1.176,1.613) <0.001 1350 (1.144,1.592) <0.001
NIHSS 1145 (1.111,1.181) <0.001 1163 (1.120,1.208) <0.001 1.142 (1.098,1.189) <0.001
ADS? 1621 (1.467,1.791) <0.001 1.590 (1.416,1.784) <0.001 1.161 (1.117,1.207) <0.001

Model 1: adjusted by age,

smoking (never, former, current), drinl
Model 2: adjusted by model 1 plus hemoglobin, urea nitrogen, creat
OR, odds ratio; CI, confidens

& (never,former, current), body mass index, systolic blood pressure, smoking, and drinking.
N

interval.
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Demographic variables
Age, years
Males, n (%)
Smoking, n (%)
Drinking, 7 (%)
Chronic medical conditions
Hypertension, 1 (%)
Diabetes, 1 (%)
Hyperlipidemia, 1 (%)

Coronary heart disease, (%)

History of cancer, 1 (%)
Physiological and lab variables
BMI, kg/m*
Admission SBE, mmHg
Admission DBP, mmHg
Heart rate,/min
Temperature, °C
Hemoglobin, g/L.
WBC, *10°/L.
Neutrophil, *10°%/L
Platelet count, *10°/L
Albumin, g/l
D-dimer, mg/L
Fibrinogen, g/L
Blood glucose, mmol/L
Creatinine, pmol/L
BUN, mmol/L.
Triglycerides, mmol/L
Total cholesterol, mmol/L
HDL, mmol/L
LDL, mmol/L
Risk scores
NIHSS score
Barthel index

ADS? score

NRS-2002 <3
N=379

5879+ 11.97
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223(59)
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17(8)
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169.31 £ 61.92

7029£6.17
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324111
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5.80 (4.60-7.70)
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5194596
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242 (1.88-3.06)

10 (4-17)
25 (10-50)
5(3-6)

<0.001
<0.001
<0.001
<0.001

0242
0.538
0.001
0.907
0.551

<0.001
0.075
0132
0.618
036
<0.001
0451
0.005
0.001
0117
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0204
o011
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0432
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Variables Total (n = 939)" NC (n = 673)" MCI (n = 266)" p-value?

Age (year) 0.002
Mean (SD) 721(6.3) 71.7 (6.2 731 (6.5)

Sex, n (%) 0.188
Female 505 (53.8%) 371 (55.1%) 134 (50.4%)
Male 434 (46.2%) 302 (44.9%) 132 (49.6%)

Education level (year) 0.295
Mean (SD) 12.1(4.6) 12.0(4.6) 12.3(4.4)

Systolic BP (mmHg) 0.634
Mean (SD) 124 (15) 125 (14) 124 (16)

Diastolic BP (mmHg) 0.736
Mean (SD) 71 (10) 71(10) 71(10)

GDS score 0.042
Mean (SD) 83(6.9) 80(68) 90(7.0)

K-MMSE score <0.001
Mean (SD) 27.2(2.2) 27.6(1.9) 26.2 (2.5)

Attention <0.001
Mean (SD) 9.3(22) 97 (22) 85(18

Language <0.001
Mean (SD) 02(0.3) 02(0.3) 00(0.4)

Visuospatial <0.001
Mean (SD) 05 (0.4) 05(0.4) 0.3(0.6)

Memory <0.001
Mean (SD) 0.1(0.7) 0.3(0.6) ~0.4(0.6)

Frontal <0.001
Mean (SD) 0.1(06) 02(0.6) -02(0.7)

Diabetes, n (%) 0.011
Yes 168 (17.9%) 107 (15.9%) 61(22.9%)
No 771 (82.1%) 566 (84.1%) 205 (77.1%)

Hypertension, n (%) 0574
Yes 403 (42.9%) 285 (42.3%) 118 (44.4%)
No 536 (57.1%) 388 (57.7%) 148 (55.6%)

Hyperlipidemia, n (%) 0.019
Yes 183 (19.5%) 144 (21.4%) 39 (14.7%)
No 756 (80.5%) 520 (78.6%) 227 (85.3%)

Thyroid, n (%) 0.692
Yes 32 (3.4%) 22 (3.3%) 10 (3.8%)
No 904 (96.6%) 650 (96.7%) 254 (96.2%)

Mental disorder, 1 (%) 0.627
Yes 21 (2.2%) 142.1%) 7 (2.6%)
No 917 (97.8%) 658 (97.9%) 250 (97.4%)

Girculatory disorder, 1 (%) 0525
Yes 151 (16.1%) 105 (15.6%) 46 (17.3%)
No 788 (83.9%) 568 (84.4%) 220 (82.7%)

NS disorder, n (%) 0,024
Yes 5(05%) 1(0.1%) 4(1.5%)
No 932 (99.5%) 671 (99.9%) 261 (98.5%)

Cohabitation, n (%) 0624
Single 126 (13.4%) 83(13.1%) 38 (14.3%)
With family 813 (86.6%) 585 (86.9%) 228 (85.7%)

Dominant hand, n (%) 0.049
Righty 911 (97.0%) 655 (97.3%) 256 (96.2%)
Lefty 7(0.7%) 2(03%) 5(1.9%)
Both 21 (22%) 16 (2.4%) 5(1.9%)

"The values represent mean (SD) for continuous variables, and n (%) for categorical variables. The p-values for the continuous variables were obtained from an independent
two sample t-test for normally distributed variables or Mann-Whitney-Wilcoxon rank sum test for non-normally distributed variables. For the categorical variables, the
p-values were derived from the Chi-squared test statistics or Fisher-exact test. CNS, central nervous system.

2\ilcoxon rank sum test; Pearson’s Chi-squared test; two sample t-test; Fisher’s exact test. The bold fonts indicate a p-value lower than 0.05.
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Variables Total (n=939)'! CN(n=673)' MCI(n=266)' p-value?

Height (cm) 0.162
Mean (SD) 159.4 (8.4) 159.2 (8.3) 159.9 (8.5)

Weight (kg) 0.977
Mean (SD) 62.7 (9.5) 62.7 (9.3) 62.7 (10.1)

BMI (kg/m?) 0.111
Mean (SD) 24.6 (2.9) 24.7 (2.8) 24.4 (3.0)

FFM (kg) 0.228
Mean (SD) 42.0(7.9) 41.8(7.9) 42.4 (8.0)

PBF (%) 0.018
Mean (SD) 33.0(7.8) 33.3(7.9) 32.1(7.6)

PBCM (%) 0.044
Mean (SD) 43.1(5.2) 42.9(5.2) 43.5 (5.0)

WHR 0.028
Mean (SD)  0.885 (0.057) 0.887 (0.055)  0.879 (0.063)

TBW_FFM 0.038
Mean (SD) 73.89 (0.28) 73.88 (0.27) 73.92 (0.29)

BMR (kcal) 0.226
Mean (SD) 1,277 (171) 1,273 (171) 1,287 (172)

1The values represent mean (SD) for continuous variables, and n (%) for categor-
ical variables. The p-values for the continuous variables were obtained from an
independent two sample t-test for normally distributed variables or Mann-\Whitney—
Wilcoxon rank sum test for non-normally distributed variables. For the categorical
variables, the p-values were derived from the Chi-squared test statistics or Fisher-
exact test.

2Wilcoxon rank sum test. The bold fonts indicate a p-value lower than 0.05.
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Crude model

Adjusted model

Variables OR! 95% ClI' p-value? OR! 95% ClI' p-value?
BMI 0.91 0.79,1.05 0.196 0.94 0.81,1.09 0.430
FFM 1.08 0.94,1.24 0.282 1.20 0.92,1.57 0.173
PBF 0.86 0.75,0.99 0.041 0.84 0.70,1.02 0.072
PBCM 113 0.98,1.31 0.088 117 0.96, 1.42 0.111
WHR 0.86 0.74,0.99 0.033 0.87 0.75,1.01 0.067
TBW_FFM 117 1.02,1.35 0.028 1.09 0.92,1.27 0.319
BMR 1.08 0.94,1.24 0.282 1.20 0.92,1.57 0.174
SL_upper 1.03 0.89,1.18 0.699 1.02 0.79,1.32 0.856
SL_lower 1.12 0.97,1.29 0.108 1.32 1.02,1.71 0.033
SW._upper 1.03 0.89,1.19 0.690 1.03 0.79,1.32 0.847
SW_lower 1.13 0.98, 1.30 0.098 1.33 1.03,1.72 0.031
Water_Lean_upper 1.09 0.94,1.25 0.254 1.04 0.90, 1.20 0.599
Water_Lean_lower 1.23 1.07,1.42 0.004 1.14 0.96, 1.35 0.140
ECW_ICW_upper 1.22 1.06, 1.41 0.006 1.15 0.99, 1.35 0.068
ECW_ICW_lower 1.26 1.09, 1.45 0.001 117 0.99, 1.39 0.067
R_upper 0.90 0.78,1.04 0.149 0.84 0.65, 1.08 0.163
R_lower 0.81 0.70,0.93 0.004 0.76 0.62,0.92 0.005
Xc_upper 0.81 0.70,0.93 0.003 0.86 0.73,1.01 0.064
Xc_lower 0.73 0.63,0.85 <0.001 0.79 0.67,0.93 0.005
PA_upper 0.89 0.77,1.03 0.109 0.88 0.73, 1.06 0.193
PA_lower 0.83 0.72,0.96 0.012 0.89 0.74,1.06 0.182

TOR, odds ratio; CI, confidence interval.
2p-value obtains from Wald test. The models adjusted for age, sex, GDS score, hyperiipidemia, diabetes, and CNS disorder. The bold fonts indicate a p-value lower than

0.05.
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Women Men
Variables OR! 95% CI' p-value? OR! 95% CI' p-value?
BMI 0.92 0.75, 1.11 0.387 1.01 0.80, 1.28 0.906
FFM 1.25 0.80, 1.96 0.320 1.24 0.88, 1.74 0.217
PBF 0.78 0.61, 1.01 0.062 0.92 0.70, 1.22 0.572
PBCM 1.26 0.97, 1.65 0.088 1.07 0.80, 1.42 0.654
WHR 0.85 0.69, 1.05 0.139 0.89 0.72,1.09 0.270
TBW_FFM 1.10 0.88, 1.37 0.389 1.06 0.83, 1.35 0.650
BMR 1.26 0.80, 1.97 0.313 1.23 0.88, 1.73 0.221
SL_upper 1.05 0.68, 1.60 0.831 1.06 0.76, 1.48 0.714
SL_lower 1.32 0.86, 2.04 0.199 1.36 0.98, 1.89 0.066
SW_upper 1.05 0.69, 1.60 0.827 1.07 0.77,1.48 0.706
SW_lower 1.33 0.87,2.05 0.189 1.36 0.98, 1.88 0.064
Water_L ean_upper 1.01 0.84,1.22 0.910 1.08 0.86, 1.36 0.517
Water_Lean_lower 1.21 0.95, 1.55 0.116 1.07 0.84,1.36 0.594
ECW_ICW _upper 1.19 0.94,1.51 0.140 112 0.91,1.38 0.277
ECW_ICW _lower 1.23 0.96, 1.57 0.100 1.13 0.89, 1.43 0.326
R_upper 0.79 0.57, 1.08 0.146 0.87 0.56, 1.32 0.508
R_lower 0.74 0.57,0.95 0.020 0.75 0.55, 1.02 0.071
Xc_upper 0.81 0.64, 1.01 0.061 0.91 0.71,1.18 0.412
Xc_lower 0.75 0.60, 0.94 0.014 0.81 0.63, 1.04 0.101
PA_upper 0.88 0.67,1.16 0.380 0.91 0.70, 1.18 0.481
PA_lower 0.86 0.66, 1.12 0.255 0.92 0.71,117 0.487

TOR, odds ratio; CI, confidence interval.
2p-value obtains from Wald test. The models adjusted for age, GDS score, hyperlipidemia, diabetes, and CNS disorder. The bold fonts indicate a p-value lower than 0.05.
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Bivariate correlations Partial correlations

(Conditioned on variables: Age, sex)
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Run X2 X3 Y, PDI
1 0 0 0 111.07 £ 1.69 —20.47 £ 1.17 0.142 & 0.02 79.66 + 1.23
? 1 1 0 135.87 + 1.95 —20.37 £0.78 0.077 +0.01 81.89 +2.01
B 0 -1 -1 121.07 £ 4.40 —20.87 £0.35 0.132 +0.04 84.7 £ 0.87
-1 -1 0 11847 £ 2.41 —23+£0.43 0.131 & 0.04 85.6 % 1.34
5 0 0 0 119.97 & 1.95 —20.6 £ 1.30 0.118 & 0.04 82.17 £0.79
6 -1 0 -1 113.83 +£5.02 —228+1.31 0.103 & 0.07 84.42 + 0.96
7 0 1 -1 189.1 £2.55 —21.7+0.78 0.111 & 0.04 85.65+ 1.52
8 -1 1 0 256 + 4.80 —20.23+0.31 0.158 & 0.02 84.61 + 1.68
9 1 -1 0 131.13+4.33 —19.77 £ 1.00 0.158 & 0.05 85.97 + 1.07
10 1 0 -1 133.8 £5.05 —17.8 £0.46 0.11 +0.03 78.62 +0.82
11 -1 0 1 106.93 & 3.47 —18.03 £ 0.58 0.243 & 0.07 84.7£2.54
12 0 1 1 94.97 £0.28 —15.8 £0.95 0.117 & 0.05 83.33+2.17
13 1 0 1 99.41 £ 1.31 —20.6 £0.79 0.144 & 0.04 85.67 £ 1.62
14 0 0 0 113.5 £ 0.56 —-172+0.17 0.171 £ 0.01 85.64 +0.77
15 0 -1 1 99.72 + 0.86 —21.57 + 1.41 0.088 & 0.04 85.87 + 1.46

X1, X2, X3, Y1, Y2, Y3, Y4. Y1, Average particle size (nm); Ya, Zeta potential (mV); Y3, Encapsulation efficiency (%); Y4, Polydispersity index (PDI).
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Dietary VK intake derived Odds ratio 95% CI p-value
from grain (mcg/day)

CERAD W-L

Q1 (<7.90) 1 1

Q2 (7.90-16.05) 1.581 0.94-2.66 0.082
Q3 (16.05-28.85) 1112 0.50-2.46 0.788
Q4 (>28.85) 0.992 0.48-2.04 0.981
AFT

Q1 (<7.90) 1 1

Q2 (7.90-16.05) 0.707 0.42-1.18 0.178
Q3 (16.05-28.85) 0.752 0.49-1.14 0.176
Q4 (>28.85) 0.808 0.53-1.23 0.307
DSST

Q1 (<7.90) 1 1

Q2 (7.90-16.05) 0.939 0.56-1.58 0.809
Q3 (16.05-28.85) 0.591 0.31=1.12 0.108
Q4 (>28.85) 0.868 0.39-1.95 0.723
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Number of
subjects (%)*

Age (%)

60-70 years
70-80 years

>70 years

Sex®

Male

Female

Race®

Mexican American
Other Hispanic
Non-Hispanic
White
Non-Hispanic
Black

Other races
Educational level
(o8

Below high school
High school
Above high school
Material status (%)*
Married/living with
partner
Widowers/divorced
/separated/never
married
Poverty-income
ratio (%)*

<1

=1

Body mass index
%)

<25 kg/m?
25-30 kg/m?

>30 kg/m?

Work activity (%)*
Vigorous
Moderate

Low

Recreational
activity (%)*
Vigorous
Moderate

Low

Smoke at least 100
cigarettes in life
%)

Hypertension (%)
Diabetes (%)°
Stroke (%)*

Had at least 12
alcohol drinks/year
(%)

Total energy intake
(keal/day)®

Daily dietary VK
intake (mcg/day)®
Daily dietary VK
intake from
vegetable source
(mcg/day)®

Daily dietary VK
intake from grain
source (meg/day)®

Number of
subjects
(W]

2524

2524

2524

2475

2514

2624

2492

2521

2524

2622

2624
2624
2519
2506

2524

2524

1712

1450

performance

1939 (76.82)

1030 (58.09)
589 (27.98)
320 (13.93)

862 (44.77)
1077 (55.23)

139 (2.67)
159 (2.97)
1046 (81.32)

429 (8.01)

166 (5.04)

366 (12.51)
431 (20.23)
1103 (67.27)

1156 (67.41)

776 (32.59)

248 (6.87)
1691 (93.13)

496 (27.24)
660 (34.36)
759 (38.40)

219 (14.04)
421 (24.46)
1297 (61.50)

209 (12.91)
647 (33.59)
1083 (53.49)
971 (48.93)

1553 (76.52)
585 (23.24)
115 (5.42)

1338 (74.12)

1751 (831.5)

86.25 (94.35)

2 (87.15)

16.2 (21)

CERAD W-L

Low cognitive p-value

performance

585 (23.18)

338 (52.41)
160 (32.67)
87 (14.92)

355 (55.96)
230 (44.04)

72 (6.80)
85(8.61)
223 (67.77)

165 (11.44)

40(5.37)

213 (27.79)
144 (24.57)
218 (47.63)

328 (61.16)

254 (38.84)

125 (14.23)
460 (85.77)

165 (28.02)
206 (38.09)
206 (33.89)

55(9.30)
91(16.19)
438 (74.51)

34(5.30)

177 (34.35)
374 (60.36)
304 (49.52)

472 (82.07)
217 (27.76)
54.(8.52)
392 (68.12)

1637.5 (975.5)

67.7 (76)

35.8 (65.95)

15.8(20.2)

0.3261

0.0041

<0.01

<0.01

0.0444

<0.01

0.3840

<0.01

<0.01

0.8782

0.0932
0.0177
0.0524
0.0332

0.0003

<0.01

0.0163

0.6944

Normal
cognitive
performance

1952 (77.34)

1040 (57.82)
602 (28.99)
310(13.19)

944 (46.02)
1008 (53.98)

164 (3.11)
168 (3.29)
1106 (82.72)

376 (6.68)

138 (4.20)

382 (18.32)
415(19.58)
1116 (67.10)

1163 (67.34)

782 (32.66)

240 (6.49)
1712 (93.51)

508 (27.42)
677 (35.04)
752 (37.54)

234 (13.88)
422 (24.07)
1295 (62.05)

210(12.96)
675 (34.47)
1067 (62.57)
1002 (49.59)

1540 (76.64)

547 (22.05)
114(5.22)

1379 (75.03)

1785.75
(©21.5)
86.73 (94.59)

42 (83.65)

16.7 (21.15)

AFT

Low cognitive
performance

572 (22.66)

323 (53.24)
146 (27.79)
95 (18.97)

273 (50.52)
299 (49.48)

47 (4.90)
76(7.51)
163 (58.86)

218 (18.87)

68 (9.86)

197 (25.15)
160 (28.49)
205 (46.36)

321 (60.82)

248 (30.18)

133 (17.06)
439 (82.94)

163 (27.15)
189 (34.90)
213 (37.95)

40(9.65)
90 (17.31)
440 (73.04)

33(4.22)
149 (20.77)
390 (66.01)
273 (46.07)

485 (82.03)
228 (34.54)
55(9.90)
351 (62.69)

1547 (866.75)

64.88 (73.95)

36.15 (67.8)

13.3 (21.426)

Data were the actual number of participants (weighted percentage) or medians (interquertile ranges).
Chi-square test was used to compare the difference between normal and low cognitive performance participants.
®Mann-Whitney U test was used to compare the difference between normal and low cognitive performance participants.
©Among 2524 indlviduals, 1712 had completed data on VK from vegetable source, 1450 had completed VK data from grain source.

p-
value

0.0798

0.3511

<0.01

<0.01

0.0848

<0.01

0.9928

0.0857

<0.01

0.3817

0.0993

0.0013

0.0135
<0.01

<0.01

<0.01

0.1604

0.0048

Normal
cognitive
performance

1913 (75.79)

1036 (58.53)
567 (28.29)
310(13.18)

875 (46.48)
1088 (53.52)

125 (2.43)
124 (2.41)
1118 (83.71)

361 (6.20)

185 (5.25)

283 (11.08)
433 (20.65)
1161 (68.30)

1170 (68.43)

736 (31.57)

196 (5.66)
1717 (94.34)

501 (27.05)
671(35.53)
727 (37.42)

228 (13.97)
419 (24.09)
1263 (61.94)

229 (13.08)
654 (34.56)
1080 (52.36)
965 (48.59)

1508 (76.36)
536 (21.52)
98 (4.97)
1352 (75.04)

1789 (832)

87.95 (94.2)

43.95 (87.35)

167 (21.4)

DSST

Low cognitive
performance

611 (24.21)

332 (47.35)
182 (32.26)
97 (20.39)

342 (48.42)
260 (51.58)

86(9.98)
120 (14.45)
151 (46.56)

233 (24.98)
21 (4.05)
296 (43.42)

142 (23.29)
160 (33.29)

314 (51.93)

204 (48.07)

177 (25.13)
434 (74.87)

160 (29.64)
195 (31.54)
238 (38.82)

46 (8.06)
93 (15.66)
472 (76.28)

14 (1.33)

170 (28.06)
427 (70.61)
310 (52.01)

517 (85.21)
266 (41.11)
71(12.72)
378 (59.66)

1557.5 (869.5)

60.45 (73.3)

31.35 (62.45)

14.3(19.95)

p-
value

0.0028

0.5684

<0.01

<0.01

<0.01

<0.01

0.6163

<0.01

<0.01

0.1803

0.0156
<0.01
<0.01
<0.01

<0.01

<0.01

<0.01

0.0267
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Dietary VK intake (mcg/day) Q1 (<47.55) Q2 (47.55 to <80.95) Q3 (80.95 to <136.6) Q4 (>136.6)

CERAD W-L Case/participants 201/631 144/631 137/631 103/631
Crude 1.00 (Ref.) 0.61 (0.45-0.82) 0.48 (0.32-0.72) 0.27 (0.17-0.42)
Model 1 1.00 (Ref.) 0.67 (0.49-0.91) 0.63 (0.43-0.91) 0.39 (0.26-0.60)

AFT Case/participants 197/631 157/631 120/631 98/631
Crude 1.00 (Ref.) 1.06 (0.61-1.83) 0.53 (0.33-0.85)" 0.34 (0.23-0.52)
Model 1 1.00 (Ref.) 1.53 (0.81-2.90) 0.83 (0.50-1.37) 0.59 (0.38-0.92)

DSST Case/participants 233/631 152/631 131/631 95/631
Crude 1.00 (Ref.) 0.36 (0.25-0.52) 0.41(0.29-0.57) 0.21 (0.14-0.30)
Model 1 1.00 (Ref.) 0.48 (0.30-0.74) 0.72 (0.46-1.13) 0.44 (0.29-0.65)

Model 1 adjusted for sex, race, educational level, marital status, BMI, work physical activity, recreational physical activity, poverty-income ratio, smoking status, alcohol

consumption, energy (continuous), hypertension, diabetes, and stroke.
Ref. refers to the reference value (Q1).
*p < 0.05.
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CERAD W-L Crude Model 1 AFT Crude Model 1 DSST Crude Model 1

Case/ Case/ Case/

participants participants participants
Male 355/1217 273/1217 342/1217
Q1 (<47.55) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Q2 (47.55to 0.87 (0.61-1.23)  1.20(0.79-1.81) 1.43 (0.75-2.74) 2.32 (0.96-5.60) 0.35 (0.22-0.56)*  0.62 (0.31-1.23)
<80.95)
Q3 (80.95 to 0.56 (0.36-0.87)*  0.85 (0.52-1.39) 0.74 (0.37-1.50) 1.19 (0.56-2.51) 0.50 (0.30-0.83)* 1.23(0.63-2.37)
<136.6)
Q4 (>136.6) 0.39 (0.22-0.70)*  0.68 (0.35-1.30) 0.28 (0.14-0.55)*0.43 (0.19-0.96)* 0.22 (0.13-0.36)* 0.55 (0.25-1.22)
Female 230/1307 299/1307 269/1307
Q1 (<47.55) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Q2 (47.55 to 0.35 (0.22-0.56)* 0.38 (0.23-0.63)" 0.76 (0.40-1.44) 1.04 (0.50-2.15) 0.36 (0.21-0.64)* 0.43 (0.23-0.81)*
<80.95)
Q3 (80.95 to 0.40 (0.21-0.77)*  0.52 (0.31-0.89)" 0.38 (0.19-0.75)* 0.58 (0.30-1.13) 0.33(0.18-0.58)* 0.48 (0.22-1.06)
<136.6)
Q4 (>136.6) 0.17 (0.10-0.30)* 0.27 (0.15-0.48)* 0.39 (0.22-0.69)* 0.78 (0.45-1.35) 0.20 (0.12-0.35)* 0.42 (0.23-0.76)*

Model 1 adjusted for race, educational level, marital status, BMI, work physical activity, recreational physical activity, poverty-income ratio, smoking status, alcohol
consumption, energy (continuous), hypertension, diabetes and stroke.

Ref. refers to the reference value (Q1).

*p =<i0.05.
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Dietary VK intake derived from Odds ratio 95% CI p-value
vegetables (mcg/day)

CERAD W-L

Q1 (<16.70) 1 1

Q2 (16.70-40.85) 1.033 0.63-1.70 0.896
Q3 (40.85-99.45) 1.000 0.56-1.79 0.999
Q4 (>99.45) 0.604 0.37-0.99 0.047
AFT

Q1 (<16.70) 1 1

Q2 (16.70-40.85) 0.629 0.32-1.24 0174
Q3 (40.85-99.45) 0.710 0.35-1.42 0.323
Q4 (>99.45) 0.629 0.37-1.06 0.081
DSST

Q1 (<16.70) 1 1

Q2 (16.70-40.85) 1.248 0.73-2.12 0.403
Q3 (40.85-99.45) 1.269 0.68-2.38 0.447
Q4 (>99.45) 0.819 0.44-1.54 0.524
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Multivariate-adjusted ORs of DSST score
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CERAD W-L score AFT score DSST score

60-70 years 23 14 38
70-80 years 20 12 33
>80 years 17 12 29
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Covariates

Sex
Age (year)
Educational level

Marital status

Poverty-income ratio
Race

Body mass index (BMI)
Smoked at least 100 cigarettes
in life

Had at least 12 alcohol
drinks/year

Occupational physical activity
Recreational physical activity
Hypertension?

Diabetes

Stroke®

Total energy intake (kcal/day)?

Classifications

Male; female

60-70; 70-80; >80

Below high school; high school; above high
school

Married/living with partner;
widowed/divorced/separated/never married
<0.99; and >1

Mexican American; other Hispanic;
non-Hispanic White; non-Hispanic Black; other
race

<25 kg/m?; 25 to <30 kg/m?; =30 kg/m?

No; yes

No; yes

Vigorous; moderate; other
Vigorous; moderate; other
No; yes

No; yes

No; yes

Continuous

aSystolic blood pressure (SBP) >130 mmHg, or diastolic blood pressure (DBP)
>80 mmHg, or ever been told by a doctor or other health professional that had
hypertension, or currently taking antihypertensive drugs were hypertensive patients.
PDiabetes was defined as ever been told by a doctor or other health profes-
sional that had diabetes, or taking insulin, or fasting plasma glucose (FPG) level
at least 126 mg/dL, or 2-h plasma glucose level above 200 mg/dL, or a glycated
hemoglobin (HbA1c) level of 6.5% or greater.

CStroke was defined as self-reported physician diagnosis of stroke.

dTotal energy intake of each participant was the average of two 24-h

dietary energy intake.
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Scale scores

ABC scale scores
Sensory
Relating
Body and object use
Language
Social seff-help
Total score
SRS scale scores
Soclal awareness
Social cognition
Social communication
Social motivation
Autistic mannerisms
Total score
CARS scale scores
Total score
Communication Warning
Behavior

Boys
8 (95% CI)

n=895
0.040 (—1.865 to 7.589)
—0.023 (~8.864 to 4.336)
0048 (~1.767 to 10.049)
0,020 (~4.119 0 7.856)
0,011 (~3.769 to 5.205)
0027 (~11.571 10 27.586)
=912
~0.078 (~6.353 to ~0.566)
—0,057 (~7.227 10 0.485)
~0.106 (~19.593 to —4.678)
~0.058 (~8.188 10 0.496)
~0.045 (~8.622 t0 1.567)
~0.090 (~45.386 to —7.307)
n=924
~0.106 (~15.360 to ~3.738)
n=185
~0.080 (~43.289 to —2.905)

B (95% Cl), regression coefficient (95% confidence interval).
Multivariate Linear Regression Models were employed to analyze the association between serum VA level and scores of scales, with age as covariant.

0235
0.501
0.157
0.540
0.754
0.422

0.019
0.087
0.001
0.082
0.174
0.007

0.001

0.025

Girls

8 (95% CI)

n=205
—0.102 (—18.562 to 3.068)
~0.044 (~20.943 to 10.985)
~0.108 (~28.857 10 3.785)
0.008 (~14.694 to 16.438)
~0.185 (~21.283 10 0.446)
~0.101 (~83.115 to 13.719)
n=198
~0013 (-6.782 10 5.615)
~0.183 (~15.714 10 0.879)
~0.136 (~33.890 0 0.466)
~0.030 (~12.326 10 8.004)
—0.074 (~17.647 105.418)
—0.109 (~75.921 t0 9.442)
n=195
~0.211 (~36.867 to ~7.157)
n=172
~0.116 (~79.743 to 11.344)

0.159
0.539
0.131

0912
0.060
0.159

0.853
0.062
0.056
0.675
0.297
0.126

0.004

0.140

Total

8 (95% Cl)

n=1,100
0.017 (-3.115t05.512)
~0.026 (~8.681 10 3.466)
0018 (~4.161 to 7.715)
0019 (~8.799 to 7.381)
~0.015 (~5.184 10 3.004)
0.004 (~16.792 10 3.094)
n=1,110
—~0.065 (~5.478 to —0.243)
~0.066 (~7.356 to ~0.411)
—0.107 (~19.274 to ~5.611)
~0.049 (~7.298 10 0.670)
~0.050 (~8.582 10 0.688)
—0.090 (—43.795 to —9.113)
n=1,119
~0.126 (~17.000 to ~6.182)
n=957
—0.080 (~41.721 to ~5.012)

0.586
0.400
0.657
0.530
0.620
0.886

0.082
0.028
<0.000
0.108
0.005
0.003

<0.000

0.013
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CNBS-R2016 Boys (n = 767) P
B (95% CI)
Gross motor 0,079 (2599 to 43.633) 0.027
Fine motor 0.024 (~12.868 to 26.136) 0.504
Adaptive behavior 0,048 (~6.032 10 34.234) 0.170
Language 0.080 (3.391 t0 54.324) 0.026
Personal-social 0.078 (2.009 to 42.391) 0.031
General quotient 0073 (0.625 t0 36.679) 0,043

B (95% Cl), regression cosfiicient (95% confidence intervel).
CNBS-2016R, Chidren Neuropsychological and Behavior Scale-Revision 2016.

Gils (n = 176)

$(95% CI)

0.082 (~38.166 to 58.457)
0.069 (~23.753 to 62.839)
0.151 (3.835 to 97.569)
0.141 (~4.341 10 109.497)
0.104 (~14.632 to 18.028)
0.120 (~7.931 10 74.712)

0.679
0.374
0.034
0.070
0.179
0.113

Total (n = 943)

B (95% Cl)

0070 (2.08 to 39.480)
0.082 (~8.870 10 26.413)
0.066 (1.445 to 38.275)
0.089(9.034 t0 55.210)
0.085 (6018 to 42.748)
0082 (4.595 t0 37.411)

Multivariate Linear Regression Models were employed to analyze the association between serum VA level and scores of CNBS-R2016 scale, with age as covariant.

0.030
0.329
0.035
0.006
0.009
0.012





OPS/images/fnut-09-876112/crossmark.jpg
©

2

i

|





OPS/images/fnut-09-876112/fnut-09-876112-g001.gif





OPS/images/fnut-09-851980/fnut-09-851980-g001.gif
=3 = oo =3 e
N . & =
e o, ot | e B e

e - e 2 e = ’ e ml ’ i )
RRE| | REERR| | ERRR| |REEE) |SER

[ 1 ]

it a T reeaas T e g Etbaion ol e B






OPS/images/fnut-09-851980/fnut-09-851980-t001.jpg
Variable

Gender, n (%)
Boys
Girls
Age (years), Median (QR)
Father's educational levels, (%)
Middle school or below
High school
College or above
Mother's educational levels, 1 (%)
Middle school or below
High school
College or above
Residential place, n (%)
Utban
Rural
Boys
Zysn, mean £ SD
Zyn, mean  SD
Zowia, mean & SD
Girls
Zisn, mean £ SD
Zwn, mean + SD
Zewia, mean & SD

ASD, autism spectrum disorder; TD, typically developing: IQR, inter-quartie range.
-scores for weight; Zeyi, Z-scores for BMI.
Data was shown as Median (IQR) or number (percentage). Chi-square test and Mann-Whitney U test were used in the analysis.

Zin, Z-scores for height; Zua,

TD (N =1,252)

822 (65.655)
430 (34.345)
4.390 (3.360-5.340)

143 (12.181)
204 (17.376)
827 (70.443)

142 (12.014)
185 (15.651)
855 (72.335)

1,043 (89.145)
127 (10.856)
N=797
0.120  1.130
0322 +1.121
0365 +1.173
N=413
0051 1.148
0.199 +1.038
0243 +1.128

ASD (N = 1,330)

1,088 (81.805)
242 (18.195)
3.970 (3.145-4.900)

259 (20.394)
276(21.782)
735 (57.874)

301 (23516)
309 (24.141)
670 (52.344)

964 (75.549)
312 (24.451)
N=904
0223+ 1.167
0.393  1.156
0370+ 1.374
N=198
0228+ 1.104
0.249 4 1.151
0.141 % 1.323

2Z/T/chi-square

106.904

X2 =76.621

<0.001

<0.001

<0.001

<0.001

<0.001

0.065
0.198
0.934

0.072
0.592
0.324
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Group VA Mean (SD) Unadjusted P Adjusted P

OR (95% Cl) OR (95% Cl)
D (N =1,252) 0.353 (0.074) reference 003 reference 0016
ASD (N = 1,330) 0.347 (0.079) 0.315 (0.111 10 0.897) 0.275 (0.096 to 0.789)

7D, typically developing; ASD, autism spectrum disorder; OR, odds ratio; Cl, confidence interval.
Uni-variate Logistics Regression was used for unadjusted model and Binary Logistics Regression was used for adjusted model (adjusted for age).
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Group VA mean(SD)

Boys

O (v =822) 0353 (0.076)
=1,087) 0.344 (0.075)

D (v = 430) 0.354 (0.071)

ASD (N = 244) 0.360 (0.069)

Gender

Boys with ASD (N = 1,087) 0344 (0.075)

Girls with ASD (N = 244) 0.360 (0.069)

Unadjusted
OR (95% CI)

reference
0.207 (0.062 to 0.698)

reference
3.343 (0.351 0 31.794)

reference
17.214 (2,591 to 114.375)

D, typically developing; ASD, autism spectrum disorder. OR, odds ratio; Cl, confidence interval.
Uni-variate Logistics Regression was used for unadjusted model and Binary Logistics Regression was used for adjusted model (adjusted for age).

0.011

0.294

0.003

Adjusted 3

OR (95% Cl)

reference 0007
0.190 (0.056 to 0.639)

reference 0.441
2.443 (0.252 to 23.665)

reference 0004
16.559 (2.471 to 110.959)
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Enrollment

Samples included in the
preliminary study
N=1153

|

Access for eligibility and met
the inclusion criteria

Exclude due to : N=214

* missing data (n=4)

* extreme data (n=61)

* dementia or other causes of cognitive
decline (n=61)

* incorrect measurements (n=88)

Enrolled to final analysis

N=939

CN
N=673

'

I

Females
N=371

Males
N=302

|
MCI
N=266
; ]
Females Males
N=134 N=132
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FV intake

Median (IQR) (/day)

Worries, n (%)

Unadjusted

Multivariable adjustedt

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Tension, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Lack of joy, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Demands, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score

at

n=2,161
193 (166-221)
860 (43%)
Ref.

Ref.

Ref.

Ref.

Ref.
751(37%)
Ref.

Ref.

Ref.

Ref.

Ref.

744 (35%)
Ref.

Ref.

Ref.

Ref.

Ref.

711 37%)
Ref.

Ref.

Ref.

Ref.

Ref.

Fruit and vegetable (FV) intake quartiles

Q2

n=2161
293 (269-318)
756 (38%)
0.80(0.64, 1.01)
0.82(0.66, 1.02)
0.83(0.67, 1.03)
0.87(0.67,1.11)
0.82(0.66, 1.02)
643 (32%)
0.79(0.64, 0.98)"
081(0.65, 1.00)
0.81(0.66, 1.00)
0.82(0.65, 1.03)
0.84(0.69, 1.02)
646 (32%)
0.86(0.68, 1.08)
0.89(0.71,1.13)
0.90(0.72, 1.14)
0.93(0.74,1.16)
0.92(0.74,1.14)
671 (34%)
0.90(0.71,1.14)
0.92(0.68, 1.28)
0.89(0.66, 1.22)
0.93(0.68, 1.28)
0.94(0.71,1.24)

Q3

n=2158
400 (371-436)
641 (33%)
065 (0.54,0.78)"
0.71(0.68, 0.88)"
0.72 (069, 0.89)"
0.74(0.58, 0.94
0.72 (069, 0.89)"
547 (30%)
0.72 (057, 0.90)"
0.78 (0.62,0.98)"
0.78 (0.62,0.99)"
083 (064, 1.07)
0.79 (0.63, 0.99)"
561 (27%)
067 (0.54,0.83)"
0.76 (0.60, 0.95)"
0.76 (0.60, 0.96)"
0.79/(0.62, 1.00)"
0.77 (0.61,0.97
567 (31%)
0.79(0.65, 0.95)"
088 (0.72,1.08)
087 (0.71,1.07)
091(0.73,1.13)
0.89(0.73,1.08)

Q4

n=2160
575 (518-676)
664 (32%)
0.63 (062, 0.75)"
0.68 (055, 0.85)"
0.69 (055, 0.86)"
0.73(0.57,0.93)"
0.70(0.56, 0.89)#
542 (26%)
058 (0.49,0.70) *
0.64(0.62,0.79)"
0.64 (052,0.79)"
0.67 (0.54,0.84)"
0.66 (0.54,0.82)"
525 (27%)
0.68 (057, 0.80)"
0.77 (0.64,0.93)"
0.78 (0.64,0.94)"
0.81(0.68,0.97)"
0.78 (0.64, 0.96)"
565 (30%)
0.74(0.60,0.91)"
0.88 (0.69, 1.13)
0.87 (067, 1.12)
0.94(0.72,1.22)
0.89 (0.69, 1.15)

Odds ratios (ORs) and 95% confidence intervals obtained using the survey commandfor logistic regression. Cut-points for worries, tension, lack of joy and demands were 9, >11, >11,
212 for men; and 210, 212, 212, =13 for women, respectively. Analyses were unadjusted and multivariable adjusted for age, sex, BMI [body mass index], energy intake, relationship
status, physical activity, level of education, SEIFA [Socio-economical index for areas), smoking status, diabetes and prior cardiovascular isease). "Indicates a statistically significent
difference (o < 0.05) from Q1; *indicates a statistically significant difference (o < 0.013) from Q1 based on Bonferroni-corrections.
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Fruit intake

Median (IQR) (¢/day)

Worries, n (%)

Unadjusted

Multivariable adjustedt

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Tension, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Lack of joy, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Demands, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score

al

n=2160
62 (52-72)
803 (40%)
Ref.
Ref.
Ref.
Ref.
Ref.
765 (37%)
Ref.
Ref.
Ref.
Ref.
Ref.
778 (37%)
Ref.
Ref.
Ref.
Ref.
Ref.
715 (37%)
Ref.
Ref.
Ref.
Ref.
Ref.

Fruit intake quartiles

Q2

n=2160
119 (106-133)
711 (36%)
0,69 (0.58, 0.82)"
0.80 (0,67, 0.96)"
0.80 (0.67, 0.95)"
084/(0.67, 1.06)
082 (0,69, 0.97)"
604 (32%)
080 (0.66, 0.97)"
0.85(0.71, 1.02)
085 (0.71,1.01)
088 (0.69, 1.12)
085 (0.72, 1.00)
590 (20%)
0.71(0.62,0.81)"
0.84(0.73,0.96)"
0.84(0.73, 0.96)"
0.88(0.75, 1.03)
085 (0.74, 0.96)"
635 (34%)
086 (0.72, 1.03)
093 (0.74, 1.16)
093(0.73, 1.18)
097 (0.74,1.26)
091(0.72, 1.16)

Q3

n=2161
205 (193-250)
733 (36%)
058 (0.4, 0.75)"
074 (0.58, 0.95)"
0.75 (0.59, 0.95)"
0.77 (055, 1.09)
0.75(0.59, 0.95)"
577 (29%)
068 (0.57,0.82)"
0.79(0.65, 0.96)"
0.79(0.65, 0.96)"
0.84(0.65,1.07)
0.78(0.64, 0.96)"
581 (27%)
063 (0.51,0.77)"
0.80(0.64, 1.01)
0.81(0.65, 1.01)
0.85(0.68, 1.07)
0.79(0.63, 0.99)"
601 (30%)
073 0.58,0.92"
0.89(0.67,1.18)
0.87(0.65,1.17)
0.92(0.65, 1.29)
0.83(0.66, 1.17)

Q4

n=2159
372 (322-448)
674 (33%)
061(0.52,0.71)"
0.75 (0.62, 0.89)"
0.75 (0.63, 0.90)"
0.80(0.65, 0.98)"
0.77 (0.63,0.94)"
537 (27%)
0.63(0.54,0.74)"
0.73 0.62,086)"
0.73(0.62, 0.86)"
0.77 (0.63,0.99)"
0.74(0.62, 0.87)"
527 (28%)
0.66 (0.56, 0.77)"
084(0.71,0.99
0.84 (0.71,1.00)
0.89(0.73,1.08)
086 (0.70, 1.04)
563 (31%)
0.78(0.65, 0.93)"
097 (0.79,1.18)
095 (0.7, 1.18)
1.02 (081, 1.30)
0.95 (0.7, 1.18)

Odds ratios (ORs) and 95% confidence intervals obtained using the survey command for logistic regression. Cut-points for worries, tension, lack of joy, and demands were >9, >11, >11,
212 for men; and 210, 212, 212, =13 for women, respectively. Analyses were unadjusted and multivariable adjusted for age, sex, BMI [body mass index], energy intake, relationship
status, physical activity, level of education, SEIFA [Socio-economical index for areas)], smoking status, diabetes and prior cardiovascular isease). "Indicates a statistically significent
difference (o < 0.05) from Q1; *indicates a statistically significant difference (o < 0.013) from Q1 based on Bonferroni-corrections.
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Vegetable intake

Median (IQR) (¢/day)

Worries, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Tension, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Lack of joy, 1 (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score
Demands, n (%)

Unadjusted

Multivariable adjusted

Multivariable adjusted plus income

Multivariable adjusted plus life events
Multivariable adjusted plus physical health score

at

n=2160
89 (65-105)
888 (45%)
Ref.

Ref.

Ref.

Ref.

Ref.

706 (36%)
Ref.

Ref.

Ref.

Ref.

Ref.

727 (36%)
Ref.

Ref.

Ref.

Ref.

Ref.

687 (36%)
Ref.

Ref.

Ref.

Ref.

Ref.

Vegetable intake quartiles

Q2

n=2,163
142 (130-153)
705 (36%)
084 (0.69, 1.01)
095 (0.82, 1.11)
0.96 (0.84, 1.11)
0.95(0.75, 1.20)
096 (0.83, 1.11)
608 (32%)
0.84(0.65, 1.08)
0.91(0.70, 1.16)
091 (0.71, 1.17)
092 (0.69, 1.22)
093(0.78, 1.18)
587 (29%)
0.72(0.59, 0.89)"
0.81(0.65, 1.01)
081 (0.65, 1.01)
0.82(0.66, 1.02)
0.83(0.69, 1.00)
642 (35%)
093(0.78, 1.11)
1.07 (088, 1.30)
1.05 (086, 1.20)
1.08 (087, 1.33)
1.08 (089, 1.31)

Q3

n=2,157
188 (175-202)
669 (32%)
0.85(0.66, 1.10)
0.83(0.67, 1.14)
0.83(0.67, 1.16)
0.89(0.65, 1.21)
0.88(0.67, 1.14)
608 (30%)
076 (0.56, 1.02)
0.78(0.57, 1.08)
0.78(0.57, 1.08)
0.79(0.55, 1.12)
0.80(0.59, 1.08)
588 (29%)
0.71(0.51, 1.00)
0.72(0.51,1.02)
0.72(0.51,1.02)
0.72 (0.50, 1.05)
0.74(0.54,1.02)
620 (30%)
0.75 (0.57, 0.98)"
0.82(0.60, 1.11)
0.81(0.60, 1.10)
0.82(0.59, 1.14)
0.84(0.62, 1.14)

Q4

n=2160
264 (238-308)
659 (33%)
0.73 (058, 0.94)"
0.71(0.56, 0.90)"
0.72(0.58, 0.90)"
0.70 (052, 0.95)"
0.72(0.58,0.91)"
561 (28%)
0.71(0.57,0.87)"
0.72(0.57,090)"
0.72(0.57,0.90)"
0.72 (055, 0.94)"
0.74(0.59, 0.92)"
574 (28%)
069 (0.52, 0.90)"
067 (0.51,089)"
068 (0.52, 0.89)"
0.67 (049, 0.93)"
069 (0.52, 0.90)"
565 (31%)
0.78 (0,63, 0.98)"
0.84 (0.67, 1.05)
0.82(0.67,1.02)
0.86 (0.68, 1.08)
0.85 (0.68, 1.06)

Odids ratios (ORs) and 95% confidence intervals obtained using the survey command for logistic regression. Cut-points for worries, tension, lack ofjoy and demands were >9, >11,>11,
212 for men; and 210, 212, 212, =13 for women, respectively. Analyses were unadjusted and multivariable adfusted for age, sex, BMI [body mass index], energy intake, relationship
status, physical activity, lovel of education, SEIFA [Socio-economical index for areas], smoking status, diabetes and prior of cardiovascular disease). Indicates a statistically significant
difference (p < 0.05) from Q1; *indicates a statistically significant difference (p < 0.013) from Q1 based on Bonferroni-corrections.
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Brain function

Learning and memory

Neuronal activity

Neuroprotection

Model

Neonatal chick (91)

Neonatal chick (23)

9~10-week-old rats (92)

6~11-week-old rats (80)

Glutamatergic neurons
and GABAergic neurons
©

tMCAO model
Hippocampal slices in
OGD model (12)

NMDAR-induced
neuronal excitotoxicity
©3)
Glutamate-induced
neurotoxicity model (94)

Method of
administration

Tail intravenous

injection

Intracranial

injection

Intracranial

injection

Suboutaneous
injection

Intravenous

injection

Infusion

Concentration

1.76-
226mM

10nM

18mM

19g/kg

5mM

1 pmolig

4mM

10mM

6mM

Intervention time

The scope of validity period
from 10min before to 20min
after the discrimination
avoidance task

The scope of validity period
from 10min before to 20min
after the discrimination
avoidance task

Injection at 20 min before or
25 min after the task

Injection at 30 min before the
Y maze task

Ijection within 2 min following
1A task

Injection at 15 min prior to 1A
task

Injection at 45 min after
MCAO
48h after OGD

22 min before adding
glutamate.

Combination with containing
glutamate perfusion medium

Effect

Impair memory

Impair memory
No adverse
effect
onmemory

No adverse
effect on
memory
retention
Enhance memory
Impair memory

Decrease the
spontaneous
calcium spiking
frequency
Decrease the
infarct volume.
Reduce neuronal
cell death

No alteration in
excitotoxicity

Aggravate the
cortex lesion
area






OPS/images/fnut-09-837066/crossmark.jpg
©

2

i

|





OPS/images/fnut-09-837066/fnut-09-837066-t001.jpg
Characteristics Al

Sample size (1) 8,640
Age (years), mean  SD 47.8%150
Sex (women), n (%) 4,747 (50.1)
BMI (kg/m?), mean  SD 266+48
Undenweight, n (%) 79 (1%)
Normal weight, n (%) 3,152 (39%)
Overweight, n (%) 3,483 (40%)
Obese, n (%) 1,926 (20%)
Energy intake (kcal/d), mean = SD 2,042 £ 697
Physical activity (min/week), mean (QR) 277 (258-295)
Insufficient physical activity, n (%) 4,142 (48%)
Sufficient physical activity, n (%) 4,498 (52%)
Relationship status, 1 (%)

Married 6,268 (72.8)
De facto 414 (4.4)
Separated 217 (2.4)
Divorced 515(5.1)
Widowed 528(5.2)
Single 698 (10.0)
SEIFA 1,025 + 87
Level of education, n (%)

Never to some high school 3,445 (35.7)
Completed university or equivalent 5,195 (64.3)
Smoking status, n (%)

Current 1,338 (16.9)
Ex-smoker 2537 (25.9)
Non-smoker 4,765 (57.8)
Prior CVD, n (%) 685 (6.7)
Diabetes status, n (%)

Normal glucose levels 6,387 (77.1)
Impaired fasting glucose 512(5.8)
Impaired glucose tolerance 1,043 (10.3)
Newly diagnosed diabetes mellitus 3560 (3.5)
Known diabetes melitus 348 (33)
Score for worties, median (IQR) 8(6-10)
Score for tension, median (QR) 9(7-12)
Score for lack of joy, median (IQR) 9(7-11)
Score for demands, median (IQR) 10 (7-13)

*Estimated using the survey command to apply the necessary weighting for selection
bias. Worries, tension lack of joy and demands represent Qd. BM), Body Mass Index;
CVD, Cardiovascular Disease; SEIFA, Socio-Economical Index For Areas.
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