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Editorial on the Research Topic
 Metabolic consequences of malnutrition: How to balance nutrients and genes





Introduction

A healthy diet and exercise reduce the risk of chronic metabolic diseases. Nutrient intake and diet composition can have immediate and long-term beneficial or detrimental consequences on health. In this regard, maternal nutrition deficiencies may also impact the metabolic programming and health of the child. Malnutrition refers to imbalances of energy, protein, and other nutrients. Currently, the issues due to insufficient food availability have been largely overcome in developed countries. However, these countries begin to face the other side of malnutrition, i.e., overnutrition, which brought about high rates of chronic metabolic diseases. The interaction between nutrition, metabolism, and gene expression is crucial for the maintenance of whole-body homeostasis. The interplays between nutrition and the human genome can define and mark the gene expression and metabolic response. This in turn may affect the individual's health and susceptibility to disease. With the exponential increase of nutrition-related diseases, targeted approaches are needed to provide balanced diets in parallel with the development of national preventive health systems and screening programs adapted to local needs. Dietary intake is an essential factor, however, there is a marked inter-personal variation in metabolic disease onset, underpinning the significance of the complexity of interactions between genetic and environmental factors. This Research Topic “Metabolic Consequences of Malnutrition: How to Balance Nutrients and Genes” in Frontiers in Nutrition collected 14 scientific contributions from highly qualified research groups focusing on nutrition and metabolism-related diseases. This Research Topic is to clarify the basic knowledge about the vital role of nutrition-related genes in various disease states and to identify new concepts that could highlight the relation between nutrition and gene expression. Based on these studies, we hope to provide a better understanding of the mechanism and pathogenesis of metabolic disorders caused by a hyper-glucose, under-nourish, high-fat diet, micronutrient deficiency, oxidative stress, major depressive disorder, and even coronavirus diseases.



Metabolic consequences of malnutrition

In particular, the nutrient-sensing nuclear receptor peroxisome proliferator-activated receptor-α (PPARα) is critical for the host response to short-term fasting and modifies the transcriptional programs of ketogenesis, fatty acid oxidation and transport, and autophagy in the liver. This regulation is ineffective in chronically undernourished individuals, often causing dyslipidemia and hepatic steatosis. Meanwhile, sirtuin-1 (SIRT1), a NAD-dependent deacetylase, is a regulator of nuclear receptors, decreasing their expression levels by proteasome-mediated degradation. Moore and Preidis' group revealed that PPARα is a novel target for Sirt1-mediated deacetylation, ubiquitination, and proteasomal degradation, and demonstrated that hepatic PPARα protein levels can be rescued in undernourished mice. These results pointed to a potential therapy targeting SIRT1 inhibition for undernutrition-induced liver and metabolic dysfunction (Suh et al.). Given SIRT1 is a mediator for AMPK-peroxisome proliferator activated receptor gamma coactivator 1-alpha (PGC1α) pathway, Zhang L. et al. revealed that the reduced AMPK-SIRT1-PGC1α signaling pathway caused by maternal high-fat diet (HFD), blunted the fatty acid β-oxidation in the placenta, leading to abnormal glucose and lipid metabolism of offspring at weaning. These findings indicate that fatty acid β-oxidation related gene profiles exert vital roles in modulating maternal overnutrition and metabolic health in the offspring (Zhang L. et al.).

In addition to metabolic diseases, overnutrition is also linked to intestinal inflammation. In a preclinical model of inflammatory bowel disease (IBD), Wu et al. have demonstrated that mice under short-term HFD exposure exhibited more severe clinical symptoms and colonic ulceration. In the intestinal mucosa of these animals, higher gene expressions of proinflammatory cytokines were observed (Wu et al.). In this study, the authors adopted new methodologies for identification and visualization of the spatial organization of bile acids (BAs) metabolism in the intestine of HFD-fed mice using mass spectrometry imaging (MSI). They demonstrated the application of MSI with a high spatial resolution (3 μm) plus mass accuracy matrix-assisted laser desorption ionization (MALDI) to identify BAs and N-1-naphthylphthalamic acid (NPA). This method could clearly determine the zonation patterns and regional difference characteristics of BAs on mouse liver, ileum, and colon tissue sections. The relative content of BAs based on NPA could also be ascertained (Zhang Q. et al.). In another mouse model of colitis, the core genes including nuclear factor (erythroid-derived 2)-like2 (Nrf2), signal transducer and activator of transcription 3 (STAT3), and phase II enzyme UDP-glucuronosyltransferase (UGT) were shown to be involved in the protective effects against colitis when treated with sulforaphane.

The effects of dietary interventions against malnutrition and inflammation are also explored. He et al. showed that an isothiocyanate, present in cruciferous vegetables such as broccoli and brussels sprouts, displays a therapeutic potential against ulcerative colitis. Nrf2 is one of the predominant factors to control oxidative stress by regulating the genes involved in the peroxidation pathway. Chen et al. found that oyster peptide (OP), a multi-nutritional food, substantially improves cyclophosphamide-induced intestinal oxidative stress in mice via the simulation of the antioxidant Nrf2-Keap1 signaling pathway. This study supports the potential application of peptide nutrients in the protection against oxidative stress and other metabolic disorders (Chen et al.). A review article summarized the important roles of branched-chain amino acids (BCAAs) in different metabolic disorders. BCAAs composed of leucine, isoleucine, and valine, account for about 35% of essential amino acids in most mammals and are critical in health and diseases. Lacking BCAAs may cause severe neurological disorders and growth retardation, while insulin resistance, obesity, heart failure, and even cancer are all associated with the accumulation of excess BCAAs. This review has also offered information about a series of novel methods for BCAAs measurement, facilitating researchers in the field to get a comprehensive picture of metabolic studies in BCAAs (Du et al.). It is worth mentioning that machine learning (ML) models have been successfully used in many obesity studies to predict obesity rates and identify risk factors in samples of interest. Because of that considerable current effort has been made by the computer science community and industry to apply artificial intelligence technology in the field of biology and biomedicine. A mini-review collected several ML algorithms or platforms, particularly focusing on nutrition, environment, and social factors, genetics or genomics, and microbiome research (Zhou et al.). This article also included detailed information on 23 open-source ML algorithms and related databases, including the project name, the linked website, applicable data types, and a simplified description of usage. ML algorithms are useful analytic tools that help us to conceptualize and study metabolic disorders within a fundamentally novel framework. So far, most ML algorithms used in metabolic research are in a single field. Whereas in the close future, the algorithms should be put together across platforms or data types.

Fructose is a pivotal nutrient that has been suggested to be strongly linked to metabolic diseases. Low dietary fructose increases the length of the intestine and the height of intestinal villi, contributing to weight gain and fat accumulation, which suggests the potential and beneficial role of fructose with appropriate concentration. Animal models are widely employed for studying fructose-induced metabolic changes. The anatomical and physiological similarities between pigs and humans suggest that a pig model is an important tool for biomedical research. In addition, pig production plays an important role in farming systems worldwide and the large-scale pig industry is developing rapidly all over the world to satisfy the requirement of growing consumers. The application of fructose in pig biomedical models and pig production needs further progress to production methods majorization and study of human diseases more accurately. A mini-review concluded the characteristics and metabolism of fructose in pig reproduction, growth, development, and as a human biomedical model (Xie et al.). This review addresses fructose metabolism in several key organs and its related functions in the intestine and blood cycle, benefiting new strategies for maintaining blood glucose balance and curbing metabolic diseases in humans and animals. Disagreeing with the existing t-test of a correlation coefficient, Aslam and Albassam provide a new way of investigating the relationship between fasting blood glucose level and drinking glucose solution. In this perspective article, the authors performed the test on data obtained from diabetes patients. The proposed method of a correlation coefficient was demonstrated to be effective for studying the significance of correlation in an indeterminate environment. It is anticipated that this new method could be applied to investigate correlations in a wide field involving economics, business, medicine, and industry in future. Till today, anti-diabetic oral agents and nutritional management are frequently used together as first-line therapies for type 2 diabetes mellitus (T2DM). However, their interaction is still unclear. Serving as the classic anti-diabetic medications, the interactive effect of acarbose and metformin with dietary intakes of macronutrients on glycemic control and cardiometabolic risk factors in a Chinese cohort was investigated as the initial hypoglycemic treatment (MARCH) randomized clinical trial (An et al.). Metformin and acarbose mainly exerted divergent interactive effects with dietary macronutrients on GLP-1 secretion, insulin release, and SBP, implying the distinct benefits for glycemic control due to the complexities of drug-diet therapies. The novel findings from the MARCH trial highlight the complicated nature of combining drug and diet therapies, and concomitant use of drug and diet with an expectation of additive may further benefit different hypoglycemic medications.

Higher adiposity is tightly linked to the aggravation of COVID symptoms, and the white adipose tissue (WAT) exerts a positive response to the infection by SARS-CoV-2. Moreover, adipokines like adiponectin are demonstrated to be associated with lipid metabolism and inflammatory factor secretion in patients with SARS-CoV-2. This adipokine may thus influence COVID-19 severity directly and indirectly. In a prospective study by Minuzzi et al., 145 hospitalized patients with COVID-19 were evaluated. They showed a robust linkage between brain-derived neurotrophic factor (BDNF) levels and COVID-19 severity (Minuzzi et al.). While adiponectin and leptin do not predict disease severity, the ratio of BDNF/adiponectin is informative of patient status and is sex-specific. These results reveal that serum BDNF content and BDNF/adiponectin ratio may serve as tools for predicting worsened prognosis in COVID-19, especially for male patients. Given that cholesterol is required for coronavirus infection in vitro, the role of endogenous cholesterol metabolism in regulating coronavirus infection and the mechanism behind it should be elucidated. With a mechanistic study in an animal model, Liu et al. demonstrate that a porcine coronavirus triggers an aberrant regulation of cholesterol metabolic genes via epigenetic inhibition of SREBP2/FXR-mediated transcription, offering a novel antiviral strategy against PEDV and other coronaviruses. Since the outbreak of COVID-19, numerous studies from around the world have reported declines in mental health such as major depressive disorder (MDD), which is a complex, multifactorial disorder of rising prevalence and incidence worldwide. The link between nutritional epigenetics and MDD composes a new field of research. A deep understanding of these diet-related epigenetic shifts becomes necessary highlighting complementary branches such as nutritional neuroscience and nutritional psychology for the integrative study of MDD. Thus, Ortega et al. present a critical review to integrate different areas of research to serve as a link between malnutrition-related epigenetic changes involved in MDD pathophysiology. They have discussed metabolic changes derived from an impairment in cellular processes owing to lacking some essential nutrients in the diet and therefore in the organism. Finally, aspects related to nutritional interventions and recommendations are also discussed.



Conclusions and perspectives

The epigenetic actions of nutrition suggest that it can modulate numerous metabolic pathways which have been investigated in the context of metabolic disorder pathophysiology. Novel advances in clinical trials have generated promising results in the ability of nutrition intervention to reverse or attenuate these epigenetic marks. There are still large gaps in the understanding of the pathophysiology of metabolic diseases and the associated epigenetic drivers, signature genes, and functional pathways, even more in the knowledge of the connection between malnutrition and consequent epigenetic marks involved in metabolic disease pathophysiology.



Author contributions

DC wrote the introduction and the conclusion. H-YL wrote the central part with comments on the cited papers and references. H-XL and J-SZ contributed to the review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Natural Science Foundation of Jiangsu Province (BK20200932 and BK20220582), Natural Science Foundation of the Higher Education Institutions of Jiangsu Province (20KJB230001), and the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).





Conflict of interest

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



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.












	
	ORIGINAL RESEARCH
published: 10 December 2021
doi: 10.3389/fnut.2021.784429






[image: image2]

COVID-19 Outcome Relates With Circulating BDNF, According to Patient Adiposity and Age

Luciele Guerra Minuzzi1*, Marília Seelaender2, Bruna Spolador De Alencar Silva1, Eduardo del Bosco Brunetti Cunha3, Marina De Castro Deus3, Franciane Thais Falcão Vasconcellos3, Luis Felipe Beltrão Marqueze3, Ana Carolina Gadotti3, Cristina Pellegrino Baena3, Telmo Pereira4,5, Karsten Krüger6, Andréa Novais Moreno Amaral3, Ricardo Aurino Pinho3 and Fábio Santos Lira1


1Exercise and Immunometabolism Research Group, Postgraduation Program in Movement Sciences, Department of Physical Education, Universidade Estadual Paulista (UNESP), Presidente Prudente, Brazil

2Cancer Metabolism Research Group, LIM26-HC, FMUSP, University of São Paulo, São Paulo, Brazil

3Graduate Program in Health Sciences, School of Medicine, Pontificia Universidade Catolica do Parana, Curitiba, Brazil

4Polytechnic Institute of Coimbra, Coimbra Health School, Coimbra, Portugal

5Laboratory for Applied Health Research (LabinSaúde), Coimbra, Portugal

6Department of Exercise Physiology and Sports Therapy, Institute of Sports Science, Justus-Liebig-University Giessen, Giessen, Germany

Edited by:
Ju-Sheng Zheng, Westlake University, China

Reviewed by:
Isabelle Wolowczuk, INSERM U1019 Centre d'Infection et Immunité de Lille (CIIL), France
 Joseph S. Marino, University of North Carolina at Charlotte, United States

*Correspondence: Luciele Guerra Minuzzi, lucielegm@gmail.com;
orcid.org/0000-0002-9342-5563

Specialty section: This article was submitted to Nutrition and Metabolism, a section of the journal Frontiers in Nutrition

Received: 27 September 2021
 Accepted: 11 November 2021
 Published: 10 December 2021

Citation: Minuzzi LG, Seelaender M, Silva BSDA, Cunha EdBB, Deus MDC, Vasconcellos FTF, Marqueze LFB, Gadotti AC, Baena CP, Pereira T, Krüger K, Amaral ANM, Pinho RA and Lira FS (2021) COVID-19 Outcome Relates With Circulating BDNF, According to Patient Adiposity and Age. Front. Nutr. 8:784429. doi: 10.3389/fnut.2021.784429



Background and Aims: We evaluated adipose tissue-derived hormones, body composition, serum metabolic profile, levels of brain-derived neurotrophic factor (BDNF), and the association of these parameters with the clinical outcome in patients with COVID-19. We sought to examine whether obesity, sex, and age influence the adipose tissue endocrine response to the disease.

Methods: This prospective study investigated 145 hospitalized patients with COVID-19. Patients were categorized based on their body mass index (BMI), sex and age, and were also classified regarding their outcome after hospitalization as: (a) Non-ICU: patients hospitalized who did not receive intensive care; (b) ICU-survivor: patients admitted to the intensive care unit and discharged; (c) ICU-death: patients who died. Blood samples were collected by the hospital staff between the first and third day of hospitalization. Serum leptin, adiponectin and BDNF concentrations, triglycerides, total cholesterol and cholesterol fractions were performed following the manufacturer's guidelines.

Results: We demonstrate that BDNF levels predict intensive care (IC) need (p < 0.01). This association was found to be stronger in patients >60y (p = 0.026). Neither leptin nor adiponectin concentration was associated with IC requirement or with patient's outcome, while the BDNF/adiponectin ratio was closely associated with worsened outcomes (p < 0.01). BDNF concentration was similar between sexes, however tended to be lower in male patients (p = 0.023). In older patients, BDNF concentration was lower than that of younger patients (p = 0.020). These age and sex-specific differences should be considered when employing these potential markers for prognosis assessment. While appetite and body composition regulating hormones secreted by the white adipose tissue are not reliable predictors of disease severity, the ratio BDNF/adiponectin was indicative of patient status.

Conclusion: Thus, we propose that serum BDNF content and BDNF/adiponectin ratio may serve as tools predicting worsened prognosis in COVID-19, especially for male patients.

Keywords: adiponectin, leptin, BDNF, COVID-19 severity, adipose tissue hormones


INTRODUCTION

According to the WHO report of April 27th, 2021, the total number of confirmed patients with COVID-19 has risen sharply to 148,797,483, and 3,138,200 (2.1%) deaths were reported. A conspicuously higher mortality rate in overweight/obese patients is observed (1). It seems true, that higher adiposity is closely related to the aggravation of covid symptoms (2), and that the white adipose tissue (WAT) plays an active role in the response to the infection by SARS-CoV-2. The WAT is involved in the pathophysiology of various diseases (3–5), and by secreting a myriad of factors, it exerts influence on different compartments of the body, modulating an ample specter of physiological and pathological responses. Of particular interest is the capacity of WAT to actively express and secrete hormones and inflammatory factors. The likely contribution of the adipose tissue for covid-19-related “cytokine storm,” and hence, to the aggravated form of the disease and worsened prognosis, has been recently proposed (6–8).

Dugail et al. (2020) (9) and others (8, 10) have postulated that the infection of the adipose tissue by SARS-CoV-2 via angiotensin-converting enzyme 2 (ACE2) receptor expression and transmembrane protease serine 2 (TMPRSS2) might be involved with virus replication in WAT, increased lipolysis (releasing fatty acids into the circulation, including the inflammation-inducing saturated fatty acids), production and secretion of lipid active metabolites, cytokines, and dysregulation of WAT endocrine function. Indeed, individuals with higher adiposity and diabetes show augmented vulnerability to infectious diseases, especially those of the respiratory tract (11–13). Furthermore, the severity of various infectious respiratory diseases caused by viruses is increased in obese patients (14, 15).

Growing attention has been given to the inflammatory (mainly cytokine actions) contribution of WAT to the severity of COVID-19, while little (on 03/24/20, only 5 results could be retrieved in PubMed under the entry: adipose tissue hormone AND covid) information is available regarding the appetite and body composition regulating hormones secreted by the tissue. The hormones secreted by WAT, leptin, and adiponectin have, however, an important role in the regulation of the immune system (16, 17), which could be of relevance for patient outcome in covid-19, as hypothesized by De Bandt and Monin (18). Immune cells present leptin receptors, which, upon binding of the hormone, elicit changes in intracellular metabolism, translating the information about the nutritional status of the organism (19). Leptin receptors of immune cells have also been linked to the extent of the respiratory tract response to inflammatory factors such as INF-gamma, to virus clearance capacity and survival upon infection (20).

Adiponectin has been very recently (21) found to be associated with the regulation of lipid metabolism and inflammatory factor secretion in patients with SARS-CoV-2. This adipokine may thus influence both in direct and indirect form COVID-19 severity. Bearing in mind that adiponectin and leptin secretion is markedly altered in obesity (22), it seems plausible to put forth the proposition that these hormones may present a role in the aggravation of COVID-19 in overweight patients.

However, actual data on the association of these hormones and COVID-19 pathophysiology are missing in the literature. Another potential effect of leptin is regulating brain-derived neurotrophic factor (BDNF) presence and actions in WAT (23). BDNF is an agent that regulates lipolysis and many other WAT functions, by warranting the integrity and optimal function of sympathetic activity in the tissue. BDNF is known to be expressed by visceral adipose tissue in mammals (24). We sought therefore, to examine in COVID-19 patients with different severity of the disease, the adiponectin/leptin ratio as a predictor of outcome and the association of these hormones with BDNF concentration in the circulation.



MATERIALS AND METHODS


Study Design

One hundred forty-five hospitalized patients diagnosed with COVID-19 admitted at the Marcelino Champagnat Hospital, Curitiba, Paraná, Brazil, between June and November 2020, were included in a prospective study. Patients were admitted only after signing the fully informed consent. The study was approved by the research ethics committee approval (number 31558020.8.0000.0103).



Inclusion and Exclusion Criteria

Patients of both sexes were included when meeting the following criteria: being over 18 years old and showing clinical symptoms and positive RT-PCR for COVID-19. Sars-CoV-2 infection was confirmed by the clinical-radiological exam and nasopharyngeal swab polymerase chain reaction (PCR). Patients diagnosed with other viral infections or other common respiratory viruses were excluded as were those who underwent solid organ or hematological transplantation in the past.



Patient Groups

In this study, we included 145 patients with COVID-19. Patients were categorized based on their body mass index (BMI) as: Non-obese = BMI < 29.9 kg/m2 (n = 78); Obese = BMI >30 kg/m2 (n = 67); Sex: Female (n = 59) and male (n = 86); Age: < 60 years old (n = 93) and ≥60 years old (n = 52). BMI was calculated based on the following formula: bodyweight in kilograms divided height in meters squared. COVID-19 patients were also classified regarding their outcome after hospitalization as: (a) Non-ICU: patients hospitalized who did not receive intensive care; (b) ICU-survivor: patients admitted to the intensive care unit and discharged; (c) ICU-death: patients who died. The statistical power of the sample size was calculated after sample analysis based on the linear regression between BDNF and outcome (death) observed in the study (r2 = 0.09, ρ2 = 0.101) and 95% confidence level using G*Power version 3.1.9.6. The power of the sample size of this study is 0.915.



Patient Clinical Data and Blood Collection

The medical records of the patients provided the data on sex, age, body weight, height, coexisting diseases, clinical symptoms, peripheral oxygen saturation, continuous medication, and COVID-19-specific medication assessment, as well as the length of the hospital (ICU or ward) stay. Non-fasting blood samples (10 mL) were collected by the hospital staff between the first and third day of hospitalization. Peripheral blood was collected in vacutainer tubes without additives, containing separating gel, and kept at room temperature for 30 min to induce clotting. Samples were then centrifuged at 1500 rpm for 10 min at 4°C. The tubes remained at rest for 60 min in a vertical position and the serum was aliquoted and stored at −70°C until the biochemical tests were performed. Hemolyzed serum samples were discarded.



Blood Parameters

The tubes were refrigerated for 1 h before centrifugation for 15 min at 3,000 rpm at 4°C (Centrifuge 5430 R, Eppendorf, Hamburg, Germany) for serum separation. Next, the serum content was stored at −20°C until frozen and stored at −80°C until analysis. Serum leptin, adiponectin and BDNF concentrations were assessed employing enzyme-linked immunosorbent assay (ELISA) (R&D System, Minneapolis, MN, USA). The assays were performed following the manufacturer's guidelines. Triglycerides (TAG), total cholesterol and cholesterol fractions (TC, HDL-c) were analyzed with commercial colorimetric kits (Labtest, Brazil) and Non-HDL cholesterol was calculated by subtracting HDL-c concentration from Triacylglycerol. The concentration of insulin and cortisol were analyzed with ELISA commercial kits (Monobind Inc., USA) and glucose content was assessed with a colorimetric kit (Labtest®, Brazil). The homeostatic model assessment of insulin resistance (HOMA-IR) index was calculated according to the formula: (glucose [mmol/L] × insulin [μIU/mL]/22.5) (25).



Statistical Analysis

Data normality was tested using the Shapiro-Wilk test. Continuous values were expressed as medians and interquartile range (IQR) and categorical variables as counts and percentages. The comparisons among groups (non-obese vs. obese; female vs. male; < 60 years vs. ≥60 years) were performed with Mann-Whitney for non-parametric continuous variables. Categorical variables were compared using the Chi-square test. For the values of adipose-derived hormones and BDNF levels for patients with COVID-19 regarding their clinical outcome, data are mean ± Standard Error of the Mean. To compare the values from patients that were hospitalized without intensive care (Non-ICU), patients admitted to the intensive care unit and discharged (ICU-survivor), and patients who died (ICU-death), ANOVA was performed, followed by the Tukey test (normal distribution). For non-parametric data, Kruskal-Wallis test was performed, followed by the Dunn test. Linear regression was used to examine the associated factors. Then, binary logistic regression analysis was employed to identify factors associated with ICU admission and outcome—survivor or death. Univariate and multivariate binary logistic regression were performed to test the association between the dependent and the independent variables. The statistical significance was set at p < 0.05.




RESULTS


Characteristics of the Study Cohort

Characteristics of the total of 145 hospitalized patients with confirmed COVID-19 at the Marcelino Champagnat Hospital, Curitiba, Paraná, Brazil are illustrated in (Table 1). Among the patients, 86 (59.3%) were male, and the median age was 53 (IQR 43–68) years. Patients were classified as obese or non-obese, considering BMI clusters = non-obese <29.9 kg/m2; obese >30 kg/m2. A total of 67 (46.2%) of these patients were obese. The median BMI in the Obese group and the Non-obese group were 32.9 (IQR 31–35) and 26.3 (IQR 24–27) kg/m2 (p < 0.001), respectively. There were no significant differences between the two subgroups in respect to sex (p = 0.669), age (p = 0.481), and use of medication (p = 0.120). Obese group showed a higher frequency of comorbidities (76.1%), when compared to the non-obese group (57.7%), p = 0.019. There were additionally, significant differences between these two subgroups in regard to diseases, as the former (obese group) showed a higher incidence of hypertension (p = 0.001), and dyslipidemia (p = 0.017) (Table 1).


Table 1. Characteristics of patients with Covid-19.
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We further divided the patients according to the requirement or not of intensive care (ICU). A total of 56 patients (38.6%) were admitted to the ICU, followed by discharge (26.9%, ICU-survivor subgroup) or death (11.7%, ICU-death subgroup). COVID-19 patients receiving intensive care were on average older (58.5, IQR 46–73 years), when compared to the Non-intensive care group (50, IQR 40–63 years) (p = 0.006) (Table 1).

Patients who needed intensive care were more frequently obese (64.3%, p < 0.001) and presented more comorbidities (78.6 %, p = 0.013). The mean BMI of critically ill patients admitted to ICU was around 31.5 kg/m2 at admission. In fact, in our sample, 75% of all SARS-CoV-2 positive patients that required IC had a BMI of 30 kg/m2 or higher (mean 31.8 kg/m2). The other 25% had a mean BMI of 26.9 kg/m2. Among the non-survivors, 94.1% were under chronic medication for comorbidities, mainly for arterial hypertension (64.7%) or multiple diseases (76.5%) (Table 1).



Biochemical and Metabolic Profiles

The baseline biochemical and metabolic profile results of all patients and the comparison between the subgroups stratified within the criteria of obesity and need for intensive care are presented in Table 2. The patients from the Obese group showed higher concentration of TAG, non-HDL cholesterol and cortisol, compared to the Non-obese patients (p < 0.05). In the patients who needed intensive care, triglyceride levels were also higher (p = 0.001). Thus, we observed that the patients who went to the ICU showed higher TAG, compared to the non-ICU group; while we failed to find differences in total cholesterol content among groups. HDL-c was higher in female, when compared to male patients (p = 0.027, 29.8 (IQR 25–35) and 27.1 (IQR 24–32), respectively) (Supplementary Table 1).


Table 2. Biochemical and metabolic profiles of patients with COVID-19.
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Only 11.2% of the COVID-19 patients did not present insulin resistance, as indicated by the index based on fasting blood insulin and glucose concentrations (HOMA-IR) (Table 2). Although there was no statistical difference in HOMA-IR between Obese and non-obese groups, as all mean values were quite high (median 8.4), when we compared these with normal values (under 2.5).



Adipose-Derived Hormones Concentration in Patients With COVID-19 in the Different Subgroups

We analyzed and compared the results for adiponectin, leptin, and the adiponectin/leptin ratio, to understand the endocrine physiology of adipose tissue response in COVID-19, considering the effect of the factors: obesity, sex, and age.


BMI

Obesity caused leptin to be higher when compared to non-obese individuals (p < 0.001) (Figure 1B). The leptin values may be associated with the lower adiponectin/leptin ratio found in the obese individuals in the study (0.159, IQR = 0.09–0.27), when compared to non-obese patients (p < 0.001, Figure 1C), as the adiponectin levels are similar (Figure 1A). Adiponectin/leptin ratio is an important clinical parameter that reflects the functionality of the adipose tissue and may be employed to identify those subjects more susceptible to developing cardiometabolic diseases (ratio > 1.0 = normal, between 0.5 and 1.0 = moderate-medium increased risk, <0.5 = severe increase in cardiometabolic risk) (22). In this regard, we analyzed the profile of the adipose tissue-secreted hormones and the adiponectin/leptin ratio, as the BMI increases, by linear regression analyses (Figures 1G–I). With the increment of BMI (suggested increased adiposity), the level of leptin increases, as expected (r2 = 0.197; p < 0.0001, Figure 1H). We also found that the adiponectin/leptin ratio decreases as BMI increases, and from 30 kg/m2 the ratio was below 0.4 (suggesting cardiometabolic risk) (r2 = 0.075, p < 0.01, Figure 1I).
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FIGURE 1. Comparison of adipose-derived hormones levels between non-obese and obese patients with Covid-19. Values expressed as median of adiponectin (ug/ml) (A), leptin (ng/ml) (B), adiponectin/leptin ratio (C), BDNF (ng/ml) (D), BDNF/Adiponectin ratio (E), BDNF/Leptin ratio (F), BDNF / Adiponectin/Leptin ratio (G) were compared between two groups. Dashed box presents Linear regression curve of adiponectin (G), leptin (H), adiponectin/leptin ratio (I); BDNF (J), BDNF/Adiponectin ratio (L), BDNF/Leptin ratio (M) as dependent variable (Y axis) with body index mass (BMI) as independent variable (X axis). Significance: ***p < 0.001; ****p < 0.0001.


There was no significant difference in BDNF levels between the obese and non-obese groups (p = 0.847) (Figure 1D). In the present study, the ratio of BDNF to leptin was significantly lower in obese individuals than non-obese (p = 0.0001, Figure 1F), whilst the BDNF/adiponectin ratio was similar (Figure 1E). This finding was reinforced by the demonstration that there is a decrease in this ratio as BMI increases (Figure 1M) which can be pointed out as an indicator of endocrine physiology of the adipose tissue depots.



Sex

By examining the factor sex (Figures 2A–M), we found that male patients presented lower concentration of adiponectin [3.60 (IQR 2.57–4.52)] (Figure 2A), and of leptin [24.07 (IQR 14.76–33.25)] (Figure 2B) and therefore, higher adiponectin/leptin ratio [0.14 (IQR 0.09–0.24)] (Figure 2C), when compared to female counterparts (p < 0.05) (4.47 (IQR 3.58–6.10), 48.67 (IQR 28.52–77.81) and 0.09 (IQR 0.05–0.19), respectively). BDNF content was similar between sexes (Figure 2D), however linear regression showed that BDNF concentration was lower in male patients (r2 = 0.035, p = 0.023, Figure 2J).
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FIGURE 2. Comparison of adipose-derived hormones levels between female and male patients with Covid-19. Values expressed as median of adiponectin (ug/ml) (A), leptin (ng/ml) (B), adiponectin/leptin ratio (C), BDNF (ng/ml) (D), BDNF/Adiponectin ratio (E), BDNF/Leptin ratio (F), BDNF / Adiponectin/Leptin ratio (G) were compared between two groups. Dashed box presents linear regression curve of adiponectin (G), leptin (H), adiponectin/leptin ratio (I); BDNF (J), BDNF/Adiponectin ratio (L), BDNF/Leptin ratio (M) as dependent variable (Y axis) with sex (female or male) as independent variable (X axis). Significance: **p < 0.01; ***p < 0.001; ****p < 0.0001.




Age

When considering the effect of age (Figures 3A–M), the values of the above-mentioned hormones were similar in individuals <60 years vs. ≥60 years (p > 0.05) (Figures 3A–C). In patients ≥60 years, BDNF concentrations were lower than those of younger patients <60 years old (p = 0.020) (Figure 3D). We examined whether adipose-derived tissue hormones and BDNF levels were related to age by a series of linear regression analyses. A significant effect of age was found for adiponectin, BDNF and all BNDF-calculated ratios. These findings suggest that an age-related decline in BDNF levels partially contributes to the adverse outcome with advancing age.
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FIGURE 3. Comparison of adipose-derived hormone levels between age ranges (<60 years vs. ≥60 years) of patients with Covid-19. Values expressed as median of adiponectin (ug/ml) (A), leptin (ng/ml) (B), adiponectin/leptin ratio (C), BDNF (ng/ml) (D), BDNF/Adiponectin ratio (E), BDNF/Leptin ratio (F), BDNF / Adiponectin/Leptin ratio (G) were compared between two groups. Dashed box presents linear regression curve of adiponectin (G), leptin (H), adiponectin/leptin ratio (I); BDNF (J), BDNF/Adiponectin ratio (L), BDNF/Leptin ratio (M) as dependent variable (Y axis) with age as independent variable (X axis). Significance: *p < 0.05; **p < 0.01.





Clinical Outcome

In the entire cohort of 145 patients with COVID-19, a total of 17 patients died (mortality 11.7%). Individuals who did not require ICU spent a shorter interval in the hospital (6.0 days (IQR 3–10), when compared to those who were under intensive care who were discharged [ICU-survivor, 18 days of hospitalization (IQR 13–28)] or who died (ICU-death, 21 days of hospitalization [IQR 13–25)] (p < 0.01) (Table 3). When dividing the patients according to sex, age, and obesity, the same was observed (Table 3). Intubation (36 patients, 24.8%) was a clear indicator of COVID-19 progression and severity in hospitalized patients, as expected (Table 3).


Table 3. Comparison of the Clinical Outcomes of Patients between the Non-obese vs. Obese, Female vs. Male, and by age range groups.
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Regarding WAT-derived hormones (Figures 4A–M), neither leptin nor adiponectin levels were factors linked with admission to ICU, regardless of the outcome of obese patients (Figures 4A,D). Despite the finding that leptin plasma content was higher in obese individuals when compared to non-obese individuals (Figure 1B), only for the Non-ICU subgroup, this difference was significant (p = 0.016) (Figure 4D). A higher concentration of leptin was found in females compared to male patients (Figure 1H), independent of the type of hospitalization (Non-ICU p < 0.001; ICU-survivor p < 0.001 and ICU-death p = 0.048) (Figure 4E).
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FIGURE 4. Adipose-derived hormones for patients with COVID-19 in relation to clinical outcome. Values expressed as mean with 95% Confidence Interval for patients that were hospitalized without intensive care (Non-ICU), patients admitted to the intensive care unit and discharged (ICU-survivor) and patients who died (ICU-death), including: adiponectin (A–C), leptin (D–F), and adiponectin/leptin ratio (G–I) related to body index mass (BMI), sex and age, respectively. Dashed box presents linear regression curve of adiponectin (J), leptin (L), and adiponectin/leptin ratio (M) as dependent variable (Y axis) with outcome as independent variable (X axis). Significance: *p < 0.05; **p < 0.01; ****p < 0.0001.


Curiously, in non-obese individuals who required ICU and died (7.7%), the adiponectin/leptin ratio was higher, when compared to non-obese individuals in the subgroups Non-ICU and ICU-survivor (p = 0.018, p = 0.008, respectively) (Figure 4G). This suggests the results be associated with the tendency for lower leptin concentration and higher adiponectin values in non-obese individuals who passed (p = 0.09; Figure 4D).

When we consider WAT-derived hormones according to sex and age (≥60 years and <60 years), no differences were detected when comparing the Non-ICU, ICU-survivor, and ICU-death subgroups (p < 0.05) (Figures 4B,C,E,F). Nevertheless, an increased adiponectin/leptin ratio was detected in patients ≥60 years who did not survive (Figure 4I).

Considering BDNF concentration (Figures 5A–M), besides having found that BDNF levels are related to sex and age (Figures 2J, 3J), we also observed that in the obese individuals who did not require IC, these were higher, when compared with the group's ICU-survivor and ICU-death (p = 0.007; p = 0.009, respectively) (Figure 5A). The under 60 y patients who did not survive, showed a tendency to present lower BDNF levels than the non-ICU subgroup (p = 0.0698, Figure 5C). The ratio of BDNF/ adiponectin varies in parallel with different severities and outcomes (Figure 5L), pointing out that adipose endocrine function is important in COVID-19.
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FIGURE 5. BDNF and BDNF-related ratios for patients with COVID-19 in relation to clinical outcome. Values expressed as mean with 95% Confidence Interval for patients that were hospitalized without intensive care (Non-ICU), patients admitted to the intensive care unit and discharged (ICU-survivor) and patients who died (ICU-death), including: BDNF (A–C), BDNF/adiponectin ratio (D–F), and BDNF/leptin ratio (G–I) related to body index mass (BMI), sex and age, respectively. Dashed box presents linear regression curve of adiponectin (J), leptin (L), and adiponectin/leptin ratio (M) as dependent variable (Y axis) with outcome as independent variable (X axis). Significance: *p < 0.05; **p < 0.01.


Linear regression revealed that higher BDNF levels are negatively correlated with disease severity, with BDNF values being lower in patients who died (r2 = 0.092, p < 0.001; Figure 5J). A beta coefficient of b = −18.34 was found for this correlation, indicating that for patients requiring IC (both survivor and death groups) we can expect a decrease in BDNF in 18.34 ng/ml each condition. This leads us to infer BDNF to be a possible marker of adverse clinical outcomes for COVID-19 patients.

In univariable logistic regression, Age, BMI, BDNF, BDNF/Adip ratio, hospitalization days, hypertension and respiratory diseases were significantly associated with ICU admission (all p < 0.05), whilst in-hospital death was significantly associated with age, BDNF, hospitalization days, hypertension and respiratory diseases, and ongoing pharmacological treatment (see Supplementary Table 2).

In multivariable regression analysis, designed to test the possibility of confounding relations of BDNF with other clinically relevant independent variables, BDNF hold a significant association with ICU admission (OR = 0.987; 95%IC:0.977 to 998; p = 0.018) in a model including Age (OR = 1.038, 95%IC: 1.011 to 1.065, p = 0.005), BMI (OR = 1.142, 95%IC: 1.058 to 1.232, p = 0.001), and Sex (0.779; 95%IC:0.352 to 1.727; p = 0.539). With Death as the dependent variable, BDNF lost the significant association (OR:0.985; 95%IC:0.966 to 1.005; p = 0.146) in a model also adjusted for Age, BMI and Sex, in which only Age maintained a significant association with Death (OR: 1.098; 95%IC: 1.048 to 1.151; p < 0.001). Similar results were depicted for the BDNF/Adip ratio, as portrayed in Supplementary Table 3. In additional multivariable logistic regression models, BDNF, BDNF/Adip ratio, hypertension and respiratory diseases were shown to be predictors of ICU admission, while hypertension and respiratory diseases were independent predictors of patients' risk of death (Supplementary Table 4). However, after adjusting for BDNF, BDNF/Adip ratio, Age, and BMI, logistic regression showed that hypertension and respiratory diseases are not predictors of death, being Age the only independent variable holding significant association with Death in either multivariable models considered (Supplementary Table 5).




DISCUSSION

In this prospective study, we examined adipose tissue-derived hormones involved in the control of appetite and body composition, the metabolic profile, and the levels of BDNF in the circulation, and the association of these parameters with disease severity and outcome in patients with COVID-19. The original findings show that (a) BDNF serum concentration is associated with disease outcome; (b) appetite and body composition regulating hormones secreted by WAT are not reliable predictors of disease severity, while the ratio BDNF/adiponectin was informative of patient status; (c) there are age and sex-specific changes that should be considered when employing these potential markers for prognosis assessment.

We report a linear and inverse relationship between BDNF and adverse outcomes in patients with COVID-19. The results also show that circulating BDNF declines with advancing age. In a COVID-19 condition, a hypothetical model suggested that the down-regulation of ACE-2 in the brain by SARS-CoV-2 inhibits the release of neurotropic factors such as BDNF (26). Recently, Azoulay and coll. (2020) showed that COVID-19 patients with moderate to severe disease showed decreased circulating content of BDNF when compared with those presenting milder symptoms (–~15%) (27). In this small study, the authors found that recovery from COVID-19 was associated with the augment of circulating BDNF (27). In the present study, 145 patients were examined, and we report a conspicuous association between BDNF levels and the severity of the disease, corroborating previous evidence that SARS-CoV-2 infection leads to down-regulation of the ACE2 receptors and this might be an aggravating factor for patients with medical conditions (28) and the suggestion that recovery from SARS-CoV-2 infection is associated with serum BDNF restauration (27).

BDNF plays a critical role in neuronal survival, growth, plasticity, and is essential for learning and memory (29). Wang and coworkers have demonstrated that ACE2 knockout mice exhibit a decrease in BDNF in the hippocampus region, and significant impairments of cognitive function compared with WT mice (30). In the same way, Angiotensin II type 1 receptor (AT1) blockade prevented memory impairment via up-regulation of BDNF (31). The infection of the SARS-CoV-2 in the brain increases the local levels of Angiotensin II by ACE2 down-regulation. It was suggested that the interaction of Angiotensin II with AT1 receptor increases kynurenine metabolites, producing pro-oxidative and pro-inflammatory effects, resulting in decreased levels of central BDNF (32). All these elements play a critical role in the impairment of cognitive function and a highly orchestrated immune-inflammatory response that ultimately could result in the development of depression (32). It is possible, therefore, that SARS-CoV-2 dampens BDNF synthesis and release and elicits neurologic symptoms (33). We show a clear association between COVID-19 prognosis and circulating BDNF, as patients with lower values consistently showed worsened outcome.

The involvement of BDNF in inflammatory conditions is complex (34). BDNF plays a role in the maturation and survival of T lymphocytes, especially under stress (35). Thus, in inflammatory conditions such as obesity and type 2 diabetes, immune cells (via increased IL-6) are stimulated to produce neurotrophins, like BDNF, to minimize the neuronal damage associated with obesity (36, 37). Consequently, it was suggested that a higher concentration of subunit pro-BDNF stimulates the infiltration of immune cells, culminating in an increase in the expression of proinflammatory cytokines (38). Thus, it is possible that in presence of viral infection and metabolic disturbance, as in COVID-19, the relationship between BDNF and inflammation is modified or even, impaired (seen by high BDNF levels, ~100 ng/ml in obese patients with COVID-19 when they were admitted to hospital). Different studies have shown either that circulating BDNF levels are higher in obese subjects than in controls (39, 40) or that there are no differences between the two groups (41). An upregulation of pro-BDNF expression in PDGFRα+ adipocyte progenitors was indicated as a feature of adipose tissue aging, suggesting that inhibition of BDNF expression in adipocyte progenitors could be potentially beneficial to prevent age-related adipose tissue dysfunction (42). However, in our study, we evaluated serum mature BDNF levels that have opposite effects of pro-BDNF (43). Interestingly, serum BDNF levels didn't differ across severity groups in patients >60yrs, while a reduction of BDNF in patients <60 yrs was observed with the progression of COVID-19 severity. This data reinforces the idea that increased mature BDNF isoform is related to the improvement of metabolic function, while the pro-BDNF isoform is related to the adipose tissue disfunction as observed by Song et al. (42). In addition, higher cortisol levels found in obese subjects and a tendency (p = 0.06) for higher levels of the same hormone in patients who died (ICU-death) suggest central hyperstimulation on the hypothalamus-adrenal-pituitary axis during SARS-CoV-2 infection. This scenario might favor a disconnection between central and peripheral communication.

BDNF is an important pleiotropic protein directly related to neuron and brain health, commonly inversely associated with obesity (34). In addition, the sympathetic activity in the adipose tissue can regulate lipolysis via BDNF (23). Emerging evidence links BNDF with SARS-CoV-2 infection dampens BDNF synthesis and release, which favors COVID-19 associated neurologic symptoms (33), however the metabolic role of BDNF in COVID-19 patients has been largely overlooked. Recently, an interplay between BDNF and adiponectin in the regulation of fat mass was proposed (44). Furthermore, it was suggested that adiponectin, selectively produced by the white adipose tissue, strongly correlates to the inflammatory process triggered by Sars-CoV-2 infection (21). Adiponectin concentration is inversely associated with the detection of cardiometabolic risk markers, and this hormone reflects adipose tissue physiological status (45). Our results show that adiponectin levels increased linearly with aging, and adiponectin serum content was also higher in non-obese patients who died and in older patients who required IC, which could reflect an attempt by the adipose tissue to counteract inflammation in COVID-19 (21). The BDNF/adiponectin ratio seems to be a reliable marker of the outcome.

Our data show that both leptin and adiponectin alone are not predicting factors for IC requirement or outcome in obese individuals. Conversely, the adiponectin/leptin ratio exhibited differences related with BMI (r = −0.274, p = 0.001), and thus this ratio may be employed as a tool for the assessment of obesity-associated cardiometabolic risk (22). Likewise, this ratio may be also informative of COVID-19 prognostic, as the obese patients with lower values are also the ones with the more severe form of the disease. A recent study from Italy showed that Adip/Lep ratio was associated with systemic inflammation in COVID-19 patients, where patients with moderate severity showed the highest Adip/Lep ratio values (46). In addition, the aforementioned study found that mortality tended to decrease with increasing Adip/Lep tertiles, suggesting an inadequate anti-inflammatory response in these patients (46). Conversely, we didn't find association between the Adip/Lep ratio and Covid-19 outcome (life or death). But, our study showed that Adip/Lep ratio response is dependent of BMI and age, suggesting that this age and sex-specific changes should be considered when employing this potential marker for prognosis assessment of COVID-19. We also suggest that the described hormonal disruptions may impact lipoprotein profile. Two cohort studies (47, 48) demonstrated dysregulation of lipoprotein profile in COVID-19 patients, in particular, LDL-c and total cholesterol levels were reduced in patients with severe disease. These studies suggest a failure in liver metabolism control, due to a possible effect of the covid-related cytokine storm (47, 48). However, more studies are needed for better understand the involved mechanism.

Many factors may potentially lead to dysregulation of adipose tissue- endocrine function. We speculate that SARS-CoV-2 infection can affect the white adipose tissue via ACE2 receptors, impairing its endocrine function. Understanding the relationship between the adipose tissue and its hormones, and their relationship with BDNF, may facilitate the development of new therapeutic and immunometabolic strategies for COVID-19 in obese patients. The expanded WAT depots in obese subjects may also act as a storage site for the virus, favoring the rapid progression of SARS-CoV-2 infection, associated with increased virus shedding, immune activation, and cytokine production (49).

Shortcomings of the study include the fact that patients were admitted to the hospital already with a variety of metabolic disorders, and within different infection time spans. Therefore, it is important to establish whether COVID-19 induces these metabolic changes or aggravates previously existing ones. Another limitation is that the source of circulating BDNF was not investigated.

In summary, according to this prospective study, BDNF and BDNF/adiponectin ratio are possible markers of adverse clinical outcomes for COVID-19. BDNF levels were clearly influenced by BMI and age. In detail, as BMI increased, BDNF concentration decreased, a finding more significantly in individuals >60 years old. BDNF content was also lower in obese patients that required intensive care and in older patients who died. We propose the measurement of BDNF and adiponectin at hospital admission and during the progression of disease as to optimize treatment choices.
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Porcine epidemic diarrhea virus (PEDV) is an alphacoronavirus that causes acute inflammation and severe diarrhea in newborn piglets with a high mortality rate. Given that cholesterol is required for coronavirus infection in vitro, the role of endogenous cholesterol metabolism in regulating coronavirus infection and the mechanism behind it ought to be elucidated. In this study, we found that the levels of cholesterol and bile acids were both elevated in the livers of PEDV-infected piglets compared to those of the control group. Consistently, in the livers of PEDV-infected piglets, the expression of key genes involved in cholesterol metabolism was significantly increased. Transcriptomic analysis indicated that the cholesterol homeostasis pathway was among the most enriched pathways in the livers of PEDV-infected piglets. Unexpectedly, the expression of key genes in the cholesterol metabolic pathway was downregulated at the messenger RNA (mRNA) level, but upregulated at the protein level. While the primary transcriptional factors (TFs) of cholesterol metabolism, including SREBP2 and FXR, were upregulated at both mRNA and protein levels in response to PEDV infection. Further Chromatin Immunoprecipitation Quantitative Real-time PCR (ChIP-qPCR) analysis demonstrated that the binding of these TFs to the locus of key genes in the cholesterol metabolic pathway was remarkably inhibited by PEDV infection. It was also observed that the occupancies of histone H3K27ac and H3K4me1, at the locus of the cholesterol metabolic genes HMGCR and HMGCS1, in the livers of PEDV-infected piglets, were suppressed. Together, the PEDV triggers an aberrant regulation of cholesterol metabolic genes via epigenetic inhibition of SREBP2/FXR-mediated transcription, which provides a novel antiviral target against PEDV and other coronaviruses.
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INTRODUCTION

Coronaviruses (CoVs) primarily infect birds and mammals; some of them lead to zoonotic diseases in humans, which has been a public health concern. During the past two decades, several emerging coronaviruses have caused severe diseases to humans and animals, such as Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) in 2002 (1), Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in 2012 (2), the highly pathogenic PEDV variants in 2013 (3), and SARS-CoV-2 in 2019 (4). To date, the coronavirus disease 2019 (COVID-19) pandemic of SARS-CoV-2 infection has caused an unprecedented crisis in global healthcare systems (5). Notably, on rare occasions, some CoVs from animals could cross the animal-human species barrier and establish zoonotic diseases in humans. Porcine epidemic diarrhea virus (PEDV) can infect pigs at all ages and cause grievously contagious enteric diseases with a mortality rate of newborn piglets up to 100% (3). The PEDV is a single-stranded positive-sense RNA virus and an alphacoronavirus in the family Coronaviridae, order Nidovirales (6). This virus contains four major structural proteins: the spike (S) protein, envelope (E) protein, matrix (M) protein, and nucleocapsid (N) proteins (7, 8). The PEDV is usually transmitted by the fecal-oral route, or through the air from the nasal cavity to the intestinal mucosa (9, 10).

As the unique liquid-ordered microenvironments in the plasma membrane, lipid rafts play a critical role in cellular physiological homeostasis during the virus life cycle (11). Lipid rafts are accumulated with cholesterol, which facilitates the maintenance of the tight sphingolipids packaging. Cholesterol depletion by MβCD could cause structural disorder and disorganization of the lipid raft (12). Plasma membrane cholesterol is required for the infection processes of non-enveloped and enveloped viruses. Since CoVs have a lipid envelope, cholesterol biosynthesis (CB) exerts functions in the steps of viral attachment, replication, and assembly (11). Moreover, it is documented that cellular cholesterol is important for PEDV infection in vitro (12). Therefore, cholesterol metabolism is a critical pathway for antiviral therapeutics to CoVs. Indeed, cholesterol-lowering drugs like statins and fibrates have been reported to inhibit SARS-CoV-2 infection (13, 14). Cholesterol 25-hydroxylase which is an enzyme to catalyze the oxidized form of cholesterol to 25-hydroxycholesterol is proved to be a natural host restriction factor against PEDV infection (15). On the contrary, a recent study reveals that lower blood concentrations of total cholesterol are correlated with more severe disease and increased mortality in patients with COVID-19 (16). Thus, further investigations are required to fully understand the relationship between cholesterol metabolism and coronavirus infection.

The liver, as the central metabolic organ, is the main site of CB (17, 18). The CB is primarily modulated by the TFs' sterol regulatory element-binding protein 2 (SREBP2) and farnesoid X receptor (FXR) (19–21). When low cholesterol levels are detected in the endoplasmic reticulum, SREBP2 is cleaved, translocated into the cell nucleus, and bound to sterol response elements to activate the expression of enzymes associated with cholesterol biosyntheses, such as 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS), and 24-dehydrocholesterol reductase (DHCR24) (22–24). On the contrary, SREBP2 is inactivated when cholesterol level increases at the cell membrane. Furthermore, cholesterol transformation is critical for maintaining hepatic cholesterol homeostasis. Cholesterol-7a-hydroxylase (CYP7a1) and cholesterol-27a-hydroxylase (CYP27a1) are the main enzymes catalyzing this biotransformation (20). It is modulated by nuclear transcription factor FXR in a negative-feedback loop, similar to that of SREBP2 (21). In recent years, the development of epigenetics provides new insights to solve the mechanism of coronavirus infection (25). Given that CB is valuable for epigenetic modulation of gene transcription involving histones modification (24, 26, 27), it is important to understand whether and, if so, how epigenetic mechanisms control CB in PEDV infection and the genetic networks behind. In this study, we aimed to uncover the mechanism of cholesterol metabolism regulated by PEDV infection in piglets. We found that the binding of SREBP2 and FXR to the locus of key genes in the pathways of cholesterol biosynthesis and cholesterol transformation was suppressed by PEDV infection, which results in failing to activate the expression of those genes at the messenger RNA (mRNA) level. Furthermore, we explored the epigenetic mechanisms involved in the abnormal programming of cholesterol metabolic genes during this alphacoronavirus infection.



RESULTS


Cholesterol Metabolism Is Modulated in Piglet Livers by PEDV Infection

A quantitative reverse transcription PCR (qRT-PCR) assay targeting the PEDV N gene was conducted to detect viral RNA in the jejunum and liver samples collected from both healthy and PEDV-infected piglets. As expected, viral RNA was detected in the jejunum and liver samples of PEDV-infected piglets, but not in those of control piglets (Figure 1A). To identify the effect of PEDV infection on the core transcription programs, RNA-seq analysis was performed using the liver tissues of PEDV-infected piglets and control piglets, respectively. The differentially expressed genes in the hepatic transcriptome between the two groups were visualized by a volcano plot. We found that the number of downregulated genes was significantly larger than that of the upregulated genes in the livers of PEDV-infected piglets (Figure 1B). the Gene Ontology (GO) analysis of the most downregulated 1,500 transcripts in the livers of PEDV-infected piglets showed that the cholesterol biosynthesis pathway was among the most enriched pathways (Figure 1C). The gene-set enrichment analysis (GSEA) also indicated that the hallmarks of the cholesterol-homeostasis pathway were strongly altered by PEDV infection (Figure 1D).


[image: Figure 1]
FIGURE 1. Cholesterol metabolism was modulated by Porcine epidemic diarrhea virus (PEDV) infection indicated by transcriptional profiling of piglet livers. (A) PEDV RNA expression was determined by Quantitative Real-Time PCR (qRT-PCR) analysis in the jejunum and liver tissues of PEDV-infected and control piglets. (B) Volcano plot visualization of the hepatic transcriptome measured by RNA-seq analysis. (C) Genes involved in the cholesterol biosynthesis pathway were among the most enriched pathways based on gene ontology (GO) analysis. (D) The gene-set enrichment analysis (GSEA) plot of the differentially expressed genes in the cholesterol biosynthesis pathway of livers from PEDV-infected piglets compared to the controls. False-discovery rate (FDR).




The Expression of Genes in the Cholesterol Biosynthesis Pathway vs. the Cholesterol Content in the PEDV-Infected Piglets

It is well-known that at least 21 enzymes are involved in the cholesterol-biosynthesis program to generate cholesterol (Figure 2A). Among them, the HMGCR and Squalene Epoxidase (SQLE) are the rate-limiting enzymes to determine the cholesterol synthesis rate and cholesterol level in circulation. The pathway-focused data analysis exhibited that a vast majority of the cholesterol-synthesis genes were strongly downregulated in the PEDV-infected piglets (Figure 2B). The transcriptional inhibition of key genes 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (HMGCS1), HMGCR, Mevalonate Kinase (MVK), Lanosterol Synthase (LSS), Farnesyl-Diphosphate Farnesyltransferase 1 (FDFT1), SQLE, and DHCR24 was further validated by the qRT-PCR analysis (Figure 2C). Intriguingly, in contrast to the reduced expression of genes in the cholesterol biosynthesis pathway, we found that PEDV infection significantly increased the cholesterol content in the livers (Figure 2D). To figure out the incoordination between cholesterol content and the mRNA expression of cholesterol biosynthesis genes, we determined the expression of core enzymes in the CB pathway at the protein level. In agreement with the elevated cholesterol content, the PEDV infection strongly upregulated the expression of the core enzymes at the protein level, including HMGCS1, MVK, Mevalonate Diphosphate Decarboxylase (MVD), FDFT1, SQLE, and DHCR24 (Figures 3A,B).


[image: Figure 2]
FIGURE 2. The expression of genes in the cholesterol biosynthesis pathway and cholesterol content in piglet livers. (A) The graphic scheme of the cholesterol biosynthesis pathway from acetyl-CoA. The core genes involved in cholesterol biosynthesis were highlighted in blue, while two rate-limiting enzymes 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and SQLE were highlighted in red. (B) Heatmap of messenger RNA (mRNA) expression (RNA-seq) changes of the cholesterol biosynthesis genes in the livers of PEDV-infected piglets (log2 transformed, normalized to Control). (C) The qRT-PCR analysis confirmed changes of the cholesterol biosynthesis genes in the livers of PEDV-infected piglets. (D) Total cellular cholesterol contents in the livers of the control and PEDV-infected piglets were analyzed and normalized to total protein concentrations. The data are shown as the means ± SEM, *P < 0.05, ** P < 0.01, ***P < 0.001, using the two-tailed Student t-test.
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FIGURE 3. The expression of core genes in the cholesterol biosynthesis pathway was upregulated at the protein level. (A) Western blotting analysis was conducted to evaluate the expression of HMGCS, MVK, MVD, FDFT1, SQLE, and 24-dehydrocholesterol reductase (DHCR24). (B) The relative expression levels of these genes were normalized to the housekeeping gene GAPDH. The data are shown as the means ± SEM, n = 7, **P < 0.01, using the two-tailed Student t-test.




PEDV Infection Modulates the Pathway of Cholesterol Transformation to Bile Acids

Bile acids are the end products of cholesterol catabolism. Herein, we examined the total bile acid (BA) content in the livers of piglets. Consistent with the increased total cholesterol content, the total BA content in the liver was raised in the piglets infected with PEDV (Figure 4A). We further determined the expression of the rate-limiting enzymes CYP7A1 and CYP27A1 at the protein level, which represent the classical and alternative pathways of bile acid biosynthesis respectively. In line with liver BA contents, we observed that the alternative pathway was remarkably activated because of the highly CYP27A1 expression at the translational level (Figures 4B,C). However, the CYP7A1 protein content was not changed in response to PEDV infection. Similar to genes in the cholesterol biosynthesis pathway, the genes involved in the BAs-biosynthesis pathway was among the most enriched program and was downregulated in the PEDV-infected piglets using GO and GSEA analysis (Figure 5A). The pathway-focused results revealed that the key genes functional in cholesterol transformation were strongly downregulated in the PEDV-infected piglets (Figure 5B). The transcriptional inhibition of these genes was also validated by the qRT-PCR analysis (Figure 5C).


[image: Figure 4]
FIGURE 4. Total bile acids (TBA) content and the expression of genes involved in cholesterol transformation were elevated in livers of PEDV-infected piglets. (A) TBA contents in the livers of piglets were analyzed and normalized to total protein concentrations. (B,C) Western blotting analysis was performed to evaluate the expression of Cholesterol-7a-hydroxylase (CYP7A1) and cholesterol-27a-hydroxylase (CYP27A1) at the protein level. Based on the intensity of protein bands, the relative expression levels of CYP7A1 and CYP27A1 were determined by normalization to GAPDH. The data are shown as the means ± SEM, n = 7, *P < 0.05, **P < 0.01, using the two-tailed Student t-test.
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FIGURE 5. The expression pattern of genes involved in the cholesterol transformation pathway. (A) GSEA plots depicting the enrichment of genes in the cholesterol transformation pathway of livers from PEDV-infected piglets compared to the controls. FDR, false-discovery rate. (B) Heatmap of mRNA expression (RNA-seq) changes of the genes involved in cholesterol transformation to bile acids in the livers of PEDV-infected piglets (log2 transformed, normalized to Control). (C) The qRT-PCR analysis confirmed expression changes of genes in the cholesterol transformation pathway in the livers of PEDV-infected piglets. The data are shown as the means ± SEM, *P < 0.05, ***P < 0.001, using the two-tailed Student t-test.




PEDV Infection Epigenetically Inhibits SREBP2 and FXR Transcriptional Activation

To maintain cholesterol homeostasis, both cholesterol and bile acids modulate the biosynthesis pathway in a negative-feedback manner by SREBP2 and FXR, respectively. In this regard, we hypothesize that the higher concentrations of cholesterol and bile acids would inhibit the nuclear translocation of these two factors. However, the results of western blot analysis showed that their expression was dramatically elevated in the cell nucleus of the PEDV-infected piglets (Figures 6A,B). Therefore, the markedly downregulated gene transcripts would be attributed to the loss of TFs' binding occupancies. Interestingly, the mRNA level of SREBP2 was decreased, while that of FXR was not changed in the PEDV-infected piglets (Figure 6C). The potential interactions among SREBP2, FXR, and the key enzymes involved in cholesterol metabolism during transcriptional regulation were predicted by Search Tool for the Retrieval of Interacting Genes (STRING) analysis from the European life-sciences Infrastructure for biological Information (ELIXIR) database (Figure 7A). To uncover the mechanism underlying the function of SREBP2 and FXR, we performed a ChIP-qPCR analysis of these two TFs in the livers of the two groups. Indeed, a strong reduction of SREBP2 and FXR binding was observed at promoters of their major targets, including HMGCS1, HMGCR, MVK, DHCR24, and CYP7A1 (Figures 7B,C). In concomitant with the loss of TFs' enrichments, the transcriptional activation-linked histone mark Histone H381(acetyl K27) (H3K27ac) and Histone H3 (mono methyl K4) (H3K4me1) were also diminished (Figures 7D,E). Collectively, these results implied that in the PEDV-infected piglets, histones modification exerts a pivotal role in inhibiting the expression of genes involved in cholesterol-biosynthesis and transformation via blunting the specific chromatin-DNA binding by two key TFs' SREBP2 and FXR.
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FIGURE 6. The nuclear expression of SREBP2 and FXR was upregulated in the livers of PEDV-infected piglets. (A,B) Western blotting analysis was performed to evaluate the expression of nuclear SREBP2 and FXR at the protein level. Based on the intensity of protein bands, the expression of SREBP2 and FXR were normalized to that of histone H1, n = 6–7. (C) Graphic summary of mRNA expression of sterol regulatory element-binding protein 2 (SREBP2) and farnesoid X receptor (FXR) by RNA-seq analysis, n = 3–4. The data are shown as the means ± SEM, *P < 0.05, using the two-tailed Student t-test.
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FIGURE 7. PEDV infection epigenetically inhibited the transcriptional activation of gene expression by SREBP2 and FXR. (A) The interactions among SREBP2, FXR, and core proteins involved in cholesterol metabolism during transcriptional regulation were predicted by Search Tool for the Retrieval of Interacting Genes (STRING). (B,C) The relative enrichment of SREBP2 and FXR at the locus of indicated genes in livers was analyzed by ChIP-qPCR. (D,E) The relative enrichment of histone H3K27ac and H3K4me1 occupancy was analyzed by ChIP-qPCR. The data are shown as the means ± SEM, *P < 0.05, ** P < 0.01 using the two-tailed Student t-test.





DISCUSSION

To date, the coronaviruses have brought numerous illnesses, including enteritis in livestock, upper respiratory diseases in birds, and potentially lethal respiratory infections in humans (28), the epidemiology of PEDV is still extremely significant, with morbidity and mortality rates of piglets up to 100% (29). Despite the classic clinical symptoms of PEDV infection, such as watery diarrhea and vomiting, increasing research now pays more attention to the host physiology and homeostasis, like growth performance alteration, tissue accretion, and organ damages caused by virus infection (30, 31). In this regard, studies on porcine alphacoronaviruses are necessary not only for exploring strategies to control their infection in pig populations but also for understanding the underlying molecular mechanisms. Here, we found that cholesterol and its transformed products were both increased in the livers of the PEDV-infected piglets. This should be attributed to the elevated key enzymes involved in cholesterol metabolism, including HMGCS1, MVK, MVD, FDFT1, SQLE, DHCR24, and CYP27A1. Two main transcription factors, the SREBP2 and FXR, were highly upregulated at the translation level in the cell nucleus. Given the importance of the cholesterol balance, the overt cholesterol contents negatively inhibit the transcripts of the CB and cholesterol transformation pathways reflected by the transcriptomic results. However, this negative-feedback loop did not regulate through the well-known inhibition of the nuclear translocation of SREBP2 and FXR, but via the loss of DNA-binding at the transcription stage. We also demonstrated that histone repressive modifications via diminishing H3K27ac and H3K4me1 facilitate the trans-inactivation of SREBP2 and FXR.

It is well-known that cholesterol is an essential lipid component of cell membranes, thus, cholesterol depletion blocks the virus entry possibly due to lipid rafts (12). Lipid rafts are sub-domains of the plasma membrane enriched with cholesterol and glycosphingolipids. Often, lipid rafts play a couple of roles during coronavirus infection; for instance, providing the platforms for specific interaction between coronavirus S protein and Angiotensin Converting Enzyme 2 (ACE2) receptor, and facilitating viral endocytosis (12, 32, 33). It is worth noting that the potential functions of cholesterol in the viral entry have been documented for numerous coronaviruses, including SARS-CoV (32), infectious bronchitis (34), murine coronavirus (35), and porcine delta coronavirus (12). Similar to the alphacoronavirus we observed, it is reported that cholesterol accumulation results in virus replication by promoting viral entry. Therefore, it is suggested that high cholesterol content is a critical indicator of coronaviruses infection (11). Alternatively, it is noted that cholesterol exerts a role in virus entry into the host cell when it binds and alters the oligomeric pattern of the N-terminal fusion peptide of the coronavirus S protein (36, 37). The viral mRNA levels were strongly reduced by cholesterol depletion on coronavirus infection (37). Interestingly, ion channels on viral particles are suggested to be involved in cholesterol-driven coronavirus infection because that cholesterol level is crucial for the lipid environment which benefits the charge in cellular membranes (38). Further investigations need to address the interactions between cholesterol and iron metabolism in PEDV infection.

As the central site for cholesterol metabolism, the liver is vital for the equilibrium of cholesterol among organs (26, 39). Although the intestine tissues are the primary sites where PEDV initiates infection, we also detected the mRNA in the liver of PEDV-infected piglets previously (40). Indeed, Wu et al. have revealed that the porcine liver is susceptible to PEDV, and liver damages were reflected by the significantly increased aspartate aminotransferase (AST), alanine aminotransferase (ALT), and AST/ALT ratio (30). Moreover, the PEDV induced the elevated expression of the key proteins involved in liver diseases (41). Cholesterol biosynthesis and transformation are the critical biochemical reactions to maintain metabolic circulation between the liver and the gut (42, 43). We observed that the key enzymes involved in these two pathways are upregulated in the PEDV-infected piglets, while enough cholesterol benefits the entry of PEDV into the hepatic cells. Given the fact that gluconeogenesis is augmented to produce more energy and nutrients to protect the liver and jejunum from virus infection (31), we reasonably thought that the activated CB is attributed to the increasing number of fuels in response to coronavirus invasion. In addition, in agreement with previous findings of coronavirus-triggered hyper-expression (44, 45), the upregulation of SREBP2 and FXR could initiate the activation of the CB pathway in PEDV-infected piglets. Another interesting finding of this study should be the incongruity between the mRNA and protein levels for CYP7A1 and CYP27A1 genes. The CYP7A1was downregulated at the mRNA level but increased at the protein level, while CYP27A1 was increased at the protein level but remained unchanged at the mRNA level. The dissociation of mRNA abundance and protein content implies the possible involvement of post-transcriptional mechanisms. Indeed, our and other previous studies have revealed that CYP7A1 and CYP27A1 are vulnerable to microRNAs-mediated post-transcriptional regulation (20, 46). However, it is still a question whether the dis-association we observed here is attributed to post-transcriptional modification during virus entry, which remains to be clarified in the future.

Despite that cholesterol lowering is a novel potential coronavirus therapeutic strategy, small-molecule inhibitors have previously been studied in the treatment of a variety of respiratory viral infections (47, 48). There is almost no evidence of a direct connection between statins and coronavirus infection. Moreover, several studies have shown that a downtrend in total cholesterol is likely a negative acute phase reactant response (16, 49). We must address that the doses of statin used for the treatment of hypercholesterolemia are generally safe, as we and others claim that cholesterol and bile acids are the special ligands to modulate CB homeostasis. The dramatic inhibition of the cholesterol and cholic biosynthesis genes is a clear manifestation of a strong blockade of the SREBP2/FXR-mediated negative feedback (21). The disconnection between cholesterol metabolic genes expression and SREBP2 has previously been observed in the COVID-19-infected model (44). In the present study, we did not see that PEDV inhibited the translation of SREBP2 protein into the nucleus. However, we mechanistically pointed out that the histone modifications may be the dominant event to suppress the generation of the transcriptional complex, which further reduced the transactivation of genes associated with cholesterol metabolic homeostasis.

In conclusion, the PEDV triggers aberrant regulation of cholesterol metabolic genes via epigenetic inhibition of SREBP2/FXR-mediated transcription, which provides a novel antiviral target against PEDV and other coronaviruses.



MATERIALS AND METHODS


Animal Study Design

All experiments involving animals were reviewed and approved by the Institutional Animal Care and Use Committee of Jiangsu Province. Seven Large White piglets, naturally infected with PEDV featured with watery diarrhea and acute vomiting, together with seven control piglets as a negative control, were selected. All animals were raised under the same conditions and humanely euthanized for tissue collection. Liver tissues and jejunum tissues were sampled, snap-frozen in liquid nitrogen, and thereafter stored at −80°C until analysis.



Measurement of Total Cholesterol (TCHO) and Total Bile Acids (TBA)

Liver tissues were washed three times with cold phosphate-buffered saline (PBS) and subjected to extraction with organic solvents (7:11:0.1, chloroform/isopropanol/Triton X-100). The TCHO and TBA were measured using the Tissue Total Cholesterol Assay Kit (E1015, Applygen, Beijing, China) and the total Bile Acid Assay Kit (STA-631, Cell Biolabs, Inc., CA, USA), and normalized to total protein concentrations.



RNA-Seq Analysis

The RNA-seq libraries were generated as previously described (17), with modifications. The liver tissues of PEDV-infected piglets (n = 3) and control (n = 4) piglets were randomly selected and washed with cold PBS and subjected to total cellular RNA extraction. Total RNA (2 μg) was prepared using the Illumina Tru-Seq RNA Sample Prep Kit according to the manufacturer's instructions. The quality of libraries was checked with an Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The high through sequencing was performed on an Illumina HiSeq 2000 sequencer at BGI Tech (Wuhan, China). The sequence data in FASTQ format was analyzed using standard BWA–Bowtie–Cufflinks workflow as described previously (24). Briefly, sequence reads were mapped to susScr3 assembly with BWA and Bowtie software. The Cufflinks package was used for transcripts assembly, quantification of normalized gene and isoform expression, and analysis of differentially expressed genes. The Gene Set Enrichment Analysis (GSEA v.3.0) was applied to rank genes based on the shrunken limma log2 fold changes. The GSEA tool was used in the “pre-ranked” model with default parameters. A gene ontology analysis was performed using DAVID Bioinformatics Resources 6.8.



qRT-PCR Analysis

The total RNA extracted from liver tissues of control and PEDV-infected piglets using the TRIzol Reagent (Invitrogen, MA, USA) was reverse-transcribed to single-stranded DNA (cDNA) using the HiScript II Q RT SuperMix (Vazyme biotech, Nanjing, China) according to the manufacturer's instructions. The purity and concentration of total RNA were evaluated by electrophoresis in 1% agarose gel and NanoReady Spectrophotometer (Suizhen, Hangzhou, China). The qRT-PCR analysis was carried out on an ABI QuantStudio 3 Real-Time PCR Instrument (Applied Biosystems) using the SYBR Green Master Mix (Vazyme Biotech, Nanjing, China). The 10 μl reaction mixture contains 5 μl of AceQ qPCR SYBR Green Master Mix (2 ×),0.2 μl of ROX Reference Dye II (50 ×), 1 μl of cDNA template,0.2 μl of forward primer (10 μmol/L), and reverse primer (10 μmol/L), and 3.4 μl of ddH2O. The Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) mRNA was detected as an internal reference to normalize the expression level of each transcript. The relative expression levels of indicated genes were calculated using the ΔΔCt method.



Western Blotting Analysis

Liver tissues of PEDV-infected and control piglets were lysed with 500 μl cell lysis buffer for western blotting (Biosharp, Hefei, China) supplemented with phosphatase and protease inhibitor (Beyotime, Nanjing, China) according to the manufacturer's instructions. The tissue debris was removed by centrifugation at 12,000 rpm for 10 min at 4°C, cellular proteins in the supernatant were collected and separated in 10% sodium dodecyl sulfate polyacrylamide gel electropheresis (SDS-PAGE) gel. Next, the separated proteins were transferred to Polyvinylidene Fluoride (PVDF) membranes (Millipore, CA, USA). After being blocked with 5% skimming milk, the membranes were incubated with primary antibodies overnight at 4°C, respectively. The membranes were further incubated with an Horseradish Peroxidase (HRP)-conjugated secondary antibody. Finally, the membranes were developed with a Chemiluminescent Western Blot Detection kit (Vazyme Biotech, Nanjing, China) using Tanon 5200 Multi imaging system.

The nuclear protein was extracted from a 200 mg frozen liver sample as described previously, with modifications [54]. Briefly, the tissues were washed three times and then lysed with lysis buffer (10 mM N-2-hydroxyethylpiperazine-N-ethanesulphonicacid (HEPES), pH 7.9, 10 mM KCl, 0.1 mM Horseradish Peroxidase (EDTA), 0.4% NP-40, and protease inhibitor cocktail) for 30 min at 4°C. The homogenates were centrifuged for 30 s at 15,000 × g at 4°C. The supernatant was removed. The pellets were lysed in extraction buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, and protease inhibitor cocktail) for 15 min for nuclear extract collection.



ChIP-QPCR

The ChIP-qPCR was performed as previously described (26, 27), with modifications. Briefly, the liver tissues of PEDV-infected piglets and control piglets were ground into powders with a mortar, then, resuspended in fixing buffer (50 mmol/L HEPES-KOH (Potassium Hydroxide), 100 mmol/L NaCl, 1 mmol/L EDTA, and 0.5 mol/L Ethylene Glycol Tetraacetic Acid (EGTA)) before being subjected to cross-linking with 1% formaldehyde for 5 min, followed by quenching with glycine on ice for 6 min. The precipitation was collected by centrifugation and resuspended in lysis buffer (50 mmol/L HEPES pH 8, 140 mmol/L NaCl, 1 mmol/L EDTA, 10% glycerol 0.5% NP40, 0.25% Triton X-100). The precipitation was then resuspended in washing buffer (10 mmol/L Tris pH 8, 1 mmol/L EDTA, 0.5 mmol/L EGTA, and 200 mmol/ L NaCl), washed, and resuspended in shearing buffer (0.1% SDS, 1 mmol/L EDTA, pH 8, 10 mmol/L Tris HCl, and pH 8) before sonication using Covaris M220 following the manufacturer's instructions. After being precipitated using gene-specific antibodies and protein G-conjugated beads, the chromatin fragments were treated with RNase A and proteinase K. Then, a purified ChIP DNA was used for qPCR analysis.



Statistical Analysis

Statistical analyses were performed with the GraphPad Prism software 8.0. The data are presented as mean values ± SEM from at least three independent experiments. Statistical analysis was performed using two-tailed Student's t-tests or ANOVA with Tukey's post hoc test to compare the means. The value of P < 0.05 was considered significant.
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The nutrient sensing nuclear receptor peroxisome proliferator-activated receptor-α (PPARα) regulates the host response to short-term fasting by inducing hepatic transcriptional programming of ketogenesis, fatty acid oxidation and transport, and autophagy. This adaptation is ineffective in chronically undernourished individuals, among whom dyslipidemia and hepatic steatosis are common. We recently reported that hepatic PPARα protein is profoundly depleted in male mice undernourished by a low-protein, low-fat diet. Here, we identify PPARα as a deacetylation target of the NAD-dependent deacetylase sirtuin-1 (SIRT1) and link this to the decrease in PPARα protein levels in undernourished liver. Livers from undernourished male mice expressed high levels of SIRT1, with decreased PPARα acetylation and strongly decreased hepatic PPARα protein. In cultured hepatocytes, PPARα protein levels were decreased by transiently transfecting constitutively active SIRT1 or by treating cells with the potent SIRT1 activator resveratrol, while silencing SIRT1 increased PPARα protein levels. SIRT1 expression is correlated with increased PPARα ubiquitination, suggesting that protein loss is due to proteasomal degradation. In accord with these findings, the dramatic loss of hepatic PPARα in undernourished male mice was completely restored by treating mice with the proteasome inhibitor bortezomib. Similarly, treating undernourished mice with the SIRT1 inhibitor selisistat/EX-527 completely restored hepatic PPARα protein. These data suggest that induction of SIRT1 in undernutrition results in hepatic PPARα deacetylation, ubiquitination, and degradation, highlighting a new mechanism that mediates the liver's failed adaptive metabolic responses in chronic undernutrition.

Keywords: undernutrition, PPARα (peroxisome proliferator-activated receptor alpha), sirtuin-1 (SIRT1), post-translational modification of proteins, mouse models, sex differences


INTRODUCTION

The peroxisome proliferator-activated receptor (PPAR) family of lipid sensing transcription factors regulates whole-body metabolism and energy balance. The dominant PPAR isoform in human and mouse liver is PPARα, which promotes the adaptive response to short-term fasting by regulating the expression of genes that facilitate ketogenesis, fatty acid oxidation and transport, and nutrient reclamation via autophagy (1, 2). However, in chronic undernutrition this adaptation is ineffective, and metabolic abnormalities including dyslipidemia and hepatic steatosis occur (3, 4). Steatosis, decreased hepatic peroxisome abundance, and impaired fatty acid oxidation are observed in rats chronically undernourished by a low-protein diet; these abnormalities are partially ameliorated by a PPARα agonist, suggesting a lack of PPARα signaling in chronic undernutrition (5). We recently confirmed that hepatic PPARα protein levels are dramatically reduced in chronically undernourished mice fed a low-protein, low-fat diet (LPLFD) (6). Mechanisms by which chronic undernutrition decreases hepatic PPARα protein levels have not been defined.

PPARα expression is thought to be regulated primarily at the mRNA level. Consistent with impaired hepatic fatty acid oxidation in non-alcoholic steatohepatitis (NASH), mRNA expression of PPARA is decreased in liver biopsies obtained from patients with NASH and inversely correlates with the severity of steatosis (7). Similarly, livers from patients infected with hepatitis C virus reveal profoundly decreased expression of PPARα at the transcriptional and protein levels (8–11). Mechanisms of transcriptional repression of PPARα by interleukin-6 (12), interleukin-1β (13), and tumor necrosis factor-α (14), as well as silencing by numerous micro-RNAs (15–18) have been described. In contrast, post-translational regulation of PPARα protein stability is poorly understood.

This study aimed to identify mechanisms underlying the dramatic loss of hepatic PPARα protein in undernutrition. Our data reveal that undernutrition induces the expression of sirtuin-1 (SIRT1), a NAD-dependent deacetylase that is known to decrease levels of other nuclear receptors including PPARγ by proteasome-mediated degradation. We identify PPARα as a novel target for SIRT1-mediated deacetylation, ubiquitination, and proteasomal degradation, and demonstrate that hepatic PPARα protein levels can be rescued in undernourished mice by inhibiting SIRT1. These results suggest SIRT1 inhibition as a potential therapy for undernutrition-induced liver and metabolic dysfunction.



MATERIALS AND METHODS


Animal Studies

Wild-type C57BL/6J mice (Charles River Laboratories, Wilmington, MA) were housed in the Baylor College of Medicine Center for Comparative Medicine in a temperature-controlled 14:10-h light–dark room. Dams with 8-day-old pups were randomized to receive a purified LPLFD (5% fat, 7% protein, and 88% carbohydrate) or an isocaloric control diet (15% fat, 20% protein, and 65% carbohydrate; #D09081701B and #D09051102, Research Diets, New Brunswick, NJ) ad libitum to model undernutrition (19). On day-of-life 21, pups were weaned to their respective dams' diets and continued on the LPLFD or control diet ad libitum for the remainder of the experiment.

Hepatic PPARα was manipulated in 8 week old male mice maintained on either diet by giving intraperitoneal injections of the SIRT1 inhibitor selisistat/EX-527 (#E7034, Sigma-Aldrich, St. Louis, MO), 10 mg/kg/day for 3 consecutive days. Alternatively, mice received a single intraperitoneal injection of 1 mg/kg of the proteasome inhibitor bortezomib (#2204, Cell Signaling Technology, Danvers, MA). Control groups for both experiments received equivalent volumes of sterile PBS. After 24 h, mice were euthanized by CO2 inhalation. Liver lobes were harvested and stored at −80°C prior to analysis. All animal experiments were conducted in accordance with the Baylor College of Medicine Institutional Animal Care and Use Committee guidelines.



Cell Culture and Transient Transfection

HepG2 cells (American Type Culture Collection, Manassas, VA) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA) in 12- or 24-well-plates. Cells were transfected with expression vectors for wild type or H363Y mutant (dominant negative) human SIRT1 (#1791 and 1792, Addgene, Waltham, MA) (20) or an equivalent amount of empty expression vector, using FuGENE HD Transfection Reagent (Promega, Madison, WI) according to the manufacturer's protocol. Alternatively, cells were transfected with 100 nM SIRT1 siRNA or control siRNA (#12241S and 6568S, Cell Signaling Technology, Danvers, MA) using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Waltham, MA) according to the manufacturer's instructions. Cells were harvested 24–36 h following transfection. Alternatively, 100 μM resveratrol (#1418, Tocris, Bristol, UK) or an equivalent volume of sterile water was added to cultures, and cells were harvested 24 h later.



Western Blot

Liver tissue was homogenized in RIPA buffer. Lysate (20–50 μg) was loaded onto NuPAGE 4–12% Bis-Tris precast gels and transferred onto PVDF Transfer Membranes (Thermo Fisher Scientific, Waltham, MA). Primary antibodies to PPARα (#PA5-85125, Thermo Fisher Scientific, Waltham, MA), SIRT1 (#2028, Cell Signaling Technology, Danvers, MA), PPARγ (#16643-1-AP, Thermo Fisher Scientific, Waltham, MA), or the proteasome marker PSMB5 (# PA1-977, Thermo Fisher Scientific, Thermo Fisher Scientific, Waltham, MA) were applied. For HepG2 cell experiments, primary antibodies to PPARα (#MA1-822, Thermo Fisher Scientific, Waltham, MA) and SIRT1 #9475 (Cell Signaling Technology, Danvers, MA) were used. GAPDH (#14C10, Cell Signaling Technology, Danvers, MA) served as a housekeeping protein for all western blots. Horseradish peroxidase-conjugated secondary antibodies were applied and protein was visualized with Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA) on the Amersham Imager 600 (GE Healthcare Life Sciences, Marlborough, MA).



Acetylation and Ubiquitination Assays

Immunoprecipitation was performed by incubating 400 μg liver or cell lysate with 2 μg anti-PPARα antibody (#MA1-822, Thermo Fisher Scientific, Waltham, MA) or anti-PPARγ antibody (#MA5-14889, Thermo Fisher Scientific, Waltham, MA) and Protein A/G beads (Santa Cruz Biotechnology, Santa Cruz, CA) for 12 h at 4°C. Antibody-conjugated beads were washed three times with RIPA buffer at 4°C, then PPAR protein was eluted in protein loading buffer and analyzed by SDS-PAGE. Western blot analysis was performed using antibodies to acetylated lysine (#9441, Cell Signaling Technology, Danvers, MA) or ubiquitin (#58395, Cell Signaling Technology, Danvers, MA).



Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from 30 to 50 mg liver or cultured hepatocytes using TRIzol Reagent (Invitrogen, Carlsbad, CA) and quantified with a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Complementary DNA was synthesized from 1 μg RNA using amfiRivert cDNA Synthesis Platinum Master Mix (GenDEPOT, Inc., Katy, TX). SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA) was used on the StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA). Relative expression level to GAPDH was calculated by the comparative cycle threshold (ΔΔCt) method. The following primer sequences were used:

Mouse SIRT1 F-5′-CGGCTACCGAGGTCCATATAC-3′ R-5′-CAGCTCAGGTGGAGGAATTGT-3′

Mouse PPARα F-5′-ACAAGGCCTCAGGGTACCA-3′ R-5′-GCCGAAAGAAGCCCTTACAG-3′

Human SIRT1 F-5′-TGGCAAAGGAGCAGATTAGTAGG-3′ R-5′-CTGCCACAAGAACTAGAGGATAAGA-3′

Human PPARα F-5′-CTATCATTTGCTGTGGAGATCG-3′ R-5′-AAGATATCGTCCGGGTGGTT-3′



Statistics

All data were normally distributed, thus results are presented as mean ± SD. For experiments consisting of two groups, the 2-tailed student t-test was used. For experiments involving more than 2 treatment groups, 1-way analysis of variance (ANOVA) was performed, and when the global test was significant (P < 0.05), post-hoc Sidak's multiple comparisons test was used to determine between-group differences. Calculations were made using Prism 9.2.0 (GraphPad Software, San Diego, CA).




RESULTS


Undernourished Male Mice Have Reduced Hepatic PPARα Protein Levels Despite Increased PPARα Transcript

We recently reported that undernutrition dramatically decreases hepatic concentrations of the nuclear receptor PPARα in male mice (6). This effect is not observed in female mice, which have low hepatic PPARα protein expression at baseline (Figure 1). In this study, we sought to identify mechanisms to account for this ~85% decrease in hepatic PPARα protein (P < 0.0001; Figure 2A) in undernourished males. In contrast to expectations that PPARα levels are regulated primarily at the transcriptional level (21), qPCR showed a 1.5-fold compensatory increase in Ppara transcript in undernourished livers (P = 0.006; Figure 2A), leading us to consider post-transcriptional mechanisms of PPARα protein loss.


[image: Figure 1]
FIGURE 1. Early life sex differences in hepatic PPARα expression at the protein (solid lines) and mRNA (dashed lines) levels. Although sex differences were most striking with respect to protein expression, mRNA expression also was greater in males compared to females (P < 0.05) at every time point after 1 week. N = 3–4 mice per time point per group; bars denote range. All data were normalized to 1 week old males. Mean + range; N = 3–4; ***P < 0.001; **P < 0.01 between sexes at a given time point for protein expression. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PPARα, peroxisome proliferator-activated receptor-α.



[image: Figure 2]
FIGURE 2. Effects of undernutrition on hepatic PPARα expression and acetylation in male mice. (A) Whole livers from undernourished mice contained decreased PPARα protein and increased PPARα transcript relative to livers from control male mice. (B) Expression of SIRT1 was increased in undernourished livers at both the protein and the transcriptional level. (C) SIRT1 protein was detected bound to PPARα purified from whole liver by immunoprecipitation, suggesting a direct interaction in control and undernourished mouse livers. (D) PPAR protein was immunoprecipitated from liver, then comparable amounts were analyzed by western blot to illustrate decreased acetylation of both PPARα, which is not known to be an acetylation target of SIRT1, and PPARγ, which is a well-known acetylation target of SIRT1. Mean + SD; n = 2–4; ****P < 0.0001; **P < 0.01; *P < 0.05. Ac-Lys, acetylated lycine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IgG, immunoglobulin G; IP, immunoprecipitation; LPLFD, low-protein, low-fat diet; PPAR, peroxisome proliferator-activated receptor; SIRT1, NAD-dependent deacetylase sirtuin-1.




Induction of SIRT1 Corresponds With PPARα Deacetylation in Undernourished Livers

SIRT1 binds to and deacetylates multiple members of the nuclear receptor family of transcription factors. Deacetylation of PPARγ (22), farnesoid-X-receptor (23), liver X receptor-α (24), or thyroid receptor-β1 (25) in response to SIRT1 overexpression results in reduced levels of deacetylated nuclear receptors via ubiquitin-mediated proteasomal degradation. Although SIRT1 is known to interact directly with PPARα (26), whether this interaction results in PPARα deacetylation and degradation, and also whether SIRT1 is overexpressed in chronic undernutrition, was unknown. We used western blot and qPCR to determine expression levels of SIRT1 in liver from control and undernourished male mice. Livers from undernourished mice showed 2.4-fold increased expression of SIRT1 protein (P = 0.007) and 2.8-fold increased expression of Sirt1 transcript (P = 0.004; Figure 2B). Next, we used co-immunoprecipitation to confirm that PPARα and SIRT1 directly interact in undernourished mouse livers (Figure 2C). These findings led us to explore whether increased hepatic expression of SIRT1 in undernutrition is a potential cause of PPARα protein degradation.

To determine whether PPARα deacetylation mechanistically links increased SIRT1 expression with decreased PPARα protein in the chronically undernourished liver, we purified PPARα by immunoprecipitation, then quantified the relative amount of acetylation using comparable amounts of total immunoprecipitated PPARα from control and undernourished livers by western blot. In parallel, we examined acetylation of PPARγ, which is a widely known SIRT1 deacetylation target (22). In accord with their increased expression of SIRT1, undernourished livers contained markedly decreased acetylation of the immunoprecipitated PPARα and PPARγ relative to control livers (Figure 2D). Taken together, these data suggest that PPARα may be a direct target for deacetylation by SIRT1.



SIRT1 Negatively Regulates PPARα Protein Levels

Next, we sought to determine whether altering SIRT1 expression influences PPARα protein levels. First, we overexpressed constitutively active or dominant negative forms of SIRT1 in HepG2 human hepatoma cells. Indeed, overexpression of constitutively active SIRT1, but not of a dominant negative SIRT1, decreased PPARα protein and acetylation (Figure 3A). Second, we treated HepG2 cells with the natural SIRT1 activator resveratrol (27), and confirmed decreased PPARα protein in conjunction with increased PPARA transcript (Figure 3B), in accord with our mouse model of undernutrition. Third, we transfected HepG2 cells with SIRT1 siRNA or non-silencing siRNA control and found that loss of SIRT1 results in increased PPARα protein and acetylation (Figure 3C). These data indicate that SIRT1 negatively regulates PPARα protein levels through deacetylation.


[image: Figure 3]
FIGURE 3. Regulation of PPARα protein level by SIRT1. (A) Transient transfection of human-derived HepG2 hepatocellular carcinoma cells with constitutively active SIRT1 decreased PPARα protein levels and acetylation, whereas transfection with dominant negative SIRT1 did not. (B) Incubating HepG2 cells with 100 μM of the natural SIRT1 activator resveratrol decreased PPARα protein and increased PPARα mRNA, similar to our mouse model of undernutrition. (C) Silencing SIRT1 in HepG2 cells increased PPARα protein and acetylation and (D) decreased ubiquitination of PPARα. Mean + SD; n = 3–4; ****P < 0.0001; ***P < 0.001; **P < 0.01; *adjusted P < 0.05. CA, constitutively active; DN, dominant negative; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IP, immunoprecipitation; NS, not significant; PPARα, peroxisome proliferator-activated receptor-α; siRNA, small interfering RNA; SIRT1, NAD-dependent deacetylase sirtuin-1; Ub-PPARα, ubiquitinated PPARα.


SIRT1 deacetylation causes ubiquitination and subsequent proteasome mediated degradation of multiple nuclear receptors (22–25). To determine whether SIRT1 deacetylation also results in ubiquitination and degradation of PPARα, we assessed ubiquitination of PPARα immunoprecipitated from HepG2 cells after treatment with the siRNAs in the above experiment. As expected, silencing SIRT1 decreased ubiquitination of PPARα and increased its protein level (Figure 3D). All together, these data suggest that hepatic PPARα is reduced in undernourished males due in part to SIRT1 mediated deacetylation followed by ubiquitination and proteasome degradation.



Hepatic PPARα Is Rescued in Undernourished Mice by Inhibiting SIRT1-Directed Proteasomal Degradation

Finally, we sought to test the hypothesis that inhibiting SIRT1-directed proteasome degradation would prevent loss of hepatic PPARα in undernutrition. We first administered a single intraperitoneal injection of the proteasome inhibitor bortezomib, or vehicle, to healthy and undernourished male mice, then harvested livers 24 h later for western blot. PPARα was profoundly reduced in livers from vehicle-treated undernourished mice, confirming our previous findings (6). Strikingly, hepatic PPARα levels in undernourished mice were rescued completely by bortezomib (Figure 4A), confirming that proteasome mediated degradation is responsible for loss of hepatic PPARα in undernutrition. In a separate experiment, we administered the potent and specific SIRT1 inhibitor selisistat/EX-527 via intraperitoneal injection for 3 consecutive days. Once again, hepatic PPARα levels in undernourished mice were rescued completely by SIRT1 inhibition (Figure 4B). All together, these studies suggest that undernutrition induces expression of SIRT1, which deacetylates PPARα, resulting in subsequent ubiquitination and proteasomal degradation.


[image: Figure 4]
FIGURE 4. Rescue of hepatic PPARα by blocking SIRT1-mediated proteasomal degradation in undernourished mice. (A) Eight-week-old control and undernourished male mice were treated with a single intraperitoneal injection of 1 mg/kg of the proteasome inhibitor bortezomib, or an equivalent volume of sterile PBS, and after 24 hours whole livers were harvested for western blot. Hepatic PPARα levels were rescued completely in undernourished mice treated with proteasome inhibitor. (B) Alternatively, control and undernourished mice were treated with three daily intraperitoneal injections of 10 mg/kg/day of the SIRT1 inhibitor selisistat/EX-527, or an equivalent volume of sterile PBS, and 24 h after the third dose, whole livers were harvested for western blot. Hepatic PPARα levels were rescued completely in undernourished mice treated with SIRT1 inhibitor. Mean + SD, N = 3, ****adjusted P < 0.0001, ***adjusted P < 0.001, **adjusted P < 0.01. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LPLFD, low-protein, low-fat diet; NS, not significant; PPARα, peroxisome proliferator-activated receptor-α; PSMB5, proteasome subunit β type 5; SIRT1, NAD-dependent deacetylase sirtuin-1.





DISCUSSION

The purpose of this study was to identify mechanisms contributing to the loss of hepatic PPARα protein in undernutrition. We employed a mouse model that reproduces key features of chronic undernutrition in humans, including decreased peroxisome abundance and impaired synthesis of bile acids and coagulation factors (6). After ruling out the possibility of transcriptional repression of PPARα, we found that SIRT1 expression was markedly increased in livers from undernourished mice, and we revealed in cultured hepatocytes that SIRT1 negatively regulates PPARα protein levels via deacetylation and subsequent ubiquitination and proteasomal degradation. To confirm that this mechanism contributes to hepatic PPARα protein loss in undernutrition, we treated undernourished mice with a proteasome inhibitor or with a SIRT1 inhibitor and found that either drug fully restored hepatic PPARα protein levels.

SIRT1 negatively regulates levels of multiple proteins within the nuclear receptor family via deacetylation and subsequent ubiquitin-proteasomal degradation. Previous co-immunoprecipitation studies revealed that SIRT1 physically interacts with PPARα within nuclear protein complexes, but whether this interaction influences PPARα acetylation and protein levels was not known (26). This study confirmed direct interaction between PPARα and SIRT1 in undernourished mouse livers, and is the first study to our knowledge to identify PPARα as a SIRT1 deacetylation and degradation target. Ongoing work in sirtuin-targeted drug discovery (28) may ultimately lead to the consideration of SIRT1 inhibitors as therapeutic alternatives to or amplifiers of PPARα agonists (e.g., fibrates) for metabolic disorders.

For some nuclear receptors SIRT1 serves as a coactivator, increasing the expression of positive transcriptional targets of the receptor prior to its degradation (22–25). It has been proposed that deacetylation might facilitate the release of corepressors or the recruitment of coactivators, or enhance clearing from the promoter for subsequent rounds of transcription (24). Congruent with this working model, transcriptional analysis of our undernourished mouse livers revealed marked upregulation in PPAR signaling, including induction of the positive PPARα target genes Fgf21, Acot1, and Cyp4a14 (6). PPARα is strongly activated in the fasted state (2), and it remains to be determined whether similarly strong PPARα activation is detected during the initial phases of acute undernutrition.

Acetylation sites have been described on PPARγ, including the lysine (K) residues K184/185, K268, and K293, which are confirmed to be SIRT1 deacetylation targets (22, 29, 30). We are not aware of any analogous acetylation sites that have been identified for PPARα. To begin to address this knowledge gap, we probed the PPARα gene sequence of seven mammalian species with a K-acetyltransferase predictive algorithm (31). We identified K232 as a highly conserved residue that is most likely to be responsible for PPARα acetylation (Supplementary Table 1). Further analyses to validate the functional implications of this putative PPARα acetylation site are needed.

SIRT1 induction by calorie restriction is an ancient evolutionary biological stress response that slows aging by increasing the long-term function and survival of cells (32). During periods of fasting that last 12–24 h, SIRT1 deacetylates and activates the PPARγ coactivator PGC-1α to increase fatty acid oxidation and decrease lipogenesis and fat storage (26, 33, 34). SIRT1 similarly deacetylates sterol regulatory element binding protein, farnesoid-X-receptor, and liver-X-receptor to increase bile acid biosynthesis and reduce cholesterol (24, 35). In addition, deacetylated PGC-1α increases the expression of CYP7A1 and CYP8B1 to increase bile acid synthesis from cholesterol (36–38). These pathways serve to protect the host from dyslipidemia, but presumably they require levels of PPARα protein that exceed what is present during chronic undernutrition. We propose that the metabolic benefits of short-term coactivation by SIRT1 of transcriptional targets of PPARα gradually are lost as acute undernutrition progresses to chronic undernutrition, as new PPARα protein synthesis cannot keep up with continuous deacetylation, ubiquitination, and proteasome degradation. In this model, loss of PPARα in response to chronically increased SIRT1 expression undermines the beneficial impact of decreased acetylation of PGC-1α and potentially other SIRT1 targets.

We explored this mechanism of post-translational PPARα protein degradation exclusively in male mice because undernutrition does not decrease hepatic PPARα protein in female mice (6). Indeed, sex differences in PPARα protein levels in mice first appear between the second and third weeks of life, and by 6 weeks of life livers from male mice contain ~13-fold as much PPARα protein as livers from female mice (Figure 1). In our model, undernutrition was initiated during the second week of life; it remains to be determined whether increased SIRT1 expression would cause PPARα deacetylation and degradation if malnourishment was initiated after mice reached adulthood. Sex differences in PPARα expression recently were reported in human monocytes (39). In addition to the known interactions between estrogen and PPARα transcriptional activity (40), sexual dimorphism of PPARα protein levels could have important implications for sex differences in the frequency of metabolic disorders and their treatment (41). Finally, because SIRT1 deacetylates histone proteins as well as non-histone proteins, hepatic SIRT1 induction in undernutrition has the potential to induce epigenetic effects much broader than those uncovered here. Histone deacetylation may be especially important early in development, given the clear link between early-life undernutrition and long-term risk for obesity and metabolic disorders; this link is presumed to have an epigenetic basis (42). Whether acute and long-term metabolic effects of early-life undernutrition could be mitigated by therapeutic strategies that preserve PPARα protein warrants further investigation.
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Identification and Spatial Visualization of Dysregulated Bile Acid Metabolism in High-Fat Diet-Fed Mice by Mass Spectral Imaging
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Changes in overall bile acid (BA) levels and specific BA metabolites are involved in metabolic diseases, gastrointestinal, and liver cancer. BAs have become established as important signaling molecules that enable fine-tuned inter-tissue communication within the enterohepatic circulation. The liver, BAs site of production, displayed physiological and functional zonal differences in the periportal zone versus the centrilobular zone. In addition, BA metabolism shows regional differences in the intestinal tract. However, there is no available method to detect the spatial distribution and molecular profiling of BAs within the enterohepatic circulation. Herein, we demonstrated the application in mass spectrometry imaging (MSI) with a high spatial resolution (3 μm) plus mass accuracy matrix-assisted laser desorption ionization (MALDI) to imaging BAs and N-1-naphthylphthalamic acid (NPA). Our results could clearly determine the zonation patterns and regional difference characteristics of BAs on mouse liver, ileum, and colon tissue sections, and the relative content of BAs based on NPA could also be ascertained. In conclusion, our method promoted the accessibility of spatial localization and quantitative study of BAs on gastrointestinal tissue sections and demonstrated that MALDI-MSI was a valuable tool to investigate and locate several BA molecules in different tissue types leading to a better understanding of the role of BAs behind the gastrointestinal diseases.

Keywords: mass spectrometry imaging (MSI), MALDI, bile acid, zonation pattern, enterohepatic circulation, metabolic disease
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GRAPHICAL ABSTRACT. Schematic illustrations showing the mass spectrometry imaging based identification and spatial visualization of dysregulated bile acid metabolism in high-fat diet-fed mice.




INTRODUCTION

The liver and gut share an intimate relationship whose communication relies heavily on metabolites, among which bile acids (BAs) play a key role (1). Previous work from our lab and others demonstrated that BAs play a regulatory role in host metabolism and immune responses (1–5). Changes to the composition and distribution of the BAs have been implicated in the etiopathogenesis of multiple diseases ranging from the liver to the intestine (6). Liver diseases differentially affect BA concentration and distribution and composition, so as in the intestine (7). Strong imbalance or disruption in BA synthesis and secretion processes are associated with various liver and gastrointestinal diseases, such as BA synthesis disorder (inborn) and primary biliary cholangitis (8). Recent studies demonstrated that microbial BA metabolism and its alterations by diet and host signaling are implicated in obesity associated metabolic diseases (9). However, the information of the abundance and spatial distribution of BAs and link them to the pathology of the corresponding diseases are still elusive.

Bile acids, whose functional role in the global mammalian system is multifaceted, are an important class of metabolites that undergo extensive enterohepatic recycling and gut microbial modification (10). To understand complex BA processes and disorders and develop effective treatments, it is important to have reliable information on the abundance and spatial distribution of BAs and their interplay with their receptors and link them to the pathology of the corresponding diseases. Because of the great diversity of BAs and the complexity of their signaling mechanisms, it is very useful to image several BAs in a single analysis in a way that enables simultaneous measurement and characterization of numerous BAs. However, simultaneous spatial mapping and quantitation of changes of BAs in enterohepatic circulation represent a significant challenge. Over the last few decades, mass spectrometry (MS)-based techniques for the detection of BAs are mostly indirect assays for detecting the content of BAs in tissue homogenate or the spatial distribution of BAs in tissues without quantification (11–14). In addition, benchmark methods for BA analysis, such as liquid chromatography (LC) and electrospray ionization (ESI)-MS, require extensive processing of liver or intestine tissue samples before analysis, which causes losses of anatomical information (11, 15, 16). Thus, there is a need for innovative imaging techniques that can simultaneously map and quantitate the BAs in tissue samples. However, mass spectrometry imaging (MSI) of BAs in the organs is challenging because of their poor ionization properties and the highly ion-suppressing tissue microenvironment. Despite the difficulties of imaging BAs and their metabolites in the colon and other organs, efforts have been made using commercially available or in-house constructed ion sources. Matrix assisted laser desorption ionization (MALDI)’s high tolerance to contaminants and simplicity of preparation make it ideal for the analysis of BAs from biological media. Recently, a novel imaging mass microscope (iMScope) shows promise in simultaneously assessing the spatial distribution and molecular profiling in a non-targeted manner (17, 18).

Thus, in our study, the iMScope was adapted to investigate the spatial distribution and molecular profiling of BAs in the liver and intestine slices of a mouse under high-fat diet (HFD) to indicate the effects of metabolism of BAs on the health and diseases of the body.



METHODS


Chemicals

Mass spectrometry grade chemicals and reagents were used in the present study. Matrix moieties inclusive of 9-aminoacridine (9AA, no. 92817), 2, 5-dihydroxybenzoic acid (DHB, no. 149357), α-cyano-4-hydroxycinnamic acid (CHCA, no. C2020) were obtained from Sigma-Aldrich (St Louis, MO, United States). The internal standard (IS), N-1-naphthylphthalamic acid (NPA), was purchased from Chem Service (West Chester, PA, United States, no. N875498). Ultra-pure grade (18 MU) water was prepared by a Milli-Q system (Millipore Corporation, Billerica, MA, United States). Other reagents include formic acid (FA; Aladdin, no. F112034); Trifluoroacetic Acid (TFA; TEDIA, no. TS4295-013C); Methanol (MeOH; Honeywell, no. AH230-4HC); Ethanol (EtOH; Sigma-Aldrich, no. E7023); Ethanol (Tianjin Fuyu Fine Chemical Co., Ltd.); Acetonitrile (ACN; Honeywell, No. AH015-4HC); Xylene (Tianjin Fuyu Fine Chemical Co., Ltd.); Eosin (Beijing Solarbio Technology Co., Ltd., cat. no. G1100); Neutral gum (Beijing Solarbio Technology Co., Ltd., cat. no. G8590-100 ml), and indium tin oxide (ITO)-coated glass slides (Sigma-Aldrich, no. 578274).

Eleven BAs were selected for analysis: deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), taurodeoxycholic acid (TDCA), taurochenodeoxycholic acid (TCDCA), tauroursodeoxycholic acid (TUDCA), lithocholic acid (LCA), taurolithocholic acid (TLCA), taurocholic acid (TCA), tauromuricholic acid (TMCA), and glycocholic acid (GCA).



Animal Study

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the China Medical University. Six to eight weeks old male C57BL/6 mice were purchased from Beijing Huafukang Biotechnology Co., Ltd. The mice were fed with normal circadian circulation for 12 h and had enough food and water. Mice were fed an HFD (TP23520, Tropic diet, China) or a control diet (CD, TP23524, Tropic diet, China) for 4 weeks. There were 6–10 mice in both the CD group and the HFD group. After 4 weeks of feeding, animals were sacrificed for analysis.



Sample Preparation

After euthanasia, the tissues were quickly removed and all samples should be frozen immediately and stored at −80°C until further analysis. Set the cryomicrotome (Leica CM1950, Nussloch, Germany) to −25°C and cut the samples at a thickness of 10 μm. The slices were pasted on ITO-coated glass slide for analysis by MALDI-MSI. Three to five serial sections (each 10 μm thick) of sampled liver, ileum, and colon tissue were used to evaluate the reproducibility of the iMScope technique. A small droplet of optimal cutting temperature (OCT) compound is applied for mounting the tissue sample on the specimen holder. Because polyvinyl alcohol/polyethylene glycol-based media, such as OCT compound, cause ion suppression during MSI analysis, it is essential to avoid contamination of tissue sections, cryostat tables, or blades by OCT compounds (19). Subsequently, a “two-step matrix application,” which combined with sublimation and airbrushing, was used to coat matrix for tissue sections (18, 20). (1) Sublimation: the electrically conductive glass slide bearing specimen (slice spiked with 10 ng ml–1 of NPA) was installed in a sample holder, which was then embedded in a vacuum deposition system (SVC-700TMSG iMLayer, Sanyu Electron, Tokyo, Japan). A matrix holder was filled with approximately 300 mg of matrix powder (9AA) and the sample holder and matrix bracket were positioned with 8 cm distance. The matrix power was then heated to the boiling point of the matrix crystals (220°C for 9AA) and the vapor covered the specimen surface for 8 min. The vacuum pressure of the chamber was maintained at 10–4 Pa in the process of sublimation. (2) Airbrushing: Matrix solution (10 mg ml–1 of 9AA) was prepared by dissolving matrix power in acetonitrile and distilled water (all containing 0.1% FA) at a ratio of 1:1. The matrix solution (1 ml) was added to the capacity of an artist’s airbrush (MR. Linear Compressor L7/PS270 Airbrush, GSI Creos, Tokyo, Japan). The distance between the tip of the airbrush and the tissue surface was about 8 cm. For the first 3 cycles, the matrix was airbrushed for 2 s at 60 s intervals and, in the following 20 cycles, the matrix was continuously sprayed for 1.0 s at 30 s intervals. The glass slide was then placed in a vacuum dryer to vaporize the solvent for 5 min. After that, the glass slide was vacuum-dried, and then the BA distribution was observed with iMScope.



Matrix-Assisted Laser Desorption-Ionization Time-of-Flight-Mass Spectrometry

The parameters of IT-TOF (time-of-flight) MS were set as follows: ion polarity, negative; mass range, 350–550; sample voltage, 3.0 kV; and detector voltage, 1.90 kV. The imaging MS Solution Version 1.12.26 software (Shimadzu, Tokyo, Japan) was used to control the instrument, and the data acquisition, visualization, and quantification were also performed by the same software. The m/z values were externally calibrated using the DHB matrix. The identification of BAs was confirmed by MALDI-TOF-MS/MS with reference to product ion spectra of authentic BA standards.



Visualization of Bile Acids Distribution in Mice Tissue by Novel Imaging Mass Microscope

The iMScope TRIO (Shimadzu, Japan) instrument, a hybrid IT-TOF MS combining an optical microscope and atmospheric pressure MALDI/ionization system, was used to acquire the imaging MS data. One of the most critical processes in MSI is the creation of the region of interest (ROI). The optical microscope embedded in the iMScope permitted us to precisely choose the relevant tissue region prior to performing data acquisition. An ultraviolet laser, tightly focused with a triplet lens, was used to ensure high spatial resolution. Based on the advanced configuration above, a tissue ROI was freely selected via a charge-coupled device (CCD) camera (magnification, ×1.25/×2.5, Olympus Corporation, Tokyo, Japan) and the imaging area was then defined according to the maximum imaging point under a scan pitch of 40 μm. The illumination in the iMScope was operated under the following parameters: light type, trans-illumination; light intensity, 12%. Foci and observation points were controlled with a joystick and the XYZ stage (Kohzu Precision, Kanagawa, Japan) on which the electrically conductive glass slide was fixed. The XYZ coordinates, with position-feedback scales, immediately displayed the ROIs to make position reproducibility possible on a sub-micrometer order. The tissue slices were then irradiated by a focused laser beam in synchrony with stage scanning. The laser in the iMScope system was a diode-pumped 355 nm Nd, YAG laser (Shimadzu Corporation, Kyoto, Japan), and operated under the following parameters: frequency, 1,000 Hz; laser intensity, 55.0; and laser diameter, 3 μm. All the experiments in this work were conducted with the minimum irradiation diameter and irradiated the tissue surface with 100 shots (repetition rate; 1,000 Hz) for each pixel.



Selection of Internal Standard and Semi-Quantitative of Bile Acids

Quantitative analysis with MALDI-TOF MS has been demonstrated for compounds of biological interest. For quantification, ISs are necessary to compensate for the poor shot-to-shot reproducibility inherent in the use of MALDI analysis. An ideal IS should be the stable isotope-labeled intact BAs during the qualitative and quantitative analyses of BAs (21). However, it was impractical in the present case due to synthesis challenges and time vs. cost concerns. Therefore, we want to search for some compounds that are chemically similar to BAs, have a quality close to BAs, and are chemically stable during the analysis process as ISs. Unfortunately, we did not find it either. While the NPA chosen for this analysis is chemically different from BAs, it still proved to be effective. NPA has been used to quantify BAs directly from plasma and urine by MALDI-TOF-MS (22, 23). The structure and MS spectrum of NPA are shown in Supplementary Figure 1. We used the average intensity ratio of each BA to NPA to quantitatively describe the relative exposure level of BAs in tissue sections. The average peak intensity ratio was calculated as follows: average peak intensity ratio = BAs average peak intensity/NPA average peak intensity.



Tissue Preparation for Histology

After MSI, the tissue sections were stained with hematoxylin and eosin (H&E) for examination based on a protocol (11). In brief, the tissue sections were stained with H&E as follows: the glass slides were gently washed with 70% ethanol to remove the matrix, followed by dipped in 100% ethanol at −20°C for 5 min, and then glass slides were put in distilled water for 2 min. The slides were then immersed in hematoxylin for 5 min, washed with tap water for 5 min, followed by differentiated with 1% hydrochloric acid alcohol for 5 s, and blued in running tap water for 10 min. Staining by eosin for 5 s was followed by a wash with tap water for 5 min. Slides were then dipped in 90% ethanol for 6 min, and 100% ethanol for 2 × 5 min, followed by placing them in three different xylene baths for 5 min each. Finally, The H&E slides were sealed with neutral gum and scanned using an iMScope TRIO (Shimadzu, Japan) instrument.



Statistical Analysis

Data in bar graphs are expressed as mean ± SEM. The Shapiro-Wilcoxon test was used to test the Gaussian distribution of biological parameters. The Student t test was used for comparison between two groups. The Mann-Whitney test was used for variables that were not normally distributed. Correlations were assessed with the Pearson correlation coefficient or as indicated in the graphs. All statistical analysis was performed using SPSS (version 25), considering value of p < 0.05 as statistically significant. ROI analysis by using Imaging MS Solution software (version 1.30). The p of comparison for ROI analyses was assessed via average peak intensities or signals acquired from MS spectra of areas indicated by ROI. Low values of p (p < 0.05) denote significant differences between average peak intensities or signals of targets within the stipulated ROIs.




RESULTS AND DISCUSSION

Determination of spatial distribution and quantification of BAs in animal models are challenging due to shortage of suitable methods. Here, we adopted a novel iMScope coupled with MALDI-TOF-MS for simultaneously mapping and semi-quantitating the BAs in tissues of mice. There is no precedent to analyze the spatial distribution and quantitative study of BAs within the enterohepatic circulation. Moreover, our work makes it possible to detect the relative content and spatial distribution of BAs in liver, ileum, and colon tissue sections from short-term HFD feeding mice, which provides a new perspective for the study of gastrointestinal diseases.


The Optimal Laser Intensity for Each Set “Laser Diameter” Value and the Diameter of the Laser in That Case

Supplementary Figure 2 shows approximate values of the optimal laser intensity for each set “Laser Diameter” value and the diameter of the laser in that case. Use this as a guide for the laser intensity and measurement pitch to be set when changing the laser diameter. The example in Supplementary Figure 2 is for the optimal laser intensity when depositing DHB in mouse liver homogenate and measuring lipids in positive ion mode.



N-1-Naphthylphthalamic Acid Was Selected as an Internal Standard to Semi-Quantify Bile Acids in Tissues

As shown in Supplementary Figure 1, the IS (NPA) is seen at m/z 290.082, although NPA is chemically different from BAs, there are an adequate signal and no interference peaks in the mass spectrum of NPA. Therefore, it is a feasible method to quantitatively describe the relative exposure level of BAs in tissue sections by the average intensity ratio of each BA to NPA. Two of the major impediments to the application of MALDI to quantitative experiments are signal suppression and signal interference, especially, of less concentrated components (24). However, this effect can be compensated for the use of an IS and optimization of the experimental parameters (24). NPA, chemically different from BAs, has been proved to be effective in quantifying BAs directly from plasma and urine by MALDI-TOF-MS (22, 23). In our study, we compared the BA content of different groups, we sprayed 10 mg ml–1 NPA evenly on the tissue sections, and it could be clearly seen through iMScope that NPA exhibits good uniformity and stability. We divided the average peak intensity of BAs by the average peak intensity of NPA to obtain the average peak intensity ratio of each BA. We compared the average peak intensity ratio of each BA in different groups to obtain the final results, which eliminated the influence of signal suppression and signal interference of different groups on the comparison results to a certain extent.



The Structures of Bile Acids

In our study, eleven BAs conjugates were selected for analysis: DCA, CDCA, UDCA, TDCA, TCDCA, TUDCA, LCA, TLCA, TCA, TMCA, and GCA. The structures for these compounds are shown in Supplementary Figure 3. It should be noted that the putative identification using MSI technology is only based on the measured accurate m/z value, so it is impossible to distinguish the isomers of the target compound with the same molecular formula (e.g., m/z 498.2895, putative identification as TCDCA/TUDCA/TDCA). BAs show a high degree of isomerism and similar binding (11, 25), as a result, many BAs share the same molecular formula, so it is impossible to determine the contribution of several isomers (e.g., TCDCA, TUDCA, and TDCA) in the net m/z signal peak intensity (m/z 498.2895 here) and the corresponding m/z image. Based on previous quantitative studies of BAs in rat liver, we assumed that all isomers contributed to the ion abundance (25, 26). In order to distinguish the contribution of each isomer to ion abundance, MSn of commercially available standards of the different isomers should be considered.



9-Aminoacridine Was Selected as Matrix for the Analysis of Bile Acids Based on Novel Imaging Mass Microscope

The MALDI matrixes, aromatic compounds of low molecular mass, which are crucial for optimal signal-to-noise levels and the quality of data, are used to enhance the ionization efficiency and prevent the analytes from degrading. Owing to the specific ionization property of the individual matrix, the selection of a suitable matrix is understandably critical to MALDI-MS. MALDI matrices are chosen based on their ability to provide sufficient ionization efficiency for a given analytes class (e.g. low molecular weight metabolites, lipids, proteins, polymers, or inorganic compounds) or sub-class (27). Differences in observed analyte sensitivities can be attributed to the physical properties of a matrix such as molecular structure, pH, proton affinity, and peak wavelength absorbance (28). Thus, we investigated three conventional matrices, namely DHB, CHCA and 9AA, to screen the optimum matrix via studying their abilities to form co-crystals onto tissue sections. DHB is the most widely employed and studied MALDI matrix offering sufficient sensitives for many analyte classes in MS analysis (29). 9AA is often used for the analysis of low molecular weight compounds in negative ion mode MS analysis and CHCA ionizes many drugs with high sensitivity in both polarities (30). As shown in Supplementary Figure 4, the ion signal of BAs generated by iMScope is evenly scattered over the tissue sections. The average ion signal intensity of the BA images in Supplementary Figures 4B,C (using CHCA and DHB as the matrix) is much lower than that in Supplementary Figure 4A (using 9AA as the matrix). According to the findings above, 9AA was confirmed to be the most suitable matrix for the analysis of BAs based on iMScope. In conclusion, by using 9AA as the matrix and NPA as IS, we have developed a method for semi-quantitative BAs using MALDI-IMS.



Mass Spectrometry Imaging-Based Visual Mapping Profiles of Bile Acids Distributed Within Regions of Liver in High-Fat Diet-Fed Mice

Bile acid synthesis occurs in the liver. Before the synthetic BA enters the duodenum, the liver BAs bind to glycine or taurine. The conjugated BA is stored in the gallbladder until it is released to the duodenum after eating (31). BAs in the human body are mainly conjugated to glycine and less to taurine, while BAs in mice and rats are almost completely conjugated to taurine (6). Here, we detected non-conjugated BAs CDCA/UDCA/DCA and conjugated BAs TCDCA/TUDCA/TDCA and TCA/TMCA in the liver. We found that when compared with the control group MS ion image, the ion intensity of CDCA/UDCA/DCA, TCDCA/TUDCA/TDCA and TCA/TMCA in liver tissue sections of mice fed with HFD for 4 weeks was decreased significantly, especially, TCDCA/TUDCA/TDCA, TCA/TMCA (Figure 1). Supplementary Figures 5A,C,E, respectively, shows the mass spectra of CDCA/UDCA/DCA, TCDCA/TUDCA/TDCA, TCA/TMCA and NPA. NPA-based mean peak intensity ratios also showed that CDCA/UDCA/DCA, TCDCA/TUDCA/TDCA and TCA/TMCA in liver tissue sections of mice fed with HFD for 4 weeks were lower than those in the control group (Supplementary Figures 5B,D,F). BAs have become established as important signaling molecules that enable fine-tuned inter-tissue communication within the enterohepatic circulation. Mounting pieces of evidence indicate that changes in overall BA levels and specific BA metabolites are involved in metabolic diseases, gastrointestinal, and liver cancer (32).
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FIGURE 1. MS imaging-based visual mapping profiles of BAs distributed within regions of liver. MS ion images representing spatial distributions of NPA (m/z 290.0823 ± 0.05) and the identified BAs at CDCA/UDCA/DCA m/z 391.2854 ± 0.05 (A), TCDCA/TUDCA/TDCA m/z 498.2895 ± 0.05 (B) and TCA/TMCA m/z 514.2844 ± 0.05 (C) for the whole section of mouse liver (Scale bars: 1,000 μm). Overlay: Overlay of each MS ion image and optical image. All ion images were normalized to the 9AA matrix signal. Abbreviation: CD, control diet group; HFD, high-fat diet group.


Here, we clearly showed that 1 month of HFD-feeding resulted in visible multiple BAs zonation patterns and might have disturbed the inherent BAs gradients or functional zonal differences in enterohepatic circulation. Taking the spatial information into account is crucial to investigate the underlying mechanisms of injury induced by site-specific BA alterations. Combined with the transport network of BAs in the liver, we analyzed the distribution of TCDCA/TUDCA/TDCA and TCA/TMCA in mouse liver tissue sections at high spatial resolution. As expected, BAs were not evenly distributed in the liver and showed a certain regional aggregation pattern, which had been clearly shown from the MS ion image (Figure 2). It should be pointed out that Figure 2 is derived from the HFD group in Figure 1A. The green arrows indicated bile ducts, whereas the red arrows showed blood vessels. Figure 2 shows MS ion images of the spatial distribution of taurine-conjugated BAs identified in the same tissue section at high spatial resolution. The results showed that there were higher ion signal intensities at m/z 498.2895 ± 0.05 (TCDCA/TUDCA/TDCA) and m/z 514.2844 ± 0.05 (TCA/TMCA) at the bile ducts indicated by the green arrows. The bile duct, portal venule, and portal arteriole form the portal trial, in which the bile duct receives bile from bile canaliculi. Our results have shown that MS ion images in the same liver tissue section at high spatial resolution show that there are zonation patterns and regional differences characteristics of BAs in tissues. Thus, the liver, BAs site of production, displayed physiological and functional zonal differences in the periportal zone versus the centrilobular zone. Therefore, our method can not only explore the spatial distribution characteristics and content variety of BAs in the liver but also intuitively see the distribution characteristics of BAs around blood vessels and bile ducts in liver tissue.
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FIGURE 2. Imaging MS visualize the zonation patterns of BA metabolism in liver of HFD-fed mice. MS ion images representing spatial distributions of the identified taurine-conjugated BAs at m/z 498.2895 ± 0.05 (TCDCA/TUDCA/TDCA) and m/z 514.2844 ± 0.05 (TCA/TMCA) for the mouse liver in same tissue section at high spatial resolution. Overlay: Overlay of each MS ion image and optical image. All ion images were normalized to the 9AA matrix signal. The green arrows indicated bile ducts, whereas the red arrows showed blood vessels. Scale bars: 250 μm.




Mass Spectrometry Imaging-Based Visual Mapping Profiles of Bile Acids Distributed Within Regions of Ileum and Colon in High-Fat Diet-Fed Mice

The intestinal tract, modified by the gut microbiota, showed regional differences in BA metabolism (33). After exerting physiological functions, such as dissolving and digesting fat-soluble nutrients, most of BAs are then absorbed by passive diffusion and active transport from the terminal ileum and transported back to the liver via the portal vein, and the rest is excreted with feces. Therefore, the terminal ileum is also the main site of BAs accumulation, especially, conjugated BAs. We took a 3-cm long mouse terminal ileum and rolled it up in a “Swiss roll” (34). Here, we focused on the level of BAs in the ileum. The spatial distribution of TCDCA/TUDCA/TDCA, TCA/TMCA, GCA, and NPA in ileum sections is shown in Figure 3. We found that when compared with the control group MS ion image, the ion intensity of TCDCA/TUDCA/TDCA, TCA/TMCA, and GCA in ileum tissue sections of mice fed with HFD for 4 weeks was decreased significantly, especially TCDCA/TUDCA/TDCA and TCA/TMCA decreased more significantly, which were also proved by the average peak intensity ratio based on NPA (Supplementary Figures 6B,D,F). TCA/TMCA signal strength was the highest. Supplementary Figures 6A,C,E shows the mass spectra of TCDCA/TUDCA/TDCA, TCA/TMCA, GCA, and NPA.
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FIGURE 3. MS imaging-based visual mapping profiles of BAs distributed within regions of ileum. MS ion images representing spatial distributions of NPA (m/z 290.0823 ± 0.05) and the identified BAs at TCDCA/TUDCA/TDCA m/z 498.2895 ± 0.05 (A), TCA/TMCA m/z 514.2844 ± 0.05 (B) and GCA m/z 464.3018 ± 0.05 (C) for the whole section of mouse ileum (Scale bars: 700 μm). Overlay: Overlay of each MS ion image and optical image. All ion images were normalized to the 9AA matrix signal. Abbreviation: CD, control diet group; HFD, high-fat diet group.


In the colon, bacterial enzymes catalyze the deconjugation and dehydroxylation of primary BAs to produce secondary BAs. Here, we focused on the level of BAs in the colon, eleven BA signals are found in the tissue, as shown in Figure 4. All ion images were created based on the signals from the deprotonated molecules: NPA at m/z 290.0823 ± 0.05, CDCA/UDCA/DCA at m/z 391.2854 ± 0.05, TCDCA/TUDCA/TDCA at m/z 498.2895 ± 0.05, LCA at m/z 375.2905 ± 0.05, TLCA at m/z 482.2946 ± 0.05, TCA/TMCA at m/z 514.2844 ± 0.05, and GCA at m/z 464.3018 ± 0.05. The grating width of the whole tissue section was 700 μm (Figure 4). The spatial distribution of CDCA/UDCA/DCA and NPA in colon sections is shown in Figure 4A. Supplementary Figure 7A shows the mass spectra of CDCA/UDCA/DCA and NPA. We found that when compared with the control group MS ion image, the ion intensity of CDCA/UDCA/DCA in colonic tissue sections of mice fed with HFD for 4 weeks was decreased significantly, which was also proved by the average peak intensity ratio of CDCA/UDCA/DCA based on NPA (Supplementary Figure 7B). The MS ion images of the other eight observed BAs showed the same tendency as CDCA/UDCA/DCA. After feeding with HFD for 4 weeks, the ion intensities of TCDCA/TUDCA/TDCA, LCA, TLCA, TCA/TMCA, and GCA were decreased significantly (Figures 4B–F). The average peak intensity ratio of each BA based on NPA was also significantly different (Supplementary Figures 7D,F,H,J,L), and the trend was consistent with their MS ion images. Supplementary Figures 7C,E,G,I,K shows the mass spectra of TCDCA/TUDCA/TDCA, LCA, TLCA, TCA/TMCA, GCA, and NPA. By overlaying the acquired MS ion images with their respective optical images (Figure 4), it was discovered that the intensities of BAs were diffusely distributed in colonic tissue. Our results indicate that HFD feeding reduced BAs signal in colon sections by impairing the active and passive reabsorption of BAs in the intestine, which resulted in a significant increase in fecal excretion of BAs. In addition, it is worth noting that BAs play a crucial role in limiting bacterial overgrowth through intestinal FXR, so as to protect the intestine from bacterial damage, and the chronic low-grade inflammation of the intestine caused by HFD may be related to the decrease of BAs content in the intestinal tissue sections observed in this study (1–5).


[image: image]

FIGURE 4. MS imaging-based visual mapping profiles of BAs distributed within regions of colon. MS ion images representing spatial distributions of NPA (m/z 290.0823 ± 0.05) and the identified BAs at CDCA/UDCA/DCA m/z 391.2854 ± 0.05 (A), TCDCA/TUDCA/TDCA m/z 498.2895 ± 0.05 (B), LCA m/z 375.2905 ± 0.05 (C), TLCA m/z 482.2946 ± 0.05 (D), TCA/TMCA m/z 514.2844 ± 0.05 (E) and GCA m/z 464.3018 ± 0.05 (F) for the whole section of mouse colon (Scale bars: 700 μm). Overlay: Overlay of each MS ion image and optical image. All ion images were normalized to the 9AA matrix signal. Abbreviation: CD, control diet group; HFD, high-fat diet group.


To evaluate the relative abundance and distribution of detectable BAs in the sampled colon tissues, we further analyzed the mass spectra data through multiple ROI analyses of detectable BAs (Figure 5). Several serial sections (each measuring 10 μm) of sampled colon tissues were used to evaluate the reproducibility of iMScope technique. The relative abundance of BAs by their values of p were compared between randomly selected ROIs in submucosa, muscular layer, and adventitia (ROI-1) and mucosa layer (ROI-2) of the sectioned colon tissues. The p in this context is defined as the statistical analyses of average intensities/signals acquired from areas specified by ROI. A small p (p < 0.05) denotes a low likelihood that average intensity values are equal between ROIs. For colonic tissue sections, the relative abundances of TCA/TMCA, TCDCA/TUDCA/TDCA, GCA, and CDCA/UDCA/DCA in the ROI-1 were significantly different from ROI-2 (Figure 5A). The box plot displays the intensity distribution of each measurement point for the applicable m/z value. ROI-1 is displayed on the left and ROI-2 on the right. The upper and lower blue lines are displayed at the position of 25% (25th if there are 100 measurement points) and 75%, respectively. The red line in the center of the “box” is the median. The notches of the “box” represent the difference of the median. The notches indicate the 95% confidence interval (CI) of the median (the median range of the population estimated from the median of samples with a probability of 95%). If the 95% CI of median (notch length) does not overlap between two groups (ROI-1 and ROI-2), the two groups are considered different in the median with a probability of 95% (p < 0.05). However, overlapping does not always indicate that there is no significant difference between the two groups. In other words, if the notches of ROI-1 and ROI-2 are not at the same height, this means that the intensity of ROI-1 and that of ROI-2 have medians that differ by a significance level of 5%. The “whiskers” extending upward and downward from the “box” indicate the range of 1.5× the length of the box. Intensity values beyond the length of the “whiskers” are displayed with a red+ as outliers with significant deviance from the median. If the median is not in the center of the “box,” this means that the intensity distribution is skewed. When checking the test results, the statistical values of the samples (spectrum peak intensity at measurement points) visualized with box plots can be referred to values of p. Figure 5B is the spectrum of each ROI which is set in Figure 5A. The spectra are vertically inverted, with that of ROI-1 above in red and that of ROI-2 below in blue. The abundances of TCA/TMCA and TCDCA/TUDCA/TDCA were higher in the ROI-1, while the relative abundances of GCA and CDCA/UDCA/DCA in the ROI-2 were higher than ROI-1. In addition, there were no significant differences in the distribution of TLCA and LCA in ROI-1 and ROI-2. A significant advantage of the iMScope we used was that we further analyzed the mass spectra data through multiple ROI analyses of detectable BAs. We have identified that the relative abundances of TCA/TMCA, TCDCA/TUDCA/TDCA, GCA, and CDCA/UDCA/DCA in the ROI of the colonic mucosal layer were significantly different from submucosa, muscular layer, and adventitia. Overall, one important future direction of ROI analyses and high spatial resolution is to connect the spatial distribution and signal intensity of BAs with tissue damage in a disease state, so as to provide guidance for us to study the pathogenesis and treatment of gastrointestinal diseases.


[image: image]

FIGURE 5. Distribution profiles of BAs in colon were studied through comparison of relative intensities of BAs by the values of p between ROI-1 and ROI-2. Signal intensities of targeted BAs in ROI of two different regions of colon were depicted and signal normalization was performed by pixel. ROI-1: submucosa, muscular layer and adventitia; ROI-2: mucosa layer. The letter ‘p’ denotes the statistical p-value of the comparison, significant differences were highlighted in green font while insignificant differences were highlighted in red font (A). The spectrum of each ROI which set in (A). The spectra were vertically inverted, with that of ROI-1 above in red and that of ROI-2 below in blue (B).


Our previous work, and the work of others, showed that only relevant BA changes but not spatial information were obtained since the whole tissue is extracted in one homogenate when traditional MS spectrometry techniques [such as high-performance liquid chromatography (HPLC)-MS/MS] were adopted (2–4, 35–38). However, huge increasing demand on the spatial distribution and content of BAs has become an essential part of metabolic-associated diseases and cancer research (6–10, 32, 33, 39). MALDI-MS can not only analyze and visualize selected molecules but also maintain their spatial distribution and the integrity of the sample, which is an advantage that other MS technologies do not have (40, 41). Genangeli et al. investigated the effect of soyasaponin on the distribution of BAs in duodenum and colon by MALDI-MSI (41). In other study, Kampa et al. (25) investigated the spatial abundances of Amitriptyline, lipids, and BAs in Amitriptyline-treated male rat liver tissue by using MALDI-MSI, and they found two BA signals m/z 498.289 (TCDCA/TDCA) and m/z 514.284 (TCA/TMCA) showed slight downregulation due to Amitriptyline treatment without comment upon the role of BAs homeostasis in the observed toxicological response. Specifically, the fold change of Bas is based on the average peak intensity of the particular monoisotopic peak within the analyzed region (25). Furthermore, MSI, which combines detailed molecular characterization with spatial distribution measurements, has been applied for determining spatial distribution of BAs in mouse liver biliary networks and also has a certain application in the spatial distribution of BAs in the intestine (11, 25, 41). Although there are important discoveries revealed by these studies, there are also limitations. First, less high-resolution spatial location information; second, without quantitative research combined with spatial location information. Thus, further exploration of BAs on quantitative and interaction with histopathological damage should be examined. iMScope is a powerful tool for MSI, which combines detailed molecular characterization with spatial distribution measurement. Especially the combination of optical microscope and mass spectrometer. The microscope area can be enlarged from 1.25 to 40 times with a CCD camera. In the mass spectrum, the combination of the ion trap and TOF enables it to have both the MS capability of the ion trap and the high-precision mass measurement capability based on TOF, which can achieve excellent sensitivity, good repeatability, and stable mass accuracy (42). Therefore, iMScope is ideal to accurately determine the ROI of the liver and intestines. In addition, the MALDI-MSI technique does not require a priori information about the chemical substances present in the tissue section, thus allowing the distribution of many different substances to be mapped in a single experiment (43). Our method, in which 9AA is used as matrix and NPA as IS, can simultaneously measure eleven different BAs by the MALDI-MSI technique. Meanwhile, iMScope can also provide information about the morphology and tissue heterogeneity of specific regions (44, 45). It can increase the applicability of the experimental method.

In summary, in addition to MS ion images that can identify the spatial distribution of BAs with low spatial resolution, the iMScope can also display high spatial resolution MS ion images of the same tissue section. Using a short-term HFD feeding mice model, we fully verified the feasibility and sensitivity of our current method for analyzing the spatial distribution and content of BAs in tissues. Our study further demonstrates even greater potency for a more clear understanding of the mechanism and treatment of gastrointestinal diseases by given spatial distribution and content information of BAs within the enterohepatic circulation.




CONCLUSION

Our method can not only detect the relative content of BAs in tissues, but also intuitively display and compare the changes and spatial distribution of BAs content or intensity in different parts of the same tissue. This method has wide application value. Taking the spatial information of BAs into account is crucial to investigate the underlying mechanisms of tissues injury induced by site-specific metabolic alterations, one important future direction of analysis of BAs is fully deciphering the complete molecular signatures of BAs in different biological samples and link them to the pathology of the corresponding diseases. Our method has laid a solid foundation for this development direction.
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Maternal overnutrition can affect fetal growth and development, thus increasing susceptibility to obesity and diabetes in later life of the offspring. Placenta is the central organ connecting the developing fetus with the maternal environment. It is indicated placental fatty acid metabolism plays an essential role in affecting the outcome of the pregnancy and fetus. However, the role of placental fatty acid β-oxidation (FAO) in maternal overnutrition affecting glucose metabolism in the offspring remains unclear. In this study, C57BL/6J female mice were fed with normal chow or high-fat diet before and during pregnancy and lactation. The placenta and fetal liver were collected at gestation day 18.5, and the offspring's liver was collected at weaning. FAO-related genes and AMP-activated protein kinase (AMPK) signaling pathway were examined both in the placenta and in the human JEG-3 trophoblast cells. FAO-related genes were further examined in the liver of the fetuses and in the offspring at weaning. We found that dams fed with high-fat diet showed higher fasting blood glucose, impaired glucose tolerance at gestation day 14.5 and higher serum total cholesterol (T-CHO) at gestation day 18.5. The placental weight and lipid deposition were significantly increased in maternal high-fat diet group. At weaning, the offspring mice of high-fat diet group exhibited higher body weight, impaired glucose tolerance, insulin resistance and increased serum T-CHO, compared with control group. We further found that maternal high-fat diet downregulated mRNA and protein expressions of carnitine palmitoyltransferase 2 (CPT2), a key enzyme in FAO, by suppressing the AMPK/Sirt1/PGC1α signaling pathway in the placenta. In JEG-3 cells, protein expressions of CPT2 and CPT1b were both downregulated by suppressing the AMPK/Sirt1/PGC1α signaling pathway under glucolipotoxic condition, but were later restored by the AMPK agonist 5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR). However, there was no difference in CPT2 and CPT1 gene expression in the liver of fetuses and offspring at weaning age. In conclusion, maternal high-fat diet can impair gene expression involved in FAO in the placenta by downregulating the AMPK signaling pathway, and can cause glucose and lipid dysfunction of offspring at weaning, indicating that placental FAO may play a crucial role in regulating maternal overnutrition and metabolic health in the offspring.

Keywords: maternal high-fat diet, placenta, fatty acid β-oxidation, AMPK, offspring


INTRODUCTION

Diabetes and obesity are worsening problems worldwide, and the onset of metabolic diseases could be associated with an abnormal development environment in early life (1–3). In recent years, unhealthy diets, maternal diabetes, obesity, and excess gestation weight gain have been identified as the common and preventable risk factors that determine susceptibility to obesity and diabetes in the offspring (2, 3). Maternal nutrition during pregnancy and lactation is correlated with fetal and neonatal growth (4–7). Our previous study found that maternal overnutrition was associated with glucose intolerance, insulin intolerance, hyperglycemia and hyperlipidemia in the offspring (6–9). Increasing studies also indicate that this transgenerational effect even can be transmitted to the next generation (10–12). However, the underlying mechanisms remain largely unknown.

Placenta is a transient support organ that controls the crosstalk between mother and offspring (13, 14). Changes in placental function can alter the supply of key nutrients hormones, reactive oxygen species and inflammatory cytokines to the fetus (13, 15–17). It is indicated placental fatty acid metabolism plays an essential role in affecting the outcome of the pregnancy and fetus. Studies have presented that decreased fatty acid β-oxidation (FAO) in the placenta can lead to intracellular lipid accumulation, affecting fetal fatty acid delivery and altering fetal growth and development (18, 19). The process of FAO consists of two steps (20–22). At the first step, fatty acids are activated into acyl-coenzyme A (acyl-CoA) esters in the cytoplasm and then transported to the mitochondrial matrix. This step is determined by the carnitine palmitoyltransferase (CPT) system. The expression and activity of CPT1 and CPT2 are key factors that can regulate FAO. CPT1 is an enzyme located in the outer membrane of mitochondria which transfers the acyl group from acyl-CoA to carnitine (21). CPT2 is an enzyme located in the inner membrane of mitochondria which recovers acylcarnitine into acyl-CoA esters (21). At the second step, acyl-CoA is hydrolyzed into acetyl-CoA controlled by a series of enzymes, such as long chain acyl-CoA dehydrogenase (LCAD) and long-chain 3-hydroxyacyl-coa dehydrogenase (LCHAD). Then, acetyl-CoA enters the tricarboxylic acid (TCA) cycle to be completely oxidized to yield adenosine triphosphate (ATP). Several factors can influence the development of FAO in different tissues (23), of which AMP-activated protein kinase (AMPK) plays an essential role in regulating FAO (20). AMPK can enhance sirtuin 1 (Sirt1) activity, resulting in the deacetylation and modulation of the activity of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) (24). Then, PGC1α can modulate the expression of CPT1 and CPT2 by recruiting peroxisome proliferator-activated receptors (PPARs) (24–27), such as peroxisome proliferator-activated receptor γ (PPAR γ) (27).

It is reported that FAO capacity is decreased in the placenta from women with obese and gestational diabetes mellitus (28–31). However, the effects and underlying mechanisms of maternal overnutrition on placental FAO and metabolic health in the offspring have not been fully elucidated. And little is known whether maternal overnutrition affects the FAO capacity of the offspring at fetal and weaning stage. Thus, our purpose is to investigate the impact of maternal overnutrition on placental gene expression involved in FAO and the role of the AMPK/Sirt1/PGC1α signaling pathway in regulating gene expression involved in FAO, and to further explore whether maternal overnutrition can affect hepatic FAO gene expression at the fetal and weaning stage in the offspring.



MATERIALS AND METHODS


Ethics Statement

All experimental procedures were carried out in compliance with the Ethics Committee for Animal Experimentation of the Faculty of Peking University First Hospital (NO. J201827).



Animals and Diets

Five-week-old female C57BL/6J mice were raised under specific pathogen free (SPF) conditions (12 h light-dark cycle; 22 ± 2°C). All animals had unlimited access to water and food. After 1 week of acclimation, all female mice were randomly assigned either to a normal chow (NC) diet group or to a high-fat (HF) diet group. The NC diet contained (kcal %): fat, 13%; protein, 24%; carbohydrate, 63%. and delivered 3.44 kcal/g of energy (Keao Xieli Feed Co. Ltd., Beijing, China, Supplementary Table 1). The HF diet contained (kcal %): fat, 60%; protein, 20%; carbohydrate, 20%. and delivered 5.24 kcal/g of energy (Keao Xieli Feed Co. Ltd, Beijing, China, Supplementary Table 1). After 4 weeks of feeding, mating was performed by housing female mice with male mice for 4 days with a NC diet (female: male = 2:1), in order to eliminating the confounding effects of sires' diets. Vaginal plugs were checked every morning, and the presence of vaginal plugs was considered as day 0.5 of pregnancy. The pregnant mice (F0) were raised individually and remained their respective diets throughout gestation. There were two cohorts of dams in this study. In the first cohort, dams were anesthetized with pentobarbital and euthanized after 10 h of fasting on day 18.5 of pregnancy. Dams' blood samples were collected from the intraorbital retrobulbar plexus for further serum biochemical analysis. The placenta and fetuses were quickly dissected and weighed. Placenta and livers of fetuses were stored at −80°C. In the second cohort, the pregnant females remained their respective diets throughout gestation and lactation. The number of pups in each litter is 6–10. To avoid nutritional bias between litters, all litters were culled to six pups on day 1 after birth. On day 21, all pups were weaned. Body weight and fasting blood glucose (FBG) of offspring were examined weekly from birth to weaning. To prevent confounding causes associated the estrus cycle and hormone profile of female offspring, we paid close attention to male offspring in the present study. On day 21, one male offspring from every litter was selected for further analysis. After 10 h of fasting, the offspring were anesthetized with pentobarbital and euthanized. Blood samples were collected from the intraorbital retrobulbar plexus in anesthetized mice. Livers were collected and stored at −80°C for future analysis.



Glucose Tolerance Tests in Dams and Offspring Mice

Oral glucose tolerances tests (OGTTs) were carried out in dams after 6 h of fasting, in order to reduce stress for dams. Intraperitoneal glucose tolerance tests (IPGTTs) were performed in male offspring after 10 h of fasting at weaning age. Before giving a glucose administration, blood glucose levels were monitored in the tail vein using a glucometer and glucose test strips (Contour TS, Bayer, Beijing, China) as the baseline level (time 0). Then blood glucose levels were monitored at 15, 30, 60, 120 min after given a glucose administration (2 g/kg body weight). The area under the curve (AUC) of OGTTs and IPGTTs was calculated as previously described (6).



Serum Biochemical Parameters Measurement

Blood samples taken from dams and male offspring were centrifuged at 4,000 g for 15 min and stored at −80°C. Serum samples were subjected to detect insulin concentrations using the Mouse Ultrasensitive Insulin ELISA kit (80-INSMSU-E01, ALPCO Diagnostics, Salem, NH, USA). Serum total cholesterol (T-CHO), triacylglycerol (TG), free fatty acids (FFA) were detected using commercial kits (A111-1, A110-1, A402-2-1, Jiancheng Bioengineering Institute, Nanjing, China). Each sample was detected in duplicate.



Oil Red O Staining

The frozen placenta was embedded in Tissue-Tek O.C.T.Compound. Samples were cut at a thickness of 10 μm from each sample. Slides were washed in distilled water for 2 min and 60% isopropanol for 2 min. Afterward, slides were stained for 10 min in 60% working Oil Red O (G1015, ServiceBio, Beijing, China). Then slides were washed shortly with distilled water and 60% isopropanol, stained for 1 min with Hematoxylin (C0107, Beyotime, Shanghai, China), washed in running water for 10 min, mounted using glycerol jelly mounting medium (C0187, Beyotime, Shanghai, China). Images were captured using an Olympus DP71 microscope. Five random fields of view per tissue section were used to quantify the integrated optical density (IOD) using ImageJ software.



Histological Analysis

Placental tissues embedded in wax were sliced at a thickness of 5 μm. For the hematoxylin and eosin (H&E) assay, the slides were stained with hematoxylin for 5 min and eosin Y for 30 s (C0105S, Beyotime, Beijing, China). Images were captured using an Olympus DP71 microscope. For immunohistochemistry assay, antigen retrieval was carried out in citrate buffer pH 6.0 (P0083, Beyotime, Shanghai, China) using a pressure cooker for 3 min, followed by blocking endogenous peroxidases using 0.3% H2O2 for 15 min. After blocking 20 min by blocking buffer (P0260, Beyotime, Shanghai, China), the slides were incubated overnight at 4°C with an anti-CPT2 antibody (1:150, ab181114, Abcam, Cambridge, UK), anti-CPT1b antibody (1:150, 22170-1-AP, Proteintech, Wuhan, China). On the next day, the slides were washed and then incubated with a secondary antibody (PV9001, Zhongshan Gold Bridge Biotechnology Co, Beijing, China) for 20 min at room temperature. The slides were incubated with DAB (ZLI9018, Zhongshan Gold Bridge Biotechnology Co, Beijing, China) to detect side-specific antigen-antibody binding, followed by staining with hematoxylin. Then, the slides were dehydrated and sealed with neutral gum. Images were captured using an Olympus DP71 microscope. Five random views per tissue section were used to quantify the mean IOD (IOD/area) using Image-Pro Plus 6.0.



RNA Preparation and RT-PCR Analysis

Total RNA from placenta tissues and liver tissues was extracted using TRIzol reagent (15596026, Invitrogen, Waltham, MA, USA) and 1.5 μg of RNA was reversed to cDNA using the High-Capacity cDNA Reverse Transcription Kits (4375222, ThermoFisher Scientific Hudson, NH, USA). Real-time PCR was carried out using 15 ng of cDNA to detect the gene expression of CPT2, CPT1a, CPT1b, LCAD, LCHAD, AMPKα, Sirt1, PGC1α, PPARγ and mitochondrial transcription factor A (TFAM). β-actin was selected as the reference gene. Primers were presented in Table 1. The 2−ΔΔCt method was used to calculate gene relative expression.


Table 1. Primer sequences of study genes.
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Protein Isolation and Western Blot Analysis

Total protein from placenta tissues was ground and lysed in RIPA lysis buffer (P0013, Beyotime, Shanghai, China) and recovered by centrifuging at 12,000 g for 15 min at 4°C. After quantifying the protein concentration using bicinchoninic acid (BCA) protein quantification kit (23225, Thermo Fisher Scientific, Hudson, NH, USA), 20 μg protein was run on a 10% acrylamide SDS-PAGE gel. Then the protein was transferred onto a PVDF or nitrocellulose membrane. After blocking with 5% milk, the membranes were incubated overnight at 4°C with anti-p-AMPKα (1:1000; #2535, Cell Signaling Technology, Danvers, MA, USA), anti-AMPKα (1:1000; #5831s, Cell Signaling Technology, Danvers, MA, USA), anti-Sirt1 (1:1000; #3931, Cell Signaling Technology, Danvers, MA, USA), anti-PGC1α (1:1000; #2178, Cell Signaling Technology, Danvers, MA, USA), anti-CPT2 (1:1000; ab181114, Abcam, Cambridge, UK), anti-CPT1b (1:1000; 22170-1-AP, Proteintech, Wuhan, China), and anti-PPARγ (1:1000; #2435, Cell Signaling Technology, Danvers, MA, USA). On the next day, membranes were incubated with a secondary antibody (1:5000; Zhongshan Golden Bridge Biotechnology Co, Beijing, China) for 1 h at room temperature. The images of bands were visualized and taken using an enhanced chemiluminescent (ECL) detection kit. β-actin (1:10,000, AC026, ABclonal, China) was used as the control for total protein. Densitometry analysis was performed using Image J software.



Cell Culture and Glucolipotoxic Treatment

Human JEG-3 trophoblast cells were obtained from the Chinese National Infrastructure of Cell Line Resource and maintained in Eagle's minimum essential medium (EMEM) (No.30-3003, ATCC, Manassas, VA, USA). The medium was supplemented with 10% fetal bovine serum (FBS, Gibco, Life Science, Pittsburgh, PA, USA) and 1% penicillin-streptomycin (Sigma, Steinheim, Germany) at 37°C under 5% CO2.

Glucolipotoxicity treatment was a combination of 33.3 mM glucose, 400 μM oleic acid (OA, O7501, Sigma, Steinheim, Germany) and 400 μM linoleic acid (LA, L8134, Sigma, Steinheim, Germany) in the medium. Cells were seeded into 6-well plates at a density of 3 × 105 cells/well. After attachment, cells were incubated for 24 h in either BSA or glucose/FFA or glucose/FFA/AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) (0.5 mM, S1802, Selleckchem, USA) in the medium. The concentration and incubation period used in the experiment is based on previous studies (32–34). After treatment, cells were harvested in RIPA buffer and recovered by centrifuging at 12,000 g for 15 min. The protein sample was collected and quantified by a BCA protein quantification kit. Protein expression was detected using western blot as aforementioned.



Statistical Analysis

GraphPad Prism 9.0 software was applied to calculate the data. Quantitative data were presented as the mean ± standard errors (SEM) for normally distributed variables. The difference between the two groups was performed with two-tailed Student's t-test. The difference among the three groups was performed with a one-way analysis of variance (ANOVA). OGTTs and IPGTTs were performed with a two-way ANOVA followed by Bonferroni's post-hoc test. A P-value <0.05 was considered statistically significant.




RESULTS


Maternal HF Feeding Impaired Glucose and Lipid Metabolism in Dams

Body weight and FBG before mating were not affected by maternal HF diet (P > 0.05, Figures 1A,B). At gestation day 14.5 (P14.5), no difference in body weight was observed between the two groups (P > 0.05, Figure 1C). However, HF-fed dams had higher FBG (P < 0.01, Figure 1D) and impaired glucose tolerance at P14.5. After oral glucose administration, HF-fed dams showed significantly higher glucose levels at 15 min (P < 0.01), 30 min (P < 0.001), and 60 min (P < 0.001) (Figure 1E). The overall glucose AUC was higher in HF dams compared with control group (P < 0.01, Figure 1F).
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FIGURE 1. Maternal HF feeding impaired glucose and lipid metabolism in dams. (A) Body weight of dams during 4 weeks before mating; (B) FBG of dams before mating; (C) Body weight of dams at P14.5; (D) FBG of dams at P14.5; (E) OGTT of dams at P14.5; (F) AUC of dams at P14.5; (G) Serum insulin of dams at P18.5; (H) Serum T-CHO of dams at P18.5; (I) Serum TG of dams at P18.5; (J) Serum FFA of dams at P18.5. Data represented as the mean ± SEM. (F0-NC, n = 5–6; F0-HF, n = 6–7). *p < 0.05, **p < 0.01, ***p < 0.001 vs. F0-NC. NC, normal chow diet; HF, high-fat diet; FBG, fasting blood glucose; OGTT, oral glucose tolerances tests; AUC, the area under the glucose curve; T-CHO, total cholesterol; TG, triglyceride; FFA, free fatty acid.


At gestation day 18.5 (P18.5), no significant difference in serum insulin levels of dams was observed between the two groups (P > 0.05, Figure 1G). Dams fed with HF diet had significantly increased serum T-CHO concentration (P < 0.01, Figure 1H). However, serum TG and FFA levels were similar between the two groups (P > 0.05, Figures 1I,J). These results indicated that maternal HF feeding before and during pregnancy could impair both glucose and lipid metabolism in dams.



Maternal HF Feeding Altered the Development of Placenta and Fetus, and Induced Lipid Deposition in the Placenta

Analysis of placental H&E staining revealed interstitial edema, enlarged blood sinusoid and architectural distortion in the labyrinth of the placenta in the HF feeding dams (Figure 2A). The average weight of each litter was used for the calculation of placental and fetal weight. The placental weight was significantly higher due to maternal HF diet (P < 0.05, Figure 2B). Fetal weight was not affected by maternal HF diet (P > 0.05, Figure 2C). However, there is a trend of decreased fetal/placental weight ratio in the HF diet group at P18.5 (P = 0.067, Figure 2D). For Oil Red O staining, HF dams presented a massive accumulation of large lipid droplets in the placenta, compared with the NC diet group (P < 0.001, Figure 2E).
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FIGURE 2. Maternal HF feeding altered the development of the placenta and fetal, and induced lipid deposition in the placenta. (A) Representative images of H&E staining in the placenta. The black arrow indicates interstitial edema, magnification 400x. The scale bar indicates 100 μm; (B) Placental weight; (C) Fetal weight; (D) Fetal/ placental weight ratio; (E) Representative images and quantitative assessment of Oil Red O staining in the placenta, magnification 400x. The scale bar indicates 100 μm. Data represented as the mean ± SEM. (NC, n = 6; HF, n = 6–7). *p < 0.05, ***p < 0.001 vs. NC. NC, normal chow diet; HF, high-fat diet; H&E, hematoxylin and eosin; IOD, integrated optical density.




Maternal HF Feeding Impairs FAO by Suppressing AMPK Signaling Pathway in the Placenta

To evaluate the effects of HF feeding on placental FAO, we measured mRNA expressions of related genes involved in FAO in the placenta. A maternal HF diet downregulated the gene expression of CPT2 (P < 0.05, Figure 3A), and had a trend of decreased CPT1b mRNA expression in the placenta (P = 0.085, Figure 3C). However, mRNA expression of CPT1a, LCAD, and LCHAD were similar in the placenta between the two groups (P > 0.05, Figures 3B,D,E). Then we measured related gene expression in the AMPK signaling pathway and found that there was no difference in placental AMPKα gene expression between the two groups (P > 0.05, Figure 3F). The mRNA expressions of Sirt1 (P < 0.01), PGC1α (P < 0.05), and PPARγ (P < 0.01) in the placenta were significantly decreased in the HF group (Figures 3G–I). Since FAO occurs in the mitochondria (21), we evaluated placental mitochondrial biogenesis by measuring the gene expression of TFAM. TFAM is a DNA-binding protein that plays a central role in transcriptional activation, mitochondrial DNA (mtDNA) organization and FAO capacity (35). The result showed that the mRNA expression of TFAM was reduced by HF die (P < 0.05, Figure 3J).
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FIGURE 3. HF feeding reduced placental FAO gene expression by suppressing the AMPK signaling pathway. (A–J) Placental mRNA expression of genes. (A) CPT2; (B) CPT1a; (C) CPT1b; (D) LCAD; (E) LCHAD; (F) AMPKα; (G) Sirt1; (H) PGC1α; (I) PPARγ; (J) TFAM; (K) Immunohistological analysis of CPT2 and CPT1b in the placenta, magnification 200x. The scale bar indicates 200 μm. Data represented as the mean ± SEM. (NC, n = 5–6; HF, n = 7). *p < 0.05, **p < 0.01, vs. NC. NC, normal chow diet; HF, high-fat diet; CPT2, carnitine palmitoyltransferase 2; CPT1a, carnitine palmitoyltransferase 1a; CPT1b, carnitine palmitoyltransferase 1b; LCAHD, long-chain 3-hydroxyacyl-coa dehydrogenase; LCAD, long chain acyl-CoA dehydrogenase; AMPKα, AMP-activated protein kinase α; Sirt1, sirtuin 1; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPARγ, peroxisome proliferator-activated receptor γ; TFAM, mitochondrial transcription factor A; IOD, integrated optical density.


Then we applied immunohistology to determine the expression of CPT2 and CPT1b in the placenta. It was shown that maternal HF diet downregulated placental CPT2 expression (P < 0.05, Figure 3K). There was no significant difference in placental CPT1b expression between the HF diet and NC diet groups (P > 0.05, Figure 3K).

Then we measured the protein levels of the above genes (Figure 4). Maternal HF diet downregulated placental CPT2 protein expression (P < 0.05, Figure 4B) and did not affect CPT1b protein level (P > 0.05, Figure 4C). Then we measured the protein expression of the AMPK signaling pathway. A maternal HF diet did not alter placental total AMPKα (t-AMPKα) protein level but downregulated placental phosphorylated AMPKα (p-AMPKα) level. The p-AMPKα/t-AMPKα ratio was significantly decreased in the placenta of maternal HF diet (P < 0.01, Figure 4D). Maternal HF diet downregulated placental Sirt1 (P < 0.05, Figure 4E), and PGC1α (P < 0.05, Figure 4F) protein expression. However, there was no difference in placental PPARγ protein level between the NC and HF groups (P > 0.05, Figure 4G). Meanwhile, the protein expression of TFAM in the placenta was decreased by HF diet (P < 0.05, Figure 4H).
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FIGURE 4. HF feeding reduced protein expression of placental FAO by suppressing the AMPK signaling pathway. (A) Bands' representative images of (B–G). (B) CPT2; (C) CPT1b; (D) p-AMPKα/t-AMPKα; (E) Sirt1; (F) PGC1α; (G) PPARγ; (H) TFAM. Data represented as the mean ± SEM. (NC, n = 5–6; HF, n = 6–7). *p < 0.05, **p < 0.01, vs. NC. NC, normal chow diet; HF, high-fat diet; AMPKα, AMP-activated protein kinase α; Sirt1, sirtuin 1; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPARγ, Peroxisome proliferator-activated receptor γ; CPT1a, carnitine palmitoyltransferase 1a; CPT1b, carnitine palmitoyltransferase 1b; CPT2, carnitine palmitoyltransferase 2; TFAM, mitochondrial transcription factor A.




Glucolipotoxicity Reduced FAO by Suppressing AMPK Signaling Pathway and Restored by AICAR

As maternal HF feeding impaires glucose and lipid metabolism in mice, and hyperglycemia can enhance the toxicity of fatty acid termed glucolipotoxicity (36). We investigated the effect of glucolipotoxicity on FAO in trophoblasts. We treated JEG-3 cells with a combination of glucose and FFA mixture to induce glucolipotoxicity. During the 24 h incubation with glucolipotoxicity, glucolipotoxicity-treated cells responded with significantly downregulated CPT2 and CPT1b protein expression (P < 0.05, Figures 5A,B). Glucolipotoxicity did not alter t-AMPKα protein level. However, p-AMPKα levels were reduced by glucolipotoxicity in JEG-3 cells. The p-AMPKα/t-AMPKα ratio was decreased (P < 0.05, Figure 5C), which indicated that AMPK activity was suppressed by glucolipotoxicity. Then we evaluated the downstream of the AMPK signaling pathway, and found that glucolipotoxicity reduced the protein expressions of Sirt1 (P < 0.05, Figure 5D) and PGC1α (P < 0.05, Figure 5E) in JEG-3 cells.
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FIGURE 5. Glucolipotoxicity reduced FAO-related protein expression by suppressing the AMPK signaling pathway and reversed by AICAR. (A–E) JEG-3 cells were treated with BSA (Con) or glucose/FFA (GF), which were treated for 10 min for AMPKα and treated for 24h for other proteins. (A) CPT2; (B) CPT1b; (C) p-AMPKα/t-AMPKα protein ratio; (D) Sirt1; (E) PGC1α. (F–I) JEG-3 cells were treated with BSA (Con) or glucose/FFA (GF) or glucose/FFA/AICAR (GFA) for 24 h. (F) CPT2; (G) CPT1b; (H) Sirt1; (I) PGC1α. The experiment was repeated three-five times. Data represented as the mean ± SEM. *p < 0.05, vs. Con. #p < 0.05, vs. GF. GF, glucose/FFA; GFA, glucolipotoxicity plus AICAR; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; AMPKα, AMP-activated protein kinase α; Sirt1, sirtuin 1; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; CPT1b, carnitine palmitoyltransferase 1b; CPT2, carnitine palmitoyltransferase 2.


To explore whether the effect of glucolipotoxicity on FAO is mediated by AMPK, we treated JEG-3 cells with AMPK activator, AICAR. The protein expressions of CPT2 (P < 0.05) and CPT1b (P < 0.05) were increased upon AICAR treatment (Figures 5F,G). Meanwhile, the suppressive effect in the protein expression of Sirt1 (P < 0.05) and PGC1α (P < 0.05) induced by glucolipotoxicity was also blocked by AICAR treatment (Figures 5H,I). These results suggested that glucolipotoxicity reduced FAO by suppressing the AMPK signaling pathway and restored by AICAR in JEG-3 cells.



Maternal HF Feeding Impaired Glucose and Lipid Metabolism of Offspring at Weaning

After birth, we measured the offspring's body weight every week. No significant differences in body weight at birth, the first and the second week were observed between the male offspring of two groups. However, at weaning, male offspring presented increased body weight due to maternal HF diet (P < 0.05, Figure 6A). There was no substantial difference in FBG between the offspring of the two groups at weaning (P > 0.05, Figure 6B). Compared with the offspring of dams fed a NC diet, offspring of HF feeding dams had impaired glucose tolerance at weaning, which presented higher blood glucose levels at 60 min (P < 0.05, Figure 6C). The overall glucose AUC was higher in male offspring of HF feeding dams (P < 0.05, Figure 6D). Serum insulin concentration (P < 0.01, Figure 6E) and T-CHO concentration (P < 0.01, Figure 6F) were significantly higher in the offspring of dams fed a HF diet at weaning. However, serum TG and FFA levels were similar between the offspring of the two groups (P > 0.05, Figures 6G,H).
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FIGURE 6. Maternal HF feeding impaired glucose and lipid metabolism of offspring at weaning. (A) Body weight of male offspring from birth to weaning; (B) FBG of male offspring at weaning; (C) IPGTT and (D) AUC of male offspring at weaning; (E) Serum insulin; (F) Serum T-CHO; (G) Serum TG; (H) Serum FFA of male offspring at weaning. Data represented as the mean ± SEM. (NC-3w, n = 8; HF-3w, n = 6–8). *p < 0.05, **p < 0.01 vs. NC-3w. NC, normal chow diet; HF, high-fat diet; 3w, the third week; FBG, fasting blood glucose; IPGTT, intraperitoneal glucose tolerance test; AUC, the area under the glucose curve; T-CHO, total cholesterol; TG, triglyceride; FFA, free fatty acid.




Maternal HF Feeding Did Not Affect FAO Gene Expression in Offspring at Fetal and Weaning Age

Apart from CPT1 and CPT2, carnitine is an important cofactor in transferring acyl-CoA from the cytoplasm to mitochondrial membranes in carnitine cycle system (21), which can stimulate the rate of transcription CPT1 and CPT2 (37), as well as the enzyme activity of CPT1 in the liver (37–39). Since the fetus and sucking infant have a very limited ability to synthesize carnitine, it is largely dependent on the transfer of carnitine from the placenta in the uterus (23) and breast milk after birth (40, 41). Previous studies showed that obese women exhibited lower placental total carnitine content (free carnitine and acylcarnitines) accompanied by defects of FAO, and reduced umbilical venous plasma total carnitine content (29). And it was reported that maternal HF feeding reduced the level of free-carnitine, short-chain and medium-chain acylcarnitines in the placenta (42), and decreased the level of L-carinitine in the liver of offspring (43). Oral L-carnitine administration can increase AMPK protein expression (44, 45). Thus, we supposed that maternal HF feeding may affect the FAO in the offspring through imbalanced carnitine. To test this XX, we measured the expression of hepatic genes related to FAO in the fetus and offspring at weaning. However, mRNA expression of CPT2, CPT1a, CPT1b, and LCAD in the liver were similar between the two groups' offspring at fetal and weaning age (P > 0.05, Figure 7). Then, we tested the AMPK signaling pathway in the liver to evaluate whether AMPK signaling pathway was activated. Correspondingly, there was no difference in hepatic AMPK, Sirt1 and PGC1α mRNA expression between the NC and HF groups (Supplementary Figure 1). These results indicated that AMPK/Sirt1/PGC1α pathway was not activated, so that FAO related gene expression was not altered.
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FIGURE 7. Maternal HF feeding did not affect FAO-related gene mRNA expression in offspring at fetal and weaning age. (A–D) hepatic mRNA expression in the fetus. (A) CPT2; (B) CPT1a; (C) CPT1b; (D) LCAD; (E–H) hepatic mRNA expression in the offspring at weaning. (E) CPT2, (F) CPT1a, (G) CPT1b, (H) LCAD. Data represented as the mean ± SEM. (NC-fetus, n = 6; HF-fetus, n = 7; NC-3w, n = 8; HF-3w, n = 8). NC, normal chow diet; HF, high-fat diet; 3w, the third week. CPT2, carnitine palmitoyltransferase 2; CPT1a, carnitine palmitoyltransferase 1a; CPT1b, carnitine palmitoyltransferase 1b; LCAD, long chain acyl-CoA dehydrogenase.





DISCUSSION

Maternal overnutrition is common in developed countries and developing nations (46), which increases the risk of gestational diabetes mellitus and determines susceptibility to obesity and diabetes in the offspring (3). FAO defects can cause energy deficiency, accumulated substrates and oxidative stress (47). However, the effect and mechanism of maternal overnutrition on FAO in the placenta has not been fully depicted, and studied about whether FAO is altered in the liver of the offspring are limited, especially during fetal age and weaning age. The present study showed that maternal HF feeding could induce glucose and lipid metabolism disorders in dams. Compared with the NC diet group, a maternal HF diet caused heavier placenta and a decreased trend of fetal/placental weight ratio. In addition, a maternal HF diet decreased the gene expression involved in FAO by inhibiting the AMPK/Sirt1/PGC1α signaling pathway in the placenta. In addition, a maternal HF diet caused a higher body weight, glucose intolerance, hyperinsulinemia and hypercholesteremia of offspring at weaning age. However, FAO-related genes expression in the liver of fetal and offspring at weaning age had not been altered.

The placenta plays a central role in linking mother and fetus (13, 14). Development and metabolic requirement of the placenta and fetus can be changed to meet the pregnant mother's metabolism and nutrient availability (15, 48). Fetal growth is influenced by the process of placental nutrient transfer. Fetal/placental weight ratio can be an indicator of placental efficiency (49). The present study showed that the maternal HF diet group had a heavier placenta and a decreased trend of fetal/placental weight ratio, which indicated impaired placental efficiency in transport nutrition. In line with our study, several studies have reported that a pregestational and/or gestational exposure to the maternal HF diet resulted in increased placental weight and decreased fetal weight, which is characterized by growth restriction (6, 50, 51). Low birth weight is correlated with a higher risk of diabetes, obesity and other metabolic diseases in later life (7, 9, 52). Though birth weight was not affected by maternal HF feeding, the offspring did exhibit higher body weight, impaired glucose tolerance, hyperinsulinemia and hypercholesteremia at weaning age in the present study. These results suggest that maternal HF feeding has profound consequences for the offspring later in life.

Fatty acids act as metabolic fuel and an energy source in the placenta (53). A deficiency of mitochondrial FAO can result in the accumulation of upstream metabolites, impaired ATP production, increased reactive oxygen species levels and inflammatory cytokines, which might be transferred to the fetus (54, 55). Furthermore, a computational experiment explored the rate-determining processes of fatty acid transfer across the placenta in isolated perfused human placenta (19). They found that the rate of fatty acid delivery to the fetal compartment was modulated by the incorporation of fatty acids into placental lipid pools (19). FAO reduction can shift the flux of fatty acids away from oxidation toward lipid pools (30), which suggests that FAO capacity can affect fatty acid delivery to the fetus (29, 56). There are studies showed that FAO capacity was reduced in trophoblast cells isolated from obese women (29), and acylcarnitine concentration and CPT1 and/or CPT2 expression were lower in the placenta (28). Placenta explants from women with gestational diabetes mellitus exhibited a reduction in FAO capacity (30, 57). Placental explants exposed to high glucose levels showed impaired FAO capacity by phosphorylation acetyl-CoA carboxylase and increased triglyceride accumulation from normal pregnancy women (30). Corresponding with these results, our study demonstrated that the maternal HF diet group showed downregulated CPT2 expression and a decreased trend of CPT1b, which indicated impaired gene expression involved in FAO.

AMPK, which plays an essential role in energy metabolism, is a metabolic master regulator of FAO (58). High AMPK activity can enhance Sirt1 activity, resulting in the deacetylation and modulation of the activity of PGC1α (24). PGC1α is a transcriptional coactivator and can modulate the expression of many genes related to FAO, such as CPT1 and CPT2 (24–26, 59). We found a lower placental phosphorylated AMPKα ratio (p-AMPKα/ t-AMPKα) due to a maternal HF diet, which suppressed the expression of Sirt1 and PGC1α. To further investigate the molecular mechanism of whether gene expression involved in FAO was regulated by the AMPK signaling pathway, we used a glucose/FFA-induced glucolipotoxicity cell model. In the present study, we chose the JEG-3 cell line to study placental function. Extravillous trophoblasts, which connect maternal with fetal interfaces, are frequently used to investigate placental function (60). The results suggested that exposure to glucolipotoxicity downregulated protein expression of CPT1b and CPT2 through reduced AMPK activity and protein expression of Sirt1 and PGC1α. And the decreases in protein expression of Sirt1, PGC1α, CPT1b and CPT2 induced by glucolipotoxicity were significantly elevated by AICAR, indicating that impaired protein expression involved in FAO was restored by AICAR treatment.

Previous studies showed that hepatic FAO-related genes of offspring were reduced by maternal HF diet at the fetal (61) and weaning age (62). However, in our experiment, gene expression involved in FAO was not altered by maternal HF diet both in the fetus and the offspring at the weaning age. It is proposed that the duration of HF exposure, the ingredient of diets and maternal metabolic stage program the offspring differently (50, 63). These conflict results may be due to diet composition, duration of HF exposure and/or maternal metabolic state.

In conclusion, to the best of our knowledge, our study for the first time demonstrated that maternal high-fat diet can impair gene expression involved in FAO in the placenta by downregulating the AMPK signaling pathway and can cause glucose and lipid dysfunction of offspring at weaning. It is indicated that placental FAO may play a essential/crucial/central role in regulating maternal overnutrition and metabolic health in the offspring. These findings can advance our thinking about placental FAO capacity between maternal overnutrition and metabolic homeostasis in the offspring.
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Antidiabetic oral agents and nutrition management are frequently used together as first-line therapies for type 2 diabetes mellitus (T2DM). However, less is known about their interaction. The interactive effect of two classic antidiabetic medications, namely, acarbose and metformin, with dietary intakes of macronutrients on glycemic control and cardiometabolic risk factors was investigated in the metformin and acarbose in Chinese as the initial hypoglycemic treatment (MARCH) randomized clinical trial. The patients with newly diagnosed T2DM from China were included in the trial. Participants were randomized to receive either metformin or acarbose monotherapy as the initial treatment, followed by a 24-week treatment phase, during which add-on therapy was used if necessary. Dietary intakes of carbohydrate, protein, fat, and total energy were calculated by a 24-h food diary recall method. Linear mixed-effect models combined with a subgroup analysis were used to investigate independent and interactive effects of drugs and diet on clinical outcomes. A data analysis was performed on 551 of the 788 patients randomly assigned to treatment groups. Metformin therapy was independently associated with higher triglycerides (TGs, β = 0.471, P = 0.003), 2 h postprandial plasma glucose (2hPPG, β = 0.381, P = 0.046) but lower low-density lipoprotein cholesterol (LDL-C, β = −0.149, P = 0.013) compared with acarbose therapy. Higher carbohydrates and lower fat intakes were independently associated with poorer glycemic control, less weight loss, and greater insulin secretion. Higher total energy intake was also independently associated with higher fasting (β = 0.0002, P = 0.001) and postprandial blood glucose (β = 0.0004, P = 0.001). Interaction and subgroup analyses demonstrated that glucagon-like peptide-1 (GLP-1) was positively related to total energy (β = 0.268, P = 0.033), carbohydrates intake, and insulin secretion (β = 2,045.2, P = 0.003) only in the acarbose group, while systolic blood pressure (SBP) was negatively related to protein intake in the metformin group (β = 23.21, P = 0.014). The results of this study showed that metformin and acarbose mainly exerted different interactive effects with dietary energy, carbohydrate, and protein intakes on GLP-1 secretion, insulin release, and SBP. The interaction between drug therapy and nutrition intervention in glycemia highlights the complexity of combination therapy.

Keywords: type 2 diabetes mellitus, macronutrients, drug-diet interaction, MARCH trial, acarbose and metformin


INTRODUCTION

The number of patients with type 2 diabetes mellitus (T2DM) is increasing annually, which poses a global health threat and causes high health care costs, especially in the Asian region (1). It has been reported that the prevalence of diabetes in Asian countries, ranging from 3 to 47%, continues to surge despite therapeutic advances, with more than 60% of patients with diabetes worldwide living in Asia (2). T2DM is also reaching epidemic proportions in China, a country with the largest number of patients with diabetes (3), and thus there is an urgent need for more effective or targeted treatment strategies for it.

Nowadays, the treatment for T2DM is based on lifestyle changes, especially diet and antidiabetic oral agents, according to the needs of the patients. The treatment aims to achieve and maintain the optimal glycemic control, prevent acute diabetic complications, and reduce the risk of chronic complications, which require a combination of diabetic diet and conventional medications (4). Although numerous clinical trials are helpful in comparing different treatment strategies or medication regimens, the results of these trials should be considered in combination with patients' specific conditions, the availability and cost of drugs, and physicians' judgment in decision-making.

Metformin has been recommended as a first-line drug for monotherapy or combination therapy by Western authoritative clinical practice guidelines when lifestyle interventions can no longer achieve glycemic control (5). In China, acarbose has been taken as one of the first-line drugs in treatment for diabetes because acarbose can slow down the digestion and absorption of dietary carbohydrates in small intestines by inhibiting brush-border α-glucosidase, and Chinese diet is characterized by a higher percentage of carbohydrates (6). Zhu et al. have confirmed that the hypoglycemic effect of acarbose in patients with T2DM consuming an Eastern diet is superior to that in those consuming a Western diet by a systematic meta-analysis of studies (7). Because of the specific mechanism of glycemic control and weight loss, dietary components may alter the hypoglycemic effect of acarbose.

In fact, in addition to pharmacological interventions, dietary interventions are another cornerstone therapy for diabetes prevention and management (8, 9). The essential therapeutic approach to reducing the incidence and severity of T2DM focuses on the nature and quality of nutrients, especially consumed energy and macronutrients (10). The macronutrients in the diet are utilized by the body as sources of energy, including carbohydrate, protein, and fat. Restriction on any one of these macronutrients will have to be compensated by increase in the proportion of energy derived from the other two (11). Diets have evolved with changes in time, cultural traditions, as well as geographic and economic factors, all of which interact in a complex manner to shape different dietary consumption patterns among countries and regions (12). It has been reported that most Asians follow an Eastern diet pattern, characterized by higher intakes of whole grains, legumes, vegetables, fruits, and fish, thus making dietary carbohydrates the major source of energy (13). Evidence has suggested that the macronutrient composition of the diet also plays a key role in the postprandial and diurnal glucose excursions in patients with T2DM, and its changes may contribute to reducing postprandial glycemia, HbA1c, and diabetic complications (14).

However, there is a lack of information on Chinese dietary patterns and the efficacy of acarbose. The metformin and acarbose in Chinese as the initial hypoglycemic treatment (MARCH) trial was thus conducted to compare the effects of acarbose and metformin as the initial therapy for Chinese patients newly diagnosed with T2DM. It became the first and unique trial to investigate the effect of dietary macronutrients on glycemic control in the context of intensive drug therapy (ClinicalTrial.gov, number ChiCTR-TRC-08000231) (15–17). The trial showed that acarbose has a similar efficacy to metformin, making it a viable option for Chinese patients. Nevertheless, no previous studies of drug–diet interaction were conducted by systematic analysis of the diet and clinical data from MARCH. In this study, data from the MARCH trial were used to examine whether the effects of two classic antidiabetic medications, namely, acarbose and metformin, on glycemic control and cardiometabolic risk factors are related to dietary macronutrient intakes in patients with T2DM.



MATERIALS AND METHODS


Study Design

The study design, preliminary results, and the full study protocol of the MARCH trial were previously published (15). The MARCH trial was a multicenter (11 clinical sites in China), randomized controlled clinical trial in patients newly diagnosed T2DM. In the trial, the changes in the dietary intakes of energy and macronutrients, HbA1c, and fasting plasma glucose (FPG), postprandial 2-h glycemic profile, body mass index (BMI), insulin, glucagon, GLP-1, and insulin sensitivity or β-cell function by homoeostatic model assessment (HOMA) index in patients were evaluated. These patients received sustained-released metformin hydrochloride up to 1,500 mg, one time per day (500 mg per tablet, Beijing Double Crane Pharma, Beijing, China), or up to 100 mg of acarbose, three times per day (50 mg per tablet, Bayer Healthcare, <city>Beijing</city>, China), and there will be a 24-week monotherapy and a 24-week insulin secretagogue add-on therapy if necessary. At Chinese diabetic clinics, outpatients who met the inclusion criteria were provided with written notification and oral explanations on this trial. This study began after the acquisition of written informed consent and confirmation of willingness to participate from all the participating patients. The protocol was approved by the ethics committee from each clinical site and implemented in accordance with the provisions of the Declaration of Helsinki and Good Clinical Practice guidelines.



Participants

Patients would be eligible for this study if they fulfilled the following criteria: (1) diagnosed with T2DM within the past 12 months according to 1999 WHO criteria, (2) without oral antidiabetic agents or short-term (i.e., 1 month) treatment discontinued 3 months before enrollment, and (3) suboptimum glucose control (HbA1c between 7.0% and 10.0%, FPG ≤ 11·1 mmol/L, and BMI 19–30 kg/m2). The full details of exclusion criteria were previously described. During the recruitment phase, 788 eligible individuals were invited to participate. Four participants withdrew consent before drug intervention and were excluded. Subsequently, 98 participants were excluded from the acarbose group and 107 from the metformin group due to insufficient dietary data. In addition, 10 participants in the acarbose group and 18 in the metformin group with implausible energy intake (<800 kcal/day or >6,000 kcal/day for men; <600 kcal/day or >4,000 kcal/day for women) were further excluded (18). Finally, a total of 551 participants (286 in the acarbose group and 265 in the metformin group) were included in this study. A flowchart of the selection process of the study population is shown in Figure 1.
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FIGURE 1. Flowchart for the selection process of the current study population in the metformin and acarbose in Chinese as the initial hypoglycemic treatment (MARCH) trial.




Dietary Assessment

Dietary macronutrient intake and energy intake were assessed at baseline, 24 and 48 weeks by the 24-h dietary recall method, and an author's semiquantitative diet history questionnaire, in which questions concern the quantity and the frequency of product consumption in each group. The questionnaire has been reviewed by clinical nutritionists and dietitians (19). A well-trained dietitian conducted face-to-face interviews with the patients and asked them to report an average portion size of commonly consumed food. Food models, pictures, and other visual presentations were used to designate portion sizes of food and thus guide participants in estimating the portion size of consumed food. Additionally, a pilot study was performed on several patients and modified accordingly. The food data in the questionnaires were matched with nutrient information from China Food Composition Database for the analysis of macronutrient content. All data of food intake frequencies were converted to times per day, and then the portion size of each food item per day as well as the daily energy and macronutrient intakes from it were calculated and derived. The percentage of total kilocalories from carbohydrate, protein, and fat intakes was then derived.



Outcomes and End Points

The primary end points were reduction in HbA1c at 24 and 48 weeks. Key secondary end points included changes in fasting blood glucose (FBG), 2-h postprandial glycemic profile, BMI, insulin, glucagon, glucagon-like peptide-1 (GLP-1), and insulin sensitivity or β-cell function (HOMA index), which were all measured at baseline, 24, and 48 weeks. The glucose metabolism variables included HbA1c, FBG, 2-h postprandial plasma glucose (2hPPG), HOMA of insulin resistance (HOMA-IR), and whole-body insulin sensitivity index (WBISI). Hormone secretion parameters included fasting insulin (FINS), HOMA of β-cell function (HOMA-β), early insulin secretion index (EISI, I30/G30), and the area under the curve (AUC) of insulin, glucagon, and GLP-1. The measurement of cardiometabolic risk factors related to obesity, dyslipidemia, and high blood pressure included height, weight, serum levels of total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and triglycerides (TGs), systolic blood pressure (SBP), and diastolic blood pressure (DBP). BMI was calculated from the measured height and weight (kg/m2). The following formulas were used to calculate some of the indexes mentioned above: HOMA-IR = FINS (μIU/ml) × FBG (mmol/L)/22.5; HOMA-B = 20 × FINS (μIU/ml)/[FBG (mmol/L) −3.5] early insulin secretion index (EISI) = ΔI30/ΔG30 = (insulin30min – insulin0min)/ΔG30 (glucose30min – glucose0min); and WBISI = 10,000/square root of [(mean plasma insulin × mean plasma glucose during OGTT) × (FINS × FPG). The AUC was calculated with the following equations: AUC for serum insulin = (insulin0min + insulin30min) × 30/2 + (insulin30min + insulin120min) × 90/2 + (insulin120min + insulin180min) × 60/2, AUC for glucagon= (glucagon 0min + glucagon 30min) × 30/2 + (glucagon 30min + glucagon 120min) × 90/2 + (glucagon 120min + glucagon 180min) × 60/2 and AUC for plasma GLP-1 = (GLP-10min + GLP-130min) × 30/2 + (GLP-130min + GLP-1120min) × 90/2 + (GLP-1120min + GLP-1180min) × 60/2.



Statistical Analysis

Statistical analyses were performed by STATA version 13.0 (STATA, College Station, TX) and R 3.5.1. Prior to analysis, the normality of data distribution was checked. Continuous variables were expressed as medians (interquartile range, IQR) when nonnormally distributed, and they were the mean ± standard deviation (SD) when normally distributed. The Student's t-test or the Mann-Whitney U-test was used for continuous variables as appropriate at baseline. The differences in frequencies of the categorical variables were evaluated using the chi-square test. The Friedman's two-way analysis of variance by ranks test was adopted to determine changes in treatment outcomes and dietary intakes of energy and macronutrients in two treatment groups during three time periods (i.e., baseline, 24 weeks, and 48 weeks). This nonparametric test was used since the data did not meet the requirements for parametric analysis. When the difference was significant (Friedman's test, P < 0.05), post-hoc pairwise comparison tests with a Bonferroni correction were performed, and scatter plots were used to visually display changes over time. Multilevel mixed-effect linear regression models were adopted (maximum likelihood method, unstructured variance-covariance structure, and center and individual used as random effect components) to determine the independent associations between dietary energy and macronutrient intakes or between two antidiabetic oral drug classes and treatment outcomes over time. Furthermore, to analyze the effect of the drug–diet interaction between acarbose or metformin treatment and dietary energy and macronutrients intakes on treatment outcomes, interaction terms of drug class were added to each intake of nutrient in the adjusted linear mixed-effect regression models, respectively. In addition, subgroup analysis was performed on acarbose or metformin treatment groups to test the significant interactive associations of dietary energy and macronutrient intakes and treatment outcomes in each group. Coefficients (β) were adopted to express the effect size of the associations. All effect size estimates were adjusted for covariates, including age, sex, time of intervention, and duration of diabetes. A two-sided P < 0.05 showed statistical significance.




RESULTS


Participant Characteristics

Demographic, anthropometric, and clinical characteristics of the patients with diabetes receiving different treatments are shown in Table 1. There were 286 patients in the acarbose group and 265 in the metformin group. The median age of the 551 participants was 51 (IQR: 43–57), of which 218 were women (39.6%). Among them, the patients only in the metformin group had significantly longer duration of diabetes (P = 0.039). There were no statistically significant differences in age, sex, glucose metabolism variables, hormone secretion parameters, and cardiometabolic risk factors between participants (all P > 0.05).


Table 1. Baseline characteristics of patients treated with acarbose or metformin.
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Changes in Clinical Outcomes and Dietary Intakes Over Time

The Friedman's two-way analysis of variance by ranks combined with post-hoc pairwise comparisons indicated that there was the significant effect of overall treatment time on most treatment outcomes. The scatter plots of post-hoc pairwise comparison revealed that the BMI, TC, FBG, HbA1c, 2hPPG, FINS, AUC for plasma GLP-1, HOMA-IR, and WBISI significantly decreased in both treatment groups at 24 and 48 weeks compared with those at baseline. SBP significantly increased at 48 weeks compared with that at 24 weeks, while DBP significantly decreased at 24 weeks compared with that at baseline only in acarbose group. TG significantly decreased at 24 and 48 weeks compared with that at baseline only in the acarbose group. LDL-C in the acarbose group significantly decreased at 24 weeks compared with that at baseline but significantly decreased both at 24 and 48 weeks compared with that at baseline in the metformin group. Meanwhile, the change trend of EISI in two groups was opposite to that of LDL-C. AUC for glucagon significantly decreased at 48 weeks compared with that at baseline and at 24 weeks in both treatment groups. AUC for serum insulin significantly decreased at 24 and 48 weeks compared with that at baseline in the acarbose group but significantly decreased at 48 weeks compared with that at baseline in the metformin group (adjusted P < 0.05, Figures 2A–R).


[image: Figure 2]
FIGURE 2. Scatter plots of BMI (A), SBP (B), DBP (C), TC (D), TG (E), HDL-C (F), LDL-C (G), FBG (H), HbA1c (I), 2hPPG (J), FINS (K), EISI (L), AUC for plasma GLP-1 (M), AUC for glucagon (N), AUC for serum insulin (O), HOMA-IR (P), HOMA-β (Q), and WBISI (R) in patients subjected to metformin or acarbose groups at baseline, 24 weeks, and 48 weeks. Data were tested by Friedman's two-way analysis of variance by ranks test during three time periods (i.e., baseline, 24 weeks, and 48 weeks) in two treatment groups. *post-hoc pairwise comparison adjusted P < 0.05, ** post-hoc pairwise comparison adjusted P < 0.01. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TGs, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FBG, fasting blood glucose; 2hPPG, 2-h postprandial plasma glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-β, homeostasis model assessment of β-cell function; EISI, early insulin secretion index; WBISI, whole body insulin sensitivity index; AUC, area under the curve; GLP-1, plasma glucagon-like peptide-1.


In regard to changes in dietary intakes of total energy and macronutrients, the Friedman's two-way analysis of variance by ranks indicated that there was a significant effect of overall treatment time on proportion of energy from carbohydrate, protein, and fat. Post-hoc pairwise comparisons showed the following results: the proportion of energy from carbohydrate significantly decreased at 24 weeks compared with that at baseline but significantly increased at 48 weeks compared with that at 24 weeks in the acarbose group and in the metformin group; the proportion of energy from carbohydrate only significantly increased at 48 weeks compared with that at 24 weeks; the proportion of energy from protein significantly increased at 48 weeks compared with that at baseline only in the acarbose group; the proportion of energy from fat significantly increased at 24 weeks compared with that at baseline only in the acarbose group but significantly decreased at 48 weeks compared with that at 24 weeks and at baseline in both groups (adjusted P < 0.05, Figures 3A–D).
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FIGURE 3. Scatter plots of total energy intake (A), proportion of energy from carbohydrate (B), proportion of energy from protein (C), and proportion of energy from fat (D) in patients subjected to metformin or acarbose groups at baseline, 24 weeks, and 48 weeks. Data were tested by Friedman's two-way analysis of variance by ranks test during three time periods (i.e., baseline, 24 weeks, and 48 weeks) in two treatment groups. *post-hoc pairwise comparison adjusted P < 0.05, **post-hoc pairwise comparison adjusted P < 0.01.




Independent or Interactive Associations of Treatment Effects and Dietary Intakes With Clinical Outcomes

Linear mixed-effect models were used to assess the effects of acarbose or metformin treatment on changes in clinical parameters adjusted for age, sex, time of intervention, and disease duration. Results were expressed as estimated mean changes from baseline with 95% confidence intervals (CIs). In drug treatment effects, metformin therapy was independently associated with higher TG (0.471 mmol/L, 95% CI: 0.159–0.782 mmol/L), higher 2hPPG (0.381 mmol/L, 95% CI: 0.007–0.756 mmol/L), and lower LDL-C (0.149 mmol/L, 95% CI: −0.266 to −0.032 mmol/L) but had comparable effects on other outcomes compared with acarbose therapy (Table 2). Dietary intakes of energy, carbohydrate, and fat also demonstrated independent associations with certain clinical outcomes (Table 3). Each unit increase in total energy intake was significantly associated with higher FBG (0.002 mmol/L, 95% CI: 0.00008–0.0003 mmol/L) and higher 2hPPG (0.004 mmol/L, 95% CI: 0.0002–0.0007 mmol/L). Each unit increase in proportion of energy from carbohydrate was significantly associated with higher BMI (0.607 kg/m2, 95% CI: 0.167–1.047 kg/m2), higher HbA1c (0.685%, 95% CI: 0.251–1.120%), higher 2hPPG (1.255 mmol/L, 95% CI: 0.103–2.407 mmol/L), and higher AUC for serum insulin (1,090.1 μIU/ml × min, 95% CI: 176.6–2,003.6 μIU/ml × min). In contrast, each unit increase in proportion of energy from fat was significantly associated with lower BMI (0.808 kg/m2, 95% CI: −1.314 to −0.303 kg/m2), lower FBG (0.770 mmol/L, 95% CI: −1.370 to −0.170 mmol/L), lower HbA1c (0.969%, 95% CI: −1.476% to −0.462%), lower 2hPPG (1.954 mmol/L, 95% CI: −1.476 to −0.462 mmol/L), lower AUC for serum insulin (1,135.1 μIU/ml × min, 95% CI: −2,193.8 to −76.4 μIU/ml × min) but higher WBISI (2.673, 95% CI: 0.059–4.758).


Table 2. Independent effects of drug treatment on clinical outcomes in linear mixed-effect models.
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Table 3. Independent effects of dietary intakes on clinical outcomes in linear mixed-effect models.
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The results of two-way interaction analysis of the interactive effect of two drug classes with dietary intakes of total energy and macronutrients on clinical outcomes are shown in Table 4. The following was found: the interaction terms of total energy × drug therapy were associated with lower AUC for plasma GLP-1 (β = −0.335, 95% CI: −0.665 to −0.004, P = 0.047); the proportion of energy from carbohydrate × drug therapy was associated with lower AUC for serum insulin (β = −1,885.8, 95% CI: −3,709.7 to −62.0, P = 0.043); the proportion of energy from protein × drug therapy was associated with higher SBP (β = 31.71, 95% CI: 7.77–55.65, P = 0.009). Given the interactive effect of drug therapy with dietary intakes of total energy and macronutrients, subgroup analyses were performed on two drug classes to investigate the associations between dietary intakes and clinical outcomes (Figures 4–6). Figure 4 shows that a higher total energy intake was significantly associated with higher AUC for plasma GLP-1 (β = 0.268, P = 0.033) among acarbose users but with lower AUC for plasma GLP-1 among metformin users (β = −0.264 acarbose, P = 0.049). Additionally, it was observed that there was a significant association between higher intake of carbohydrates and AUC for serum insulin (β = 2,045.2, P = 0.003) in the acarbose group, but the association was not statistically significant in the metformin group (β = 194.7, P = 0.754, Figure 5). However, among acarbose users, no significant association was detected between dietary intake of protein and SBP, but significantly positive association was detected among metformin users (β = 23.21, P = 0.014, Figure 6).


Table 4. Diet-drug interaction on clinical outcomes in linear mixed-effect models.
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FIGURE 4. Differential associations between total energy intake and AUC for plasma GLP-1 in metformin and acarbose groups. The β value adjusted for age, sex, time of intervention, and duration of diabetes.
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FIGURE 5. Differential associations between proportion of energy from carbohydrate intake and AUC for serum insulin in metformin and acarbose groups. The β value adjusted for age, sex, time of intervention, and duration of diabetes.



[image: Figure 6]
FIGURE 6. Differential associations between proportion of energy from protein intake and SBP in metformin and acarbose groups. The β value adjusted for age, sex, time of intervention, and duration of diabetes.





DISCUSSION

Recent studies have drawn attention to the potential interactive effects of chronic medication use with nutrient intakes on chronic noncommunicable diseases (20, 21). Drug-nutrient interactions are of great clinical and public health significance, especially in patients with T2DM. The treatment for T2DM involved dietary manipulation that can reduce both glucose and insulin aberrant levels, and cardiovascular complications. This study first showed two classic antidiabetic medications of acarbose and metformin and their interaction with macronutrient intakes in the context of MARCH clinical trial. Among the included Chinese patients being treated for T2DM, metformin and acarbose mainly exerted different interactive effects with dietary energy, carbohydrate, and protein intakes on GLP-1 secretion, insulin release, and SBP.

The results of this study have shown that the daily intake of total energy, carbohydrates, protein, and fat for included newly diagnosed patients with T2DM fell into the normal range before treatment, and total energy intake remained relatively stable in both two groups during treatment. Even so, independent and positive associations were still found between total energy and FBG, as well as 2hPPG during treatment, suggesting additional benefits of glycemic control from total energy restriction even under antidiabetic oral agent therapy, which was also observed among Korean patients (22). Meanwhile, different oral drugs may change the association between total energy intake and treatment outcomes due to different mechanisms of action related to the gastrointestinal tract. In the subgroup analysis, total energy intake and AUC for plasma GLP-1 showed inverse associations under metformin and acarbose treatment, indicating that total energy intake stimulates distinct patterns of GLP-1 release. The incretin hormone of GLP-1 plays a critical role in regulating glucose homeostasis and dietary intakes of nutrients are a primary stimulus to the release of intestinal GLP-1 (23). In generally, carbohydrate, lipid, and protein digestion, also known as sources of total energy, can induce postprandial glycemic and GLP-1 secretion through different pathways, to promote the absorption of glucose and maintain the level of blood glucose (24). Consequently, strategies to slow down the digestion of these macronutrients are needed to achieve a sustained release of GLP-1 for improvement of the glucose homeostasis. It has been confirmed that postprandial GLP-1 secretion under acarbose treatment is stimulated in patients with T2DM by induction of transfer of carbohydrates to the distal parts of the intestine (25). Therefore, under acarbose treatment, a sustained release of GLP-1 can still be achieved even following an increase in total energy intake by slowing down the digestion and absorption of dietary carbohydrates in small intestine, suggesting a positive association between total energy intake and AUC for plasma GLP-1. However, under metformin treatment, a higher total energy intake was associated with lower AUC for plasma GLP-1. It has also been showed that metformin increases plasma GLP-1 concentrations in healthy controls and patients with T2DM (26). Nevertheless, it has been reported that metformin does not directly stimulate GLP-1 secretion in vitro, suggesting that its effect observed in vivo are indirect (27). It may be speculated that the GLP-1 secretion induced by metformin can be disturbed by total energy intake, which deserves further investigation.

Contrary to relatively stable intake of total energy, carbohydrate intake significantly decreased at 24 weeks but increased at 48 weeks in the acarbose group and significantly increased at 48 weeks in the metformin group. Considering that the staple food is rich in carbohydrate in most Asian countries, the changes in quantity of dietary carbohydrates indicated a gradually loose restriction on carbohydrate and a relative imbalance between dietary desires and adherence to diet modification in disease management. Dietary carbohydrates are one of fundamental macronutrients in terms of their capacities to affect blood glucose and insulin levels (28). In linear mixed-effect models, higher intake of carbohydrates was independently associated with higher BMI, HbA1c, 2hPPG, and AUC for serum insulin, which was also observed in Saudi patients (29), suggesting that carbohydrate restriction is essential for the achievement of good glycemic control, weight loss, and reduced insulin secretion. In addition, under acarbose and metformin treatment, significant and comparable effects on reduction of BMI and HbA1c were still achieved, while under acarbose treatment, significantly lower postprandial blood glucose was achieved after 48 weeks, and AUC for serum insulin decreased to a greater extent than under metformin treatment, demonstrating that acarbose is superior to metformin in reducing postprandial hyperglycemia and hyperinsulinemia in patients with T2DM consuming an Asian diet. Meanwhile, the association between dietary carbohydrates and AUC for serum insulin was only significant under acarbose but not metformin treatment, which may contradict the insulin-sparing effect of acarbose (30). However, it also reflected, from another perspective, beneficial effects of acarbose on preserving β-cell function (31).

Finally, synergetic effects of protein intake and metformin treatment on lowering SBP were found. Some intervention studies have proved that a high protein intake can significantly decrease SBP and DBP in patients with T2DM (32). Furthermore, Garnett et al. (33) also observed that the SBP and DBP of metformin-treated prediabetic adolescents significantly decreased over time when receiving an increased-protein diet, all of which may suggest that consuming more proteins may help metformin users feel more at ease over time.

Since total energy and protein intake remained relatively stable in this study, the increase in the proportion of energy from carbohydrates was accompanied by the decrease in energy from fat. Not surprisingly, this led to the positive associations of higher dietary fat intake with better glycemic control, weight loss, the improvement of insulin secretion, and higher WBISI, an indicator of insulin sensitivity. In spite of contradicting the results reported in most studies that a reduction in dietary fat can promote weight loss benefiting blood lipid and glucose profiles (34–36), the result of association between a relatively higher fat intake and better treatment outcomes may reflect interactions between macronutrients, which make it difficult to interpret the individual contributions of each source to clinical outcomes. Moreover, aside from the quantity of dietary fat and carbohydrates, growing evidence suggests that the quality of dietary fat and carbohydrates (with a preference for foods with natural unsaturated fat, high fiber, low glycemic index, and whole grain instead of those with trans or saturated fat) are stronger determinants of the effects of diet on metabolic control than the quantity of each macronutrient in the diet (37), which may be further investigated in the following studies.

The MARCH trial provided evidence that both acarbose and metformin have a similar effect as initial therapy on HbA1c reduction in Chinese patients with T2DM. Shortly after, a meta-analysis systematically searched the Chinese and English literature for eligible randomized controlled trials to compare glucose-lowering effects of metformin and acarbose, which also implied that the effect of metformin is at least as good as that of acarbose (38). In this study, it was also found that acarbose treatment was not inferior to metformin treatment in view of most clinical outcomes. However, linear mixed-effect models showed metformin treatment was associated with higher TG and 2hPPG but lower LDL-C compared with acarbose treatment. Although none of these outcomes was affected by interaction of drug and dietary macronutrients, the superior effect of acarbose on postprandial plasma glucose still demonstrated a stronger response to dietary intakes compared with metformin. The research results only showed three significant interactions. Perhaps, due to a relatively shorter observation, there were limited changes in dietary macronutrients over time and relatively overwhelming effects of intensive drug therapy. Although there is little evidence of drug–diet interaction, the potential mechanism may be explainable or incidental in this study. Therefore, great importance should be attached to drug–diet interaction, and further investigation should be conducted in physiological studies and clinical solutions.

To the best of our knowledge, this study is the first of its kind to document the interaction of between pharmacotherapies and dietary intakes of macronutrients in patients with T2DM. However, there are several limitations to consider. First, all participants were Chinese patients newly diagnosed with T2DM, which may limit the application to other patients to some extent, and the association may be largely different in patients with longer duration of diabetes or following Western dietary patterns. However, the results may be applicable to other Chinese populations with diabetes, with characteristics similar to the sample in this study. Second, only limited food and beverage items were evaluated by the 24-h dietary recall method, which may lead to an underestimation of energy and macronutrients intake. Third, measurement errors in self-reported dietary behaviors were inevitable. Finally, the fat type and quality of carbohydrates were not considered in this study.



CONCLUSION

The MARCH trail provided a unique opportunity to investigate the drug–diet interactive effect on treatment outcomes in patients with T2DM. Metformin and acarbose mainly exerted different interactive effects with dietary macronutrients on GLP-1 secretion, insulin release, and SBP, suggesting that the complexities of drug-diet therapies may confer distinct benefits of glycemic control.
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The existing t-test of a correlation coefficient works under a determinate environment. In uncertainty, the existing t-test of a correlation coefficient is unable to investigate the significance of correlation. The study presents a modification of the existing t-test of a correlation coefficient using neutrosophic statistics. The test statistic is designed to investigate the significance of correlation when imprecise observations or uncertainties in the level of significance are presented. The test is applied to data obtained from patients with diabetes. From the data analysis, the proposed t-test of a correlation coefficient is found to be more effective than existing tests.

Keywords: classical statistics, imprecise observations, medical data, neutrosophy, simulation


INTRODUCTION

Correlation analysis is conducted to see the degree of relationship between two variables. Correlation analysis helps in determining the positive or negative correlation between two variables. The value of a correlation coefficient lies between −1 and +1. The computed value of the correlation coefficient from data always lies in this interval. Statistical tests have been conducted in various fields for decision-making purposes. Among the statistical tests, the t-test for correlation is applied to investigate the significance of the correlation between two variables. In the t-test for correlation, the null hypothesis that there is no association between two variables is tested against the alternative hypothesis that two variables are associated. Values of the statistic of the t-test for correlation are calculated from given data and compared with tabulated values. The null hypothesis of no association between two variables is accepted if the calculated value is less than the tabulated value. Bartroff and Song (1) conducted a correlation analysis to investigate the relationship between impact factors and the ranking of electrical journals. Aleixandre-Benavent et al. (2) discussed the correlation between impact factors and published papers' research data. McGillivray and Astell (3) provided a correlation between usage and citations of open access journals. For more information, the reader may refer to Tang and Landes (4) and e Silva et al. (5).

Correlation analysis has been widely applied in medical research. It is conducted to investigate the association between variables causing a specific disease. Schober et al. (6) applied correlation analysis on anesthesia data. Najmi and Balakrishnan Sadasivam (7) provided guidelines for medical students related to statistical tests. Statistical analysis has also been conducted to investigate the relationship among various causes of diabetes.Khan et al. (8) discussed a statistical analysis for patients with diabetes. Liu et al. (9) applied various statistical methods for data on diabetes. Wani et al. (10) investigated the effect of weight and smoking on type-2 diabetes. Nedyalkova et al. (11) presented a statistical analysis on type-2 diabetes. Adaobi et al. (12) presented an analysis using blood glucose data. More information can be seen in Mukasheva et al. (13), Eynizadeh et al. (14), Balamurugan et al. (15), Alsaqr (16), Janse et al. (17), and Sun et al. (18).

Neutrosophic logic was introduced by Smarandache (19), which is the generalization of fuzzy-logic. The former gives information about three measures (truth, false, and indeterminacy), while the latter gives information about two measures (truth and false). Smarandache (20) showed the efficiency of neutrosophic logic over fuzzy-logic and interval-based analysis. Neutrosophic logic has many applications in medical science. Ansari et al. (21) discussed an application of neutrosophic sets in artificial intelligence. Jafar et al. (22) used the neutrosophic logic in medical diagnosis. Basha et al. (23) applied neutrosophic logic in the classification of X-rays of the chest of patients with coronavirus disease 2019 (COVID-19). More information on applications of neutrosophic logic in medical science can be seen in Zhang et al. (24) and Zhang et al. (25). Neutrosophic statistics was developed by Smarandache (26) using the idea of neutrosophy in numbers. Chen et al. (27) and Chen et al. (28) discussed methods to analyze neutrosophic data. Aslam et al. (29) applied neutrosophic statistics on diabetics' data. Ling et al. (30) analyzed neutrosophic numbers in medical waste treatment. More applications can be seen in Das et al.'s studies (31) and Saeed et al.'s studies (32).

Aslam (33) proposed a neutrosophic Z-test for two samples to investigate the relationship between metrological variables. By exploring the literature and to the best of our knowledge, there is still a gap to work on t-test for correlation under neutrosophic statistics for a single sample. We will present the design of a t-test for correlation using neutrosophic statistics in this study. The neutrosophic statistic will be given and applied using data obtained from patients with diabetes. We expect that the proposed t-test for correlation will beat the existing t-tests for correlations in terms of information, adequacy, and flexibility.



METHOD

The existing t-test of a correlation coefficient using classical statistics works only when decision-makers are sure about the parameters involved in the implementation of the test. In practice, it may not be possible to the level of significance, sample size, and observations obtained from a measurement or a complex process are always certain; see, for example, Doll and Carney (34). Modification of the existing t-test of a correlation coefficient is needed to investigate the significance of the correlation between variables in an indeterminate environment. Now, we will develop a t-test of a correlation coefficient using neutrosophic statistics with the expectation that the proposed test will be efficient and a general form of the existing t-test of a correlation coefficient. The procedure of the proposed t-test of a correlation coefficient using neutrosophic statistics will be explained as: Let XN = XL+XUIXN; IXNϵ[IXL, IXU] and YN = YL+YUIYN; IYNϵ[IYL, IYU] be neutrosophic random variables, where the first values denote the determinate parts, the second values denote the indeterminate parts, and IXNϵ[IXL, IXU], and IYNϵ[IYL, IYU] are indeterminacy. Let nN = nL+nUInN; InNϵ[InL, InU] be a neutrosophic random sample of size nNϵ[nL, nU], and αN = αL+αUIαN; IαNϵ[IαL, IαU] be a level of significance under uncertainty, where nL and, αL are determinate values, nUInN and αU, IαN are indeterminate values, and InNϵ[InL, InU] and IαNϵ[IαL, IαU] are measures of uncertainty. Suppose that (XiN, YiN) to be pair data and let rN = rL+rUIrN; IrNϵ[IrL, IrU] be a neutrosophic correlation, where rL is a determinate part, the rUIrN is an indeterminate part, and IrNϵ[IrL, IrU] is the measure of correlations. The neutrosophic correlation rNϵ[rL, rU], by following Aslam and Albassam (35), is defined as:

[image: image]

where rL = rU, and the neutrosophic correlation rSNϵ[rL, rU] can be written as:

[image: image]

Note that the neutrosophic correlation rNϵ[rL, rU] is a generalization of the existing correlation under classical statistics. The neutrosophic correlation rNϵ[rL, rU] reduces to correlation using classical statistics when IrSL= 0. To test the null hypothesis H0N that there is no correlation between the variables vs. the alternative hypothesis H1N that both variables are associated, the neutrosophic test statistic tNϵ[tL, tU] is defined as:

[image: image]

The alternative form of tNϵ[tL, tU] is defined as:

[image: image]

where tL = tU and the neutrosophic correlation tSN ϵ [tSL, tSU] can be written as:

[image: image]

Note that tNϵ[tL, tU] follows the neutrosophic t-distribution with the degree of freedom nN−2.

Note that the neutrosophic statistics tNϵ[tL, tU] is a generalization of the existing statistics under classical statistics. The neutrosophic statistics tNϵ[tL, tU] reduces to statistic using classical statistics when IrSL= 0.

The proposed t-test of a correlation coefficient will be carried out through the following steps:

Step-1: state H0N:rNϵ[rL, rU] = 0 vs. H1N:rNϵ[rL, rU]≠ 0;.

Step 2: fix the level of significance αN = αL+αUIαN; IαNϵ[IαL, IαU] and select the tabulated value tC from (36);

Step 3: compute statistic tNϵ[tL, tU] and compare with tC;.

Step 4: do not reject H0N:rNϵ[rL, rU] = 0 iftNϵ[tL, tU] < tC.



APPLICATION USING DATA ON DIABETES

To investigate the significance of the correlation between the sugar level and Drinking Glucose Solution about 237 ml contained 75 g of sugar, the data from 320 diabetics patients aged from 45 to 60 were collected from a hospital located in Hafizabad, Pakistan. A group of 20 patients at each age level is formed and the minimum and maximum blood sugar levels are recorded from 16 groups of patients. The schematic diagram to measure blood sugar level is depicted in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic diagram of the data measurement of sugar level in blood.


The data of blood sugar levels are reported in Table 1. The minimum and maximum levels of blood sugar (in mg/dl) after 8 h of fasting (G1) and 2 h after drinking, the glucose solution of about 237 ml and containing 75 g sugar (G2) are shown in Table 1. From Table 1, it can be seen that blood sugar level is expressed in intervals; therefore, investigation on the significance of correlation cannot be performed using the existing t-test for correlation. Decision-makers can apply the proposed t-test for correlation using neutrosophic statistics. To test the null hypothesis H0N that there is no correlation between G1 and G2 vs. H1N that G1 and G2 are associated, the neutrosophic correlation rNϵ[rL, rU] for G1 and G2 is calculated as follows: rN = 0.9900−0.9899IrN; IrNϵ[0, 0.0001]. The value of statistic tNϵ[tL, tU] for G1 and G2 is calculated as: tN = 26.29−26.22ItNϵ[0, 0.0027].


Table 1. Data of sugar levels in the blood.

[image: Table 1]

To investigate the relationship between G1 and G2, the following steps will be carried out:

Step 1: state H0N: no correlation between G1 and G2 vs. H1N: G1 and G2 are associated;

Step 2: fix the level of significance αN = 0.05 and the tabulated value is tC= 1.76 at the degree of freedom 14 from (36);

Step 3: compute statistic tNϵ[tL, tU] = [26.29, 26.22] and compare with tC = 1.76;

Step 4: As [26.29, 26.22 > 1.76], it is concluded that blood sugar levels between G1 and G2 are significant.

Based on the analysis, it can be concluded that there is a significant correlation between 8-h fasting sugar level and 2 h after drinking, the glucose solution of about 237 ml and containing75 g of sugar.



ADVANTAGES

The proposed t-test for correlation is a generalization of t-test for correlation using classical statistics, interval-based statistics, and fuzzy logic. Now, the efficiency of the proposed t-test for correlation will be discussed over these tests in terms of flexibility and information. For comparisons, we will consider the neutrosophic form of the statistic tNϵ[tL, tU] that is tN = 26.29−26.22ItNϵ[0, 0.0027]. This neutrosophic form has two parts of information: the first one is about the statistic of classical statistics, and the second one is about the indeterminate part of the proposed test. For example, when tL= 0, the value 26.29 presents the value of test statistic using classical statistics. According to the proposed test, the value of tNϵ[tL, tU] will in the interval from 26.29 to 26.22 rather than the exact value. The proposed test also indicates the measure of indeterminacy associated with the interval that is 0.0027. From this comparison, it is clear that the t-test using neutrosophic statistics has an edge over the existing t-test for correlation. The t-test using interval statistics and fuzzy-based logic gives the values of the test statistic in intervals without giving any information about the measure of indeterminacy. For example, for testing the hypothesis H0N: no correlation between G1 and G2, the probability of committing a type-1 error is 0.05 (false), the probability of accepting H0N: no correlation between G1 and G2 is 0.95 (true), and the measure of indeterminacy is 0.0027. The t-test using fuzzy logic will give information only about the measures of falseness and truth. Based on the analysis, it is concluded that the proposed t-test for correlation is better than the existing tests.



DISCUSSIONS

As the data is collected from a group having 20 people at the fasting time and then after two hours of drinking glucose solution about 237 milliliters contained 75-gram. The neutrosophic form of the correlation between G1 and G2 is rN = 0.99−0.9899IrN; IrNϵ[0, 0.0001]. It is interesting to note that the correlation between the two groups, G1 and G2, varies from 0.99 to 0.9899, with the measure of indeterminacy IrN= 0.001. From this correlation analysis, it can be seen that there is a strong positive correlation between fasting of 8 h and after 2 h of drinking the glucose solution. It means that if an 8-h fasting blood sugar level is high, then the blood sugar level after 2 h of drinking the glucose solution is also high and vice versa. It is important to note that after the 8-h fasting, the minimum blood sugar level of those aged 45 is 159. The value 159 indicates that these patients should take some energy drink before 2 h before sleeping, so that blood sugar can be utilized properly by the body. In addition, with an increase in 8-h fasting sugar, patients aged 45 to 60 should avoid taking carbohydrate or glucose items.



CONCLUDING REMARKS

The t-test of a correlation coefficient under neutrosophic statistics was presented in the article. The proposed t-test of a correlation coefficient was a generalization of the existing t-test of a correlation coefficient under classical statistics. From the real example, the proposed t-test of a correlation coefficient was found to be effective for investigating the significance of correlation in an indeterminate environment. The simulation study showed that measures of indeterminacy affect the decision on the significance of correlation. The proposed test can be applied to investigate correlations in the fields of economics, business, medicine, and industry. The proposed t-test of a correlation coefficient using a double sampling scheme can be considered as future research. Further statistical properties can be studied in future research. The proposed study can be extended for blood sugar measurement under different conditions and validation methods as future research. In addition, some disturbances can also be considered for blood glucose measurement in future studies.
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Oyster peptide (OP) has exhibited useful biological activities and can be used in multi-functional foods. OP has been reported to play a significant role in intestinal protection, but its specific mechanism is still not completely understood. The aim of this study was to analyze the potential effect of OP on oxidative damage of mice intestine induced by cyclophosphamide (Cy). The experimental results revealed that intragastric administration of OP significantly increased average bodyweight, improved ileum tissue morphology and villus structure, as well as increased the activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) in oxidized mice serum and liver. The content of malondialdehyde (MDA) in the mice serum and liver homogenate was found to be markedly decreased. Moreover, OP significantly increased the relative mRNA expression levels of superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), quinone oxidoreductase (NQO1) and heme oxidase-1 (HO-1) in ileum. Western-blot results indicated that prior administration of OP significantly up-regulated the Nrf2 production in ileum, and substantially decreased then Keap1 gene expression. In conclusion, intake of OP was found to markedly improve intestinal oxidative stress in vivo, and this effect was primarily mediated through the simulation of antioxidant Nrf2-Keap1 signaling pathway. This study is beneficial to the application of peptide nutrients in the prevention or mitigation of intestinal oxidative damage.
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INTRODUCTION

Oxidative stress related injury refers to the imbalance between oxidative and anti-oxidative reactions caused by excessive production of reactive oxygen species (ROS) in the body (1). The various ROS species are primarily generated and exhibit their functions in mitochondria. These include superoxide anion radical, hydrogen peroxide (H2O2), alkane peroxide radical, lipid peroxide radical, nitric oxide (NO·) and hydroxyl radical (HO·) (2). At low concentrations, ROS generally plays a beneficial regulatory role through inducing apoptosis of injured or senescent cells and acting as the different mediators of cell signaling pathway regulation (3). However, excessive production of ROS can be harmful to the body, leading to significant oxidative stress and can substantially weaken intestinal mucosal immune barrier function (4). The intestine is a vital organ of the human body and the major site of digestion and absorption. As a biological barrier (5), it is frequently exposed to oxidative stress and other stress conditions, resulting in increased infiltration of the toxins. Excessive accumulation of oxygen free radicals can effectively destroy the gut mucosal barrier and disrupt intestinal flora, thus affecting the body's homeostasis system (6). Furthermore, oxidative stress can function as an important factor in intestinal inflammation. Accumulating evidences suggest that the use of antioxidants could be useful for the treatment of inflammatory bowel disease, intestinal mucosal infections, ulcerative colitis and colon cancer (7–9).

Cyclophosphamide (Cy) is an alkylating compound, which is often used as an antitumor agent and chemotherapeutic agent (10, 11). It mainly acts through causing cross-linking in DNA, blocking DNA replication as well as synthesis, and thus preventing cell proliferation. The effects of Cy have been found to be non-specific and it can not only eliminate the malignant cells, but at the same time can also damage the various normal cells (such as lymphocytes, gastrointestinal mucosa cells, etc.) (12). It can also disrupt the normal structure of gastrointestinal mucosa and adversely affect intestinal mucosa thereby causing immune disorders and severe side-effects. Extensive use of Cy can cause nausea and vomiting, diarrhea, intestinal barrier destruction, increase intestinal permeability, gastrointestinal mucosal damage, enhance exposure to immune deficiency and secondary infection, oxidative stress, intestinal microflora structural disorders and other side effects (13). Thus, in this study, Cy was used as an inducer to establish a model of intestinal oxidative damage in mice.

Antioxidants present in the food can significantly improve the oxidative state of the body and help to maintain the oxidative/antioxidant balance in the gut (14, 15). The use of food proteins and their constituent peptides which exhibit relatively fewer side effects as antioxidants can serve as an effective approach. Oyster is one of the largest shellfish varieties found in the world. It is extremely rich in different nutrients, including the trace elements, proteins, fatty acids, glycogen, vitamins and taurine. Oyster, as the largest shellfish cultured in the world, is rich in various marine based active peptides, which has become a research hotspot at home and abroad (16, 17). The Marine oyster peptides (OP) possess specific amino acid compositions and sequences, which are quite different from those of the terrestrial proteins. There may be some peptides with specific biological activities. In recent years, a number of studies have reported that oyster active peptide can display multifarious biological activities, such as those related to anti-oxidation (18), lowering of blood pressure (19), inhibition of tumor cancer (20), improving learning and memory (21), and enhancing immunity (22). In addition, a few studies have found that the peptides obtained from the various substances can also exhibit potent antioxidant properties. For example, the antioxidant peptide (ATVY) obtained by Yang et al. from the hydrolyzed protein of black shark skin has displayed good free radical scavenging activity and can be used for the production of antioxidant food additives (23). In addition, the purified peptides obtained from the extract of Marphysa sanguinea have demonstrated significant antioxidant activity and reduced the contents of catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) and malondialdehyde (MDA) (24). It also inhibited the abnormal secretion of proinflammatory cytokines such as nitric oxide (NO), inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2). In another study, Mirzapour-kouhdasht et al. prepared gelatin peptides from fish by-products which displayed potent free radical scavenging effects and pronounced antioxidant effects after gastrointestinal digestion in vitro (25). In addition, the small molecule peptides obtained from ALI have exhibited strong DPPH (26), hydroxyl radical and superoxide radical scavenging activities, iron reducing antioxidant and metal chelating properties, and inhibited enzymatic activities of ACE, α-amylase and glucosidase. However, there are only few studies which have examined the effect of OP on oxidative damage of intestinal mucosa induced by Cy.

Here, the potential protective effects of OP on intestinal mucosa were explored by establishing a oxidative injury mouse model of intestinal mucosa, and the underlying mechanism was elucidated. As the advance and the novelty, this study analyzed the relationship between antioxidative peptide and Nrf2-Keap1 pathway in vivo. The findings of this study might provide evidence for further understanding the protective mechanism of OP on intestinal mucosal injury, and thus provide a better natural alternative health food both for the prevention and treatment of oxidative stress injury.



MATERIALS AND METHODS


Experimental Animals

Male SPF BALB/C mice aged 5–7 weeks and weighing 15–18 g were used in the present study. The mice were purchased from Slack Laboratory Animal Co., LTD. (Shanghai, China), and the license number was: SCXK (Shanghai) 2017-0005. Before the formal beginning of the experiments, the mice were placed in the animal room for adaptive feeding for 7 days, during which they were free to ingest food and water. Environmental conditions were set as: temperature 25 ± 1°C, humidity 50 ± 3%, light and dark cycle for 12 h. This study was carried out by the guidelines of the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals, which is approved by the Animal Ethics Committee of Zhejiang University of Technology (20210308038).



Chemicals and Reagents

Cyclophosphamide was obtained from Aladdin Chemical Co., LTD (Shanghai, China). Catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), and malondialdehyde (MDA) detection kits were purchased from Nanjing Jianguo Institute of Biological Engineering (Nanjing, China). Antibodies against Nrf2 and Keap1 were obtained from Abcam (Cambridge, UK). In addition, monoclonal antibody against β-actin was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All other reagents obtained were commercially available and of analytical grade.



Management of Animals

The acclimated mice were randomly divided into four different groups according to body weight (n = 8): control group (C), Cy model group (Y), OP high-dose group (HP) and low-dose group (LP). Mice were intragastrically administered OP for 21 successive days, and intraperitoneal Cy was injected for 3 days (days 18–21). The dose of Cy was determined according to our previous research, as shown in Table 1. The body weight and the vital physical signs of the mice were examined and recorded daily. At the end of the experiment, all the mice were sacrificed by cervical dislocation. The cardiac blood samples were collected at 2,000 r/min and centrifuged for 10 min, −80 °C. The samples of thymus, spleen, liver, ileum, serum and feces were obtained and stored at −80°C for further experiment, respectively.


Table 1. Experimental grouping of mice.

[image: Table 1]



Determination of Average Daily Gain in Mice

On the 21st day of the experiment, the organ index of the mice after the death was determined by using the following formula:

Organ Index = organ weight (mg)/body weight (g) × 10



Hematoxylin-Eosin Staining of Ileum of Mice

The fresh ileum of mice was rinsed several times with the normal saline and placed in a clean eppendorf tube. The ileum was fixed in 10 mL 4% paraformaldehyde at room temperature for 24 h. Thereafter, ethanol dehydration, xylene transparent and paraffin embedding were carried out, respectively. Finally, the paraffin blocks were continuously cut by a slicer to obtain intestinal sections with a thickness of approximately 6 μm. Three sections of each tissue block were randomly selected for hematoxylin-eosin (HE) staining (27), and the histopathological changes of the intestine were observed under the microscope (Olympus CX23, Japan).



Electron Microscopic Observation

The ileum was removed after mouse the dissection, washed with PBS solution, and dried with filter article. A section of the empty intestine was obtained and fixed in a centrifuge tube containing glutaraldehyde. Transmission electron microscope (TEM) samples were treated as follows: The ileum of mice was washed several times with PBS solution and fixed in 1% osmium solution for 1 h. After rinsing with the distilled water for three times, the ileum was dehydrated with gradient ethanol and pure acetone successively. The ileum tissue was placed overnight in Spurr resin and polymerized at the temperature of 70°C. Thereafter, the intestine was cut into slices and then stained with uranium acetate and lead citrate. The ileum tissue was observed by TEM and SEM photographed (28). The sample was dehydrated with the gradient ethanol and embedded in the sample section. The samples were dried with liquid carbon dioxide critical point. The ileum surface was coated with a layer of metal composite material with a thickness of about 30 nm by ion sputtering.



Detection of Antioxidant Enzyme Content in the Serum of Mice

The mice were anesthetized and sacrificed by neck amputation, followed by blood collection. The blood was subjected to the centrifugation at 4000 r/min and incubated at 4°C for 15 min. SOD, GSH-Px, CAT and MDA antioxidant kits were used to detect the contents of the various antioxidant factors in the serum of different groups of mice, according to the manufacturer's instructions.



Determination of Antioxidant Factors in Mouse Liver Tissue Homogenate

The mouse livers were weighed to about 100 mg and thoroughly ground in a tissue homogenizer. The supernatant was obtained after centrifugation at 3000 r/min for 10 min and stored at the temperature of 4°C. The contents of antioxidant enzymes SOD, GSH-Px, CAT and MDA were detected on the basis of the manufacturer's instructions of the commercial antioxidant kits.



Quantitative Real-Time Polymerase Chain Reaction

The relative mRNA expression levels of GSH-PX, SOD, CAT, NQO1 and HO-1 were detected through RT-PCR. The total RNA of the sample was extracted from the ileum by using 1 mL ice-cold TRIzol reagent (Ambion, Carlsbad, USA). The mass and concentrations of extracted RNA were determined via spectrophotometry at 260 and 280 nm, respectively. The first strand of cDNA was synthesized by using a Prime-Script 1st Strand cDNA Synthesis Kit (Takara, Dalian, Japan). The different primer sequences were designed by Primer 5 software and synthesized by Shanghai Shenggong Biotechnology Co., Ltd. (Shanghai, China), the details of which have been shown in Table 2. The qRT-PCR was performed by using the Applied Biosystems ViiA™7 Real-Time PCR system. Thereafter, PCR reaction was carried out according to the standard operation process of SYBR Green qPCR test kit. The RT-PCR reaction was carried out based on the following procedure: pre-denaturation at the temperature of 95°C for 30 s, followed by 40 cycles of the conditions: 95°C for 5 s and 65°C for 34 s. The cyclic threshold (CT) values of each gene were normalized using β-actin. With β-actin as internal reference gene, the relative mRNA expression level of target gene was calculated according to the 2−ΔΔCt method (29). The experiment was repeated in triplicate.


Table 2. RT-PCR primer sequences.
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Western Blot Analysis

The ileum lysates were prepared using the Radio Immunoprecipitation Assay (RIPA) lysate buffer. The protein concentrations of the lysates were analyzed through bicinchoninic acid (BCA) protein determination kit (Beyotime, Shanghai, China). Approximately 30 μg of proteins were isolated using SDS-PAGE (10%) solution and then transferred to a 0.45 μm polyvinylidene fluoride (PVDF) membrane (Merck Millipore, MA, USA). The membrane was then blocked with 5% skim milk and incubated with the primary antibody (Abcam, Cambridge, UK) at the temperature of 4°C overnight. The membranes were washed three times with TBS for 5 min. Thereafter, the membrane was incubated within HRP-conjugated secondary antibody at the room temperature for about 2 h and rinsed three times for 15 min. The chemiluminescence imaging was carried out using the protein using enhanced chemiluminescence (ECL) reagent (Beyotime, Shanghai, China) (30). Finally, Image J software was used to test and analyze the band density, and each sample was analyzed three times.



Statistical Analysis

All experimental data was analyzed using SPSS17.0 software. The experimental data was expressed as mean ± standard error (SEM). One-way variance (ANOVA) and Tukey tests were adopted for the statistical significance analysis. P < 0.05 was considered to be statistically significant.




RESULTS AND DISCUSSION


Effect of OP on Average Daily Gain in Mice

The mice in Cy treated group showed significant stress reactions such as hair loss and luster, lethargy, slow movement and yellow feces on the second day after intraperitoneal injection of Cy, compared to the normal group (Figure 1). In addition, the average daily gain of mice after Cy injection was found to be decreased (P < 0.05). Compared with Cy group, early intragastric administration of high-dose OP significantly increased the average daily gain of mice (P < 0.05). However, the mice treated with low dose OP also significantly increased the average daily gain, but the effect was not found to be significant (P > 0.05).


[image: Figure 1]
FIGURE 1. Effects of OP on the average daily gain in oxidative injured mice. Different letters in the figure represent significant differences (P < 0.05). C: the normal group; Y: the Cy-induced group; LP: Cy+200 mg/kg OP; HP: Cy+400 mg/kg OP.




Effects of OP on Ileum Morphology in Mice

The potential effects of OP on ileum tissue morphology of mice were also analyzed and the results have been shown in Figure 2. It was found that in the normal group of mice ileum, villi was arranged orderly, appeared slender and compact with complete structure as well as thick intestinal wall. In the Cy treated group, the villi of ileum were observed to be loose and short, and some of the villi were broken and detached. After the OP pre-treatment, the length of villi in the LP and HP group was restored, and the structure was observed to be more complete as well as orderly, and the damaged condition was substantially improved. These results suggested that intake of OP can effectively protect ileum tissue of immunosuppressed mice to a certain extent, and reduce intestinal villi damage caused by Cy.


[image: Figure 2]
FIGURE 2. Effects of OP on ileum histomorphology in oxidative injured mice [(A): Normal group; (B): Cy-induced group; (C): LP: Cy+200 mg/kg OP; (D): HP Cy+400 mg/kg OP; 200x].




Electron Microscopic Observation of Ileum in Mice

TEM results of ileum of all mice have been shown in Figures 3A–C. In the normal group, the microvilli were found to be arranged and distributed in a very orderly manner, with long villi and almost no gap, and the close connection was clearly visible in the figure. However, compared with the normal group, Cy induced the intestinal microvilli of mice into rare and disordered state, with irregular tight connections, and the intestinal villi were observed to be severely damaged. After early intragastric administration of OP, the intestinal mucosa structure of the mice was noted to be significantly improved and the structure of microvilli was restored. The SEM results of ileum showed that the ileum structure of mice in the normal group was flat as well as smooth, and the microvilli were closely connected, in Figures 3D–F. The microvilli in the Cy model group were not consistent in height and were arranged irregularly, and some microvilli were found to be broken and fractured. The intestinal microvilli of mice treated with OP appeared to be relatively repaired, with small spaces between them as well as smooth surface, and almost returned to the normal state. These results indicated that intake of OP can markedly repair the damage of Cy induced ileum mucosa in mice.


[image: Figure 3]
FIGURE 3. Effects of OP on ileum villi morphology in immunosuppressed mice. (A–C) Transmission electron microscopy, 10K×, (A): Normal group, (B): Cy-induced group, (C): Cy+400 mg/kg OP, (D–F): Scanning electron microscopy, 15K×, (D): Normal group, (E): Cy-induced group, and (F): Cy+400 mg/kg OP.




Effect of OP on Serum Antioxidant Enzyme Level in Mice

We also investigated the dose dependent effects of OP on the content or activities of serum antioxidant enzyme in mice, as shown in Figure 4. The activities of SOD, CAT and GSH-Px in serum of Cy treated mice were distinctly decreased, and the activity of MDA was significantly increased (P < 0.05), compared with normal group. The intervention with high dose OP increased the contents of SOD, CAT and GSH-Px in serum of mice (P < 0.05), but significantly decreased the activity of MDA (P < 0.05), compared with the Cy group. Interestingly, low dose of OP intake also increased GSH-Px activity of serum in mice (P < 0.05), and decreased the content of MDA in the serum (P < 0.05), but did not display significant effect on the activities of SOD and CAT in the serum (P > 0.05). These findings suggested that the prior administration of OP boosted the antioxidant capacity in vivo, thereby modulating the oxidative stress response caused by Cy even in a dose-dependent manner.


[image: Figure 4]
FIGURE 4. Effects of OP on the contents of CAT (A), GSH-Px (B), MDA (C), and SOD (D) in serum of oxidative injured mice. Different letters in the figure represent significant differences (P < 0.05). C: the normal group; Y: the Cy-induced group; LP: Cy+200 mg/kg OP; HP: Cy+400 mg/kg OP.




Effect of OP on Antioxidant Enzyme Level in Mouse Liver

In addition, the dose dependent effects of OP on the activities of the various antioxidant factors in the mouse liver tissue was also analyzed (Figure 5). It was found that compared with Cy treated mice, the activities of CAT, GSH-Px and SOD in liver decreased significantly (P < 0.05), while the content of MDA was observed to be increased more than 3 times (P < 0.05), thereby suggesting that serious oxidative stress occurred in liver after Cy was injected into the mice. Moreover, Compared with Cy group, CAT, GSH-Px and SOD in the liver of mice increased substantially (P < 0.05), and MDA production was decreased approximately by 50% in LP mice and 70% in HP mice (P < 0.05) under OP prevention. The above findings indicated that OP also exhibited a specific recovery and regulation effect on oxidative damage caused in the mouse liver tissues, and can display a dose-dependent protective effect.


[image: Figure 5]
FIGURE 5. Effects of OP on the contents of CAT (A), GSH-Px (B), MDA (C), and SOD (D) in liver of oxidative injured mice. Different letters in the figure represent significant differences (P < 0.05). C: the normal group; Y: the Cy-induced group; LP: Cy+200 mg/kg OP; HP: Cy+400 mg/kg OP.




Effects of OP on the Relative Expression Levels of the Various Antioxidant Genes in Ileum of Mice

The effect of OP on the relative expression of antioxidant related genes in the ileum of Cy-induced mice was also examined. The experimental results have been shown as in Figure 6. It was noted that compared with the normal group, intraperitoneal injection of Cy significantly reduced the relative mRNA expression of SOD, GSH-Px, HO-1 and NQO1 (P < 0.05). Moreover, compared with the Cy treated group, the relative expression of SOD, GSH-Px, HO-1 and NQO1 genes were significantly increased upon prior intake of OP (P < 0.05) in a dose-dependent manner. These results suggested that OP can regulate the expression of various antioxidant genes and exert substantial protective effect on intestinal oxidation in immunosuppressed mice, which can partially recover the decreased antioxidant capacity caused by Cy.


[image: Figure 6]
FIGURE 6. Effects of OP on the relative mRNA expression levels of intestinal antioxidant factors SOD (A), GSH-Px (B), HO-1 (C), and NQO1 (D) in oxidative injured mice. Different letters in the figure represent significant differences (P < 0.05). C: the normal group; Y: the Cy-induced group; LP: Cy+200 mg/kg OP; HP: Cy+400 mg/kg OP.




Effects of OP on Nrf2-Keap1 Protein Expression in Ileum of Mice

Finally, we investigated the dose dependent effect of OP on the relative expression of major proteins of Nrf2-Keap1 pathway in the mice ileum. The result has been shown in Figure 7. The relative expression level of Nrf2 protein in ileum tissue of mice after Cy treatment was found to be significantly reduced (P < 0.05), but the relative expression level of Keap1 protein was significantly increased (P < 0.05) as compared with the normal group. Interestingly, prior intake of OP significantly upregulated Nrf2 protein expression level in ileum of the mice (P < 0.05), while it significantly decreased Keap1 protein expression in a dose-dependent manner (P < 0.05), as compared with the Cy group. These findings suggested that OP might play a protective role on intestinal oxidative stress in immunosuppressed mice through activating Nrf2-Keap1 pathway.


[image: Figure 7]
FIGURE 7. Effects of OP on Keap1-Nrf2 signaling pathway in the ileum of oxidative injured mice. Different letters in the figure represent significant differences (P < 0.05). C: the normal group; Y: the Cy-induced group; LP: Cy+200 mg/kg OP; HP: Cy+400 mg/kg OP.





DISCUSSION

Cy is widely employed in the treatment of different cancers as well as autoimmune diseases (31), and can cause oxidative stress and intestinal mucosal damage while exerting anti-tumor effects (32). It has been established that administration of large doses of Cy can cause severe side effects such as intestinal barrier disruption, increased intestinal permeability, gastrointestinal mucosal destruction, immune deficiency as well as secondary infections, and the production of excessive free oxygen radicals. In recent years, several studies have found that diverse bioactive peptides isolated from the different sources can exhibit strong antioxidant activity (23), which can improve or restore the body's immunity. Solenocera Crassicornis head protein Hydrolysates-Fraction 1 (SCHPS-F1) is mainly composed of different low molecular weight peptides. It has been reported that Cy-induced nephrotoxicity could be alleviated by restoring antioxidant enzyme activity and Nrf2-Keap1 antioxidant pathway-related protein expression. In addition, Fontoura et al. isolated a novel antioxidant peptide from the protease hydrolysates of the feather keratin from corn germ which caused substantial hydroxyl radical scavenging and lipid peroxidation inhibition (33). Here, we investigated the potential protective effects of OP on intestinal mucosal loss and oxidative stress in immunosuppressed mice upon intraperitoneal injection of Cy and pre-gavage administration of OP.

The experimental results showed that most of the mice exhibited decrease in weight, loss of appetite and mental malaise after the treatment with Cy. However, when OP was administered, the appetite began to recover and weight loss in mice was significantly reduced. Intestinal tract not only plays a vital role in nutrient digestion and absorption, but also is the biggest immune organ. The results of HE staining and electron microscopy suggested that the intestinal villi of Cy treated mice was loose, some villi were broken and their structural integrity was destroyed. The villi of LP as well as HP groups were found to be compact, the intestinal injury was improved, and the villi length was close to the normal group. SOD), CAT) and GSH-Px are the key enzymes and regulatory factors involved in the body's antioxidant defense system. For instance, SOD can effectively catalyze superoxide anion and remove free radicals, thereby reducing the lipid peroxidation and maintaining the balance between oxidative and anti-oxidative states (34–36). Meanwhile, GSH-Px and CAT can functionally remove H2O2 and reduce ·OH level, thus reducing the damage caused by free radicals to the body (37, 38). MDA is the final by-product of endogenous lipid peroxidation, which can lead to DNA rearrangement and even apoptosis (39, 40). Both the ileum and liver are important immune organs of the body. When the intestinal environment is affected by inflammation, oxidative stress and disorder of bacterial community structure, the liver can also produce corresponding adverse reactions. Therefore, the relative expression level of anti-oxidant genes, and the content of antioxidant enzymes in the serum and liver were also measured in this study. The results indicated that the contents of SOD, CAT and GSH-Px in the serum and mice liver were decreased markedly, whereas the content of MDA was substantially increased after the treatment with Cy, thus suggesting that Cy caused oxidative stress in mice. Moreover, compared with Cy treated group, gavage of OP significantly increased the mRNA expression contents of SOD and GSH-Px in the mice ileum, decreased the MDA content and enhanced the secretion of the SOD, CAT, and GSH-Px in the mice serum and liver. These findings suggested that early intake of OP can significantly reduce the lipid peroxidation in the serum, ileum and liver tissues, and alleviate the oxidative lesions induced by Cy. The possible mechanisms contributing to these protective effects may be due to improvement in the contents of antioxidant enzymes by up-regulation of their relative mRNA expression. A number of previous studies have reported many similar results. For example, fucoidan has been shown to significantly reduce the contents of MDA, IL-6, IL-1β, and TNF-α in the liver and kidney tissues of mice induced by Cy (41), and it also increased the activities of SOD, GSH-Px and CAT. In addition, fucoidan can also activate Nrf2/HO-1 pathway, by increasing Nrf2, GCLM, HO-1 and NQO1 protein levels. Sulfate polysaccharide AL1-1 in sea cucumber can significantly increase intestinal total antioxidant capacity (T-AOC) and decrease intestinal MDA level (42). AL1-1 can also increase the levels of CAT and GSH-Px, and significantly enhance the immune response. These studies are consistent with the conclusion of our experiment results.

Nrf2 is a critical transcription factor which can effectively regulate oxidative stress in the body and restore oxidative damage by modulating the secretion of antioxidant enzymes (43, 44). Under regular physiological conditions, Nrf2 remains bound to Keap1 (Kelch-like ECH-associated protein 1), in the cytoplasm, which can also regulate degradation of Nrf2 by the ubiquitin–proteasome pathway. In response to oxidative stress, the continuous production and accumulation of ROS causes Nrf2 to dissociate from Keap1 and migrate into the nucleus to bind to antioxidant response elements (ARE) and regulate the secretion of various cytoprotective genes (HO-1, NQO1) downstream of Nrf2-Keap1 signaling pathway (45). The experimental results showed that intake of OP significantly increased the gene expression levels of major detoxifying enzymes, HO-1 and NQO1 in the Nrf2 signaling pathway of mice ileum. Interestingly, the Western-blot results also indicated that the expression of Keap1 protein in ileum mice induced by Cy was substantially reduced and the expression of Nrf2 protein was up-regulated by OP intake in a dose-dependent manner as compared with the Cy treatment group. Overall, the findings suggest that OP can regulate oxidative stress in Cy treated mice, and the mechanism may be relevant to the activation of pathway of Nrf2-Keap1 to combat the oxidative stress. OP also showed potent antioxidant activity in vitro. By regulating Nrf2-Keap1 pathway in CPP-treated mice, the expression of upstream factor Keap1 was decreased, whereas that of Nrf2 was increased, and then the expression of downstream factors (NQO1, HO-1, GSH-Px, SOD and CAT) was found to be enhanced. It prevented oxidative damage induced by Cy in mice. As an effective antioxidant, OP can significantly reduce reproductive oxidative stress damage associated with the Nrf2-Keap1/ARE pathway.



STUDY LIMITATION

This finding may be some potential limitations. First, Cy-induced long-term intestinal oxidative damage is not equivalent to ordinary oxidative damage. The Cy modeling method has indeed increased the success rate and achieved excellent results in vivo, but at the same time, it is necessary to ignore the interference effects of other negative effects. In addition, peptides are hydrolyzed in the gastrointestinal tract into free amino acids, which also have the antioxidant capacity in the body. However, it is worth noting that it is also due to the characteristic products of different peptide sequences that cause the different results.



CONCLUSION

In this study, intragastric administration of OP was found to significantly increase the average daily gain of Cy-induced oxidative stress mice. OP treatment also improved SOD, CAT and GSHPx activity levels in the serum and liver, and significantly reduced MDA content. Moreover, OP increased the relative mRNA expression of SOD, GSH-Px, Nrf2, HO-1 and NQO1 in ileum significantly, up-regulated Nrf2 protein expression but down-regulated Keap1 protein expression. Overall, OP can regulate the intestinal oxidative damage induced by Cy in mice, and its mechanism may be primarily mediated by enhancing the expression of various antioxidant genes, antioxidant enzyme activities and activating Nrf2-Keap1 pathway. The results showed that OP might have useful potential in the treatment of intestinal oxidative damage and other similar related diseases.
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Major depressive disorder (MDD) is a complex, multifactorial disorder of rising prevalence and incidence worldwide. Nearly, 280 million of people suffer from this leading cause of disability in the world. Moreover, patients with this condition are frequently co-affected by essential nutrient deficiency. The typical scene with stress and hustle in developed countries tends to be accompanied by eating disorders implying overnutrition from high-carbohydrates and high-fat diets with low micronutrients intake. In fact, currently, coronavirus disease 2019 (COVID-19) pandemic has drawn more attention to this underdiagnosed condition, besides the importance of the nutritional status in shaping immunomodulation, in which minerals, vitamins, or omega 3 polyunsaturated fatty acids (ω-3 PUFA) play an important role. The awareness of nutritional assessment is greater and greater in the patients with depression since antidepressant treatments have such a significant probability of failing. As diet is considered a crucial environmental factor, underlying epigenetic mechanisms that experience an adaptation or consequence on their signaling and expression mechanisms are reviewed. In this study, we included metabolic changes derived from an impairment in cellular processes due to lacking some essential nutrients in diet and therefore in the organism. Finally, aspects related to nutritional interventions and recommendations are also addressed.

Keywords: major depressive disorder, malnutrition, epigenetics, S-adenosylmethionine, micronutrients, omega 3 polyunsaturated fatty acids, pre/probiotics, mineral deficiency


INTRODUCTION

Major depressive disorder (MDD) is a complex and multifactorial neuropsychiatric disease occurring as a result of multiple changes in the brain and the entire organism (1). The World Health Organization (WHO) ranked MDD as the third cause of the burden of diseases globally in 2008, projecting that by 2030, it will become the leading one (2). The estimated global prevalence of MDD was about 4.7% with an annual incidence of a 3% (3). However, the global burden of MDD has been increasing during the last years, specially due to the coronavirus disease 2019 (COVID-19) pandemic (4). Likewise, the risk for suffering from MDD is 2-fold higher in woman than in men, showing some particularities in the underpinning biological mechanisms (5), and although the prevalence may vary across ages, this condition may appear virtually at any stage of life (6). Furthermore, MDD entails devastating individual and socioeconomic consequences. For instance, the risk of suicide is notably higher in subjects with depression, especially for young men (7). In the same manner, being diagnosed with MDD is also related to an increased risk of suffering from cardiovascular death, functional impairment, disability, and decreased workplace productivity and absenteeism (8). Collectively, these events lead to huge economic losses, which may also be attributed to the cost of their derived medical treatments, that frequently are not enough to aid neither in the clinical management of depression nor in their complications (9, 10).

In general terms, psychiatric disorders are considered multifactorial conditions resulting from an interplay of genetic and environmental factors that drive to a set of molecular, cellular, circuitry, structural, and functional changes in the brain (11). In this sense, there are no single gene identified as a causative agent of any psychiatric disorder, including MDD, and there has been a recognition in the need of different environmental factors to explain the onset and progression of these conditions (12, 13). Epigenetics are the central link between genetics and environmental agents, as it modulates the expression of critical genes products under certain environmental conditions (14). Hence, growing efforts are being placed to influence in the epigenetic mechanisms involved in the development of different psychiatric disorders, including MDD (15, 16). Diet is a promising modulator of several epigenetic mechanisms in the entire organism, also in the brain, where it modulates the expression of several genes involved in the function of this organ (17–19). The patient with depression is frequently co-affected by malnutrition. It is not easy to assure if depressive status leads to bad dietary habits and hence micronutrient deficiencies or if those deficiencies are part of the onset of MDD. What it has been observed is that these patients are likely to lose weight involuntarily or suffer deficiencies of essential nutrients (20). Thus, the aim of this review is to collect the available evidence of the epigenetic origins of MDD, concretely evaluating the actions of diet in the onset and development of MDD. Furthermore, we will focus on the translational opportunities derived from this knowledge, and future directions to follow to unravel these complex interactions.



EPIGENETIC BASIS OF MDD


Is MDD an Epigenetic Malady?

To answer this question, starting with the definition of epigenetics is a need. This term refers to “the changes in gene function that cause their activation or deactivation without any alteration in the DNA sequence” [National Human Genome Research Institute (21)]. In this context, multifactorial diseases such as psychiatric disorders emphasize the importance of stress-related and environmental factors, which have pointed more prominence in the etiology than genetic factors. Discordances among identical twins studies have justified that frequent exposure to environmental stressors prompts stable changes (i.e., epigenetic marks) in the gene expression with a consequent impact on neuronal functions and, therefore, behavior (22).

The modifications that cause those events can be mediated by DNA methylation, histone modification, and also the expression of signaling non-coding RNAs, mainly represented by long-noncoding RNAs (lncRNAs) and microRNAs (miRNAs) (23–25). That epigenetic regulation can occur not only from nervous system development but also in the mature brain with long-lasting effects and the possibility to be heritable for multiple generations (26). These changes can lead to maladaptive neuronal plasticity, poorer resilience to stress, depressive mood, and different response to antidepressants (27). Recent work reviews have denoted the lack of information regarding the validation of depression-associated epigenetic modifications due to the short age of this field of study, the small sample size of patients, and the difficulties to study functioning changes in alive brains instead of postmortem (23), although there are some epigenetic markers that could be studied in serum and body fluids such as miRNAs (25). Besides, sometimes it is not possible to establish a clear causality of the epigenetic findings because of the difficulty of replicate the experimental results from animals to humans (28).

Systematic reviews have identified so far several alterations in the expression pathways of genes such as brain-derived neurotrophic factor (BDNF), oxytocin receptor (OXTR), nuclear receptor subfamily 3 group C member 1 (NRC31), sodium-dependent serotonin transporter (SLC6A4), FK506 binding protein 5 gene (FKBP5), spindle and kinetochore-associated complex subunit 2 (SKA2), leucine-rich repeat and Ig domain containing 3 (LINGO3), POU class 3 homeobox 1 (POU3F1), a transcriptional repressor of myelin-specific genes, and integrin beta-1 (ITGB1), effect on cell adhesion and several viruses receptor; in the signaling of glucocorticoids, serotonin, and neurotrophins (mainly, BDNF pathways) among others, all these are associated to traumatic events such as childhood maltreatment (29–31). This knowledge has provided a field to understand the long-term effects of adverse life events and aberrant gene expression related to MDD pathogenesis and psychiatric disorders in adulthood in general (32, 33).

Chronic stress has been reported to have pleiotropic effects altering selectively DNA methylome and chromatin compaction, involving mood and even pain perception (34). For these reasons, many authors have argued about an epigenetic basis for the onset of psychiatric disorders, so, it can be affirmed that depression is an epigenetic malady as queried.



Epigenetic Marks Described in Patients With MDD
 
Histone Modifications

Histones are pivotal structural elements of the chromatin in eukaryotic cells together with DNA and non-histone proteins. There are five major groups of histones, namely, H2A, H2B, H3, H4 (considered core histones and implicated in the formation of nucleosomes with DNA), and H1/H5, involved in the link of multiple nucleosomes and further DNA packaging (35). Far beyond its structural relevance, histones closely impact chromatin function and dynamics, affecting the chromatin expression due to the presence of specific histone variants (i.e., H2A.X, H2A.Z, macroH2A, H3.3, and CENP-A) or through posttranslational modifications (36). In this context, cumulative evidence is supporting the role of the histone variant H3.3 in the pathogenesis of MDD. Specifically, H3.3 dynamics is activated in the depressed human nucleus accumbens (NA) and in response to chronic social defeat stress in mice, whereas the use of antidepressants prevents H3.3 dynamics, limiting its negative effects (37). More data are available regarding the role of posttranslational modifications of histones. Histones are basic proteins particularly rich in lysine and arginine, also presenting other critical amino acids such as serine and threonine, which are prone to suffer from different modifications. These modifications include acetylations/deacetylations (at lysine), methylations/demethylations (at lysine and arginine), phosphorylations/dephosporylations (at serine or threonine), or ubiquitylations/deubiquitylations (36). Of them, histone methylation and acetylation are the most important posttranslational modifications implicated in the pathophysiology of MDD. The upregulation or downregulation of genes depend on the brain region and histone modification involved. Sun et al. (38) summarized many prodepressive epigenetic changes of this type: in the NA, there is an increase of histone deacetylases (HDACs), HDAC2 expression, and decrease of HDAC5 and H3K9me2 (demethylation of lysine 9 of histone 3); in the hippocampus, there is a decrease in H3/H4 acetylation and H3K9me3 and increase in the HDAC activity and HDAC5 expression; and in peripheral blood also aberrant epigenetic marks are found, such as increasing levels of HDAC2, 4, 5, and SIRTs (1,2,6) (sirtuins, a group of enzymes closely related to HDACs) (30). Histone lysine methylation affects neurons of the central nervous system (CNS), being considered a critical regulator of complex processes such as long-term memory formation and behavior (39). HDACs also alter Rac1 transcription (RAS superfamily of small GTP-binding proteins) in NA, leading to an impairment in the synapsis interfering in social defeat stress, social avoidance, and anhedonia (40).

There has been arising promising therapeutic approaches targeting HDACs and other hallmarks in pharmaco-epigenomics of MDD, which may offer broader effectiveness. For instance, HDAC inhibitors can upregulate neurotrophic factors, allowing an enhanced neural plasticity and exerting antidepressant-like behavior (41). In the same manner, HDAC inhibitors can attenuate the neuroinflammation being now considered as an anti-inflammatory treatment (42). Antidepressants have shown to reduce levels of HDAC4 recruitment along with an increased transcriptional activity of glial cell-derived neurotrophic factor (GDNF) in mice (43). Many preclinical models of HDAC inhibitors such as sodium butyrate, alone or in combination with antidepressants, have shown better antidepressant responses (44). These benefits can also be due to the modulation of this drug of DNA methylation, upregulating the enzyme ten-eleven translocation methylcytosine dioxygenase 1 (TET1), resulting in BDNF overexpression in the prefrontal cortex (45).



DNA Methylation

Many studies have been focusing on DNA methylation in CNS or peripheral tissue. Despite the small sample sizes and low replicative results, omics data and candidate-gene approaches (many about SLC6A4, BDNF, and NR3C1) are on the way to answer more etiological questions (46). Interestingly, maternal stress during pregnancy is key for the fetal epigenetic programming. Part of the maternal cortisol can pass to fetus and consequently, increase the expression of DNA methyltransferase 3a (DNMT3a) and then increase DNA methylation at the promoter region of converting active-to-inactive cortisol enzyme 11β-hydroxysteroid dehydrogenase type 2 (HSD11B2), leading to a lower expression of this enzyme at the fetal cortex and increasing the susceptibility to stress in later life (47). Not only emotional stress but also other stressors such as nutritional restriction can alter highly GC-rich zones in promoter core and downregulate HSD11B2 expression in placenta (48). All in all, the glucocorticoid exposure in the intrauterine environment is key for the DNA methylation of stress response genes, including HSD11B2 and also NR3C1. Some researchers have conducted studies to observe the joint contribution of these genes' expression in newborns neurobehavior, describing different phenotypes, including babies with low NR3C1 methylation but high HSD11B2 methylation had lower excitability scores; babies with high NR3C1 methylation but low HSD11B2 methylation had more asymmetrical reflexes; and lastly, those with high DNA methylation in both genes had higher habituation scores (49). These statements are in agreement with what several scientists have hypothesized as “the fetal origin of diseases” from the epigenetic reprogramming, in this case, “the fetal origin of psychopathology” (50). Although there is still little support from observational studies, there is much consideration about fetal origins of mental health in later life. Maternal depression in pregnancy is considered a serious public health concern, being estimated to increase the depression risk to a 4-fold in the offspring (28). Some evidence has also suggested that several infections and their inflammation during pregnancy may cause injuries in neurodevelopment and then increase the risk for autism spectrum disorder and depression (51).

Furthermore, early childhood stressful experiences have been also linked to changes in gene expression of hypothalamic-pituitary-adrenal axis (HPA), glucocorticoid signaling pathway (i.e., NR3C1 and FKBP5), neurotrophic factors (i.e., BDNF), serotonergic neurotransmission (i.e., SLC6A4), estrogen receptors, and arginine vasopressin, among others. In this line, it has been questioned if these early adverse events establish the features of our personality (52). The link between early-life social stress and different methylation patterns has been studied in animal models. High methylation by DNMT3 in CpG islands from promoter regions entails the downregulation of serotonin and its transporter (i.e., SERT) together with the upregulation of monoamine oxidase A (MAO-A) and tryptophan hydroxylase 2 (TPH2). All these genes are part of the process of brain development, stress response, and emotional control (53). Moreover, maltreated children have shown hypermethylation in the promoter region of GR gene NR3C1 compared with non-maltreated children, entailing transcriptional silencing. These results corresponded with emotional negativity, ego under control, and more externalizing behavior with depressive symptoms (54, 55).

Long-lasting affection of the HPA axis function has implications for health and well-being in later life. Those environment challenges make changes in brain plasticity, neuronal function, and behavioral adaptation to neuropsychological stress in MDD (56). The dysregulation at this axis is generally accepted to be a consequence from the chronic and exacerbated exposure to glucocorticoids, disturbing already mentioned signaling/levels (57). HPA-dysregulated functioning also entails NRC1 and SLC6A4 hypermethylation, explaining the worse reactivity to stress and disrupted serotonin transport in MDD (58). Either early or later, events that happen throughout our lives may have a long-lasting impact on behavior, bringing a maladaptation that results in changes at limbic regions such as the hippocampus and amygdala. Reul's research group studied these processes and found a link in ERK-MAPK signaling pathway with c-Fos induction, histone H3 acetylation, and DNA methylation at promoter locations. In addition, they concluded that gamma-aminobutyric acid (GABA) could control the different response to such psychological stress and shape those epigenetic changes via “local GABAergic interneurons and limbic afferent inputs” (59). The synaptic activity via neurotransmitter receptors regulate these epigenetic markers that underlie learning and memory (60), whose impairments are serious incapacitating symptoms in MDD (61).

Whether inherited or acquired, discoveries in non-Mendelian biology demonstrate that epigenetic markers offer new insights in the deeper understanding of complex multifactorial psychiatric disorder of MDD. It is one more variable for MDD multiparametric equation, without forgetting other cumulative effects such as accompanying DNA sequence polymorphisms (62).



Noncoding RNAs

Other novelty epigenetic malleable regulators include non-coding RNAs. First, miRNAs are small molecules carried in vesicles, which are implicated in cell-cell communication, being crucial for neuronal morphogenesis, activity, and plasticity, besides having prominent systemic effects. During the last decade, numerous miRNAs with pleiotropic effects have been identified to be involved in several processes that concern MDD pathogenesis, including neuroinflammation, endotoxemia, microglial apoptosis, altered neurotransmission, worse stress response and sensitivity, altered cell signaling, and circadian disruption. Most of these effects are reviewed and summarized by Ortega et al. (25). In light of the evidence, it is undeniable that miRNAs are key elements implicated in MDD pathogenesis, representing promising therapeutical targets (63). In the similar manner, lncRNAs are similar to non-coding RNAs with important signaling and epigenetic actions. In fact, it is now known that they play a synergistic effect with miRNAs. Apparently, these lncRNAs are highly expressed in the brain, and their dysregulation shapes negatively neural stem cell maintenance, neurogenesis and gliogenesis, HPA axis, neurotransmission, neuroinflammation, neurotrophic factors expression, stress responses, and neural plasticity, being currently considered new biomarker candidates of MDD (24, 64, 65). Compiling written evidence about miRNAs and other epigenetic mechanisms in MDD is summarized in Figure 1.
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FIGURE 1. Compiled evidence related to epigenetic changes involved in major depressive disorder (MDD). As shown, chronic stress, early-life stress, and prenatal stress accompanied with nutrient restriction are pivotal drivers of the epigenetic modifications observed in patients with MDD. These changes include histone modifications, altered DNA methylation patterns, and the dysregulation of non-coding RNAs including microRNAs (miRNAs) and long non-coding RNA (lnRNA). Some of the most relevant findings collected in this manuscript for each modification are summarized. These variations lead to important alterations in the brain synapsis, anhedonia, social defeat stress, neurodevelopment, brain plasticity and function, and many other depressive symptoms.






NUTRITION, EPIGENETICS, AND MDD: IS THERE A LINK?

The question that comes next is if those epigenetic marks lead to a worse nutritional status, if bad dietary habits lead to acquire different gene expressions, or both may be actually occurring. First, it would be helpful to describe a general picture from the nutritional status in a patient with depression and, afterward, focus on the effect of specific deficits and metabolic impairments in the context of malnutrition-related MDD.


Malnutrition in the Patient With Depression

Currently, it is broadly accepted that there is a link between MDD and malnutrition. Actually, the allowed evidence is not based on standardized methods of the nutritional assessment in the patient with depression, what complicates the drawing of conclusions beyond known micronutrient deficiencies. Although clinical practice nowadays includes the recommendation of supplementation intake to supply certain common deficiencies, mainly vitamin D and omega 3 polyunsaturated fatty acid (ω-3 PUFA), it is also unusual to find observational studies of patients with MDD who have undergone a nutritional assessment. Considering the nutritional status in the management of a patient with depression is relatively new, and, over the last 10 years, surveys, anthropometric, and biochemical measures have started to be used for studying depression in the elderly population both at developed and in developing countries.


Nutritional Assessment in MDD

First, Mini Nutritional Assessment (MNA) questionnaire and the Geriatric Depression Scale (GDS) have been strongly associated. Malnourished geriatric patients or patients at risk of malnutrition have higher risk of suffering from MDD. These studies have been useful for determining the prevalence and severity of MDD and its relationship with malnutrition (66); moreover, a worsening of the nutritional status is also observed in old subjects with depression (67). An evaluation of nutritional status and GDS in community-dwelling elderly people have also been valuable for an early identification of non-diagnosed depression in individuals with nutritional disorders (68). MNA is considered a useful tool for monitoring patients of any age, at risk of undernutrition, which is more common in MDD than overnutrition (69). Thus, there has been a growing awareness of the importance of this fact, and every time, more hospitals are contemplating the role of nutritionists to reduce health costs. In poor infrastructure areas, it has been a cost-effective measure to warn about the struggles in the quality of life of their population, always finding an association between MDD and malnourishment (70–72).

Furthermore, some studies have introduced anthropometric parameters where the tendency showed abdominal obesity or higher amount of abdominal fat in patients with depression (73). Systematic reviews have found solid data in the association between depression, anthropometric parameters, and body image in all included studies, notwithstanding the different statistical methods employed. It is frequent to find among individuals with depressive symptoms: women perceiving their body bigger than reality and men perceiving themselves as underweight idealizing larger bodies (74). Recent studies have identified anthropometric parameters as risk markers (e.g., waist-to-hip ratio) for suicide ideation and severity of illness in women with postnatal depression (75).

Furthermore, to assess concretely nutritional deficiencies, questionnaires about food intake and biochemical markers measurements are the norm. Metabolic parameters include low hematocrit, low high-density lipoprotein cholesterol (HDL-C), and high triglyceride levels in patients with depression (76). More precisely and above mentioned, concrete groups of essential micronutrients are often much lower in these patients. Patients with MDD lack vitamin B consumption, especially cobalamin (B12) and folate (B9) (73, 77), as well as pyridoxin (B6) (78). Low vitamin D serum levels are positively associated with depression (79), although insufficient dietary intake is not the only cause, being little outdoor exposure to sunshine is more relevant (80). Moreover, low circulating ω-3 PUFA has been linked not only to MDD but also to preterm birth and prenatal depression associates with preterm birth (81). Low intake of marine ω-3 PUFA, especially docosahexaenoic acid (DHA), increases the risk of many mental issues, besides MDD, suicidal ideation, bipolar disorder, autism, and attention deficit hyperactivity disorder (82). Eventually, there is an insufficient intake in minerals, commonly calcium, iron, magnesium, and zinc (83). The list is even longer in the case of women, but not men, with depressive symptoms according to recent studies, including also potassium, phosphorus, and copper (84). All these nutrients are vital for monoamines synthesis, neuroinflammation control, neuroprotection, and the synthesis of growth factors (85).

To address these deficiencies, it is of note to be aware about changing patients' nutritional behavior and the diet composition prior to the onset of MDD and during the course. Food patterns heading depression are kept in the course of the disorder: poor appetite, skipping meals, and sometimes, a dominant preference for high-sugar foods (emotional eating) (86). There is recent research establishing relationship between macronutrients and depression through surveys in big samples of patients. The results showed a significant low proportion of protein intake associated with the prevalence of MDD (87). Food frequency questionnaires have shown the important issue of quality and quantity of protein intake, being low consumption of protein-rich foods such as milk, and legumes significantly associated with higher mean scores of depression and anxiety symptoms (88, 89). Diet is also known to be the greatest shaper of gut microbiota, and this complex “organ” is even involved in the synthesis of vitamin B and may affect host vitamin B usage (90, 91). In fact, B12 intake or status is associated with microbial diversity, relative abundance of bacteria, and short chain fatty acids (SCFAs) production (92). Then, the underlying characteristic gut dysbiosis of MDD might not supply those vitamins apart from dietary sources.



Comorbidities and Eating Disorders in MDD

Furthermore, several comorbidities associated to dietary habits and intestinal problems frequently co-occur with high prevalence in patients diagnosed with MDD and vice versa. In this context, there is a high co-occurrence of inflammatory bowel disease (IBD) with MDD and/or anxiety, and observational prospective studies denote a high incidence of MDD in patients with diagnosed IBD (93). There is bidirectionality: on one hand, this is observed to be due to poor self-management, which leads to disease chronicity (94), but in contrast, there is evidence that the course of IBD is worse in patients with depression, being the corticosteroid treatment able to induce the psychiatric symptom onset (95). Systematic reviews explain that patients with IBD had 20% prevalence rate of anxiety and 15% prevalence rate of depression until 2016 (96), but the rising prevalence of both kind of maladies has changed numbers until 2021, being 33 and 25% currently, respectively (97). Some empirical studies demonstrated that the symptoms of anxiety/depression are related to more aggressive forms of IBD, emphasizing that psychiatric treatment is also vitally important to ameliorate the prognosis of IBD (98, 99). Fortunately, some statistical data have been reunited identifying the selectively protective role of certain antidepressants for Crohn's disease and ulcerative colitis, including monoamine oxidase inhibitors, serotonin norepinephrine reuptake inhibitors, selective serotonin reuptake inhibitors, serotonin modulators; and tricyclic antidepressants (100).

Metabolic disturbances can also occur after the onset of MDD or before, including obesity, type 2 diabetes mellitus, or metabolic syndrome. Some evidence alleges that metabolic signaling of leptin and ghrelin might play a great part in the dysregulation of mood (101). In this line, metabolic dysregulation seems to go hand in hand with chronic stress and mental disorders. High leptin levels and binge eating and emotional eating are positively associated. This hormone is involved in reward circuits whose maladjustment leads to pathological eating behaviors (102). High daily cortisol is sometimes related to hyperleptinemia, making individuals more vulnerable to stress-induced eating (103). Moreover, emotional eating is not the norm; especially in late-life depression, there is a high tendency to appetite loss and involuntary weight loss (104). In scientific literature, we may find two subgroups of MDD according to appetite changes; these are the terms, “depression-related increases in appetite” and “depression-related appetite loss.” The first one is associated with a hyperactivation of mesocorticolimbic dopamine reward circuits, whereas the latter is associated with a hypoactivation of mid-insular cortex implicated in interoceptive and homeostatic signaling (105).

All in all, overconsumption does not guarantee vitamins, minerals, and other essential nutrients herein discussed and definitely neither does undernutrition. A consequent maladaptation from inadequate dietary habits entails metabolic changes, which are associated to severity of symptoms and other comorbidities. The turning point that comes next is to find the link between those deficiencies and subjacent epigenetic molecular mechanisms, which take part in the basis of MDD pathophysiology.




Epigenetic Roles of Diet and Nutritional Status in MDD

Diet is being considered an environmental epigenetic factor, with nutritional epigenetics being the science that intends to explain the effects of nutrients on gene expression and metabolism (106). This field aims to explain the association of suboptimal nutritional environment as a driver of potential adult-onset chronic illnesses due to shifts in genome functions (107). Landecker reviewed and argued that some genomes immersed in food molecules might be more susceptible to epigenetic lability than others predisposing them to a determined susceptibility to disease (108). On the one hand, some bioactive food compounds are able to exert protective properties, and in contrast, recently, it has been studied that some components from western-type diets, ultraprocessed food, and their lack of essential nutrients also modulates negatively epigenetics machinery (109, 110).


Diet as Lifestyle Habit

An adequate nutrition is essential during development, in prenatal and postnatal periods of life, what in fact, it is called “window of opportunity,” the first 1,000 days from pregnancy to 2nd birthday (111, 112). Epidemiological studies assure that maternal nutrition in development provides a wide variety of epigenetic changes being key for susceptibility to disease phenotypes in later life (113). A great part of modifications occurs during early embryonic and primordial cell development, although what we have not completely understood is their potential echo in this “later life” (114).

The underlying biological mechanisms have been deeply watched in animal models. What evidence says is that inadequate maternal nutrition patterns, either undernutrition or overnutrition, exert alterations in DNA methylation mechanisms in the hypothalamus, concretely in pathways involved in energy homeostasis, with an echo in adulthood. A maintained protein restriction in postnatal development was related to an immature hypothalamus as well (115–117). Other findings related to high-fat diet consumption during pregnancy were the upregulation of dopamine reuptake transporter (DAT) in the ventral tegmental area, NA, and prefrontal cortex and a downregulation of DAT in the hypothalamus. These data result from changes in DNA hypomethylation at promoter regions of DAT, and the association observed was long-term alterations in the expression of dopamine and opioid-related genes, as well as changes in food behavior (preference for more palatability) (118). Conversely, undernutrition is associated with hypomethylation of hypothalamic GR without changes in the hippocampus, contributing to altered energy balance regulation in the offspring (119). Nevertheless, even in adult life, maladaptive embryonic and perinatal epigenetic changes can potentially be reversed or attenuated; it is known that epigenetic marks are really plastic (120). Although the epigenome is shaped by nutritional states, even those more stable are malleable by implementing a different diet (121). This can be possible with nutrient-rich bioactive foods or with food-based bioactive components (e.g., polyphenols, ω-3 PUFA, resveratrol, curcumin, and green-tea compounds, among many others), opening the gate to prevention and treatment of multifactorial non-communicable diseases and mental disorders, including MDD (122) as it will be addressed later. Many dietary components have the power to influence pathways that change DNA methylation patterns, and the evidence has demonstrated the biochemical routes between the diet quality and mental health (123). Maintaining an environmental stressor such as western-type diets, full of ultraprocessed foods, denotes imbalance of macronutrients and deficiencies in micronutrient levels, as above reported in malnutrition associated with the patients with depression. These have been correlated with alterations in behavior, but the consequent maladaptation of the epigenome has not been elucidated yet in the context of MDD pathophysiology.

Nutrients are needed to accomplish biological functions. One of the epigenome-diet hallmarks involves methionine and folate from the diet, whose metabolism gives rise to S-adenosylmethionine (SAMe), considered as the universal methyl donor for DNA and histone methylation reactions. Nutrient availability will provide SAMe, and this will heavily control gene expression (124). Affecting SAMe metabolism and deficiencies in B6, B9, B12, and zinc (which act many times as cofactors for enzymes and methyl donors) are correlated to high homocysteine levels, a risk factor traditionally associated with multifactorial inflammatory diseases and now also with MDD, psychosis, suicide ideation, or alexithymia (125–127).

Psychiatric involvement of B12 deficiencies with high homocysteine and methylmalonic acid denotes memory impairment, depression, and other manifestations (i.e., mania, psychotic symptoms, and obsessive compulsive disorder) (128–131). For these reasons, B12 levels were proposed to be assessed in neuropsychiatric disorders and neurodegenerative diseases and advised to be evaluated with treatment resistant disorders and certain risk factors that link malnutrition with MDD, including alcoholism, advancing age with neurological symptoms, anemia, intestinal problems, and malabsorption or strict vegetarian diets (132, 133). These causes would also explain the associated dysbiosis that, due to cobalamin deficiency, destabilizes microbial communities, who would also not be able to produce microbial B12 (134, 135).

Low levels of B6, B9, and B12 are shown to affect methylation levels of redox-related genes. This has been observed in NUDT15 (Nudix hydrolase 15, a hydrolase of nucleoside diphosphates) and TXNRD1 (thioredoxin reductase 1) hypermethylation (31, 136). Thus, the role of oxidative stress of these vitamins is crucial for brain protection (137, 138). In addition, lacking these essential vitamins for neuronal function affects monoamine oxidase production and the repair of phospholipids (139). This could be extrapolated to the reported neurotransmission impairments first due to imbalanced neurotransmission synthesis and second due to damage at axonal and soma membranes (128, 140). These symptoms are in concordance with co-deficiencies of ω-3 PUFA, especially DHA, which is important for neuronal membrane fluidity and neurotransmitter release (82).

Moreover, low protein intake entails scarcity of essential amino acids such as valine, leucine, isoleucine, lysine, phenylalanine, tyrosine, arginine, histidine, and tryptophan, which are necessary precursors for neurotransmitter and neuromodulator synthesis (141–143). For instance, phenylalanine and tyrosine are two essential precursors for the biosynthesis of dopamine, norepinephrine, and epinephrine (144). For its part, vitamin D deficiency is one of the most repeated manifestations in MDD (145), and the reasons are not only subjacent an insufficient dietary intake but also an insufficient outdoor exposure to sunshine (80). The clinical relevance of these observations is known, thanks to preclinical models that have identified their immunomodulator and neuromodulator roles, with protective effects for oxidative stress as well (146). It is known that vitamin D is key for the proper development of dopaminergic neurons and the expression of GDNF (147), and now many vitamin D receptors (VDRs) are found in the substantia nigra, where the enzyme 1α-hydroxylase (CYP27B1) converts it to its active form (148, 149). VDR and CYP27B1 genes can become hypermethylated at promoter regions becoming silenced, and also VDR protein when meeting its ligands can establish contact with histone demethylases, reconfiguring chromatin modeling (150). Vitamin D also has the ability to exert potent antioxidant effects that ease DNA repair, defense against infections, and protection from oxidative stress-related protein oxidation (151).

Notably, many nutrient-related links that may alter MDD pathophysiology have overlapping etiology aspects with neurodegenerative diseases such as Alzheimer's and Parkinson's diseases (152). A deep understanding of these diet-related epigenetic shifts becomes necessary, highlighting complementary branches such as nutritional neuroscience and nutritional psychology for the integrative study of MDD aiming to improve prognosis or prevent the onset of MDD and neurological impairments.



Diet in Microbiota Neuromodulation

Regarding food consumption, much research has focused on the effects of diet and lifestyle on epigenetic reprogramming. Although some dietary components may exert some direct epigenetic effects, prior studies have noticed a critical interplay between diet and gut microbiota in the epigenetic profile of the host (153). As we know, the microbiota-gut-brain axis is a bidirectional system, and considering diet as the greatest shaper of gut microbiome, microbial metabolite production is undeniably diet-dependent. For example, it is known that tryptophan levels allow microbial serotonin synthesis (154), or dietary fiber allows GABA, norepinephrine, tryptamine, and dopamine microbial synthesis (155). Thus, we emphasized that diet potentially modulates microbial contributions to the neurotransmission system in the human gut.

Moreover, mainly, dietary fiber drives to the production of SCFAs using the gut microbiota, acting as HDAC inhibitors, and regulating DNA methylation, histone modifications, and chromatin restructuring to alter gene expression (156). One proven effect of the epigenetic and antidepressant action of SCFAs was described in a mice model. In this study, the inhibition of HDAC by SCFAs led to the hyperacetylation of histones H3/H4 resulting in an increased BDNF expression (157). SCFAs production is even lessened due to the co-deficiencies of certain vitamins, which exert important roles in intestinal homeostasis too. Pham et al. reviewed and summarized the positive effects of adequate levels of vitamins on gut microbiota health: vitamins A, B2, D, E, and beta-carotene increase relative abundance of commensals; vitamins A, B2, B3, C, and K increase diversity; vitamin D boosts diversity; and vitamin C, B2, and E enhance SCFAs production (158).



Diet and miRNAs

In this study, it faced an emerging and challenging research area. Some disease-specific miRNAs profiles have been associated to MDD, and the expression of these molecules can be affected by dietary factors (25). Posttranscriptional regulation through miRNAs depends on sensory functions from carbohydrates, proteins, fat, vitamins, minerals, and fiber (159). Deficiency or excess of certain nutrients at any age, from embryonic development to senescence, has been correlated to disease onset. The mechanisms exerted from nutrient absorption are the expression of different profiles of miRNAs, which will target other components from epigenetic machinery, affecting DNA methylation and histone modification and then the gene expression at different levels: immunophenotypes and inflammation/immunoregulation balance, cardiovascular health, insulin sensitivity/resistance, and muscle health (160). For instance, the research says that over intake of fat combined with low vitamin D intake leads to dyslipidemia by impairments in miRNAs expression, which is also related to macrophages polarization in associated digestive comorbidities mentioned such as IBD (160, 161).

More recently, in the past decade, it was discovered that some food-derived miRNAs (xenomiRs) from plant and animal sources affect individual's gene expression, suggesting a cross-kingdom communication (162, 163). However, several studies have found difficulties to distinguish most dietary from endogenous miRNAs and disparity of results in this new field of food science. In this sense, there are already hypothesis to prove, for instance, for checking how miRNAs-deficient diet may influence health and disease (164). Nonetheless, milk exosomes and their miRNA cargos have been found in different mammalian organs (e.g., liver, spleen, brain, and intestinal mucosa) (165), and exogenous plant miRNAs have been found in mammalian tissues targeting low-density lipoprotein receptor adapter protein 1 (LDLRAP1), decreasing low-density lipoproteins (LDLs) in plasma (166). Some authors have also suggested that gut microbiota status may ease or not xenomiRs bioavailability through exosome like nanoparticles at the same time that xenomiRs may modulate microbiome functions (163). There are interesting studies about it, for example, ginger exosomes are mainly absorbed by Lactobacillus rhamnosus and promote IL-22 production improving intestinal barrier (167).

A proposal of further research would be interesting for the link between miRNAs profiles that have been already identified in MDD and if certain dietary behaviors contribute to their different expression having an impact on the pathophysiology.





TRANSLATIONAL APPROACHES: TARGETING THE EPIGENOME THROUGH DIET FOR THE PATIENT WITH MDD

In the last section, the nutritional status of subjects with depression and the epigenetic consequences were reviewed. In this study, we will discuss the most relevant studies regarding the benefits from receiving nutritional support and how this may modulate the epigenetics of brain and the body of individuals with MDD.

First, it should be mentioned here the main strategies currently used in the clinical management for MDD. As mentioned above, MDD is presented by the diagnosis of at least one of the two main criteria, namely, loss of interest (i.e., anhedonia) or depressed mood and ≥4 somatic and non-somatic items (such as loss of appetite, insomnia, and low energy), minimum presented in a period of 2 weeks (168). These makes MDD a very heterogeneous disorder, with many therapeutic difficulties. For instance, notwithstanding the use of antidepressants is widely accepted for the therapy of MDD, cumulative evidence supports that the use of antidepressants and current clinical guidelines may not be sufficient for an important part of subjects with depression, especially for those with severe symptoms, that exert worse clinical outcomes despite receiving greater intensity of treatment (169). Besides, ~30% of people with MDD are resistant to conventional treatment (170), and there is still a big debate about if the main benefits of antidepressants are due to their action or if conversely, it may be attributed to the placebo effect (171, 172). This could be due to the fact that many antidepressants target serotoninergic and monoamine neurotransmission, which traditionally has been claimed as the major pathophysiological mechanism of MDD (173, 174). However, as previously described, currently, it is widely accepted that MDD is associated with a plethora of additional pathophysiological mechanisms. Because of that, it is necessary to accept the huge difficulties in the clinical management of patients with MDD; there is an urgent need for improving the clinical guidelines and for reviewing multidisciplinary approaches that may bring the maximum benefits to these patients.

In this great context, nutritional interventions can be excellent supportive strategies in MDD. A meta-analysis conducted by Firth et al. (175) including 45,826 participants show that dietary interventions may be of great aid for the prevention and amelioration of depressive symptoms. However, most subjects were not diagnosed with clinical depression, so their conclusions might not be extrapolated to MDD. Recently, an umbrella meta-analysis conducted by Xu et al. (176) has obtained some important results establishing an inverse relationship between different nutritional approaches, group of foods, and nutrients in the prevention and treatment of depression. However, the methodological quality of most of the selected meta-analysis was low or very low, which may also bring some caution with their results. In fact, some studies have argued that most narrative reviews come to strong benefits from dietary interventions in patients with MDD, despite the level of evidence is still inconsistent (177). Then, they conclude that more systematic reviews and objective data are needed before stablishing some conclusions, and we encourage for further research and studies in this field.

Previously, we defined the epigenetic consequences of malnutrition in patients with MDD. As detailed, subjects with depression often exhibited different concerns in their intake of macro- and micronutrients. Then, by modulating the levels of these nutrients, it is possible to address the multiple issues related to their nutritional deficits and overconsumption. Thus, patients with MDD will benefit from two different ways of the nutritional intervention, namely, (1) By limiting their consumption of unhealthy products and nutrients and (2) by addressing the nutritional deficiencies. In this sense, diet has the potential to aid in the clinical management of MDD. It is worthy to mention that there are neither a single nor best option for the general population with depression; conversely, the most important part of a healthy diet is to provide an adequate intake of macronutrients, micronutrients, and hydration to meet the physiological needs of the body (178). Thus, a healthy diet contains a wide variety of foods of nutritional interest, which are crucial for health preservation. Besides, to those foods or part of them with promising actions either in the prevention or as a therapeutic adjuvant of different NCDs are defined as “Nutraceuticals” (179). What evidence seems to support is that there are specific group of foods and nutrients with promising antidepressant effects, most of them included in a healthy dietary pattern such as Mediterranean diet (180–183).

Overall, because of the growing awareness of the critical role of diet in the management and prevention of MDD, we encourage for the development of further studies in this area regarding different dietary approaches and group of foods and nutrients/bioactive compounds with promising benefits for the treatment of MDD, focusing on their epigenetic role as a promising point to consider explaining their positive effects.



CONCLUSION

The link between nutritional epigenetics and MDD composes a new field of research. A deep understanding of these diet-related epigenetic shifts becomes necessary highlighting complementary branches such as nutritional neuroscience and nutritional psychology for the integrative study of MDD. This review intended to unify different areas of research to serve as a link between malnutrition-related epigenetic changes that seem to be involved in MDD pathophysiology as summarized in Figure 2. Perhaps, not many studies have demonstrated the clear association to determine causality from observational studies, and it is undeniable that more empirical data are needed. However, as we herein followed, the epigenetic role of diet demonstrates that it can alter several neuronal pathways (e.g., DAT, GR, HPA axis, neuronal membrane fluidity, neurotransmission, microbial neurotransmitters synthesis, neuronal damage, oxidative stress, and a long etcetera), that have been studied in the context of MDD pathophysiology, and new advances in clinical trials are demonstrating promising results in the reversion or attenuation of those epigenetic marks. There are misunderstandings yet in the pathophysiology of MDD in general and in the still developing field of associated epigenetic drivers, even more, especially in the knowledge of the relationship between malnutrition-consequent epigenetic markers involved in MDD pathophysiology. Fortunately, we are on the era in which precision medicine, integrative therapies, and the premise “we are what we eat” are gaining stronger echo.
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FIGURE 2. The link between diet, epigenetics, and MDDs. As summarized, a set of nutrients, foods, and dietary strategies are able to influence different epigenetic mechanisms like DNA methylation, histone modifications, non-coding RNAs, and gut microbiota-immune system composition and their products thereby influencing in the pathophysiology of MDD.
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Short-Term High-Fat Diet Fuels Colitis Progression in Mice Associated With Changes in Blood Metabolome and Intestinal Gene Expression
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Clinical cases and animal experiments show that high-fat (HF) diet is involved in inflammatory bowel disease (IBD), but the specific mechanism is not fully clear. A close association between long-term HF-induced obesity and IBD has been well-documented. However, there has been limited evaluation of the impact of short-term HF feeding on the risk of intestinal inflammation, particularly on the risk of disrupted metabolic homeostasis. In this study, we analyzed the metabolic profile and tested the vulnerability of 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis after short-term HF feeding in mice. The results showed that compared with the control diet (CD), the fatty acid (FA), amino acid (AA), and bile acid (BA) metabolisms of mice in the HF group were significantly changed. HF-fed mice showed an increase in the content of saturated and unsaturated FAs and a decrease in the content of tryptophan (Trp). Furthermore, the disturbed spatial distribution of taurocholic acid (TCA) in the ileum and colon was identified in the HF group using matrix-assisted laser desorption/ionization-mass spectrometry imaging (MALDI-MSI). After HF priming, mice on TNBS induction were subjected to more severe colonic ulceration and histological damage compared with their CD counterparts. In addition, TNBS enema induced higher gene expressions of mucosal pro-inflammatory cytokines under HF priming conditions. Overall, our results show that HF may promote colitis by disturbing lipid, AA, and BA metabolic homeostasis and inflammatory gene expressions.

Keywords: nutrition, metabolism, homeostasis, imaging mass microscope, inflammatory bowel disease


INTRODUCTION

It is well established that the diet and the microbiome can contribute to the occurrence of metabolic diseases in part by causing intestinal inflammation and increased permeability (1). Our previous studies and others show that a long-term high-fat (HF) diet causes nutritional imbalance, resulting in obesity, insulin resistance, and other diseases (2–4). HF intake can cause the disorder of lipid metabolism and induce systemic chronic low-grade inflammation, and the colon may be the first organ affected by inflammation caused by HF (5, 6). The intestinal mucosa is the largest interface between the body itself and the external environment, which has barrier functions such as selective infiltration and absorption of nutrients and defense against the invasion of microorganisms and inflammatory factors in the intestine (7). The altered intestinal environment could influence metabolic homeostasis, especially the metabolism of amino acids (AAs), fatty acids (FAs), and bile acids (BAs) (8–10).

Although the exact etiology of inflammatory bowel disease (IBD) is not fully understood, nutrition and dietary factors, in particular HF, have been recognized to play an important role in the pathogenesis of IBD (11). IBD comprises Crohn’s disease and ulcerative colitis, which are characterized by chronic and relapsing inflammation of the gastrointestinal tract (12). IBD has become a global disease with accelerating incidence in newly industrialized countries whose societies have become more westernized, and this increase has paralleled a “westernization” of lifestyle (13). Many studies have described the relationship between fat intake and IBD pathogeny. Several studies have investigated the development of colitis in long-term HF-fed animals (14, 15). Studies have shown that long-term HF consumption will destroy the intestinal immune homeostasis and induce inflammation in animal models, and epidemiological studies have also shown that excessive HF intake is closely related to the occurrence and relapse of IBD (16, 17). A high intake of unsaturated fats may be associated with an increased risk of ulcerative colitis (18). However, most of the previous studies have ignored the effect of HF on the serum metabolites and intestines before disease induction. Furthermore, the effects of short-term HF feeding in colitis and the underlying molecular mechanisms at the levels of metabolism profile need to be further explored. In this context, a better understanding of the pathogenesis of short-term HF-driven metabolic disorders may help to reduce the IBD burden worldwide.

In this study, we proposed a 4-week HF priming to evaluate the effects of short-term fat intake on the risk of inflammatory diseases. Metabolomic and gene expression investigation results indicate that BA, FA, and AA metabolisms are significantly reprogrammed in the HF-fed group. In addition, mass spectrometry microscopy discovered that HF-feeding disturbs the spatial distribution of BAs and causes the decrease of taurocholic acid (TCA) in the intestinal wall, which may weaken the ability of the intestinal mucosal barrier to resist the invasion of bacteria, toxins, and antigens under inflammatory state. Moreover, under short-term HF priming conditions, 2,4,6-trinitrobenzenesulfonic acid (TNBS) administration aggravates the severity of colitis companied with dysregulated metabolism.



MATERIALS AND METHODS


Animals and Experimental Treatment

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the China Medical University. Notably, 6–8 weeks old male C57BL/6 mice (n = 10 per group) were purchased from Beijing HFK Biotechnology Co., Ltd. All experimental mice were housed in specific pathogen-free environments under a controlled condition of normal circadian circulation for 12 h at 20–22°C and 45 ± 5% humidity, with free access to food and water. Mice were fed an HF diet (TP23520, Trophic Diet, China) or a control diet (CD, TP23524, Trophic Diet, China) for 4 weeks. HF contained 60% available energy as fat, 20% available energy as carbohydrate, and 20% available energy as protein. CD contained 10% available energy as fat, 70% available energy as carbohydrate, and 20% available energy as protein. After 4 weeks of feeding, colitis was induced using the reported TNBS (P2297-10 ml, sigma)-colitis model with some modifications (19). In brief, mice were fed with HF or CD for 3 weeks and then pre-sensitized with 150 μl of 1% (wt/vol) TNBS solution applied to the back skin for 8 days. Next, the animals were fasted overnight and treated under anesthesia with a 100 mg/kg mixture of 5% TNBS and 100% alcohol (1:1) via intrarectal injection, and the control mice received 50% alcohol treatment. Then, the mice were placed upside down for 5 min after TNBS injection. Body weight, stool consistence, and rectal bleeding were monitored daily. Animals were sacrificed on the third day after TNBS treatment. During the experimental period, the food intake of mice was recorded two times a week, and the body weights were documented per week.



Sample Collection

Animals were sacrificed, and the blood was collected with anticoagulant and then centrifuged at 1,000 × g for 10 min at 22–25°C for serum collection. Then, the liver, ileum, colon, and colon content were carefully dissected and kept in liquid nitrogen before storage at −80°C. Besides, parts of the colons and livers were harvested for histological analysis.



Biochemical Analysis

The analysis of triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total bile acid (TBA) were quantified using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in accordance with manufacturer’s instructions.



Colon Histology Assay

After the mice were euthanized, the colons were quickly removed and rolled up using the “swiss roll” method (20). Then, the colons were fixed in 4% neutral formalin for 24 h and embedded in paraffin. The embedded tissue blocks were cut into 4 μm sections and stained with hematoxylin and eosin (H&E). The histological injury was evaluated according to the existing standard (16, 21).



RNA Extraction and qPCR

Total RNAs were extracted using TRIzol reagent (Invitrogen), and then the extracted total RNAs were reverse-transcribed into cDNA using the PrimeScript RT reagent kit (TaKaRa, Mountain View, CA, United States) according to the manufacturer’s instructions. The relative expression levels of genes were calculated using the 2–ΔΔCT formula (22), and GAPDH was chosen as an internal control. The primers are listed in Supplementary Table 1.



Metabolomics

Bile acids, FAs, and AAs were quantified as previously described methods (23, 24). In brief, AAs and FAs were quantified by HPLC coupled to tandem mass spectrometry (MS/MS) based on deuterated purified standards. Serum AA and FA concentrations were expressed in μmol/L and mmol/L, respectively.



Sample Preparation for Imaging Mass Microscope

Frozen 10 μm of mouse intestinal sections were sliced at −20°C with a cryomicrotome (Leica CM1950, Nussloch, Germany) and then thaw-mounted onto electrically conductive glass slides. Subsequently, a “two-step matrix application,” which combined with sublimation and airbrushing, was used to coat the matrix (9AA) for tissue sections.



Imaging Mass Spectrum Analysis Based on Imaging Mass Microscope

iMScope was performed using a 1,000 Hz solid laser. A 40-μm pitch of special resolution was used, and the data were acquired in negative ionization. The m/z values were internally calibrated with DHB. All the spectra were acquired using atmospheric pressure matrix-assisted laser desorption/ionization (MALDI) (Shimadzu Corporation). The laser in the iMScope system was a diode-pumped 355 nm Nd: YAG laser (Shimadzu Corporation, Kyoto, Japan) and operated under the following parameters: frequency, 1,000 Hz; laser intensity, 55.0; laser diameter, 3 μm. The parameters of IT-TOF MS were set as follows: ion polarity, negative; mass range, 250–550; sample voltage, 3.0 kV; detector voltage, 1.90 kV. The imaging MS Solution Version 1.30 software (Shimadzu, Tokyo, Japan) was used to control the instrument, and the data acquisition, visualization, and quantification were also performed using the same software.



Tissue Preparation for Histology After Mass Spectrometry Imaging

The tissue sections were stained with H&E for examination following the previous protocol (25). In brief, the matrix (9AA) covered on the glass slides was removed with 70% ethanol, and then the tissues were fixed with 100% ethanol. The tissues were then stained with H&E. Finally, the H&E slides were sealed with neutral gum and scanned using an iMScope TRIO (Shimadzu, Japan) instrument.



Statistical Analysis

Data in bar graphs are expressed as mean ± SEM. The unpaired two-tailed Student’s t-test and the two-tailed Wilcox test were used to compare two groups of independent samples. The Kruskal–Wallis ANOVA test was utilized to determine significance in multiple groups. The SPSS Statistics version 25.0 software and the GraphPad Prism 8 software were used for statistical analyses. All statistical tests with a p-value of <0.05 were considered statistically significant.




RESULTS


Lipid Metabolism-Related Parameters in Serum, Liver, Ileum, and Colon of Mice Fed With High-Fat Diet

We have noticed that the impact of HF on the weight of mice was detectable within the first week of dietary intake. Compared with the CD, the HF statistically increased the body weight of mice at the end of this dietary treatment (p < 0.05) (Figure 1A). Abnormal levels of lipid metabolism-related parameters in the serum, liver, ileum, and colon were observed among mice fed with HF. As shown in Figure 1B, HF-fed mice had an increase in serum TC and TG levels and a decrease in serum TBA levels than CD-fed mice (p < 0.05), and no significant differences were observed in the serum levels of LDL-c, HDL-c, ALT, and AST between CD and HF groups. Meanwhile, there was no significant difference in the TC and TG levels between CD and HF group livers (Figure 1C). To understand the effect of HF on metabolism at the genetic level, we examined the changes in several related genes in CD and HF groups by qPCR. The expression levels of genes associated with hepatic FA synthesis (Fasn, Scd1) were downregulated in the HF group compared with those in the CD group (p < 0.05) (Figure 1C), but the expression of key genes involved in BA synthesis (Cyp7b1, Cyp8b1) was upregulated in HF fed livers (p < 0.05). Moreover, 4 weeks of HF feeding might disturb carbohydrate and lipid metabolism in the mouse ileum, which was indicated by the changes of key genes involved in the above-mentioned pathways at mRNA levels (Figure 1D). Interestingly, HF feeding prominently increased the contents of TG in colonic mucosa and the content of TBA in colonic feces compared with CD feeding (p < 0.05) (Figure 1E). In the colon, the expression levels of Scd1 were downregulated in the HF group compared with those in the CD group (p < 0.05) (Figure 1E). Taken together, these results highly suggested that HF feeding rendered the disturbance of metabolic homeostasis.
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FIGURE 1. Effect of HF on the blood, liver, ileum, and colon lipid metabolism in mice. (A) Body weight changes in mice on CD or HF for 4 weeks. (B) Cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) contents in the serum of each group of mice. (C) Cholesterol (TC) and triglyceride (TG) contents in the liver of each group of mice; hepatic mRNA expression of genes involved in lipid metabolism and BA synthesis, and data were from seven pooled samples of each group. (D) Ileum mRNA expression of genes involved in lipid and carbohydrate metabolism in each group of mice (data were from seven pooled samples of each group). (E) Cholesterol (TC), triglyceride (TG), and total bile acid (TBA) contents in the colon; colonic mRNA expression of genes involved in lipid metabolism in each group of mice (data were from seven pooled samples of each group). n ≥ 6. The data were shown as mean ± SEM. *p < 0.05. CD, control diet group; HF, high-fat diet group.




Dysbiosis of Serum Metabolic Patterns in High-Fat Diet Feeding Mice

As shown in Figures 2A–C, regarding the effect of HF feeding on serum FA and AA levels analyzed at week 4, the levels of nine FA species were higher (p < 0.05), namely, C16, C18, C20, C22, C18:2, C18:3, C20:2, C22:4, and C22:5, while the levels of three FAs and one AA species were lower (p < 0.05), namely, C16:1, eicosapentaenoic acid (EPA, namely, C20:5), C24:1, and tryptophan (Trp), in HF as compared with CD mice. In addition, the serum Scd1 desaturation index (C16:1/C16) was decreased significantly in the HF-fed mice (p < 0.05), and we further noticed that the percentage of C20:5/C20 also decreased in HF feeding mice (p < 0.05). Through Spearman correlation between changed metabolites and biochemical indexes, as shown in Figures 2D–H, overall serum LDL-c, TC, TG levels, colon TG level, feces TBA level, and body weight were positively correlated with nine FA species, namely, C18:2, C18:3, C22, C18, C16, C20, C20:2, C22:4, and C22:5, besides they were negatively correlated with TCA, C20:5, C20:5/C20, C16:1, C16:1/C16, Trp, and C24:1. Moreover, for serum TBA level, positive correlation with TCA, C20:5, C20:5/C20, C16:1, and C16:1/C16 and a negative correlation with C18:2, C18:3, C22, C18, C16, C20, C20:2, C22:4, and C22:5 were observed.
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FIGURE 2. Dysbiosis of serum metabolic patterns in HF feeding mice. (A–C) Differential metabolites between CD and HF groups (n = 10). (D–H) Spearman correlation between changed metabolites and biochemical indexes (n = 7; S, serum; L, liver; C, colon; F, feces). The two-tailed Wilcox test was used to determine the significant difference in CD and HF groups. *p < 0.05. CD, control diet group; HF, high-fat diet group.




High-Fat Diet Decreases the Spatial Distribution of Taurocholic Acid in the Ileum and Colon of Mice

Recently, we developed a method for identification and spatial visualization of dysregulated BA metabolism in HF-fed mice by mass spectrometry imaging (MSI) (26). The spatially resolved profiling of the altered BA metabolism was detected in the HF group with the most significant changes in TCA. In this study, we focused on the detection of TCA due to its biological activity on anti-inflammation (26, 27). As the MSI technique putative identification is only based on the measured exact m/z value, we used secondary mass spectrometry to distinguish isomers of target compounds with the same molecular formula by MSI (e.g., m/z 514.2844 ± 0.05, putative identification as TCA/TMCA). The mass spectra of the TCA standard are shown in Supplementary Figure 1A, with a negative ion scan at m/z 514.284 as a [M-H]– peak. Secondary mass spectrometry analysis of the m/z 514.284 ion yielded m/z 353.247 and m/z 496.272 fragment ions. These two fragment ion peaks can be regarded as the characteristic ion peaks of TCA. We performed secondary mass spectrometry analysis on ileum and colon tissue sections (shown in Supplementary Figures 1B,C) and also found characteristic fragment ion peaks at m/z 353.247 and m/z 496.272. Therefore, we confirmed that the material on the ileum and colon was TCA. BAs were ionized in negative mode, and all ion images were normalized to the 9AA matrix signal. Thus, we cut down a 3-cm long terminal ileum and whole colon and rolled them up in a “swiss roll” (20). The spatial distribution of TCA in ileum and colon sections is shown in Figures 3A,C. The ion intensity of TCA in ileum and colon tissue sections of HF-treated mice dramatically decreased when compared with the CD group’s MS ion image. Figures 3B,D show the mass spectra of TCA in the ileum and colon, respectively. These data indicated that HF-treated mice suffered a more severe decrease of TCA in colonic tissue, and we speculated that this is associated with HF exacerbating colitis.
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FIGURE 3. Detection of TCA distributed within the regions of the ileum and colon by MALDI-MSI. (A) MS ion images of the spatial distribution of TCA from ileum tissue. Experimental m/z values were presented in parentheses. TCA (m/z 514.2844 ± 0.05). All ion images were normalized to the 9-AA matrix signal. (B) MALDI-MSI single-pixel mass spectra of TCA from ileum tissue. (C) MS ion images of the spatial distribution of TCA from colon tissue. Experimental m/z values were presented in parentheses. TCA (m/z 514.2844 ± 0.05). All ion images were normalized to the 9-AA matrix signal. (D) MALDI-MSI single-pixel mass spectra of TCA from colon tissue. CD, control diet group; HF, high-fat diet group.




Changes of Metabolic Patterns in Control Diet and High-Fat Diet Feeding Mice After 2,4,6-Trinitrobenzenesulfonic Acid Installation

Following TNBS installation, we found that the levels of alanine (Ala), asparagine (Asn), glycine (Gly), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), serine (Ser), threonine (Thr), tryptophan (Trp), valine (Val), tyrosine (Tyr), glutamine (Gln), and proline (Pro) in serum were significantly lower in the two TNBS groups than their counterparts (data not shown). Notably, the distribution of significantly differential serum metabolites in the respective comparisons of CT and CD (the CT group represents CD-fed mice, which are treated with TNBS) and HT and HF (the HT group represents HF-fed mice, which are treated with TNBS) is shown in Figure 4A. The metabolites represented by the red triangle in the upper left corner are specific to the comparison between HT and HF, including Leu, histidine (His), C18, C18:2, C18:3, C22:4, C22:5, C24:1, and TUDCA, and these metabolites were significantly changed in the HF group instead of the CD group after TNBS enema (Figure 4A). Additionally, the metabolites represented by the orange triangle in the upper right corner were both changed when compared with CT and CD and HT and HF, which were not identified in detail (Figure 4A). Furthermore, the unique change of metabolites between the HT and HF groups rather than the CD and CT groups is shown in Figures 4B,C. The data showed that C24:1 was upregulated in the HF group after TNBS treatment (p < 0.05), but the other metabolites were downregulated (p < 0.05) (Figures 4B,C). As for the commonly changed metabolites when we compared CT and CD and HT and HF, we have especially noticed that glutamic acid (Glu) and C20:5 showed a greater degree of change in HT and HF than in CT and CD, but the Asn and C16:1 showed a greater degree of change in CT and CD than HT and HF (Figure 4D). In addition, Glu, Asn, and C16:1 were decreased following TNBS installation, and C20:5 was increased (Figure 4E).
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FIGURE 4. Changes in metabolic patterns in CD and HF feeding mice after being treated with TNBS. (A) Distribution of significantly differential serum metabolites in comparisons of CT and CD and HT and HF (n = 10). (B,C) The unique change of metabolites between the HT and HF groups rather than in the CT and CD groups. (D,E) The degree of change in common metabolites when compared with CT and CD and HT and HF. The Kruskal–Wallis ANOVA test was utilized to determine the significant difference in multiple groups. *p < 0.05. CD, control diet group; HF, high-fat diet group; CT, control diet and TNBS group; HT, high-fat diet and TNBS group.




Alternation of Serum Metabolism Between CT and HT Groups

Data from our targeted metabolomics suggested that HF affects the AAs and FAs after TNBS treatment. As shown in Figure 5A, compared with the CT group, phenylalanine (Phe) decreased in the HT group (p < 0.05), whereas C16, C18, C18:2, and C20:2 increased in the HT group (p < 0.05). Besides, liver LDL-c level and serum ALT activity were positively correlated with C18:2, and serum AST activity was negatively correlated with Phe (Figures 5B,C).
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FIGURE 5. Alternation of serum metabolism between the CT and HT groups. (A) Differential metabolites between the CT and HT groups (n = 10). (B,C) Spearman correlation between changed metabolites and biochemical indexes (n = 7, L, liver). The two-tailed Wilcox test was used to determine the significant difference in CT and HT groups. *p < 0.05. CT, control diet and TNBS group; HT, high-fat diet and TNBS group.




High-Fat Diet Aggravated the Disease Severity in 2,4,6-Trinitrobenzenesulfonic Acid-Induced Colitis

As shown in Supplementary Figure 2A, male C57BL/6 mice were primed with an HF, and CD primed mice were used as normal control. Three weeks later, mice of the model group were pre-sensitized with 1% (wt/vol) TNBS solution, and 8 days later, mice were treated with 2.5% (wt/vol) TNBS solution via intrarectal injection for 3 days to induce colitis. Several studies have shown that mice fed an HF diet showed increased levels of inflammatory cytokines (Tnfα and Il6) in the ileum, colon, and surrounding mesenteric fat, even before the development of obesity (28, 29). In this study, we found that Cxcl10 was elevated in the colonic tissue of mice fed an HF for 4 weeks (p < 0.05), and Tnfα, Socs1, and Socs3 were not changed (Supplementary Figure 2D). It is common knowledge that Cxcl10 mainly induces the chemotaxis of monocytes and macrophages, participates in regulating the migration, activation, and differentiation of a variety of immune cells, and affects acquired immunity and inflammation response (30). Therefore, the colon tissue in the HF group may have low-grade inflammation, which may be a reason for the more serious colitis after TNBS treatment compared with the CD group. Following TNBS installation, HF-primed mice caused much more severe colitis than mice of CD, as evidenced by a significant decrease in the body weight and shortening of colon length (p < 0.05) and significantly higher colonic ulceration and histological damage (Figures 6A,D). Then, we measured AST and ALT activities in serum. As shown in Figure 6B, we have noticed that the HT group had higher AST and ALT activities than the CT group (p < 0.05); moreover, no obvious histological alterations in H&E staining were observed in the liver of the HT group when compared with the CT group (data not shown). It is known that ALT and AST can sensitively reflect whether hepatocytes are damaged or not and the degree of injury. Importantly, as shown in Figure 6C, HF-treated mice expressed much higher levels of pro-inflammatory cytokines and chemokines (including Tnfα and Cxcl10) in the colonic mucosa compared with CD-treated mice following TNBS induction (p < 0.05). Cytokines, such as Tnfα, are known to play key roles in the induction of gut inflammation and tumorigenesis (31). In addition, we further studied the effect of HF on TNBS-induced colitis within 7 days. As shown in Figure 6D, CD-primed mice developed weight loss following TNBS treatment, and the loss reached the maximum on days 2–3 followed by a gradual recovery, but it decreased again on days 5 until day 7. In contrast, the weight loss of HF-primed mice was more severe and was almost not recovered within 7 days (p < 0.05) (Figure 6D), approximately 50% of HF-primed mice died within 7 days after TNBS treatment (Figure 6D), and during this period, the mortality of CD-primed mice was only 25% after TNBS treatment (Figure 6D). Following TNBS installation, the colons from the surviving HF-primed mice remained short by day 7 compared with CD-primed mice after TNBS treatment (Figure 6D), and the colons were swollen with no visible fecal pellet formation in both groups. Moreover, histological examination revealed severe ulceration in the colon of the HT group (Figure 6D). These data indicated that HF-primed mice suffered more severe colonic inflammation than CD-primed mice. Taken together, HF-primed mice showed dysregulated metabolic homeostasis, which might promote the disease severity in TNBS-induced colitis.


[image: image]

FIGURE 6. High-fat exacerbated the disease severity of TNBS-induced colitis. (A) All mice were sacrificed on day 3, and the colons were collected to estimate mucosal damage by detecting colon lengths; gross morphology of the colons on day 3 after TNBS treatment; the representative histological sections were observed under microscopy (magnification: 2.5×). (B) The alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity in the serum of each group of mice. (C) qPCR quantitation of pro-inflammatory cytokines and chemokines in colonic mucosa on day 3 after TNBS treatment. (D) Body weight changes for each group of mice within 7 days after TNBS installation and survival curve within 7 days; gross morphology of the colons on day 7 after TNBS treatment; and colon histology by hematoxylin and eosin staining on day 7 (magnification: 100×). n ≥ 3. The data were shown as mean ± SEM. *p < 0.05. CT, control diet and TNBS group; HT, high-fat diet and TNBS group.





DISCUSSION

The incidence of metabolic-related diseases has gradually increased throughout the world, such as diabetes, hypertension, and IBD, especially in emerging market countries with gradually westernized eating habits, which is thought closely related to the increase in HF intake (6, 32). Previous studies show that due to the imbalance between energy intake and expenditure, long-term HF could cause severe disorders of metabolism, which highly increased susceptibility to the development of metabolic diseases (33, 34). Meanwhile, accumulating evidence shows that the involvement of HF increases in intestinal levels of secondary BAs, characterized by the substantial increase of DCA in the feces, might be highly relevant to the pathogenesis of IBD (35, 36). HF consumption promotes and exacerbates experimental colitis in dietary and genetic mouse models of IBD (37). Taken together, dietary fats play an important role in intestinal disease pathogenesis. However, most of these studies examined the relationship between westernized diets and the pathogenesis of metabolic-related diseases and focused on secondary effects of HF, such as effects on gut microbes or BAs (38, 39). The current study focuses on the specific effects of short-term HF feeding on the levels of free FAs, AAs, and BAs in serum and the resulting effects on colitis development. In this study, we discovered that 1 month of HF feeding disturbed FA and AA metabolisms in serum and caused the reduction of the spatial distribution of TCA in the ileum and colon wall of mice, which may result in increasing the lipid peroxidation and the weakening of the resistance of colon wall to pathogens such as bacteria, thus aggravating epithelial barrier dysfunction and colonic mucosal inflammation. Consistently, we found that short-term HF-priming deteriorated TNBS-induced colitis, proved by more violent mucosal inflammation and broader colonic damage compared with CD-primed mice after TNBS treatment. These data indicated that short-term HF priming distributed metabolism, which led to increased susceptibility and severity of IBD.

For only 4 weeks of HF-feeding in mice, not only the blood lipid (TC and TG) increased but also TG accumulated in the colon, which may lead to mitochondrial dysfunction, oxidative stress, and other damage. In addition, the content of total BAs in mice colonic feces increased significantly, which is similar to previous reports that HF increased the production of secondary BAs (40). Compared with other internal organs, the liver is considered to be prone to fat accumulation (41), but our results showed that short-term (4 weeks) HF feeding did not cause significant fat accumulation in the liver. An interesting feature of gene expression was the suppression of enzymes involved in lipid synthesis, and these included Fasn and Scd1. It is worth noting that similar phenomena were observed in the ileum and colon. Scd1 is considered one of the key enzymes in lipid homeostasis and body weight regulation (42). Our studies have shown that HF feeding decreased mRNA level and desaturation index of Scd1. The decrease of Scd1 may cause lipid acylation disorder and change the lipid composition of the cell membrane, resulting in serious lipid toxicity (43).

Metabolomic investigations show that Trp was significantly lower in the serum of mice on HF than in the control group. Trp is one of the important essential AAs (EAAs). Research shows that disorders in Trp metabolism results in lower levels of bacterial-derived and beneficial metabolites, and some Trp metabolites can provide protection against gastroenteric effects and IBD (1, 44). For instance, Trp exerts a beneficial regulatory function in mucosal growth or maintenance and alleviation of intestinal inflammation by the 5-hydroxytryptophan (5-HT) signaling pathway (45). Other studies also suggest that Trp plays a role in the recovery of colitis and in the function of intestinal homeostasis by caspase recruitment domain family member 9 (Card9), calcium-sensing receptor (CaSR), and aryl hydrocarbon receptor (AHR) ligands in the intestine (46–48). Therefore, the significant decrease of serum Try in mice fed an HF for 1 month may be a risk factor for TNBS-induced colitis. Furthermore, saturated FAs are non-essential FAs, and excessive intake will increase the content of blood lipids in the body. Our results show that the increase of C16, C18, C20, and C22 in serum is closely related to dyslipidemia caused by HF. It should be noted that compared with the CD group, essential FAs C18:2, C18:3, C20:2, C22:4, and C22:5 were significantly increased in the HF group. Although we have known that polyunsaturated FAs positively affect insulin sensitivity, cardiovascular, mental health, and development and reduce hypertension and inflammation (49), the increase of serum-free FAs will lead to systemic low-grade inflammation, and the increase of HF-derived free FAs in the intestinal cavity will lead to the increased production of pro-inflammatory cytokines in the intestinal tract (50). These results indicated that HF intake had a regulating effect on FA metabolisms. Thus, we speculated that polyunsaturated FAs are a double-edged sword, and their advantages and disadvantages depend on the specific physiological conditions and reasonable physiological concentration of the body. Further study on their particular physiological significance is needed in the short-term HF feeding model. Notably, palmitoleic acid (C16:1) and EPA decreased in the HF group. Lipogenesis is mediated by Scd1, the rate-limiting enzyme catalyzing the synthesis of monounsaturated FAs, and the predominant substrates for Scd1 are palmitic (C16) and stearic acids (C18) which generate C16:1 and oleic acid (C18:1), respectively (49). The reduction of C16:1 and increase of C16 and C18 are consistent with the decreased expression of Scd1 in the liver in our results. C16:1 is a monounsaturated FA and has therapeutic effects on some chronic diseases such as metabolic syndrome, diabetes, and inflammation (49). EPA is an important polyunsaturated FA, also known as arachidonic acid and deep-sea fish oil, which belongs to the ω-3 series of polyunsaturated FAs. It is an important and indispensable nutrient that cannot be synthesized by the human body itself. EPA is known to have a variety of health benefits including well-established hypotriglyceridemic, antioxidant, and anti-inflammatory effects (49). It could be of interest to human health and the prevention of cardiovascular disease (51). Therefore, the decrease of C16:1 and EPA in the HF group may be conducive to the production of metabolic diseases.

Following TNBS installation, the distribution of significantly differential serum metabolites also changed. We did not find any metabolites changed significantly which only occurred in the CD and its colitis model. Importantly, the serum levels of Leu, His, C18, C18:2, C18:3, C22:4, and C22:5 are decreased significantly when we compared HT with HF instead of CT and CD, which may be the result of the joint action of HF and TNBS. Studies have shown that branched-chain AAs (e.g., Leu, Val, and Ile) supplementation with protein-restricted diet improved intestinal immune defense function by protecting villous morphology and by increasing levels of intestinal immunoglobulins in weaned piglets (52). His is a conditionally EAA and an important anti-inflammatory factor in the intestinal epithelial cells, and His supplement alleviates colitis of murine (53). Moreover, the decrease of His increases relapsing risk in the emission of ulcerative colitis patients, and it may be a non-invasive predictive marker in intestinal inflammation (54). It must be noted that the levels of Leu and His were significantly lower in the HT group than in the HF group, which might indicate that the intestinal immune defense function in the HT group is lower than that in the CT group. Furthermore, compared with CD, Glu decreased significantly in CT, but its change degree was less than that of HF and HT. Collectively, these results highlight the significant changes of some metabolites, and these changes may exist only in the HF and its colitis model. In addition, changes in serum metabolism between the CT group and the HT group were also observed. EAAs have significant effects on intestinal inflammation (10). It has been reported that Phe manifests beneficial effects in the treatment of IBD by inhibiting Tnfα productions and enhancing immune responses (55). In addition, the antioxidant and anti-inflammatory properties of Phe give Phe with chromium a protective effect on indomethacin-induced IBD in rats (56). Phe, as one of the EAAs for humans and animals, was decreased significantly in the HT group compared with the CT group in our study. This change may be caused by colitis in an HF state, which suggests that HF might induce severer colitis compared with CD following TNBS enema.

There exists a highly efficient BA preservation and recycling system within the body, which is termed the enterohepatic circulation (57). BAs, which are biosynthesized by the catabolism of cholesterol in the liver, are involved in maintaining lipid, glucose, and energy metabolism in the liver, intestine, and adipose tissue (58). HF feeding did not disturb BA synthesis regulators, such as FXR-SHP or FXR-FGF15 (data not shown), but one of the key BA synthesis enzymes (Cyp8b1) was increased in the liver of HF mice, suggesting that HF may change the ratio of CA and CDCA synthesized by the liver, which leads to disturbed BA metabolism. Through the microscopic MSI analysis of the terminal ileum, we found that HF significantly reduced the distribution of TCA in the ileum tissue section. Interestingly, in the microscopic MSI of colon tissue, we also noticed that HF reduced the distribution of TCA in colon tissue. In view of previous studies have confirmed that TCA has strong anti-inflammatory effects in the gut that control gut bacteria overgrowth and protect intestinal barrier function (26, 27), we speculated that the molecular basis of HF aggravating TNBS-induced colitis is partly to reduce TCA distribution in colonic tissue, so as to reduce the anti-inflammatory ability of colonic mucosal that leads to gut bacteria overgrowth and intestinal barrier dysfunction. The main limitation is that the current study cannot determine which specific changes induced by HF feeding lead to worse IBD in a TNBS model. All the above-mentioned changes in BA, metabolites, or gene expression are to some distance associated with colitis susceptibility. As shown in Figure 5, Phe and C18:2 are strongly associated with AST and ALT, respectively, which indicated the potential role as indicators of colitis formation. Further study will be determined to distinguish the contribution of metabolic changes caused by change of diet to colitis susceptibility.



CONCLUSION

In summary, our results clearly indicate the possibility of the adverse effects of short-term HF on the metabolism of mice, including metabolic changes in FAs, AAs, and BAs, which might continue to have negative effects on health and promote the occurrence and development of IBD. Therefore, dietary fat intake is a factor that must be carefully considered, especially in the IBD population. Our results also suggest that HF-primed mice might be more likely to develop abnormal liver function or even hepatitis after TNBS-induced colitis, which needs to be further studied.
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Supplementary Figure 1 | (A) The mass spectrum and secondary mass spectrometry of TCA standard. (B) Secondary mass spectrometry of ileum (precursor ion m/z 514.284). (C) Secondary mass spectrometry of colon (precursor ion m/z 514.284). Matrix: 9AA.

Supplementary Figure 2 | Phenotypes of mice fed a CD and HF for 4 weeks. (A) Schematic diagram for colitis model in CD and HF feeding mice. Male C57BL/6 mice were fed with a HF for 4 weeks, and control diet feeding mice were used as normal control. Three weeks later, mice of model group were presensitized with 1% (wt/vol) TNBS solution. Eight days after that, mice were treated under anesthesia with 2.5% (wt/vol) TNBS solution via intrarectal injection for 3 days to induce colitis. pre, before treatment. i.r., intrarectal delivery. The control group fed with CD or HF was not treated with TNBS. (B) All mice were sacrificed on day 3, and colons were collected to estimate mucosal damage by detecting colon lengths; gross morphology of the colons on day 3. (C) The representative histological sections were observed under microscopy (magnification: 2.5×). (D) qPCR quantitation of pro-inflammatory cytokines and chemokines in colonic mucosa on day 3. (E) The average daily food intake per mouse during the period of CD or HF feeding. The food intake of mice was recorded twice a week. n ≥ 3. The data were shown as mean ± SEM. *p < 0.05. CD, control diet group; HF, high-fat diet group.


ABBREVIATIONS

BA, bile acid; BAs, bile acids; TNBS, 2,4,6-trinitrobenzenesulfonic acid; CD, control diet; CT, control diet and TNBS administration; HF, high-fat diet; HT, high-fat diet and TNBS administration; MSI, mass spectrometry imaging; NPA, N-1-naphthylphthalic acid; 9AA, 9-aminoacridine; DCA, deoxycholic acid; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; TDCA, taurodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TUDCA, tauroursodeoxycholic acid; LCA, lithocholic acid; TLCA, taurolithocholic acid; TCA, taurocholic acid; TMCA, tauromuricholic acid; GCA, glycocholic acid; H&E, hematoxylin and eosin; AAs, amino acids; FAs, fatty acids; IBD, inflammatory bowel disease; MALDI, matrix-assisted laser desorption/ionization; EPA, eicosapentaenoic acid; EAAs, essential amino acids.
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Sulforaphane (SFN), an isothiocyanate present in cruciferous vegetables such as broccoli and brussels sprouts, has a variety of biological functions. This study was undertaken to assess the potential efficacy of SFN in ameliorating dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) in mice and to elucidate the underlying mechanisms. UC was induced in mice with administration of 2% DSS in drinking water for 7 days. Male C57BL/6 mice were treated with Mesalazine (50 and 100 mg/kg body weight) and various doses of SFN (2.5, 5, 10, and 20 mg/kg body weight). In DSS colitis mice, the hallmarks of disease observed as shortened colon lengths, increased disease activity index (DAI) scores and pathological damage, higher proinflammatory cytokines and decreased expression of tight junction proteins, were alleviated by SFN treatment. SFN also partially restored the perturbed gut microbiota composition and increased production of volatile fatty acids (especially caproic acid) induced by DSS administration. The heatmap correlation analysis indicated that Lactobacillus johnsonii, Bacteroides acidifaciens, unclassified Rikenellaceae RC9, and unclassified Bacteroides were significantly correlated with disease severity. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), Signal Transducer and Activator of Transcription 3 (STAT3), and Phase II enzyme UDP-glucuronosyltransferase (UGT) were involved in the protective effect of SFN against DSS-induced colitis. This study's findings suggest that SFN may serve as a therapeutic agent protecting against UC.
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INTRODUCTION

Inflammatory bowel disease (IBD), including Crohn's disease and ulcerative colitis (UC), is a chronic inflammatory disease of the gastrointestinal tract. Over 1 million residents in the United States and 2.5 million across Europe are estimated to have IBD with substantial costs for health care (1). Even in China, owing to the industrialization of society, incidence and prevalence of IBD has strikingly increased (2). Diet, frequent antibiotics use, and smoking are potential risk factors in IBD (3). The complex and precise underlying mechanisms are yet to be completely understood, however, the intestinal barrier function, immune system, and cross-talk between host and gut microbiota, are various processes known to be involved in the pathogenesis of IBD (4).

The disruption of intestinal barrier function is a hallmark of IBD. This leads to increased intestinal permeability and a significant impact on the gut microbial composition and diversity. Emerging evidence highlights the pivotal role played by gut microbiota in maintaining normal physiological functions of colon along with regulation of local immune system. An altered intestinal barrier and immune signaling dysregulation lead to mucosal inflammation, associated with an increased secretion of pro-inflamatory cytokines (5). Pro-inflammatory cytokines like interleukin-6 (IL-6) and tumor necrosis factor TNF-α), have been demonstrated as substantially upregulated, and strongly correlate with the severity of active IBD. Moreover, elevated levels of these cytokines, such as TNF-α, are known to damage intestinal tight junctions and permeability (6). Subsequently, an ongoing cycle ensues between the intestinal immune system, gut microbiota, and barrier function, responsible for the various clinical presentations of IBD. Given the multi-factorial etiology and complex pathophysiology of IBD, existing therapies have fallen short in terms of limited efficacy, multiple side effects and recurrence of attacks (7). Thereby, the need to identify alternative treatment modalities for IBD remains.

Sulforaphane (SFN), an isothiocyanate present in cruciferous vegetables such as broccoli and brussels sprouts, has attracted a lot of attention due to its unique ability to activate Kelch-like ECH-associated protein 1 (Keap1)–nuclear factor erythroid-2-related factor 2 (Nrf2)–antioxidant response elements (ARE) pathway (8). A variety of beneficial functions, such as anti-oxidant owned by SFN, rely on the induction of Nrf2-driven proteins. Most recently, there has been an increased focus on the anti-inflammatory and mucosa protective effects of SFN. Our previous results have confirmed that SFN significantly increased tight junction proteins expression both in vitro and in vivo models (9). In addition, SFN also exhibits a protective role against inflammation by notably decreasing the expression of various pro-inflammatory cytokines (9, 10). Furthermore, SFN has been shown to reverse the gut microbiota dysbiosis in mice, and also increased levels of intestinal short-chain fatty acids (9). Therefore, we hypothesized that SFN would be effective in ameliorating intestinal damage and dysfunction seen in IBD. The results from a previous study by Wagner et al. found that pretreatment with SFN at a dose of 25 mg/kg for 7 days significantly improved symptoms and reduced the inflammatory biomarker's expression in dextran sulfate sodium (DSS)-induced UC mice (11). Another study by Zhang et al. (12) reported that SFN reversed the gut dysbiosis and also reduced the damage in DSS-induced colitis mice. Thereby, in this study, we utilized a DSS-induced colitis model in mice to thoroughly investigate the protective effects and uncover the associated mechanism of SFN in treatment of IBD.



MATERIALS AND METHODS


Materials and Chemicals

SFN was purchased from Toronto Research Chemicals (Toronto, Canada). DSS (36,000–50,000 Da molecular weight) was obtained from MP Biomedicals, Inc. (Solon, USA). Mesalazine was obtained from Ipsen Pharmaceutical Co. (France). NP40 lysis buffer, BCA protein assay kit, dimethylsulfoxide, and normal saline were purchased from the Beyotime Institute of Biotechnology (Nantong, China). Primary antibodies against ZO-1, Occludin, Claudin-1, Nrf2, UDP-glucuronosyltransferase (UGT), Signal Transducer, and Activator of Transcription-3 (STAT3), Cyclooxygenase-2 (COX-2), β-actin, and horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Proteintech Group, Inc. (Wuhan, China). Mouse IL-6, interferon (IFN)-γ, TNF-α, and IL-1β enzyme-linked immunosorbent (ELISA) kits were obtained from Elabscience Biotechnology Co., Ltd (Wuhan, China). A Western blot enhanced chemiluminescence kit was purchased from Advansta, Inc. (San Jose, USA).



Animal Experiment and Dosage Regimen

Seventy 8-week-old male C57BL/6 mice were purchased from Shanghai Slac Laboratory Animal Co. Ltd (Shanghai, China) and housed in the facilities of Laboratory Animal Services at Ningbo University (temperature 22 ± 2°C and humidity 55 ± 5% with a 12-h/12-h light/dark cycle). Mice were allowed to acclimate for 2 weeks prior to the experiment. The mice (nearly 25 g) were randomly assigned to eight groups (10 mice for the groups B–F; six mice for the group A; and seven mice for the groups G and H). DSS was dissolved in drinking water at a concentration of 2% DSS (w/v) to induce colitis. In the DSS treatment groups, mice received distilled water for 7 days, then 2% DSS for 7 days, followed by 5 days of distilled water. SFN was dissolved in a small volume of DMSO and diluted to the appropriate concentration with normal saline. The final concentration of DMSO did not exceed 1%. In the SFN-treated groups, mice were gavaged with SFN (2.5, 5, 10, and 20 mg/kg/day for the groups C–F, separately) during the whole experimental procedure. In the groups G and H, mice were orally administrated with Mesalazine (50 and 100 mg/kg/day) during DSS treatment time that served as a positive medical treatment group. All mice in each group had identical total gavage volume and identical contents of solvent.

All mice were maintained in solid-bottom cages and were allowed free access to food and water during the entire experimental procedure. Body weight and consumption of food and water for all mice were monitored every day throughout the whole experimental procedure. Mouse survival was closely monitored throughout the experimental period. The whole experimental period lasted for 19 days. The experimental scheme is shown in Figure 1A. The study was approved by the Ethics Committee of Ningbo University (Registration Number: NBU20210028) and performed according to the Guidelines for Animal Care.


[image: Figure 1]
FIGURE 1. Effect of SFN on colitis symptoms in mice. (A) Scheme of the animal experimental design. Group A: Negative control; Group B: Colitis model (2% DSS in drinking water); Group C: SFN (2.5 mg/kg/d) + colitis model (2% DSS in drinking water); Group D: SFN (5 mg/kg/day) + colitis model (2% DSS in drinking water); Group E: SFN (10 mg/kg/day) + colitis model (2% DSS in drinking water); Group F: SFN (20 mg/kg/day) + colitis model (2% DSS in drinking water); Group G: Mesalazine (50 mg/kg/day) + colitis model (2% DSS in drinking water); Group H: Mesalazine (100 mg/kg/day) + colitis model (2% DSS in drinking water). (B) Mean body weight over time. (C) DAI score. (D) Representative macroscopic pictures of colons in each group. (E) Colon length. (F) Colon weight/ length ratio. (G) Spleen index. (H) Thymus index. (I) Liver index. All data are presented as the mean ± SD. P value < 0.05 was considered to indicate statistical significance (*P < 0.05 and **P < 0.01 compared with Group A, #P < 0.05 and ##P < 0.01 compared with Group B).




Sample Collection and Disease Activity Index

DAIs of mice, including body weight loss (%), stool consistency, and blood in feces, were measured and recorded according to the DAI scoring system in Supplementary Table 1. DAI score, which is defined as the average of body weight loss score, fecal character score, and blood stool fraction, was used to evaluate the severity of colitis. At the end of the experiment, all of the mice were sacrificed and tissues (colon, spleen, thymus, and liver) were collected. Colon segments between the ileocecal junction and the anus were removed. Colons were weighed and washed with ice-cold PBS, and colonic contents were collected and stored at −80°C. Distal colon parts were fixed in 4% paraformaldehyde, embedded in paraffin, and stained with hematoxylin & eosin (H&E) to observe the tissue morphological changes with an optical microscope and conduct histological evaluation, while the other parts were stored at −80°C for further studies.



Histological Assessment

Colon specimens were embedded in paraffin and cut into 4 μm sections for H&E staining. The slides were examined with an Olympus BX40 microscope (200× and 400× magnification). All the slides were grossly inspected in a blinded fashion by two pathological experts. The inflammatory scores are presented as the sum of the four parameters as shown in Supplementary Table 2.



Determination of Cytokines Concentration in Serum

Blood samples from mice were collected by retro-orbital sinus puncture under isoflurane anesthesia via the medial canthus of the eye using clean heparinized microhematocrit tubes. Blood was collected and centrifuged at 3,000 rpm for 15 min, and then the serum was obtained. Aliquots of each serum sample were stored at −80°C. The concentrations of IL-6, IFN-γ, TNF-α, and IL-1β were determined using ELISA kits (Elabscience Biotechnology Co., Ltd, China) according to the manufacturer's instructions. The concentrations were spectrophotometrically quantified by measuring the absorbance at 450 nm. The data were measured in pg mL−1.



DNA Extraction and 16S rRNA Gene Sequencing Analysis

Total genomic DNA was extracted from fecal samples using the E.Z.N.A.® DNA Kit (Omega Bio-Tek, Norcross, GA, USA). DNA concentration was assessed using a Nanodrop (Thermo Scientific). DNA integrity and size were assessed using agarose gel electrophoresis, and all the samples that were showing adequate concentration and integrity were kept for further sequencing analysis. The V3–V4 variable regions of the 16S rRNA gene extracted from each fecal sample were amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) on a GeneAmp 9700 thermal cycler PCR system (Applied Biosystems, USA). PCR amplicons were purified using the AxyPrep DNA Gel Extraction Kit (Axygen, USA) and quantified using a QuantiFluor™-ST fluorometer (Promega, USA). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 300-base pair (bp) sequencing was performed using the Illumina MiSeq platform. Raw fastq files were demultiplexed and quality-filtered by the Quantitative Insights into Microbial Ecology (QIIME) platform and R packages (v3.2.0). Operational taxonomic units (OTUs) were picked using a criterion of 97% nucleotide identity. α-Diversity was measured by species richness and evenness from the rarefied OTU and indicated as the Shannon and Simpson indices. Sequencing data were analyzed using the free online Majorbio Cloud Platform (https://cloud.majorbio.com/).



Gas Chromatography Analysis of Volatile Fatty Acids in the Samples of Colonic Contents

The whole procedure was performed as mentioned in the previous study (9). Briefly, the samples of colonic contents (1 g) from all the groups of mice were homogenized in 5 ml of deionized water for 10 min and then centrifuged at 13,200 × g for 20 min at 4°C. The supernatant was immediately filtered through a 0.45 μm microfiber filter. Then, 1 ml of supernatant was placed in a 1.5 ml GC vial, to which 100 μL of formic acid was added. Standard curves for seven fatty acids (99%, analytical standard, Sigma) were made to analyze the concentrations of volatile fatty acids from the colonic contents of the mice. Volatile fatty acids were quantified by GC (Agilent 7,890; Agilent Technologies, USA) equipped with a flame ionization detector (FID). The concentrations of total fatty acids were calculated as the sum of those of volatile fatty acids (acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid, iso-valeric acid, and caproic acid).



Protein Extraction and Western Blotting Analysis

Frozen colon samples were ground into powder in liquid nitrogen and lysed in ice-cold NP-40 lysis buffer containing 1 mM of protease inhibitor PMSF for 30 min. Colon tissue homogenate was centrifuged at 16,000×g for 20 min at 4°C, the supernatants were collected for Western blot analysis. Equal amounts of proteins (60 μg) were subsequently separated with SDS–polyacrylamide gel electrophoresis and transferred to PVDF membranes. After blocking with 5% skimmed milk at room temperature for 1 h, the membranes were incubated with primary antibodies at 4°C overnight, washed with TBST, and incubated with HRP-conjugated secondary antibodies at room temperature for 1.5 h. The membranes were visualized with an enhanced chemiluminescence reagent. The relative densities of the individual bands were analyzed densitometrically using the ChemiImager 4,000 instrument (Alpha Innotech, USA).



Statistical Analyses

All data were reported as the mean ± standard deviation (SD). Statistical analysis was carried out using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) and Graphpad prism 6. For data sets confirmed with normal distribution (Shapiro-Wilk test), an unpaired Student's t-test was performed between Group A and Group B, and one-way ANOVA was performed to compare the effects of SFN and Mesalazine treatment in the DSS-treated group, followed by Dunnett's multiple comparison test against Group B. For the data sets that are not normally distributed, the Mann–Whitney test was performed between Group A and Group B, and the Kruskal-Wallis tests were performed for Groups B–H with Dunn's post-hoc test against Group B. The P-value generated from the multiple comparisons has already been adjusted by family-wise significance and confidence levels of 0.05.




RESULTS


SFN-Alleviated DSS-Induced Colitis in Mice

Body weight was recorded at the same time point every day. As shown in Figure 1B and Supplementary Table 3, the body weight of all DSS treatment groups (i.e., the Groups B–F) decreased significantly on the 15th-19th day. On the 19th day, 20 mg/kg/day of SFN (Group F) improved the body weight loss in contrast to Group B (P < 0.05). DAI scores were used to evaluate the severity of colitis (Figure 1C). On the 11th, 13th, 15th, and 19th day, the DAI scores were increased significantly in Group B than that in Group A. On the 17th day, the DAI scores in the SFN- and Mesalazine-treatment groups (groups D, F–H) were decreased significantly than that in Group B (P < 0.05). The detailed DAI scores at six different time points are shown in Supplementary Table 4.

As shown in Figure 1D, in Group B, characteristic macroscopic manifestations of DSS colitis-colon length shortening, hyperemia, and edema were observed. The colon length and weight/length ratio of mice in Group B shortened significantly in comparison to that in Group A (Figures 1E,F).

The spleen, thymus, and liver of mice from all groups were also measured at the end of the experiment (Figures 1G–I). Compared with Group A, the indices of the spleen and liver both increased, whereas the thymus index decreased significantly in Group B (P < 0.05). The survival rate and the consumption of food and water are shown in Supplementary Figures 1A–C.



SFN Ameliorated Colonic Tissue Damage in Colitis Mice

The protective effects of SFN on histological damages in the colons were examined. Compared with Group A, the colonic specimens obtained from Group B were characterized by significant loss of normal crypts, alteration of epithelial structure, increase of neutrophil and lymphocyte infiltration into the mucosal and submucosal layers, extensive loss of glands, and severe lesions in the colon mucosa, which collectively resulted in a significant higher histological score (Figures 2A,B). As observed in Group B, 5, 10, and 20 mg/kg/day of SFN and Mesalazine treatment (50 and 100 mg/kg) remarkably mitigated the morphological alterations and protected the colonic tissue integrity, which ultimately lead to a significant decrease in the total histological score. However, 2.5 mg/kg/day of SFN treatment showed more severe morphological damages in colonic specimens, resulting in a higher histological score.
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FIGURE 2. Effects of SFN on histopathological characteristics and inflammatory in colitis mice. (A) Representative H&E staining of colon tissues (magnification ×200, and ×400). (B) Colonic histological score. (C) Effects of SFN on the concentrations of IL-6, TNF-α, and IFN-γ in plasma were determined by ELISA at a concentration of pg/ml. All data are presented as the mean ± SD. P-value < 0.05 was considered to indicate statistical significance (*P < 0.05 and **P < 0.01 compared with Group A, #P < 0.05 and ##P < 0.01 compared with Group B).




SFN Inhibited Inflammatory Cytokines Production in Colitis Mice

To evaluate if the SFN treatment could ameliorate colitis by modulating the inflammatory response, inflammatory cytokines were measured. As shown in Figure 2C, the concentrations of IL-6 were increased in the DSS-treated groups when compared with the negative control group. A 20 mg/kg/day of SFN treatment decreased IL-6 concentration in Group B (30.04 ± 18.07 vs. 75.49 ± 21.60 pg/ml, P < 0.05). TNF-α production was increased significantly in Group B in contrast with Group A (7.44 ± 1.12 vs. 13.24 ± 0.83 pg/mL, P < 0.05). TNF-α concentrations were decreased significantly in the SFN- and Mesalazine-treatment groups when contrasted with Group B (P < 0.01). IFN-γ concentration was increased significantly in Group B than that in the control group (6.57 ± 1.18 vs. 10.48 ± 3.78 pg/ml, P < 0.05). In the SFN- (2.5, 5, 10, and 20 mg/kg/day) and Mesalazine-treatment groups, the concentrations of IFN-γ were decreased significantly when compared with Group B (P < 0.05). IL-1β concentrations were slightly increased in Group B although no significant difference has been observed (data not shown).



SFN-Modulated Gut Microbiota Composition

Given the critical role of gut microbiota in the pathogenesis of colitis, the effect of SFN on the state of gut microbiota composition in DSS-treated mice was investigated. The influences of SFN on the richness and evenness of gut microbiota were assessed. OTU numbers, Shannon diversity, Simpson, ACE, and Chao 1 indices were measured as they are common measures of α diversity that indicate the depth of sequence coverage and community diversity. As shown in Supplementary Figures 1D,E, there were no significant differences among all the groups at α-diversity.

The relative abundance of the predominant taxa among groups was evaluated (Figures 3A,B). Firmicutes, Bacteroidota, Proteobacteria, Verrucomicrobiota, and Actinobacteriota were five major phyla that account for more than 95.0% of the whole gut microbial composition in all the mice. As shown in Figure 3B, at the phylum level, the relative abundance of Firmicutes was significantly decreased in Group B when compared to Group A (0.54 ± 0.10 vs. 0.25 ± 0.11, P < 0.05). In comparison to Group A, Bacteroidota were elevated in Group B (0.30 ± 0.12 vs. 0.66 ± 0.12, P < 0.05). SFN (10 mg/kg/day) and Mesalazine treatment was shown to significantly lower the relative abundance of Bacteroidota in contrast with the counterparts in Group B (P < 0.05). DSS-treated mice with 10 mg/kg/day SFN had a relative higher abundance of Proteobacteria when compared to Group B (P < 0.01). In comparison to Group A, the relative abundance of Verrucomicrobiota was decreased in Group B (P < 0.05). While the results in the SFN—(2.5 and 10 mg/kg/day) and Mesalazine-treatment (50 mg/kg/day) groups had a relative lower abundance of Verrucomicrobiota in contrast with Group B (P < 0.05). The abundance of Actinobacteriota in Group B was significantly decreased than that in Group A (P < 0.05).


[image: Figure 3]
FIGURE 3. Effect of SFN on gut microbiota compositions at the phylum level in colitis mice. (A) Gut microbiota compositions at the phylum level in each group. (B) Relative abundance of predominant bacterial community members at the phylum level. All data are presented as the mean ± SD. P-value <0.05 was considered to indicate statistical significance (*P < 0.05 and **P < 0.01 compared with Group A, #P < 0.05 and ##P < 0.01 compared with Group B).


We then analyzed the relative abundance of bacteria at the genus level (Figures 4A,B). Among all the treatment groups, Bacteroides, Rikenellaceae RC9, Parabacteroides, Bifidobacterium, and Prevotellaceae NK3B31 were the most affected genera. In comparison to Group A, the relative abundance of Bacteroides and Rikenellaceae RC9 was significantly increased in the DSS group (P < 0.05). The relative abundance of Parabacteroides was significantly increased in Group D in contrast with Group B (P < 0.05). In contrast with Group A, the relative abundance of Bifidobacterium and Prevotellaceae NK3B31 was significantly decreased in Group B (P < 0.01).


[image: Figure 4]
FIGURE 4. Effect of SFN on gut microbiota compositions at the genus level in colitis mice. (A) Gut microbiota compositions at the genus level in each group. (B) Relative abundance of predominant bacterial community members at the genus level. All data are presented as the mean ± SD. P-value <0.05 was considered to indicate statistical significance (*P < 0.05 and **P < 0.01 compared with Group A, #P < 0.05 and ##P < 0.01 compared with Group B).


As shown in Figures 5A,B, the relative abundances of bacteria at the species level were also analyzed for all the groups, and it was found that 42 species accounted for more than 90% of the fecal pellet. Of these detected species there were nine species that showed significant changes. In comparison to Group A, the relative abundances of Bacteroides acidifaciens and Rikenellaceae RC9 both increased in Group B (P < 0.05). Meanwhile, the relative abundances of Bifidobacterium pseudolongum, unclassified Lactobacillus, Lactobacillus johnsonii, Lactobacillus intestinalis, and uncultured Prevotellaceae NK3B31 in Group B were all significantly lower than that in Group A (P < 0.01). The relative abundance of Akkermansia mucinphila was lower in Group B than that in Group A, although no significant difference is shown (Supplementary Figure 2).
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FIGURE 5. Effect of SFN on gut microbiota compositions at the species level in colitis mice. (A) Gut microbiota compositions at the species level in each group. (B) Relative abundance of predominant bacterial community members at the species level. All data are presented as the mean ± SD. P-value <0.05 was considered to indicate statistical significance (*P < 0.05 and **P < 0.01 compared with Group A, #P < 0.05 and ##P < 0.01 compared with Group B).




SFN Promoted the Production of Volatile Fatty Acids

Here, the quantities of SCFAs (acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid, and iso-valeric acid) and caproic acid in the colonic contents of mice were measured (Figure 6). A 20 mg/kg/day dose of SFN significantly increased the concentration of caproic acid in contrast with Group B (P < 0.01). For the levels of acetic acid, propionic acid, iso-butyric acid, and total fatty acids, there were no obvious differences among all the groups (Supplementary Figure 3).


[image: Figure 6]
FIGURE 6. Effect of SFN on volatile fatty acids concentrations in colitis mice. The samples were collected from colonic contents of all groups of mice. (A) Butyric acid; (B) Valeric acid; (C) Iso-valeric acid; (D) Caproic acid. All data are presented as the mean ± SD. P-value <0.05 was considered to indicate statistical significance (*P < 0.05 and **P < 0.01 compared with Group A, #P < 0.05 and ##P < 0.01 compared with Group B).




Correlation Analysis

In this study, we performed a correlation analysis to evaluate the statistical relationship among microbial species at the genus level, volatile fatty acids, and phenotype indicators (namely, organ indexes, DAI, body weight, and histopathological score) (Figure 7). Heatmap analyses revealed that the histopathological score had a negative correlation with body weight, thymus index, and volatile fatty acids (mainly, butyric acid, valeric acid, iso-valeric acid, and caproic acid) and Lactobacillus johnsonii (P < 0.05). Meanwhile, histopathological score had a positive correlation with DAI, spleen index, liver index, proinflammatory cytokines, Bacteroides acidifaciens, unclassified Rikenellaceae RC9, and unclassified g Bacteroides (P < 0.05).


[image: Figure 7]
FIGURE 7. Heatmap of Pearson correlation analysis. The color scale bar ranged from −1.0 (red) to 1.0 (blue). The size and color of the circles indicate the magnitude of the correlation between parameters. Red and blue, respectively, denote negative and positive correlations. These were done in R.




SFN Upgraded Tight Junction Protein Expression

To confirm the protective effect of SFN against the gut barrier disruption in colitis mice, tight junction proteins, including ZO-1, Claudin-1, and Occludin, serving as the basis of structure for the paracellular permeability barrier, were measured. As shown in Figure 8A, the expressions of tight junction proteins were all decreased in Group B. The expression of ZO-1 in Group F was increased significantly when compared to Group A (P < 0.05).


[image: Figure 8]
FIGURE 8. Effect of SFN on tight junction and Nrf2-related protein expression in colitis mice. (A) Relative expression of ZO-1, Occludin, and Claudin-1 in colon tissues as measured by Western blotting. (B) Relative expression of Nrf2 and UGT in colon tissues as measured by Western blotting. (C) Relative expression of STAT3 and COX-2 in colon tissues as measured by Western blotting. All data are presented as the mean ± SD.




SFN-Regulated Nrf2-Related Protein Expression

SFN exerts multi-functional effects via the activation of Nrf2 antioxidants responsive element pathways. Nrf2 can regulate the expression of more than 200 genes, such as phase 2 enzymes and STAT3. Here, the expressions of Nrf2 and UGT in the colonic species were measured. As shown in Figure 8B, the Nrf2 expression was increased significantly by 5, 10, and 20 mg/kg/day of SFN treatment. As shown in Figure 8C, STAT3 expression is decreased by 0.03-fold in the colitis group. SFN- and Mesalazine treatment increased the STAT3 expression significantly when compared to Group B. COX-2, an important enzyme in the synthesis of prostaglandin from arachidonic acid, is inducible in response to cytokines. In the present study, there were no significant changes among all the groups for COX-2 expression (Figure 8C).




DISCUSSION

In this study, the utilization of 2% DSS successfully established a mice colitis model, in mice according to Stefan's protocol, as evidenced by decreased body weight, reduced food intake, shortened colon length, and increased DAI scores (13). In comparison to Group B, mice treated with SFN presented with weight gain, decreased DAI score, and colon length growth. Moreover, histological results clearly showed that SFN ameliorated pathological damage in the colitis mice. These present findings strongly indicate that treatment with SFN is highly effective against DSS-induced colitis. The potential mechanisms were also explored, including the suppression of inflammation, improvement of intestinal mucosa barrier defects, and modulation of microbiota dysbiosis.

Cytokines have been directly implicated in the pathogenesis of IBD in recent studies, and they have been established as playing a pivotal role in aggravating and controlling intestinal inflammation and the associated clinical symptoms of IBD (14). The results from H&E staining analysis clearly showed obvious infiltration of inflammatory cells, multiple erosions, and ulcers in the colon tissue of DSS treated mice. Three critical pro-inflammatory cytokines - IL-6, TNF-α and IFN-γ are known to be predominantly involved in IBD. IL-6 production by lamina propria macrophages and CD4+ cells is increased in the experimental colitis and in IBD patients (15). Additionally, Robust IFN-γ production has been observed in colitis in mice and IBD patients (16). A study using IFN-γ−/− mice showed significantly decreased inflammation in DSS colitis, indicating an indispensable role of IFN-γ in colitis initiation (17). Furthermore, anti-TNF antibodies are now successfully used in the therapy of IBD, suggesting its pivotal role in the initiation and progression of IBD (18). In this present study, 5, 10, and 20 mg/kg/day of SFN treatment significantly ameliorated the inflammatory damage in mice colon tissue when compared to the colitis group, which is similar to the effect in the Mesalazine-treatment group. Accordingly, the increased concentrations of pro-inflammatory cytokines in the colitis mice, such as IL-6, IFN-γ, and TNF-α, were all significantly decreased by SFN treatment. Therefore, SFN treatment can alleviate IBD by decreasing the secretion of inflammatory cytokines.

We further analyzed inflammation-related molecules that are implicated in the etiology of UC. STAT3, a pleiotropic transcription factor, is an essential mediator of epithelial repair and inflammatory processes in colitis and colitis-associated colon cancer. In animal models, loss of STAT3 leads to more severe chronic inflammation following acute injury (19, 20). STAT3 activation in intestinal epithelial cells is essential for mucosal wound healing through its ability to regenerate epithelium, thereby playing an integral role in recovery from colitis (21). In this present study, the expression of STAT3 in the DSS-induced colitis mice was markedly decreased and significantly elevated when treated with SFN.

Gut microbiota dysbiosis closely relates to the pathogenesis of IBD. Our previous results have shown that SFN has the ability to modulate the gut microbiota (9). Typically, gut microbiota in IBD patients is characterized with a decrease in the commensal and beneficial fecal bacteria such as Firmicutes, but an increase in the inflammatory strains such as Proteobacteria, which is consistent with our findings in colitis mice (22, 23). As shown in Figures 3A,B, the DSS administration significantly decreased the relative abundance of Firmicutes, and this trend was reversed by treatment with SFN and Mesalazine. Clostridium sensu stricto, Oscillospiraceae, and Prevotellaceae, belonging to Firmicutes phylum, are known to produce butyrate from their fermentable carbon sources (24, 25). As shown in Figure 5, SFN treatment significantly increased the abundance of Clostridium sensu stricto 1 and unclassified Oscillospiraceae.

It has been reported that the patients with IBD have shown an increased number of Bacteroidota compared to that of the controls (26). In this present study, the relative abundance of Bacteroidota was increased significantly in the colitis mice, whereas it was decreased significantly by SFN and Mesalazine treatment. According to the results at the genus and species level, the increased abundance of Bacteroidota should be attributed to Bacteroides acidifaciens and unclassified Bacteroides. Bacteroides acidifaciens leads to the progression and development of colitis (27). Bacteroides acidifaciens has several features, for example, degrading mucin, which is a protective layer in the colon produced by epithelial layers. Moreover, Bacteroides acidifaciens is also known to increase acetic and succinic acid production, both of which can contribute to colitis-associated inflammation (27). Notably, SFN treatment decreased this abundance of Bacteroides acidifaciens in DSS mice. Rikenellaceae RC9 belongs to the Rikenellaceae family, Bacteroidota phylum. It is reported that Rikenellaceae RC9 is significantly positively correlated with systemic inflammatory cytokines, such as IL-6,IL-1β,and TNF-α (28).

We noticed decreased relative abundances of both Verrucomicrobiota and Actinobacteriota in the colitis mice. The abundance of Akkermansia muciniphila, the only cultivated intestinal representative of the Verrucomicrobiota, was decreased in the DSS-induced mice. However, this decreased trend for Akkermansia muciniphila was reversed by SFN treatment. Akkermansia muciniphila, a Gram-negative and strictly anaerobic bacterium, is an important mucus-degrading intestinal bacterium that encodes mucin-degrading enzymes by increasing the thickness of the gut mucus. The abundance of Akkermansia muciniphila is known to be markedly reduced in IBD patients as compared with the abundance in healthy individuals (29). Akkermansia muciniphila administration improved DSS-induced colitis via its protective effect on the gut barrier and its ability to reduce inflammatory cytokines (30). Actinobacteriota are Gram positive, non-motile, non-spore-forming, anaerobic bacteria with multiple branching rods. Bifidobacterium, one of the most present Actinobacteriota in the human gut, have beneficial effects on the maintenance of the gut barrier because of its ability to produce SCFAs, especially butyric acid (31). As shown in Figure 5, the genus of Bifidobacterium pseudolongum, belonging to Bifidobacterium species, was significantly decreased in DSS-induced colitis mice.

Lactobacilli are important members of the commensal flora within intestinal tract. They are generally considered non-pathogenic and recognized as probiotics with ability to modulate host immune responses with function of strengthening the epithelial junction complexes, decreasing the pro-inflammatory cytokines, and increasing the anti-inflammatory cytokine production (32). A clinical trial of Lactobacillus found it to be moderately effective in ameliorating colitis symptoms (33). Here, the relative abundances of unclassified Lactobacillus, Lactobacillus johnsonii, and Lactobacillus intestinalis were all significantly decreased in colitis mice than controls. Heatmap analysis demonstrated the close connection of this disrupted microbial flora with disease severity, especially Lactobacillus johnsonii, Bacteroides acidifaciens, Rikenellaceae RC9, and unclassified Bacteroides. Further studies are needed to confirm these relationships and mechanistic role of these bacteria in IBD.

Bacteria in the gut are known to produce short-chain fatty acids along with medium- and long-chain fatty acids as end products of metabolism. The contents of butyric acid, iso-butyric acid, valeric acid, and iso-valeric acid were all decreased in DSS-induced colitis mice and in 2.5 mg/kg/day of the SFN treatment group, whereas this decreased tendency was reversed by 10 and 20 mg/kg/day of SFN. Recent studies regarding SCFAs, have highlighted their protective effects on various systems in vivo and in vitro. SCFAs, especially butyric acid, are quickly absorbed and utilized as a major energy source by intestinal epithelial cells with multiple beneficial effects on the host, from improving barrier function to attenuating inflammatory response to immune-regulatory effect (34). Butyrate administration can markedly ameliorate the inflammatory response and maintain the epithelium barrier integrity in mice with colitis. Our previous results have shown that SFN possesses the ability of increasing the quantities of butyric acid and iso-butyric acid in mice (9). Valeric acid ameliorates pro-inflammatory cytokine production and improves gastrointestinal tract function and intestinal epithelial integrity (9, 35). It is reported that the contents of propionic acid, butyric acid, iso-butyric acid, and valeric acid evidently decreased in the colonic contents in DSS-induced colitis mice, which is quite consistent with our results (36). Caproic acid shows anti-inflammatory effect for its reduction in NF-κB transactivation and decrease in inflammatory cytokine production (37, 38). More importantly, fecal levels of caproic acid have been shown to inversely correlate with Crohn's disease activity (39). Here, our results show that the colonic contents of caproic acid were significantly decreased in DSS-induced colitis mice and in 2.5 mg/kg/day of the SFN treatment group. The concentrations of caproic acid were markedly increased by 20 mg/kg/day of SFN treatment.

Disrupted intestinal epithelial barrier is an important characteristic of IBD. The paracelluar permeability of the epithelial barrier and their function in the colon are primarily governed by tight junction proteins, such as ZO-1, Occludin, and Claudin-1 (40). As shown in Figure 8A, DSS administration decreased expression of ZO-1, and SFN and Mesalazine treatment reversed this tendency. Our previous results from both in vitro and in vivo models also suggest that SFN upregulated the tight junction protein expression (9).

Numerous studies suggested that a variety of beneficial functions owned by SFN relied on the induction of Nrf2 and Nrf2-driven proteins. Our results here clearly show that SFN significantly increase the expression of Nrf2 and the representative Phase II enzyme UGT. It has been shown that Nrf2-deficient mice were more susceptible to DSS-induced colitis (41). Many agents involved with Nrf2 activation, have been found to improve DSS-induced colitis, establishing evidence for a Nrf2-dependent mechanism as a promising strategy for treating UC (42, 43).



CONCLUSION

Our data establishes evidence that SFN ameliorates UC through modulation of gut microbiota composition, increasing the contents of fecal volatile fatty acids (especially caproic acid), increasing expression of tight junction proteins, and reduction of pro-inflammatory cytokines (Figure 9). Nrf2 activation followed by STAT3 signaling pathway play a pivotal role in the protective effect of SFN on colitis. Therefore, SFN can be considered a potential candidate in the treatment of IBD.


[image: Figure 9]
FIGURE 9. A proposed mechanism by which SFN protects against colitis.
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Research on obesity and related diseases has received attention from government policymakers; interventions targeting nutrient intake, dietary patterns, and physical activity are deployed globally. An urgent issue now is how can we improve the efficiency of obesity research or obesity interventions. Currently, machine learning (ML) methods have been widely applied in obesity-related studies to detect obesity disease biomarkers or discover intervention strategies to optimize weight loss results. In addition, an open source of these algorithms is necessary to check the reproducibility of the research results. Furthermore, appropriate applications of these algorithms could greatly improve the efficiency of similar studies by other researchers. Here, we proposed a mini-review of several open-source ML algorithms, platforms, or related databases that are of particular interest or can be applied in the field of obesity research. We focus our topic on nutrition, environment and social factor, genetics or genomics, and microbiome-adopting ML algorithms.
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INTRODUCTION

Obesity is considered to be a chronic progressive disease caused by a combination of multiple determinants, including biological, genetic, social, environmental, and behavioral factors (1, 2). Research on obesity and related diseases has received attention from government policymakers; interventions targeting nutrient intake, dietary patterns, and physical activity are deployed globally. Considerable current effort has been made by the computer community and industry to apply artificial intelligence (AI) technology in the field of biology and biomedicine (3, 4); a possible solution is to use modified machine learning (ML) algorithms to detect obesity disease biomarkers or discover intervention strategies to optimize the weight loss results. ML is seen as part of AI, allowing software applications to predict outcomes without being interpretable (5). ML models can be summarized as two categories: (I) supervised learning models relying on labeled data to train a function that can finish the prediction tasks, and (II) unsupervised learning models focusing on summarizing the characteristics of data, such as dimensionality reduction analysis.

Machine learning models have been successfully used in many studies on obesity to predict obesity rates and identify the risk factors in samples of interest (6–9). In the field of ML research, it is important and necessary to share the code used in research to check the reproducibility of a related work. In addition, open-source tools could greatly improve the efficiency of similar studies by other researchers. However, these studies ignored one significant thing: They did not share their ML methodologies and frameworks with the public for use by other researchers. At this stage, obesity-related research is considered a public health field and is mostly published in certain professional or medical journals, and these journals do not have strict requirements on the openness of the algorithms or frameworks used in the manuscripts, which are far less than the requirements for data sharing. After matching the keyword “github” (which is the world's most popular public code repository) in 491 abstract texts of obesity-ML-related research [using the PubMed search strategy “Obesity and Machine Learning and” (“1990/01/ 01” [PDAT]: “2022/04/01” [PDAT])], only one related paper was found. Open-source tools are tools for which the original source code is freely available and can be redistributed and modified (10). As a new and booming branch of computer science, ML inherits the tradition of open sharing in the computer community; relevant top journals or conferences have requirements for code sharing of published papers, and most researchers are also willing to upload their codes to the software source code repository.

Several existing reviews focused on the detailed illustration of the status (including the fundamentals, strength, limitation, and evaluation metric) of ML methods in obesity, while ignoring the discussion on the openness of algorithms (7, 11–13). To address this point, we proposed a mini-review for collecting open-source ML algorithms or platforms particularly focusing on the field of obesity research or that could be used in related problems in this article. Since the etiology and pathogenesis of obesity are extremely complex, we set the starting point of our study on the prior knowledge of the current authoritative study of obesity epidemiology (14). The traditional approach to epidemiological obesity research is to study numerous risk citations for obesity through specialized cohorts or epidemiological surveys (14). These customized ML tools for these specialized studies did not take our interest because of their low generality. We focused on ML algorithms related to obesity into several segments, including diet and nutrition, physical activity, geographic environment, genetics or genomics, and microbiome, in which the required data of ML models are available from the database (e.g., GEO database) or public platform (Google Map) without special input (Figure 1). In addition, we collected detailed information of 25 open-source ML algorithms or models applied in obesity or that could be used in related filed, including the project name, the relative website, applicable data types, and the simplified description of usage (Table 1).


[image: Figure 1]
FIGURE 1. Possible machine learning (ML) applications according to risk factors leading to obesity.



Table 1. Detailed information on these ML algorithms.
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METHODS

We designed a custom semi-automated data collection method incorporating data mining techniques for this mini-review. The PubMed and Google Scholar databases were searched from the inception until March 2022. The search terms used were: “obesity AND machine learning”; “nutrigenetics AND machine learning”; “food recommendation AND machine learning”; “obesity AND geographic information system”; “mhealth” AND (“smartphones” OR “mobile app” OR “mobile applications”) AND (“platform” OR “framework”)”; “(Genetics OR Genomics) AND machine learning”; “microbiome AND machine learning.” The inclusion criteria were as follows: (1) the abstract text contains the keyword “github” (text mining (TM) technology); (2) studies applying at least one ML algorithm focusing on predicting obesity and obesity-related diseases, preventing the obesity prevalence, or conducting the relationship between obesity and obesity risk factors [manually screening (MS)]; (3) the algorithms or frameworks in the studies must be suitable for a common data format, such as fasta or fastq format (MS). Articles excluded were the following: (1) the main text of studies was not available in the English language (TM technology); (2) review papers and papers not considered original studies (TM technology). The PRISMA flowchart of assessment of the literature is illustrated in Figure 2.
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FIGURE 2. PRISMA flowchart of the review.




RESULTS

In summary, we included 25 open-source ML algorithms or models applied in obesity in this mini-review. In the following sections, we discuss each algorithm and describe its applications.


Personalized Food Recommender

A recommendation system can be considered a specified ML model predicting the “rating” or “preference” when given certain information about the user. Deep learning approaches based on the embedding models are now popularly used in modern recommendation systems (15). The core utility of the food recommendation system is to provide recipe retrieval (16). PFoodReq is a novel question-answering food recommendation system based on a large-scale food knowledge base/graph (17). In general, PFoodReq will follow the user's question, such as “What's good with bread for breakfast?”, and then output all recipes from the model. The ingredients in these recipes are then rated for suitability and the top-rated recipes are recommended. FlavorGraph is a knowledge graph (KG) system by relations extracted from food recipes and information on flavor molecules from food databases (18). The two main usages of FlavorGraph are predicting compound food relationships and selecting or optimizing food pairings. Yum-me is a nutrition-based meal recommender that integrates state-of-the-art food image analysis models (19). Its input variables rely on two parts: (I) a survey of user dietary restrictions and nutritional expectations and (II) a visual interface that represents the user's food preferences. DeepFood, based on a deep learning approach, can recognize multi-item (food) images by detecting candidate regions or using a deep convolutional neural network (CNN) for food classification tasks (20). Market2Dish focused on the extension utility of user health profiling and health-aware food recommendation (21).



Nutrigenetic Model

Nutrigenetics is the science of studying the interaction between nutrition and gene information. LC-N2G is a novel statistical method inheriting genetic algorithm for ranking and identifying combinations of nutrients with gene expression (22). NutriGenomeDB is a nutrigenomics data platform based on the GSEA algorithm, which collects signature gene information of nutrigenomics experimental expression data obtained from the gene expression omnibus (GEO) (23).



Geographic Information System (GIS) Model

Studying obesity-related issues through GIS data and methods is one of the hotspots in current public health research. A US team pioneered the use of deep learning techniques to assess obesity levels by identifying key patterns in the built environment from satellite imagery (24). The key idea is to extract thousands of hidden features from satellite images and identify the potential relationship between the hidden features and the body mass index (BMI). Unfortunately, the framework is not open to the public. MapMetadataEnrichment, a deep learning–based approach that can automatically generate labeled training map images using GIS data, is highly recommended as an alternative framework (25). Without a deep learning approach, spatial models could not be directly used to analyze GIS data to study obesity (26). In this article, we recommend the GWmodel, which is a widely used R-based package that implements geographically weighted models for exploring spatial heterogeneity (27). A classic use case of the application of the GWmodel can be found in a recent study in which a geographically weighted regression (GWR) model (based on the GWmodel package) was adopted to analyze the relationship between socioeconomic factors, obesity, and air temperature and unhealthy behaviors in the USA (28).



mHealth Platform

Recently, digital technologies that can monitor and manage our physical and mental health in our daily lives have rapidly developed and are being used to solve obesity-related problems (29, 30). Mobile health applications denoted mHealth apps have become increasingly popular with researchers and clinicians as effective tools for improving health behaviors. Several open-source mHealth platforms are available, including schema (31), mHealthDroid (32), and MobileCoach (33). These platforms are mentioned here since they can cooperate with ML models in the situation where the model uses the data provided by the platform. The mHealhDroid platform is designed to facilitate the fast and easy development of mHealth and biomedical applications; the schema platform is a lightweight cross-platform mobile application focused on mobile health monitoring and intervention research; the MobileCoach platform provides a one-stop solution for fully automated digital interventions.



Genetic Model

Genetics studies genes and the way certain traits or conditionsare passed from one generation to the next. The polygenic score (PGS) database collects published PGS information that provides the community with an open platform for PGS research. (34). PRS estimates an individual's genetic risk for complex diseases based on many genetic variants across the genome. In fact, a polygenic risk score (PRS) could be considered a specified regression model; there are many obesity PRS models available in the PGS database, such as PGP000017 and PGP000211. Impute.me is the first non-commercial platform for using data from direct-to-consumer genetic testing to calculate and interpret polygenic risk scores (35). DeepVariant was launched by Google, which uses deep neural networks to fast and accurately identify variation sites from DNA sequencing data (36). The NeuralCVD-based deep survival machine algorithm can estimate the cardiovascular risk for coronary heart disease prevention (37). DeepCOMBI uses AI for analysis and discovery in genome-wide association studies (38).



Microbiome Model

The gut microbiome is closely related to overall health. More and more studies suggest that obesity is associated with specific changes in the composition and function of the human gut microbiome (39, 40). Any study of the gut microbiome associated with obesity cannot skip the step of taxonomic classification to infer the relative abundance of different taxa. Typical ML taxonomic classifiers are DeepMicro (41), DeepMicrobes (42), SortMeRNA (43), q2-feature-classifier (44), swarm (45), etc. We mentioned that q2 feature classifier has been implemented in QIIME 2 which is the most popular microbiome analysis platform (46). ML models [GEDFN (47), MDeep (48), TaxoNN (49), and MetaPheno (50)] can also be used to predict patient phenotype or obesity from their microbiome sequence data. MIPMLP provides a reproducible preprocessing ML pipeline for a microbiome analysis (51).




LIMITATIONS

Obesity, with its complex etiologies, is difficult to describe with a single theoretical model. The current trend in obesity research is to integrate health and medical big data and use high-throughput sequencing technology for multi-omics joint research. In general, the current ML models and algorithms for obesity research are separated from a single field, and no model can span multiple fields or integrate multiple types of data across platforms for a joint analysis of homologous and heterogeneous data. For the nutrigenetic model, the development of open-source models is far behind the industry. Several startups have launched genetics-based food recipes and recommendation systems, while their models are “black box.” A major limitation of genetic models of obesity is weak evidence from small sample sizes due to small variants of genetic mutations. For the mHealth platforms, we could not find open-source ML models in obesity, although we believe that ML models in obesity must be existing in commercial mobile APPs. For the open-source mHealth platform, we were unable to find an open-source ML model related to obesity, although we believe that such ML models already exist in commercial mobile apps.



PERSPECTIVE

Machine learning algorithms are a powerful analytic tool that enables us to conceptualize and study metabolic disorders within a fundamentally novel framework. In contrast to conventional statistical methods assessing single modality predictors, ML methods are capable of integrating multiple data types and sources to inform predictive models. Nonetheless, ML algorithms are limited by the type of data captured, the quality of available data, the conceptual frameworks algorithms are applied to, and the underlying assumptions. The use of ML algorithms in obesity will dramatically increase in the future, and a large number of ML algorithms will be implemented on a few specific platforms such as QIMME 2 to facilitate rapid application and collaborative work between multiple algorithms. Presently, most of the ML algorithms used in obesity-related research are isolated in a single field or the factor that causes obesity; in the future, the algorithms will work together across platforms or data types. Future research vistas are to optimize and prospectively test predictive models using external datasets.
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Branched-chain amino acids (BCAAs), composed of leucine, isoleucine, and valine, are important essential amino acids in human physiology. Decades of studies have revealed their roles in protein synthesis, regulating neurotransmitter synthesis, and the mechanistic target of rapamycin (mTOR). BCAAs are found to be related to many metabolic disorders, such as insulin resistance, obesity, and heart failure. Also, many diseases are related to the alteration of the BCAA catabolism enzyme branched-chain α-keto acid dehydrogenase kinase (BCKDK), including maple syrup urine disease, human autism with epilepsy, and so on. In this review, diseases and the corresponding therapies are discussed after the introduction of the catabolism and detection methods of BCAAs and BCKDK. Also, the interaction between microbiota and BCAAs is highlighted.
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INTRODUCTION

Branched-chain amino acids (BCAAs) account for about 35% of essential amino acids in most mammals, which cannot be synthesized by mammals themselves, and the functional R group makes them vital components of most proteins (1). BCAAs, composed of leucine, isoleucine, and valine, are not synthesized in animals but in plants, bacteria, and fungi. They have become popular study subjects since their discovery in the mid-nineteenth century. All BCAA members play important roles in nutrient sensing and cellular signaling, especially leucine, which acts directly by activating the mammalian/mechanistic targets of rapamycin complex 1 (mTORC1) (2). BCAAs have been studied due to their beneficial role in promoting protein synthesis in muscle during physical training and under conditions of negative energy balance, such as syndromes of cachexia and aging. Moreover, continuous accumulation in BCAAs from circulation is reported in patients with insulin resistance, obesity, type 2 diabetes, as well as heart diseases (3).



BRANCHED-CHAIN AMINO ACID METABOLISM

In BCAAs metabolism, the first step is BCAAs’ transforming into branched-chain α-ketoacids (BCKAs) under the catalyzation of branched-chain aminotransferases (BCATs; Figure 1). The corresponding BCKAs of leucine, isoleucine, and valine are α-ketoisocaproate (KIC), α-keto-β-methylvalerate (KMV), and α-ketoisovalerate (KIV) (4). Two different genes which encode BCATs are responsible for this process: BCAT1 is mostly expressed in the brain and encodes a cytoplasmic protein, at the same time, BCAT2 is widely expressed and encodes a mitochondrial protein (1). This step is a reversible transamination reaction, that largely occurs in skeletal muscle. After BCKAs are released back into circulation, they are oxidatively decarboxylated to acyl-CoA mainly in the liver. The branched-chain α keto-acid dehydrogenase (BCKDH) complex is an important enzyme that catalyzes this irreversible and rate-controlling process in BCAA catabolism. Although the liver and other tissues (such as adipose and muscle) all possess BCKDH and are able to carry out the catabolism of BCKAs, the liver is reported as the highest metabolic efficiency organ in the body in the oxidative decarboxylation of BCKAs (5). BCKAs covalently bind to a coenzyme A group and lose CO2 in an oxidative decarboxylation process catalyzed by BCKDH (1). The BCKDH complex consists of three parts, namely, E1, E2, and E3. BCKDH converts KIC to isovaleryl-CoA (IV-CoA), KMV to α-methylbutyryl-CoA (MB-CoA), and KIV to isobutyryl-CoA (IB-CoA). BCKDHA and BCKDHB genes encode E1, which exists as an α2/β2 heterotetramer, and its role is a thiamin-dependent decarboxylase. The DBT gene encodes E2, which acts as a lipoate-dependent dihydrolipoyl transacylase, transferring the acyl groups to coenzyme A. The DLD gene encodes E3, which is a FAD-dependent dihydrolipoyl dehydrogenase and functions in transferring the released electrons to NAD+ (1). BCKDH kinase (BCKDK) suppresses the activity of BCKDH by adding phosphate to three residues of BCKDHA. BCKAs especially the KIC allosterically regulate BCKDK. If the BCKAs are at high concentration, BCKAs will inhibit the activity of BCKDK, preventing BCAAs from running out when they are at low concentration (6). However, BCKDK also seems to be regulated by the BCKDH complex, the details of the mechanism need to be studied (6). The dephosphorylation process which activates the BCKDH complex is catalyzed by mitochondrial phosphatase 2C (PP2Cm). After the decarboxylation of BCKAs catalyzed by BCKDH, the following catabolism step is similar to the oxidation of fatty acid, every reaction is unique to the three BCAAs, and the mitochondrial matrix is the only site these reactions take place (Figure 2). In the end, the carbons from BCAA catabolism are either released as CO2 or enter the tricarboxylic acid (TCA) cycle (1). Except for complete oxidation, the BCAA intermediates also underwent degradation through gluconeogenesis, lipogenesis, ketogenesis, or cholesterol synthesis pathway (7).


[image: image]

FIGURE 1. Most of the BCAAs come from protein decomposition and food absorption. The reversible transamination reaction of BCAAs catabolism mostly occurs in skeletal muscle. After BCKAs are released back into circulation, most of them are oxidatively decarboxylated to acyl-CoA in the liver.
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FIGURE 2. A brief schematic of BCKA catabolism, and the enzymes that regulate this process.




DETECTION METHODS OF BRANCHED-CHAIN AMINO ACIDS AND BRANCHED-CHAIN α-KETO ACID DEHYDROGENASE KINASE

Nowadays, there is a great progress in the detection of amino acids at very low concentrations in complex matrixes, including liquid chromatography-mass spectrometry (LC-MS) and capillary electrophoresis-mass spectrometry (CE-MS) (6, 8, 9). Liquid chromatography and tandem mass spectrometry appear to be the major methods for detecting plasma BCAAs nowadays (10–13). Also, there are other improved LC-MS methods, including isotope dilution liquid chromatography tandem mass spectrometry (ID-LC/MS/MS) and high-performance liquid chromatography with electrospray ionization mass spectrometry (LC-ESI-MS) (14, 15). Due to the significant biological role that BCAAs and BCKAs play in metabolism, being able to measure them at the same time has become an important topic. A liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI±-MS/MS) method makes it possible to investigate BCAAs accompanied by BCKAs in human serum simultaneously (10). The CE-MS method (9, 16–18) is a valuable alternative for detecting BCAA concentrations. This method is widely used in the quantification of BCAAs in fluids and food, also, it has a wide application in pharmaceutical quality control (16).

Recently, a novel method of matrix-assisted laser desorption ionization-mass spectrometry imaging (MALDI-MSI) has been used to analyze BCAAs localization in tissues, especially in the brain. Many researches have demonstrated that the derivatization reagents such as 4-(anthracen-9-yl)-2-fluoro-1-methylpyridin-1-ium iodide (FMP-10), 2,4-diphenyl-pyranylium tetrafluoroborate (DPP), 2,3-diphenyl-pyranylium tetrafluoroborate (DPP-TFB), and 2,4,6-trimethylpyrylium (TMP) can promote amino metabolites detection in MALDI-MSI (19–21). This technique can simultaneously locate and quantify BCAAs in tissue sections, giving researchers credible information when studying the spatial distribution and quantity of BCAAs. Also, this technique makes it possible to study the impact of medication intervention on BCAAs.

The detection methods for BCKDK are quite simple. Real-time quantitative PCR, western blot, and immunohistochemical assay are used to analyze the expression of BCKDK. The activity of BCKDH also represents BCKDK function, and it can be measured by scintigraphy (22). The phosphorylation rate of BCKDH represents BCKDK function as well. At the same time, the function of BCKDK in glucose metabolism can be measured by the uptake amount of glucose, the production level of lactate, the oxygen consumption rate in the cell, the extracellular acidification rate, and reactive oxygen species (23, 24).



MICROBIOTA AND BRANCHED-CHAIN AMINO ACID-ASSOCIATED METABOLIC DISORDER

Food nutrients are regarded as the main nutrition supply for humans and other mammals. However, the gut microbiota has been reported to play an important role in modulating the utilization of numerous necessary nutrition for the host. Increasing evidence shows that obesity and many metabolic disorders may be related to the circulating BCAA pool, which can be affected by gut microbiota (25). Given the same protein proportion in high-fat diets (HFD) and normal control diets (NCD), bacterial metabolism is considered to be the source of high levels of serum BCAAs in HFD. In diet-induced obese (DIO) mice which are treated with luffa administration, the relative abundances of g-Enterortabdus, g-Eubacterium-xylanophilum-group, and g-Butyricicoccus were found to be increased in 16S rRNA gene sequencing (26). Also, in dietary luffa-treated DIO mice, the mRNA expression of the enzymes that catalyze BCAA the catabolism to decrease BCAA levels is upregulated in tissues such as the liver, adipose, and colon (26). Gut microbiota is altered in patients with stable heart failure, through the use of metagenomic analysis. Patients with heart failure have lower plasma essential amino acid levels than healthy controls. The lack of Eubacterium and Prevotella leads to the decreased biosynthesis of essential amino acids (especially BCAAs and histidine) in patients with heart failure, on account of the reduced abundance of microbial genes related to essential amino acid biosynthesis (27). Prevotella-copri is lipopolysaccharide-producing bacteria, making it related to low-grade inflammation and the synthesis of BCAAs (28).

Branched chain amino acids have potential effects on lipid composition. BCAAs metabolize into acetyl coenzyme A and propionyl coenzyme A, which are substrates for lipid synthesis. Excess carbon produced by catabolism of BCAA may lead to an increase in the rate of adipogenesis (29). Research has reported that fat accumulation in the liver was reduced after BCAAs supplementation in a rat experiment. The supplementation of BCAA will lead to the proliferation of R. flavefaciens which synthesized and released acetic acid into the portal vein, so that the expression of fatty-acid synthase (FAS) and acetyl-CoA carboxylase (ACC) in the liver is downregulated, reducing the occurrence of non-alcoholic fatty liver disease (NAFLD) (30).

Generally, individuals with obesity are prone to having gut microbiota dysbiosis with higher levels of circulating BCAAs and BCKAs compared with lean individuals. It is reported that gavage with Bacteroides spp. reduced the defects in BCAA catabolism of brown adipose tissue (BAT) caused by obesity and protected mice from obesity. The supplementation of Bacteroides spp. alters gut microbiota composition and reduces the levels of BCAA and BCKA in BAT, proving the beneficial effect of Bacteroides spp. in the catabolism of BCAA in BAT (31). Many studies that are targeted at microbiota intervention have suggested that regulating the BCAAs can be achieved by changing the gut microbiota, thus showing a promising therapeutic prospect. Some key findings focused on BCAAs and microbiota are summarized in Table 1.


TABLE 1. Summary of the interaction between microbiota and BCAA levels in different experimental settings from the recent studies.
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ROLE OF BRANCHED-CHAIN AMINO ACIDS AND BRANCHED-CHAIN α-KETO ACID DEHYDROGENASE KINASE IN METABOLIC DISORDERS


Obesity, Insulin Resistance, and Type 2 Diabetes Mellitus

Concentrations of plasma BCAAs, BCKAs, and carnitine esters, which derive from BCAAs metabolites are reported to be elevated in insulin resistance (IR), obesity, and type 2 diabetes mellitus (T2DM) patients and mice. And the circulating levels of BCAA and BCKA show an obvious correlation with body weight in mice as well as humans. Apart from the higher amount of food intake, the decreased metabolism of BCAAs contributes to another important aspect of obesity (42). It has been proven that the translation of BCAAs metabolism enzymes in adipose and liver is inhibited in obese mice, and the increased expression of BCKDK leads to the increased phosphorylation of BCKDH E1α and impaired activity of BCKDH in the liver (5, 43, 44). At the same time, BCKDK inhibitor treatment of diet-induced obese mice can inhibit weight gain and reduce the BCAAs and BCKAs concentrations in plasma (31). It is proposed that BCKDK promotes the occurrence of obesity by inhibiting BCAAs metabolism in obese animals. There are other studies pointing out that the elevated BCAAs in plasma might be related to impaired insulin action since it will increase protein catabolism in obese animals (31, 42). It is proposed that inflammation can down-regulate BCAA catabolism and lipogenesis in visceral adipose tissue partly through the NF-κB pathway, and endoplasmic reticulum stress can also down-regulate the BCAA metabolism pathway (45).

Muscle is reported as the earliest detectable tissue under insulin resistance abnormality, and the dysfunction of β-cell in the pancreas is widely accepted as the main pathophysiologic factor that drives T2DM (28, 46). It has been reported that elevated plasma BCAAs and BCKAs concentrations are early signs of insulin resistance in clinical studies (2). However, the level of BCAAs is not consistent with IR in different obesity-induced IR studies. In different tissues, the increase of circulating BCKAs is found to be better correlated with the severity of IR and T2DM, making BCKAs more effective and reliable biomarkers for IR (47–53). Accumulation of BCKAs is also an indicator of glucose intolerance and cardiac insufficiency and diabetes (54). The clearance of BCKAs is catalyzed by BCKDH, which is regulated by the inhibitory phosphorylation of BCKDK, suggesting BCKDK might be an important enzyme regulating this process.

BCAAs and BCKAs are reported to be involved in multiple IR pathways, including mTOR, insulin receptor substrate 1 (IRS1) pathway, fatty acid oxidation, and c-Jun NH2 terminal kinase (55–58). Activation of the mTORC1 pathway by leucine via Rag GTPases is considered to be an important mechanism of the impaired insulin signaling pathway. When activated, the tyrosine residues of insulin receptor substrates 1 and 2 (IRS1 and IRS2) were phosphorylated by insulin receptors, binding them to PI3K, causing AKT and protein kinase C (PKC) activated (59), those downstream effectors regulate glucose metabolism by phosphorylating downstream proteins in a cell-specific manner. AKT is considered a major and universal node in insulin signal transduction (60). It has been demonstrated that serum BCKAs inhibits insulin signaling by inhibiting AKT phosphorylation. Treatment with rapamycin, an mTOR inhibitor, showed a recovery in AKT2 phosphorylation and a moderate recovery of AKT1 phosphorylation suggesting that BCKAs inhibited AKT phosphorylation is dependent on mTOR (50, 59). Moreover, BCKAs have been proved to directly activate mTORC1, then activate S6K1 to phosphorylate the serine residue of insulin receptor substrate (IRS), preventing insulin receptors from binding to IRS and functioning (50).

Furthermore, it is proposed that activated mTORC1 can induce IR by directly promoting IRS1/2 degradation. However, in ob/ob mice given a low-protein diet, BCAAs supplementation causes insulin impairment without enhancing the activity of mTORC1. So that the activation of mTORC1 is not the only regulatory way of BCAA catabolism affecting insulin sensitivity (47). There are other ways leading to IR caused by BCAAs catabolic defects, such as increased synthesis and uptake of fatty acids due to BCAAs metabolic disorders. BCKDK can not only regulate BCAAs metabolism with BCAA as substrate but also phosphorylate ATP-Citrate Lyase (ACL), a critical enzyme in fatty acid synthesis from the beginning, and regulate the de novo formation pathway of fat, thus regulating the content of fatty acids (22). The metabolite of the valine, 3-HIB, may also cause insulin resistance through increasing muscle fatty acid usage (61). BCAAs supplementation to a normal diet does not affect mTOR activity while adding BCAAs to a high-fat diet increases mTOR activity in animal experiments. This proved that the existence of fatty acids promotes the activation of mTOR by BCAA and promotes the occurrence of IR. Abnormal BCAAs metabolism leads to the toxic stock of BCAAs metabolites, which triggers the dysfunction of mitochondria and stress signaling related to insulin resistance and T2DM. An example is JNK, which is associated with insulin resistance (62, 63).



Cardiovascular Disease

As mentioned above, BCAAs are found to be increased in the failing heart. It is proposed that cardiac BCAAs oxidation is decreased in insulin resistance. A study showed that BCAAs oxidation dedicated about one percentage of ATP production in heart ATP production, however, the main sources of heart ATP production are glucose and fatty acid oxidation. This suggests that cardiac insulin resistance is not due to the increased oxidation of BCAAs, which inhibits glucose and fatty acid oxidation (64). However, it is not clear whether BCAAs result in heart failure and mediate cardiac insulin resistance. In a permanent myocardial infarction (MI) model, utilizing coronary artery ligation, BCAAs catabolism was damaged seriously in the myocardium. This leads to an obvious elevation in BCAAs levels and activates mTOR signaling, exacerbating cardiac dysfunction and remodeling (65). It has been reported that BCAA levels were increased in dilated cardiomyopathy (DCM) hearts, accompanied by a decreased expression of mitochondrial BCAT2 and total expression of BCKDH compared to non-failing control. Also, phosphorylation of BCKDH and expression of cardiac PP2Cm were reduced in the DCM hearts, with an unchanged expression of BCKDK. It is reported that in heart failure patients, KLF15 expression is inhibited through the TAK1/P38MAPK axis, thus inhibiting BCAA catabolism, which leads to BCAAs accumulated in the heart. Also, increasing the oxidation rate of BCAAs has proved a practicable way to improve the contractile function of failing hearts in mice. After injecting BCKDK inhibitor, there is an increase in the activity of BCKDH and oxidation of BCAAs and the% ejection fraction (%EF) of TAC mouse increased significantly in transverse aortic constriction (TAC) surgery as heart failure mouse models. The results suggest that lowering cardiac BCAA levels by increasing the BCAA oxidation rate might offer a novel therapeutic way of heart failure treatment (66).



Exercise Damage

BCAAs are believed to increase muscle mass and limit exercise damage, so they are often utilized as nutritional supplements after exercise by some athletes and people with exercise habits regardless of their practice level. To investigate whether BCAAs supplements are beneficial, 11 studies described tests performed on humans who took BCAAs supplementation orally as a nutritional strategy were included, and a systematic review was published by some researchers, providing a comprehensive analysis of the effects of BCAAs supplementation on muscle damage induced by exercise. The result is quite neutral because the positive effect study numbers was equal to the no effect ones. What’s more, the studies which reported BCAAs supplementation had a positive effect on muscle damage, appeared to be of low quality. Most of the high-quality studies suggest there is no significant effect of BCAAs supplementation. This systematic review proposed that whether BCAAs supplementation is beneficial in muscle damage is uncertain. But under certain circumstances, supplying BCAAs might lessen the exercise-induced muscle damage. Under these circumstances, the experiment subjects are asked to take BCAAs supplementation at a dosage greater than 200 mg/kg/day, starting 1 week before exercise, and with a time duration longer than 10 days (67). To investigate whether BCAAs supplementation is needed to prevent exercise-induced muscle damage, there are more experiments with a larger sample size that needs to be done in the future.



Nervous System Diseases

As an important subgroup of essential amino acids, BCAAs in particular leucine, play an important role in the stimulation of protein synthesis, and cellular signaling. Some nervous system diseases are found to be related to be lack of BCAAs caused by mutations in the gene BCKDK. In a colony of Sprague–Dawley rats, there is a new mutant with the characteristics of hindlimb splaying, seizures, and brain weight decreasing. Mutations in the gene Bckdk are found in those rats (68). A study first reported that Bckdk–/– mice displayed repetitive hind limb flexion and extension when hung by the tail and eventually developed epileptic seizures (69). By studying those consanguineous families with autism, epilepsy, and intellectual disability, researchers have found mutations in the inactivating gene BCKDK. Patients with homozygous BCKDK mutations show decreasing messenger RNA and protein of BCKDK and plasma BCAAs. Bckdk knock-out mice have abnormal amino acid profiles in the brain and neurobehavioral deficits that respond to dietary BCAA supplementation (70). Another study discovered two novel mutations in the gene BCKDK of two children who are not related to each other, and their body fluids’ BCAA levels were decreased. Also, their delay in development and abnormal neurobehaviors were partially corrected after BCAA supplementation in a rich-protein diet (71).

Also, BCKDK and BCAAs are found to be related to energy metabolism in Huntington’s disease, which has the characteristics of progressive dysfunction in activity and cognition, with the symptoms of speech cessation, swallowing problems, walking difficulties, and losing independence, and dementia attack in the end. By measuring the blood of Huntington’s disease gene carriers and healthy controls in metabolites and gene expression changes, 6 statistically significant mRNA transcripts were found, and BCKDK was 1.34-fold higher in gene transcription level than healthy controls (72).

In maple syrup urine disease (MSUD) patients, accumulation of BCAAs and BCKAs are found due to the deficiency of branched-chain α-keto acid dehydrogenase caused by some certain inborn error of metabolism. It is proposed that the toxic accumulation of BCAAs and BCKAs can lead to apoptosis in glial cells and neurons with dosage and time-dependent pattern (73). Destroying the metabolism of brain energy is another mechanism. Pyruvate dehydrogenase, α-ketoglutarate dehydrogenase and the mitochondrial respiration chain are all inhibited by the accumulating BCKAs and leucine (74).



Treatment Targeting Branched-Chain α-Keto Acid Dehydrogenase Kinase and Branched-Chain Amino Acids

The therapeutic way of treating BCKDK deficiency is to restore the normal BCAA levels in patient fluids currently (75). The supplementation of BCAAs is quite important in nervous system diseases with mutations in the gene BCKDK. Nowadays, the research focus is mainly on decreasing the circulation BCAAs by inhibiting BCKDK or other methods.

The mitochondrial BCKDH is negatively regulated by reversible phosphorylation, and recent studies have found a novel BCKDK inhibitor, compound 3,6-dichlorobenzo[b]thiophene-2-carboxylic acid (BT2) can reduce the concentrations of BCAA in vivo. BT2 binds to BCKDK and leads to helix movements in the N-terminal domain, causing the dissociation of BCKDK from the BCKDH along with accelerated degradation of the released kinase in vivo (54, 76). When DIO mice were administered BT2 by oral gavage, serum BCAA and BCKA concentrations in the BT2 group showed a remarkable reduction compared with those in the control group after 4 weeks of BT2 treatment. Although the food intake amount of a high-fat diet appeared no difference in the two groups, BT2 treatment can obviously inhibit the weight gain compared with control (31). It is proposed that when wild-type mice were treated with BT2 at a dosage of 20 mg/kg/day for 1 week, it will result in almost completely dephosphorylated and maximally activated BCKDH in the heart, muscle, kidneys, and liver with a decrease in serum BCAA concentrations (76).

Similar to BT2, another BCKDK inhibitor (s)-α-chloro-phenylpropionic acid [(S)-CPP] is believed to achieve the same effect of reducing plasma BCAA concentrations. (S)-CPP binds to the N-terminal domain in a unique allosteric site, causing helix movements in BCKDK. These conformational changes are transferred to the lipoyl-binding pocket, which prevents BCKDK from binding to the BCKDH core to remove its activity (77).

There is also an easily available drug in the clinic found useful in improving BCAAs catabolism. Pyridostigmine has been widely used and tested in the clinic for the treatment of myasthenia gravis. Recently, some studies have revealed that pyridostigmine inhibits cholinesterase to increase acetylcholine levels, leading to an improvement in cardiac function in rats with cardiovascular diseases. At the same time, the cardiac function of normal rats was not affected. Also, pyridostigmine was found to promote BCAAs catabolism by enhancing vagal activity and attenuating intestinal barrier injury and gut bacteria dysbiosis in diabetic cardiomyopathy mice. Pyridostigmine was also found to enhance cardiac BCAAs catabolism by upregulating BCAT2 and PP2Cm and downregulating p-BCKDHA/BCKDHA and BCKDK (78).

Nowadays, insulin sensitizer therapy such as thiazolidinediones is found to improve insulin sensitivity and reduce serum BCAAs (79–81). A study reported that thiazolidinediones (in this experiment, rosiglitazone was used) treated mice had lower circulating BCAA and showed upregulated BCAT as well as BCKDH activities compared with those treated with placebo, independently of diet. They hypothesized that rosiglitazone could reduce IRS1 serine phosphorylation in skeletal muscle dependent on mTORC1 and thus reduce insulin resistance throughout the body (79).




CONCLUSION

The homeostasis of BCAAs is critical in health and disease. Like essential amino acids, BCAAs participate in protein synthesis, regulating neurotransmitter synthesis, providing energy support, and acting as nitrogen donors. The accumulation and insufficiency of BCAAs play critical roles in different metabolic disorders (Figure 3). Lacking BCAAs and BCKDK mutations may cause severe neurological disorders and growth retardation. However, insulin resistance, obesity, heart failure, and even cancer are all associated with the accumulation of excess BCAAs. BCKDK, as an important enzyme affecting the metabolism of BCAA, is now recognized as a new therapeutic target for treating metabolic disorders caused by BCAA accumulation. Certain microbiota may also affect BCAA metabolism, and further studies are needed in this area. Apart from introducing diseases related to BCAAs and BCKDK, this review has also offered information about some novel detection methods of BCAAs, the interaction between BCAAs and microbiota, and BCKDK inhibitors, facilitating the researchers to get a comprehensive understanding of studies on BCAAs.
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FIGURE 3. Role of BCAAs metabolism in health. Abnormal elevation or deficiency of BCAAs lead to many diseases, such as neurobehavioral deficits, heart failure, T2DM and obesity.
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Epidemiological studies have shown that excessive intake of fructose is largely responsible for the increasing incidence of non-alcoholic fatty liver, obesity, and diabetes. However, depending on the amount of fructose consumption from diet, the metabolic role of fructose is controversial. Recently, there have been increasing studies reporting that diets low in fructose expand the surface area of the gut and increase nutrient absorption in mouse model, which is widely used in fructose-related studies. However, excessive fructose consumption spills over from the small intestine into the liver for steatosis and increases the risk of colon cancer. Therefore, suitable animal models may be needed to study fructose-induced metabolic changes. Along with its use in global meat production, pig is well-known as a biomedical model with an advantage over murine and other animal models as it has similar nutrition and metabolism to human in anatomical and physiological aspects. Here, we review the characteristics and metabolism of fructose and summarize observations of fructose in pig reproduction, growth, and development as well as acting as a human biomedical model. This review highlights fructose metabolism from the intestine to the blood cycle and presents the critical role of fructose in pig, which could provide new strategies for curbing human metabolic diseases and promoting pig production.

KEYWORDS
  fructose, pig production, biomedical model, intestine, liver


Introduction

Overwhelming evidence has established a strong causal link between excessive fructose intake and metabolic diseases (1). For instance, non-alcoholic-fatty liver disease (NAFLD) is currently the most prevalent liver disease worldwide (2), and excessive consumption of fructose intake is considered to boost diseases (3–5). However, the role of fructose is multifactorial. Diets low in fructose increase the length of the intestines and the height of intestinal villi (6), contributing to weight gain and promoting growth, which suggests the potential and beneficial role of fructose with appropriate concentration. But excessive fructose consumption spills over from the small intestine into the liver, causing steatosis and increasing the risk of colon cancer (7–12). Therefore, it is necessary to clarify the critical role of fructose metabolism and its relationship with metabolic diseases.

Animal models are widely employed for studying fructose-induced metabolic changes. Mice fed a high fructose diet (HFD), such as high fructose corn syrup (HFCS), and conditional genetic mouse models help to address fructose-induced metabolic disorders (13, 14). Notably, pig is well-known as a biomedical model because pig is more similar to human. As omnivores, humans and pigs have a large number of similarities in anatomy, physiology, metabolism, and pathology, e.g., they have similar gastrointestinal anatomy and function, pancreas morphology, and metabolic regulation (15). In addition, pork accounts for more than one-third of meat produced worldwide (16), but there are still some problems such as low growth efficiency in the pig industry.

Currently, some important reviews have summarized the progress in the research on fructose metabolism (11, 17–24). However, fructose consumption and its metabolic role in pig are still poorly understood. Hence, this review will focus on the characteristics and metabolism of fructose and its applications in pig reproduction, growth, and development. The review will also highlight the pig biomedical models in fructose metabolism.



Characteristics and beneficial function of fructose in physiology


Characteristics of fructose: A low glycemic sugar

Fructose has been traditionally viewed as a simple 6-carbon monosaccharide found widely in fruit, honey, and some vegetables (17). Over the past few decades, the consumption of soft drinks, especially carbonated drinks, has increased significantly, which are sweetened with sweeteners containing a high percentage of fructose (25, 26).

Fructose is added to beverages and foods in the form of sucrose (50% fructose) or the industrial product high fructose corn syrup (usually 55% fructose) (17). Both fructose and glucose are well absorbed from the intestine into the blood cycle. Admittedly, glucose, not fructose, is the predominant circulating sugar in animals (17), which reflects the innate differences in mammalian glucose and fructose metabolism in circulating blood levels. The normal fasting blood glucose concentration in peripheral blood is 5 mM, while under fasting conditions, the circulating concentration of fructose is about 0.02 mM (27, 28). Early studies reported the average plasma fructose concentration of fructose-fed mice was 1.5 mM, while that of starch-fed mice was 0.23 mM (29). Furthermore, glucose is the main fuel for most tissues and cell types. In contrast, the fructose ingested from sucrose is quickly removed by intestines and liver, converted into glucose and its polymer storage form, glycogen, or fatty acids, and stored in the form of triglycerides in the liver (17). It is of note that fructose has a low glycemic index. Several pieces of evidence have established that the hyperglycemic effect of fructose is much weaker than glucose (30). Thus, the difference between fructose and glucose may suggest the unique role, metabolism, and biological function of fructose.



Fructose functions as a growth-promotor in mouse model

Due to the decreased concentration gradient of fructose in intestine, namely “first-pass” effect, the fructose is potentially related to regulating intestinal growth and development (31). Strikingly, gavaging of 15% fructose for < 3 months will increase the energy intake, weight gain, and growth of mice (32, 33). Similar results are found by feeding mice with 30% fructose solution for 8 weeks (34). However, when mice were fed with 60% fructose for 6 weeks, the incidence of insulin resistance increased (35). Another study reports that 60% of fructose gavage increases cholesterol, triglycerides, blood glucose levels, and liver lipid peroxidation (36). Interestingly, an administration of low concentration of fructose (~15%) gavaging for 30 weeks results in obesity and liver cirrhosis (37). These observations provide evidence that appropriate dose and time of fructose treatment may enhance the length of the small intestine and its absorption of nutrition, indicating the complexity of metabolic flux.




Cellular metabolism of fructose with normal and excessive consumption in intestine and liver


Digestion and absorption of fructose from lumen to intestine

Following oral ingestion, fructose travels through the gastrointestinal tract into the small intestine, where it is passively absorbed from the intestinal lumen mainly by the hexose transporter SLC2A5, also known as GLUT5, and expressed at the brush border of the intestinal epithelium, as shown in Figure 1. GLUT5 is a facilitative transporter, which means that the transport of fructose into intestinal cells is proportional to the concentration gradient across the luminal membrane of intestinal cells (38). Although the expression of GLUT5 is responsible for intestinal fructose absorption, it is also expressed in other tissues and cell types, including skeletal muscle, pre-adipocytes, prostate, spermatozoa, and erythrocytes (39–42). However, the importance of fructose transport to these tissues is poorly understood. Exceeding the clearance capacity of the small intestine, excessive fructose escapes the small intestine and reaches the large intestine and liver (1).


[image: Figure 1]
FIGURE 1
 Fructose metabolism in the gut and liver. Following ingestion of fructose, fructose is absorbed into intestinal epithelial enterocytes. Under fasting conditions, the fructose concentration in the small intestine is in the range of 6 ~ 15 mM, while fructose concentration in the portal vein is < 0.04 mM. A portion of this fructose is phosphorylated by KHK within enterocyte and is converted to glucose, lactate, glycerate, and other organic acids, which transport from the portal vein to the liver. Fructose reaching the liver is efficiently extracted by hepatocytes and phosphorylated by KHK, where it can be used for glucose production, lipogenesis, glycogen synthesis, and energetic purposes. An excessive fructose diet can lead to colon cancer, fatty liver, and other related metabolic diseases.




Fructose metabolism in intestinal epithelial cell

The small intestine is the major and first site for fructose metabolism, as shown in Figure 1 (1). Fructose concentration in peripheral plasma is typically about 0.04 mM, which is consistent with the data reported by the previous studies (27, 28, 43–45). By contrast, the concentration of fructose in the intestine (6 to 15 mM) is higher than peripheral plasma (39, 46). This observation provides evidence that dietary fructose metabolism started in small intestinal epithelial cells, and was formed by ketohexokinase (KHK) phosphorylation to form a fructose-1-phosphate (F1P), which accumulated in cells with high levels (1, 47). Much of the fructose is metabolized to lactate, alanine, glycerate, and other organic acids within the intestine. The small intestine fully express glucoisomerase to efficiently convert fructose into circulating glucose (1, 48, 49), which is the mechanism of maintaining liver health. Low doses of fructose(~0.5 g/kg) are 90% cleared by the intestine (1), but high doses of fructose (≥1 g/kg), exceeding intestinal fructose absorption and clearance, results in fructose reaching both the liver and colon, where it may cause disease by impacting hepatic function or microbial composition (1).



Fructose metabolism in hepatocyte

It has been assumed that the liver is another vital site of dietary fructose metabolism (47, 50–52). In a more recent study, it was reported that the liver is able to extract 70% of the oral fructose load, whereas the liver extracts only 10% to 35% of the oral glucose load (53, 54). A small fraction of the carbon in ingested fructose is converted into glucose by the liver and enters the systemic circulation. These observations demonstrate that the rapid clearance of fructose in the blood is largely mediated by the effective extraction of the liver (21). When fructose reaches the liver from the portal vein, fructokinase phosphorylates fructose to fructose-1-phosphate, which can be converted to glycerol-3-phosphate for synthesis of glycerol or metabolized to acetyl-CoA and incorporated into fatty acids through de novo lipogenesis preferentially (55). In fact, fructose is converted to fatty acids at a higher rate in the liver than glucose (56). The entry of fructose into the lipogenic process may contribute to fructose-induced hyperlipidemia, particularly the marked increase in postprandial triglyceride levels (57, 58). Pathologically, recent studies have confirmed that NAFLD is commonly associated with excessive fructose intake (4, 59). Based on the cellular metabolism and function of fructose in the intestine and liver, investigations are required for in-depth study.




Fructose consumption and metabolic roles in pigs

At present, most of the studies on fructose are from mouse model, which is widely used but not well-accorded with human diseases, so we have chosen to focus on another greater model than murine: pigs. Pig is a more suitable biomedical model for humans than mouse (60). The anatomical and physiological similarities between pigs and humans suggests pig model to be an important tool for medical research, providing important models for human therapies (61). In addition, pig production plays an important role in farming systems worldwide (62) and the large-scale pig industry is developing rapidly all over the world to satisfy the growing requirement of consumers (63). However, there are still some problems that are difficult to solve at present, for example, postnatal growth retardation (PGR) is common in piglets, which are prone to developing chronic disease (64). Therefore, we further summarized the roles of fructose in pig production and pig biomedical models for human metabolic diseases.


Fructose in reproductive performance of pigs

Reproductive performance has a great influence on sow productivity and production profit (65). As mentioned in Table 1, McCracken (70) gave pre-pubertal gilts dietary treatments containing 35% fructose for 9 weeks, and found that the size of the reproductive tract had increased but the pregnancy rate decreased. It was also observed that fructose can increase litter size of primiparous sows but had no effect on individual weight and milk yield (67). However, there are different views that the milk yield of sows fed with a fructose diet increased significantly on day 14 and day 21 during a 22-d lactation, implying that fructose might be used to increase total yield of milk during lactation (66), but the dose and concentration need to be further studied. In fact, there is increasing clinical evidence that fructose contributes to elongated estrous cycles and hyperandrogenemia, accompanied by decreased LH concentrations and an increase in the number of follicles and in the level of luteal phase progesterone (68). Mechanically, Ossabaw pigs fed with fructose have increased transcript levels and dysfunctional steroidogenic enzymes in the ovarian delta 4 steroidogenic pathway, leading to hyperandrogenemia (69). However, the detailed mechanism of how fructose affects the reproduction functions of pigs needs further investigation.


TABLE 1 Role of fructose in pigs.
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Fructose metabolism in growth and development of pigs

Despite the controversial role of fructose in reproduction, fructose is the most abundant hexose sugar in pig embryos, indicating a specific function of fructose in embryo development. It has also been shown to be the principal blood sugar in the ungulate fetus (81–83). In fetal pig blood, the concentration of fructose is higher than glucose (84). Gluconeogenesis rarely occurs in the placenta and embryo of pigs (85). It means that glucose and fructose in maternal blood must be transported to the uterine cavity to ensure the use of glucose and fructose in the placenta and fetus. In pigs, glucose and fructose are transported from the maternal vascular system to the placental vascular system through multiple cell layers in a SLC2A-dependent manner (74, 75). Notably, intraperitoneal injection of sugars containing uniformly labeled carbon (UL14C) into pigs shows that glucose may act as a precursor of fructose and convert to fructose in porcine endometrium and placenta (71, 74). Due to the high concentration of fructose, a partial amount of fructose is involved in the synthesis of nucleic acids, thereby providing substrate for anabolic functions necessary for fetal growth and development (72). In a more recent study, it is reported that fructose can be used as an alternative energy source by embryos that express enzymes to promote fructose to enter the glycolysis pathway for metabolism (74). Moreover, it was observed that fructose is mediated via hexosamine biosynthesis pathway to stimulate mTOR cell signaling, which can promote embryonic/fetal growth and development (73). Thus, it is of importance to better understand the critical role of fructose in the placenta and embryo.



Pig acts as a human biomedical model for fructose-induced metabolic disorders

Animal biomedical models play a central role in human medical research and developing new therapeutical strategies (61). Pig biomedical models for human reproduction have greatly advanced our understanding of the basic science of fertilization and pregnancy, as well as metabolic diseases including NAFLD (61). Although there are several factors that may lead to NAFLD, excessive consumption of fructose is considered to be a key factor in the formation of the disease (3–5). A recent study reported that juvenile Ossabaw swine fed a high-fat, high-fructose, high-cholesterol diet, containing 17.8% HFCS, can develop obesity and have serious effects on liver, blood lipids, microflora, and a NAFLD phenotype (76). Furthermore, a high-fructose and high-fat diet (HFF) interfered with the skeletal muscle metabolism of Iberian piglets after feeding for 10 weeks (78). Mechanically, there is increasing clinical evidence to show that fructose produces potential lipogenesis through precursors that can be used for de novo lipogenesis (DNL), leading to fat accumulation and liver steatosis (77, 86).

However, it has been reported recently that a high-fructose diet does not induce NAFLD. Some studies demonstrate that, compared with a sucrose-enriched diet, histological markers of NAFLD in Iberian pigs showed no significant increase in the fructose group (80). Feeding castrated male Danish Landrace-Yorkshire-Duroc pigs with 60% fructose for 4 weeks showed no steatosis or hepatocyte ballooning in the liver, providing evidence that short-term feeding with a high-fructose diet may not induce NAFLD in pigs (79). Collectively, breed and age of pigs might be factors that protect pigs from the development of steatosis.




Conclusion and perspective

Over the last decade, studies have illustrated the role of fructose and its metabolic mechanism. However, the functional effect of fructose in vivo remains controversial, and there is no conclusion on the specific healthy use of fructose. Moreover, its different roles in pigs are challenging and worthy of exploration. In piglets, PGR is also prevalent in pig production (64). From the perspective of the effect of fructose, it indicates that fructose might have a potential growth-promoting effect. Besides, taking the safe thresholds for sugar consumption into account will be a matter of concern in nutrition and the detailed mechanism of how fructose affects the reproduction functions of pigs warrants further investigation. Hopefully, better understanding of the complex role of fructose may open new avenues for curbing human metabolic diseases and improve pig production.
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Treatment

HFD, luffa gavage

Stable heart failure
patients

HFD, BCAA
supplementation

HFD, bacteroides
spp. gavage

T2DM patients

HFD, PMFE gavage

Patients with lung
cancer

HFD, oral doses of
ginsenoside Rb1
(200 mg/kg/day)

HFD, Prevotella copri
gavage

Normal diet,
intermittent
leucine-deficient food
every other day

Dietay
supplementation
BCAAem

HFD/STZ-induced
T2DM mice, SF-Alg
gavage

HFD, AB23A gavage

T2DM rats, SSJIBL

Chronic
haemodialysis
patients, BCAA
supplementation

Finding

Dietary luffa reduced higher circulating
BCAA and upregulated BCAA catabolizing
enzymes. In germ-free-mimic mice, dietary
luffa did not influence BCAA catabolism
when mice are fed HFD and formed DIO.
The depletion of Eubacterium and Prevotella
cause the decreased abundance of
microbial genes which are related to BCAAs
biosynthesis in the heart failure patients.
BCAA supplementation caused the
proliferation of R. flavefaciens, and the
increased level of acetic acid subsequently
inhibit lipogenesi-srelated genes expression,
and avoid fat accumulation in the liver.
Supplementation of Bacteroides spp.
reduced the defects in BCAA catabolism of
BAT and avoid obesity in mice.

Intestinal dysbiosis characterized as an
elevated abundance in Prevotella copri. was
found in T2DM patients.

PMFE gavage increased the abundance of
commensal bacterium Bacteroides ovatus.
In HFD mice, BCAA levels were decreased
after gavaging with Bacteroides ovatus, and
alleviated metabolic syndrome was relieved.
The effect of gut microbiota on serum
BCAAs concentration was prone to affected
by the combinational influence of various
bacteria, rather than individual microbial
species. Prevotella copri and Lactobacillus
gasseri. have positive correlation with
BCAAs levels in non-cachectic patients.
Rb1 supplementation decreased levels of
BCAAs, and improved HFD induced insulin
resistance.

The major bacteria that connect BCAA
synthesis and insulin resistance are
Prevotella copri and bacteroides vulgatus.
Leucine deficiency can change gut
microbiome composition. Lack of leucine
intermittently elevates Bacteroidetes and
reduces Firmicutes at phylum level. Also,
Bacteroides, Alloprevotella and
Rikenellaceae RC9 was elevated,
Lachnospiraceae was reduced at genus
level in leucine deficiency.

The BCAAem supplemented group showed
gut microbiota changes and lower serum
concentrations of
lipopolysaccharide-binding protein.

SF-Alg increased some benign bacteria,
and decreased harmful bacteria.
Meanwhile, SF-Alg dramatically decreased
BCAAs in the colon of T2DM mice.

AB23A gavage decreased the abundance
of the Firmicutes/Bacteroidaeota ratio and
Actinobacteriota/Bacteroidaeota ratio, and
significantly reduced serum
lipopolysaccharide and BCAA levels.
SSJUIBL elevated the abundance of
Escherichia coli and Ruminococcus gnavus
in gut, and decreased Prevotella copri level,
as well as the levels of serum BCAA.

The BCAA and glycine supplementation did
not change faecal microbiota composition
and microbial diversity, however,

L. paracasei and B. dentium were reduced
in abundance level.

Microbiome composition

Decreased relative abundances of
g_Enterortabdus,
g_Eubacterium_xylanophilum_group and
g_Butyricicoccus.

Decreased Eubacterium and Prevotella.

Increased R. flavefaciens.

Supplementation of Bacteroides spp.

Increased Prevotella copri abundance in
T2DM patients.

Increased abundance of Bacterium
Bacteroides ovatus.

Prevotella copri and Lactobacillus gasseri
level increased in non-cachectic patients.

19 genera showed strong correlation with
serum BCAAs, Eubacterium
corprostanoligenes was correlated with
leucine and isoleucine simultaneously.

Prevotella copri gavage.

Bacteroides, Alloprevotella and
Rikenellaceae RC9 was increased,
Lachnospiraceae was reduced.

The abundance of Akkermansia and
Bifidobacterium increased,
Enterobacteriaceae decreased.

Beneficial bacteria such as Lactobacillus,
Bacteroides, Akkermansia Alloprevotella,
Weissella and Enterorhabdus were
increased, deleterious bacteria (Turicibacter
and Helicobacter) were decreased.
Firmicutes/Bacteroidaeota ratio decreased
and Actinobacteriota/Bacteroidaeota ratio
decreased.

Elevated abundance of gut Escherichia coli
and Ruminococcus gnavus, reduction in
Prevotella copri.

Decreased abundance of L. paracasei and
B. dentium.

Changes of BCAA

Decreased circulating
BCAA levels.

Decreased circulating
BCAA levels.

Increased BCAA levels.

Reduced BCAA and
BCKA levels in brown
adipose tissue.

Increased serum BCAA
levels.

Decreased serum BCAA
levels.

Increased serum BCAA
levels in non-cachectic
patients.

Rb1 supplementation
decreased serum BCAA
levels.

Increased circulating
levels of BCAAs.

Intermittent leucine
deficiency.

Increased BCAA levels.

BCAAs decreased in the
colon.

Decreased serum BCAA
levels.

Decreased serum BCAA
levels.

Increased BCAA levels.
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HFD, high-fat diet; BCAA, branched-chain amino acid; DIO, diet-induce obesity; T2DM, type 2 diabetes mellitus;, BCAAem, BCAA-enriched mixture; STZ, streptozotocin;
SF-Alg, Sargassum fusiforme alginate; AB23A, Alisol B 23-acetate; SSJUIBL, side-to-side jejunoileal bypass plus proximal loop ligation.
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Clinical outcome

Obese X non-obese

Hospitalzation time (days)
Intubation, (%)

Female X Male

Hospitalization time (days)
Intubation,n (%)

<60yvs. >60y

Hospitalization time (days)
Intubation,n (%)

Non-ICU
Non-obese Obese
(n=58) (n=31)
5(3-10) 6(3-10)

In-hospital mortality, n (%)

Female (1 Male
=3g) (=51
4.5 (3-10) 6(4-10)

In-hospital mortality, n (%)

<60y (= 63) 260y
=26
5(3-10) 6(3-10)

In-hospital mortality, n (%)

ICU-survivor
Non-obese Obese
(n=14) (n=25)
17.5 (12-24 18 (12-28)°
6(428) 13 (62.0)
Female (n Male
=16) =29
19.6 (18-27)° 17 (1128
8(50) 1147.8)
<60y (1=27) 260y
=12
17 (11-21) @ 25 (16-29)°
1140.7) 8(66.7)

Values are reported as a number (%) or median and interquartile range (Q1-Q3).
Body mass index classes: non-obese <29.9 kg-m?; obese >30 kg-m?.
Kruskal-Wallis test for differences between clinical results within groups, with statistical significance represent by symbols: @ compared to Non-IC.

ICU-death
Non-obese Obese
(n=6) (n=11)
18 (13-22 22 (11-27)°
6(100.0) 11(100.0)
6(35.3) 1164.7)
Female (n = 5) Male
n=12)
22 (14-27 20 (9-25¢
5(100) 12 (100)
5(29.4) 12 (70.6)
<60y(n=3) > 60y
n=14)
11(>8) 21 (1525
3(100) 14 (100)
3(17.6) 14.(82.4)

P value

<0.0001

P value

<0.0001

P value

< 0.0001
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Name

PFoodReq

FlavorGraph

DeepFood

Market2Dish

LC-N2G

NutriGenomeDB

MapMetadataEnrichment

GWmodel

Schema

mHealthDroid

MobileCoach

PGS Catalog

Impute.me

DeepVariant

NeuralCvD
DeepCOMBI

DeepMicro

DeepMicrobes

SortMeRNA
q2-feature-classifier

Swarm
GEDFN

MDeep
TaxoNN

MetaPheno

Usage

Food recommendation
system

Food recommendation
system
Food recommendation
system

Food recommendation
system

Nutrigenetics analysis method

Nutrigenetics platform

GIS satelite image analysis
tool

An R package for exploring
spatial heterogeneity

Digital intervention

mHealth platform

Digital intervention

Polygenic score (PRS)
database

Platform for
direct-to-consumer genetic
testing

Deep learning-based variant
caller

Cardiovascular risk predictor

Al tool for analysis of GWAS
data

Taxonomic classifier

Taxonomic classifier

Taxonomic classifier
Taxonomic classifier

Taxonomic classifier

Microbial biomarker"
identification

Microbe-disease prediotor
Microbe-disease prediotor

Microbe-disease prediotor

Core algorithm

Knowledge graph (KG) & question
answering (QA) & recipe retrieval

KG & recipe retrieval & compound
food relationship

Deep learning (DL)& image
recognition & recipe retrieval

DL& image recognition & recipe
retrieval
Statistical methods

None

DL
Spatial regression models
None
None
None

None

DL

Survival machine algorithm
DL

DL
DL

ML
ML

ML
DL

DL
DL

DL

Input data
Text

Vector

Image

Image

Gene expression data

(GSEB5998)

None

Satellte image

POl data

None

None

None

None

23AndMe

BAM or CRAM

UK Biobank data
GWAS data

Microbe data (csv)

Microbe data (fasta)

Microbe data (festa)
Microbe data (fasta)

Microbe data (fasta)
oTu & 18D

oTu
oTu

Microbe data (fasta)

URL

hitps:/github.comvhugochan/
PFoodReq

hitps//github.com/lamypark/
FlavorGraph

hitps//github.com/deercoder/
DeepFood

https://github.com/WenjieWWy/
FoodRec

hitps://sydneybiox.github.io/LON2G/

https:/github.com/rmarting4/
NutriGenomeDB
(locally deployment)

hitps:/github, com/geoai- lab/
MapMetadataEnrichment

hitps//cran.r-project.org/web/
packages/GWmodelindex. html

https:/github.com/schema-app/
schema

hitps://github.com/
mHealthTechnologies/mHealthDroid

hitps://github.com/schlegel1 1/
MobileCoach

hitps://www.pgscatalog.org/

hitps//github.com/lassefolkersen/
impute-me

https:/github,.com/google/deepvariant

hitps//github.com/thbuerg/NeuralCVD

https://github.com/AlexandreRozier/
DeepCormbi

hitps:/github,com/minch0201/
DeepMicro

hitps://github.com/MicrobeLalo/
DeepMicrobes

https://github.com/biocore/sortmerna

https://github.com/qjime2/q2-feature-
classifier

hitps:/github.comvtorognes/swarm
hitps:/github.com/MicroAVA/GEDFN

hitps//github.comvlichen-lab/mdeep

hitps//github.com/divya031090/
taxonn_otu.

hitps//github.comvnlapier2/metapheno
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Gene Gene accession Primer sequence Product

number 5.3 size (bp)
SOD NM_011434.1 : ATGGCGATGAAAGCGGTGTG 465
R: TIACTGCGCAATCCCAATCACTC
GPX NM_ 008160.6 F: GCAATCAGTTCGGACACCAG 126
R: CACCATTCACTTCGCACTTCTC
HO-1  NM_0104422  F: GATAGAGCGCAACAAGCAGAA 111
R: CAGTGAGGCCCATACCAGAAG
NQOT  NM_008706.5 GACATGAACGTCATTCTCT 261
R: TICTTCTTCTGCTCOTCTTG
Bactin  NM_007393 F: AGTGTGACGTTGACATCCGT 208

R: GCAGCTCAGTAACAGTCCGC
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Al patients Non-Obese Obese P value Non-ICU ICU-survivor ICU-death P value

N (%) 145 (100) 78(53.8) 67 (46.2) 89(61.4) 39(26.9) 17 (11.7)

Age, years 53 (43-68) 54 (42-68) 56 (43-69) 0976 53 (43-65)° 58 (42-69)° 72 (50-78) <0.0001
Body weight, kg 85 (73-98) 75(69-85)  98(83-108  <0.001 83 (71-90) 90(72-108) 90 (71-104) 0.145
BMI, kgm? 204(26-3)  263(24-27)  829(31-85) <0001  283(25-30) 815734  81.9(26-3) 0.001
Sex

Female, n (%): 59 (40.7) 33 (42.9) 26 (38.8) 0.669 38 (42.7) 16 (41.0) 5(29.4) 0593
Male, n (%): 86(59.3) 45(57.7) 41(61.2) 51(657.9) 23(59.0) 12 (70.6)

Age range

Age, <60 years, n (%): 93 (64.1) 48(61.5) 45 (67.2) 0.481 63(70.8) 27 (60.2) 3(17.6) <0.0001
Age, = 60 years, n (%) 52(35.9) 30(385) 22(328) 26(29.2) 12 (30.8) 14.(82.4)
Comorbidities

No, n (%): 49(33.8) 33(423) 16 (23.9) 0019 37(41.6) 11(282) 169 0012
Yes, n (%): 96 (66.2) 45(57.7) 51(76.1) 52(58.4) 28(71.8) 16/(94.1)

Hypertension, n (%): 53(36.6) 19 (24.4) 34(50.7) 0001 25 (28.1) 17 (43.6) 11(64.7) 0.009
Diabetes, n (%): 33(22.8) 16 (20.5) 17 (25.4) 0553 16(18.0) 11(282) 6(35.3) 0.189
Dyslipidemia, n (%): 21(14.5) 6(7.7) 15 (22.4) 0017 10(11.2) 6(15.4) 5(29.4) 0.146
Respiratory diseases, n (%): 13(0.0) 5(6.4) 8(11.9) 0.383 5(5.65) 6(15.4) 2(11.8) 0.187
Other, n (%) 66 (45.5) 34(43.6) 32(47.8) 0,621 34(38.2) 19 (48.7) 13(76.5) 0013
Medication

No,  (%): 53(36.6) 33(423) 20(20.9) 0.120 36 (40.4) 16 (41.0) 169 0020
Yes, n (%) 92 (63.4) 45(57.7) 47 (70.1) 53(59.6) 23(50.0) 16 (94.1)

Values are reported as a number (%) or median and interquartile range (Q1-Q3). Mean difference: Chi-square (Categorical variables) and Mann-Whitney test (Continuous variables).
Body mass index classes: non-obese <29.9 kg-m?; obese > 30 kg-m?.
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Non-Obese
(n=18)

All Patients (n
=145)

Cholesterol, mg-dL~"
Triglyceride, mg-dL~"

HDL-c, mg-dL~" 28.1(24-33)  283(24-33)
Non-HDL-c, mg-dL~"  153.4 (125-186) 147.4 (122-178)
Insuiin, wU-mL~" 32.4(20-46) 323 (22-45)
Glucose, mg-dL~" 909 (79-109) 885 (80-106)
HOMA-IR 7.7(4-12) 7.2(6-12)
Cortisol nmol-L~" 6.6(2-16) 5.7 (2-10)

Values are presented as median and interquartie range (Q1-Q3). Mean difference: Mann-Whitney test.

Intensive care contained discharged and dead patients.

184.2 (156-216)  182.0 (157-206)
136.2 (111-185) 125.4 (106-156)

Obese (n = 67)

1886 (154-226)
177.0 (121-223)

28,0 (24-3)
160.5 (126-195)
34.5(18-48)
965 (79-113)
9.1(4-12)
10.2 (6-49)

P value

0.157
<0.001

0818
0.140
0.530
0.295
0.986
<0.001

Non-ICU (n
=89

ICU-survivor
N =139

ICU-Death (N
=17

183.6 (157-209) 2005 (156-232) 183.8(155-212)

130.7 181.2 (131-211) 125.0
(110-175)° (102-137)°
285(25-35)  27.2(24-32)  25.6(20-33)
1480 (123-177) 1751 (125-201) 160.5 (129-185)
343(21-46)  350(19-47)  25.4(15-44)
88.8(80-103)  982(79-120)  97.5(83-111)
73(4-12) 9.4 (5-13) 62(3-11)
67(3-12) 8.3 (3-48) 48.9 (4-50)

P value

0.435
0.001

0.187
0.217
0.551
0.187
0.417
0.065
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Variables Acarbose

(n=286)
Sex
Male, n% 171 (59.79%)
Female, n% 115 (40.21%)
Age, years 51(44,57)
Duration of diabetes 0.13(0.09, 0.26)
BMI, kg/m? 25.26 (2339,
27.12)
SBP, mmHg 121 (118, 130)
DBP, mmHg 80(70.5,82)
TC, mmol/L 5.12(4.46, 5.84)
TG, mmol/L 1.80(1.23, 2.71)
HDL-C, mmoL 1.18(1.02,1.39)
LDL-G, mmol/L 307 (2.53, 3.59)
FBG, mmol/L 82(75,9.1)
HbAlc, % 72(66,8.1)
2hPPGS, mmol/L 12.44 (10.55,
14.40)
FINS, ulU/mL 11.06(7.24,
16.58)
EISi® 254 (1.08, 4.48)
AUG for plasma GLP-1%, 2,797.35
pmol/mL x min (1,753.20,
4,427.85)
AUC for glucagon®, 12,266.35
pg/mL x min (9,936.15,
15,887.93)
AUG for serum insulin®, 452850
ul/mL x min (3,198.00,
6,236.70)
HOMA-IR 3.87 (2.44, 6.30)
HOMA-p. 48.58 (20.13,
77.62)
WBISIS 3.83(2.64, 5.85)

Metformin

(n = 265)

162 (61.13%)
103 (38.87%)
51(43,57)
0.1 (0.09,0.30)

25.26 (23.65,
27.38)

120 (120, 130)
80(73,82)
5.10 (4.32,5.93)
1.96 (1.38, 2.76)
1.18(1.00, 1.37)
3.0 (2.43, 3.69)
83(7.6,95)
7.5(6.7,8.4)
12.58 (10.23,
14.80)
11.71(7.24,
16.89)
259 (1.13, 4.49)
2,829.68
(1,716.30,
4,884.60)
12,353.10
(9.730.20,
15,813.34)
4,435.05
(3017.48,
6,160.95)
4.09 (2.56, 6.60)
51.43 (28.25,
73.06)
385 (2.63,5.89)

P value

0.748

0.672
0.039"
0.853

0.853
0917
0.755
0.166
0712
0.359
0.197
0.108
0.796

0.733

0.902

0.628

0.922

0.437

0.606

0.985

0.947

Data shown as median (interquartie range) were compared between 2 groups using

Menn-Whitney U-test.

Data shown as n (%) were compared between 2 groups using the chi-square fest.
BMI, body mass index; SBR systolic biood pressure; DBR, diastolic blood pressure; TGs,
tiglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol; FBG, fasting blood glucose; 2hPPG, 2-h postprandial
plasma glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of
insulin resistance; HOMA-B, homeostasis model assessment of B-cell function; EIS}, early
insulin secreion index; WBISI, whole bodly insulin sensitiity index; AUC, area under the
curve; GLP-1, plasma glucagon-like peptide-1. $ After a stenderd meal test.

‘P <0.05.
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Outcomes Acarbose Metformin

B (95%CI) Pvalue
BM, kg/m? Ref 0149 (~0.267-0.565) 0.483
SBP, mmHg —0.049 (~1.490-1.392) 0.947
DBR, mmHg 0,060 (~0.840-0.959)  0.897
TC, mmol/L ~0.021(~0.169-0.128) 0.786
TG, mmoliL 0471(0.159-0.782)  0.003"
HDL-C, mmol/L ~0.198(~0.059-0020) 0.323
LDL-C, mmoliL ~0.149 (~0.266 —0.032) 0.013*
FBG, mmol/L —0.086 (-0.229-0.056) 0.236
HbA1c, % 0,041 (~0.080-0.163) 0,506
2hPPG, mmol/L 0381 (0.007-0.756)  0.046"
FINS, wlUMI 0,035 (~1.007-1.077)  0.947
Eisl 0.357 (~1.135-1.849)  0.639
AUC for plasma GLP-1, pmolxrmin 1343 (~482-316.8)  0.149
AUC for glucagon, pg/mLxmin 182.0 (~483.2-847.2) 0592
AUG for serum insulin, ulU/mLxmin 1701 (-136.8-477.1) 0277
HOMA-IR 0.033(~0.330-0.396) 0.857
HOMAB ~3.021 (~12.492-6.451) 0532
waisl —0.271 (~0.810-0.268) 0.324

Models adjusted for age, sex, time of intervention, and duration of diabetes.

BMI, body mass index; SBR, systolic blood pressure; DBR, diastolic blood pressure; TGs,
triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HOL-C,
‘high-density lipoprotein cholesterol; FBG, fasting blood glucose; 2hPPG, 2-h postprandial
plasma glucose; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of
insulin resistance; HOMA-B, homeostasis model assessment of p-cell function; EIS|, early
insulin secretion index; WBISI, whole body insulin sensitivity index; AUC, area under the
curve; GLP-1, plasma glucagon-like peptide-1.

‘P <0.05.
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Outcomes Total energy Proportion of energy from Proportion of energy from protein Proportion of energy from fat

carbohydrate
B (95%Cl) P value B (95%Cl) P value B (95%Cl) P value B (95%Cl) P value
BMI, kg/m2 0.00006 (—0.00004-0.0002) 0.227 0.607 (0.167-1.047) 0.007* —0.177 (—1.389-1.034) 0.774 —0.808 (—1.314 —0.303)) 0.002*
SBP, mmHg ~0.0002 (~0.001-0.0008) 0.754 1.028 (-3.312-5.357) 0644 4971 (~7.054-16.995) 0418 —1.116(~6.155-3.923) 0664
DB, mmHg 0.0002 (~0.0005-0.0009) 0.654 1.680 (~1.545-4.704) 0322 —2.051(-10.765-6.662)  0.644  —2.884(~6.531-0.762) 0.121
TC, mmol/L 0.00002 (-0.00006-0.0001) 0588 0.196 (~0.183-0.576) 0311 0.348 (~0.703-1.400) 0516 —0.244 (~0.683-0.194) 0274
TG, mmol/L 0.00005 (~0.0001-0.0002) 0588 —0.442 (~1.296-0.412) 031 0041 (~2.351-2.432) 0973 0.289 (~0.698-1.275) 0566
HDL-C, mmolL ~0.00001 (~0.00004-0.000009) ~ 023 —0.085 (~0.191-0.021) 0.115 0.005 (~0.287-0.298) 0972 0.101 (-0.021-0.224) 0.106
LDL-C, mmol/L ~0.00002 (-0.00009-0.00005) 0568 0.209 (0.108-0.526) 0.196 0345 (~0.582-1.228) 044 ~0.017 (~0.384-0.351) 093
FBG, mmol/L 0.0002 (0.00008-0.0003) 0001 0.322(~0.192-0.836) 0219 0.794 (~0.644-2.233) 0279 -0770(~1370-0.170)  0.012"
HoAlc, % 0.00006 (-0.00004-0.0002) 0239 0685 (0.251-1.120) 0.002* 0.187 (~0.129-1.404) 0763  -0.969(~1.476--0.462)  <0.001*
2hPPG, mmol/L 0.0004 (0.0002-0.0007) 0.001* 1.256 (0.103-2.407) 0.033* ~0.576 (~3.787-2.636) 0725  -1954(-3291-0617)  0.004*
FINS, plu/MI 0.0003 (—0.0006-0.001) 0.553 1.990 (—2.047-6.028) 0.334 3.253 (—9.0561-13.756) 0.686 —2.031 (-6.739-2.677) 0.398
Eisl 0.0004 (~0.0009-0.002) 0551  —1.726(-7.998-4.546) 059 10.430(~7.798-28657) 0262 1.042 (~6.212-8.296) 0778
AUC for plasma GLP-1, pmolxmin ~0.007 (~0.189-0.175) 0942 86.2 (~720.4-892.8) 0834  —1,0206(-38,311.8-1,2526) 0.377 249.8 (~702.2-1,201.9) 0.607
AUC for glucagon, pg/mLxmin ~0.226 (~0.733-0.282) 0384 -6885(-2963.9-15868) 0553  -2,6320(-8057.6-3,693.7) 0415  2,8719(-272.3-50162) 0079
AUC for serum insulin, wlU/mbLxmin 0.083 (~0.118-0.285) 0418 1,000.1(1766-20036)  0019°  200.1 (-2,370.5-2,770.8) 0879 —1,135.1(-2,198.8 ~76.4)  0.036"
HOMA-R 0.0001 (~0.0002-0.0005) 0399 0907 (~0.550-2.363) 0222 0.960 (~3.149-6.069) 0647  —0.887 (-2.508-0.815) 0307
HOMA-B 0.0008 (~0.008-0.010) 0864  15.773(-23.861-55.408)  0.435 4604 (~1083-117.7) 0935 10021 (-56.205-36.164)  0.671
weis! ~0.0002 (-0.0006-00002) 0227  —1.736(~3.538-0.061) 0058 1,819 (~3.230-6.869) 0.48 2.673 (0.059-4.758) 0.012*

Models adjusted for age, sex, time of intervention, and duration of diabetes. * P < 0.05.

BMI, body mass index; SBR, systolic blood pressure; DBR, diastolic blood pressure; TGs, triglycerides; TC, total cholesterol; LDL-C, low- density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FBG, fasting blood
glucose; 2hPPG, 2-h postprandial plasma glucose; FINS, fasting insuiin; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-, homeostasis model assessment of -cell function; EIS), early insulin secretion index;
WBISI, whole body insulin sensitivity index; AUC, area under the curve; GLP-1, plasma glucagon-like peptide-1.
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Atotal of 784 patients included at
baseline in the MARCH trial

394 patients included at baschine 390 patients included at baseline
the acarbose group in the metformin group
74 patients without data 77 patients without data
of diet at 24 weeks of dietat 24 weeks
330 patients included at 24 313 patients included at 20 weeks
weeks in the acarbose group in the metformin group
24 patients without data 30 patients without data
of diet a1 18 weeks of diet at 48 weeks
296 patients included at 48 283 patients included at 48 weeks
weeks in the acarbose group in the metformin group
10 patients with 18 patints with
Jimplausible energy intake Jimplausible ene
286 patients included in the 265 patients included n the
acarbose group in final analysis ‘metformin group in final analysis
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Age (years) Data of “G1” (mg/dL) Data of “G2” (mg/dL)

5 159, 199) [166,206)
46 150, 196] 156, 202)
a7 139, 199) [147,207)
48 (142, 167) (148, 179)
49 [152, 210) [160,218)
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25 Hampshire x Yorkshire x Large White sows

45 crossbred sows and 36 gilts

9 multiparous Ossabaw female pigs

19 nulliparous Ossabaw miniature pigs
Female crossbred pigs

16 crossbred fetal pigs

8 fetal pigs from two primiparous crossbred Yorkshire x Hampshire
gilts

An established mononuclear porcine trophectoderm cell line from day
12 pig conceptuses

8-month-old crossbred gilts

§-month-old crossbred gilts

Juvenile female Ossabaw swine:

Female Géttingen Minipigs

13-day old Iberian pigs

Male Danish Landrace x Yorkshire x Duroc pigs

Iherian pigs
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Duration

3 weeks.

4weeks
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9 weeks
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Outcome

“The milk yield of sows fed with a fructose diet increased significantly on the day
14 and day 21.

Fructose can increase liter size of primiparous sows but have no effect on
individual weight and milk yield.

Fructose contributes to elongating estrous cycles and hyperandrogener

a,
accompanied by decreasing LH concentrations and increasing the number of
follicles and the level of luteal phase progesterone.

Obese Ossabaw pigs have increased transcript levels and function of ovarian

enzymes in the delta 4 steroidogenic pathway.
Fructose consumption increases reproductive tract size but reduces reproductive
capabilities.

Glucose acts as a precursor of fructose and converts to fructose in porcine
endometrium and placenta.

Fructose is involved in the synthesis of nucleic acid and provides a substrate for
the synthetic metabolic function needed for fetal growth and development.
Fructose is mediated by the hexosamine biosynthesis pathway to stimulate
mTOR cell signaling, proliferation of porcine trophectoderm cells, and synthesis
of hyaluronic acid, a significant glycosaminoglycan in the pregnant uterus.
Conversion of glucose to fructose is present at the uterine-placental interface of
pigs.

Glucose and fructose transporters are precisely regulated in a spatial-temporal
pattern along the uterine-placental interface of pigs to maximize hexose sugar
transport to the pig conceptus/placenta.

Pigs become obese, with adverse effects on liver, blood lipids, microflora, and a
NAELD phenotype.

Fructose produces potential lipogenesis through precursors that can be used for
DNL, leading to fat accumulation and liver steatosis.

Fructose interferes with skeletal muscle metabolism and reduces fat metabolism
in piglets.

No macrovesicular steatosis or hepatocyte ballooning.

Increase of butyric acid synthesis, triglyceridemia, and subcutancous fat
deposition in young Iberian pigs. No differences in histological markers of
NAELD.
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Genes

AMPKo
sirtt
PGC1a
PPARy
CPTia
CPTib
cPT2
LCHAD
LCAD
TFAM
p-actin

Forward

GTCAAAGCCGACCCAATGATA
ATGACGCTGTGGCAGATTGTT
TATGGAGTGACATAGAGTGTGCT
TCGCTGATGCACTGCCTATG
CTCCGCCTGAGCCATGAAG
GCACACCAGGCAGTAGCTTT
CCAGCACAGCATCGTACCCA
TGCATTTGCCGCAGCTTTAC
TCTTTTCCTCGGAGCATGACA
ATTCCGAAGTGTTTTTCCAGCA
TATTGGCAACGAGCGGTTCC

Reverse

CGTACACGCAAATAATAGGGGTT
CCGCAAGGCGAGCATAGAT
CCACTTCAATCCACCCAGAAAG
GAGAGGTCCACAGAGCTGATT
CACCAGTGATGATGCCATTCT
CAGGAGTTGATTCCAGACAGGTA
TCCCAATGCCGTTCTCAAAAT
GTTGGCCCAGATTTCGTTCA
GACCTCTCTACTCACTTCTCCAG
TCTGAAAGTTTTGCATCTGGGT
GGCATAGAGGTCTTTACGGATGTC

AMPKa, AMP-activated protein kinase a; Sit1, sirtuin 1; PGC1a, peroxisome prolferator-
activated receptor gamma coactivator 1-alpha; PPARY, Peroxisome  prolferator-
activated receptor y; CPTia, camitine palmitoyltransterase 1a; CPTib, camitine
palmitoyltransferase 1b; CPT2, camitine paimitoyltransferase 2; LCAHD, long-chain 3-
hydroxyacyl-coa dehydrogenase; LCAD, long chain acyl-CoA dehydrogenase; TFAM,
mitochondrial transcription factor A.
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