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Editorial on the Research Topic 
Novel strategies targeting obesity and metabolic diseases, volume II


Obesity and metabolic diseases including type 2 diabetes, cardiovascular disease, atherosclerosis, non-alcoholic fatty liver diseases (NAFLD), and obstructive sleep apnea threaten human health and life quality. In the second volume of this Frontiers Research Topic, we pay special attention to recent clinic advances and focusing on the contribution of previously unappreciated cell types, including macrophages and vascular endothelial cells, to these metabolic diseases.
Firstly, maintaining systemic homeostasis needs the coordination of different organs in the body. Adipose tissue and liver produce and secrete specific organokines such as adipokines and hepatokines in response to nutritional and environmental stimuli, while dysregulation of these organokines causes metabolic diseases, thus making them potential clinical biomarkers and therapeutic targets. As adipokines, Nrg4 increases brown adipose tissue activity, drive the browning of white adipose tissue, prevent lipogenesis in the liver, and improve insulin sensitivity, while adipsin increases adipogenesis and lipid accumulation. Guo et al. indicated that adiposity measurements, including waist circumference, visceral fat level, and muscle mass to visceral fat ratio are closely linked with circulating Nrg4 and adiposin levels in obese adults in a cohort of 1,212 subjects, thus provides clinical relevance of these adipokines with metabolic diseases. Meanwhile, Adropin is a hepatokine that improves glucose homeostasis, dyslipidemia, obesity-associated hyperinsulinemia, and energy homeostasis. Li et al. demonstrated that metabolic dysfunction-associated fatty liver disease (MAFLD) is correlated with adropin levels. Adropin plasma levels in MALFD and type 2 diabetes patients were lower than healthy control subjects. Serum adropin concentrations were negatively correlated with intrahepatic triglyceride, total cholesterol, and NAFLD activity score.
Secondly, external interventions like physical activity, provide valuable therapeutic opportunities to control body weights and reduce the risk of cardiovascular diseases, while different exercise protocols may lead to various outcomes. Amaro-Gahete et al. performed a pilot study with 12-week concurrent training intervention in 12 obese men and found significant decrease in weight, body mass index, fat mass, blood pressure and cardiometabolic risk. Meanwhile, Wang et al. performed meta-analysis on eleven randomized controlled trials (RCT) with 393 subjects comparing Pilates with other physical exercises or without any intervention. The results showed that Pilates dramatically reduces body weight, BMI, and body fat percentage in adults with overweight or obesity. In addition, Nakamura et al. developed myogenetic oligodeoxynucleotides (myoDNs), which are 18-base single-strand DNAs that promote myoblast differentiation by targeting nucleolin. They applied a myoDN, iSN04, to myoblasts isolated from healthy subjects and patients with type 1 or type 2 diabetes. iSN04 treatment improved differentiation of myoblasts from diabetic patients by downregulating myostatin and interleukin-8. These studies confirmed the importance of exercise in improving metabolic health and possibility of iSN04 as a nucleic acid drug targeting myoblasts for the prevention and treatment of muscle wasting in patients with diabetes.
In addition, bariatric surgery has been shown to effectively reduce weight and obesity-related comorbidities. Obstructive sleep apnea (OSA) is a sleep-related breathing disorder and an independent risk factor for cardiovascular diseases. Chen et al. performed a cross-sectional study involving 123 metabolically healthy obese patients and 200 age- and BMI-matched metabolically unhealthy obese patients to estimate the prevalence of OSA at baseline, as well as a retrospective study including 67 patients who underwent laparoscopic sleeve gastrectomy to evaluate the remission of OSA. The results suggested that, in patients with obesity, metabolic syndrome does not add extra risk for the prevalence or severity of OSA, while both metabolically healthy and unhealthy obese patients could benefit equally from laparoscopic sleeve gastrectomy in terms of weight loss and obstructive sleep apnea remission, suggesting bariatric surgery is a promising surgery for obesity and metabolic diseases.
Thirdly, metabolic organs consist of numerous cell types that play vital roles in the pathogenesis of metabolic diseases. Macrophage is the predominant immune cell type in metabolic tissues and arteries and plays vital roles in the progression of obesity, liver diseases and atherosclerosis. Cui et al. demonstrated that the orphan G protein-coupled receptor G2A modulates lipid metabolism and atherosclerosis in low-density lipoprotein receptor deficient (Ldlr−/−) rats as shown by exacerbated atherosclerotic plaques in G2a−/−Ldlr−/− double knockout rats, together with increased oxidative stress and macrophage accumulation due to increased migration and reduced apoptosis via PI3K/AKT pathway. Meanwhile, Non-alcoholic steatohepatitis (NASH) is an inflammatory disorder that is characterized by chronic activation of the hepatic inflammatory response and subsequent liver damage. Wang et al. demonstrated that the Nobiletin, a natural polymethoxylated flavone and a reported retinoic-acid-related orphan receptor α (RORα) activator, reduced the infiltration of macrophages and neutrophils and promoted M1 to M2 macrophage polarization via Krüppel-like factor 4 (KLF4) in the liver in MCD fed mice. In addition, diabetes exacerbates brain damage in cerebral ischemic stroke. Guo et al. found dysfunctional neovascularization with activated Jagged1-Notch1 signaling in the cerebrovasculature before cerebral ischemia in diabetic rats compared with non-diabetic rats, as well as delayed angiogenesis and suppressed Jagged1-Notch1 signaling after ischemic stroke. The dynamic regulation of Jagged1-Notch1 signaling is vital for diabetes-related cerebral microvasculature dysfunction after ischemic stroke. These results revealed the unappreciated roles of macrophages or endothelial cells in metabolic diseases.
Last but not the least, the complexity of physiology and architecture of liver is highly related to spatial compartmentalization known as liver zonation. Cunningham et al. reviewed recent advances in examining liver zonation and elucidating the regulatory mechanisms via single cell analysis and imaging technologies. Understanding the spatial organization of metabolism is vital to extend our knowledge of liver disease and to provide targeted therapeutic avenues.
In conclusion, the current Research Topic provides comprehensive and in-depth understandings on diagnostic biomarkers, clinical advances, unappreciated cell types and molecular mechanisms, thus overall provide latest trends and technique advances towards therapeutic strategies to combat obesity and metabolic diseases.
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The present study aimed to investigate the effects of a 12-week concurrent training intervention on cardiometabolic health in obese men. Twelve obese men (42.5 ± 5.3 years old) participated in the current 12−week randomized controlled trial with a parallel group design. The participants were randomly assigned to a concurrent training group or to a no-exercise control group. Anthropometry and body composition assessment were determined by electrical bio-impedance. Blood samples were obtained and a cardiometabolic risk Z-Score was calculated. Energy metabolism-related parameters [i.e., resting metabolic rate (RMR), respiratory quotient (RQ), and substrate oxidation in both resting conditions and during exercise] were determined by indirect calorimetry. Echocardiographic studies were performed using an ultrasound system equipped with a transducer to measure cardiac function. A significant decrease of weight (Δ = −4.21 kg; i.e., primary outcome), body mass index (Δ = −1.32 kg/m2), fat mass (FM; Δ = −3.27 kg), blood pressure (BP; Δ = −10.81 mmHg), and cardiometabolic risk Z-Score (Δ = −0.39) was observed in the exercise group compared with the control group (all P < 0.05), while no significant changes were noted in waist circumference (WC), lean mass (LM), bone mineral content, glycemic and lipid profiles, liver function, nor in energy metabolism-related parameters (all P > 0.1). Moreover, a significant increment of left ventricular (LV) end diastolic diameter (Δ = −4.35 mm) was observed in the exercise group compared with the control group (P = 0.02). A 12-week concurrent training intervention is an effective strategy to induce weight and fat loss with simultaneous reductions of BP and cardiometabolic risk, and improving cardiac function in obese men.

Keywords: concurrent training, cardiac function, obesity, body composition, energy metabolism


INTRODUCTION

Globally, obesity has reached epidemic proportions in the current 21st century and is associated with higher risk of premature mortality (Lavie et al., 2018b). Indeed, obesity is an independent risk factor for cardiovascular (CV) disease (CVD, including hypertension, coronary heart disease, heart failure, and sudden cardiac death) (Go et al., 2014; Ng et al., 2014; Jaacks et al., 2019; Jiménez-Pavón et al., 2019), and has been connected with several comorbidities, including dyslipidemia, insulin resistance, diabetes mellitus (DM), low metabolic flexibility, or left ventricular (LV) hypertrophy, among others (Perumareddi, 2019). Health care spending derived from obesity-related diseases has exponentially increased during the last decade and is expected to continue rising (Lavie et al., 2018a). Therefore, the application of cost-effective measures to reduce obesity and its related health burden are of clinical and scientific interest.

Over the past years, different strategies have been found to improve cardiometabolic health in individuals with obesity. Physical activity (PA) is considered an integral approach for obese individuals, not only for weight loss goals but also for reducing the risk of CVD, type 2 DM, and all-cause mortality (Petridou et al., 2018). World Health Organization has recently updated a consensus statement regarding the global recommendations on PA for health promotion (i.e., 150 or 75 min per week of moderate or vigorous intensity aerobic PA/exercise, respectively, plus resistance exercise twice per week; World Health Organization [WHO], 2015; Piercy et al., 2018). The combination of aerobic and resistance training (i.e., concurrent training) has been positioned as a promising tool to improve CV and metabolic profiles in both healthy individuals (Bennie et al., 2018) and patients with cardiometabolic diseases (Álvarez et al., 2019). Concretely, previous studies have reported that concurrent training is an effective antihypertensive (Corso et al., 2016) and anti-inflammatory therapy (Libardi et al., 2012), improving in turn the glycemic and lipid profiles (Braga de Mello et al., 2019) as well as hepatic function (Monteiro et al., 2015). Nevertheless, these previous studies included individuals with different biological characteristics making it necessary for further investigations attaining patients with cardiometabolic disturbances.

To the best of our knowledge, there is a lack of studies in obese persons investigating not only the effects of concurrent training on body composition and cardiometabolic profile, but also on liver function, energy metabolism, or CV function, all of them involved in further obesity-related complications. Concretely, metabolic flexibility (i.e., the ability to respond or adapt to conditional changes in metabolic demand) has been propagated to explain insulin resistance and mechanisms governing fuel selection between glucose and fatty acids, highlighting that patients with obesity and type 2 diabetes suffer from metabolic inflexibility. Similarly, liver function alterations such as non-alcoholic fatty liver disease are usually present in patients with metabolic syndrome and central abdominal obesity (Milić et al., 2014). Considering obesity as a multifactorial disease, it would be of clinical interest to understand the specific effects of concurrent training on those parameters which are altered in obese persons. Therefore, the present study aimed to investigate the effects of a 12-week concurrent training intervention on cardiometabolic health (i.e., body composition, glycemic and lipid profiles, liver function, energy metabolism, and cardiac function) in obese men.



MATERIALS AND METHODS


Research Design and Subjects

A 12-week intervention study with a parallel-group design was conducted following the Consolidated Standards of Reporting Trials guidelines (Welch et al., 2017). After the baseline assessment, participants were randomly assigned into two different groups using computer-generated simple randomization: (i) the control group (no exercise—maintaining their habitual lifestyle) and (ii) the concurrent training group. The participant’ allocation was blinded to the assessment staff. Participants were instructed to maintain their dietary and PA habits. The same exercise intervention was offered to the participants of the control group after completing the intervention.

Participants were obese sedentary men (35–55 years) with no comorbidities. The experimental design and study protocols were conducted strictly following the last revised ethical guidelines of the Declaration of Helsinki. The current pilot study was approved by the Ethics Committee on Human Research at the University of Leon and all participants signed an informed consent. The participants were recruited from the province of Cadiz (Spain) using social networks and local media. Inclusion criteria were: (i) to have a BMI > 30 kg/m2; (ii) to be sedentary [less than 150 min/week of moderate-intensity PA (i.e., self-reported) over the last 6 months]; (iii) to present a stable weight over the last 12 weeks; (iv) to be free of any chronic disease that could be aggravated by exercise training; and (v) not to consume any chronic mediation (i.e., self-reported) over the last 6 months. Baseline and follow-up assessment were performed at the same setting (Physical Activity and Exercise physiology Laboratory at the Faculty of Education Sciences, University of Cádiz).



Concurrent Training Intervention

The participants included in the concurrent training group performed a 12-week intervention based on the updated PA recommendations provided by the World Health Organization (World Health Organization [WHO], 2015). All sessions were conducted under the supervision of an accredited exercise physiologist. A training frequency of three sessions/week was selected. Each training session lasted 60 min and consisted of a combination of aerobic and resistance exercises. Aerobic training intensity was fixed at 60–70% of the heart rate reserve, while resistance training intensity was set at 6–7 of their subjective rates of perceived exertion. The participants were instructed to complete three to four sets which included a total of six to eight aerobic and resistance exercises following a circuit training methodology. The rest between sets was 60–120 s. Treadmill and cycle-ergometer were used to complete the aerobic training, whereas weight bearing and free-weights exercises (i.e., using both dumbbells and bars) were used to perform the resistance training involving the main upper and lower body muscle groups (i.e., lateral pull down, dips, deadlift, squat, or bench press among others). A dynamic standardized warm-up was performed before the beginning of the main part based on mobility and activation exercises, and a cooling-down protocol (i.e., stretching exercises) was conducted at the end of the training session. Exercise’ intensity was continuously monitored during all sessions using a Polar team 2 system (Polar Team 2 system, Polar Electro Oy, Kempele, Finland). No adverse events were observed.



Procedures

The baseline and post-intervention measurement were organized on 2 days: (i) day 1: medical examination and fasting blood determinations and (ii) day 2: anthropometry and body composition, blood pressure (BP), energy metabolism-related parameters, cardiorespiratory fitness (CRF), and echocardiography. We also used accelerometers to objectively measure PA and we controlled the dietary intake by three 24 h recalls.


Anthropometry and Body Composition

Anthropometry and body composition assessments were conducted before and after the intervention program. Weight (primary outcome) and height were determined using a validated scale and stadiometer (SECA 225, Hamburg, Germany) without shoes and with light clothing. Subsequently, the BMI was calculated as weight divided by height2. Waist circumference (WC) was measured at the mid-point between the bottom of the rib cage and the iliac crest at the end of a normal expiration.

Electrical bio-impedance (TANITA-MC780MA, Barcelona, Spain) was used to estimate fat mass (FM), lean mass (LM), and bone mineral content (g) following the manufacturer’s recommendations.



Blood Samples

Venous blood samples were obtained from the antecubital vein and collected in ethylenediamine tetra-acetic acid-containing tubes in fasting conditions. All samples were centrifuged at 4000 r/min for 10 min at 4°C, and subsequently stored at −80°C until further analysis. Plasma glucose, insulin, total cholesterol, high-density lipoprotein cholesterol (HDL-C), triglycerides (TGs), glutamic oxaloacetic transaminase (GOT), glutamic-pyruvic transaminase (GPT), γ-glutamyl transferase (γ-GT), C-reactive protein (CRP), and leptin were determined using conventional methods (i.e., spectrophotometry, chemiluminescence assay, and enzyme-linked immunosorbent assay). The homeostatic model assessment of insulin resistance (HOMA-IR) index was then calculated as (plasma insulin) × plasma glucose/22.5 (Ascaso et al., 2001). Low-density lipoprotein cholesterol (LDL-C) was determined as (total cholesterol) – (HDL-C) – 0.45 × (TGs). Fatty liver index was also calculated using a previously validated equation (Bedogni et al., 2006):
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A cardiometabolic risk Z-score was determined considering the clinical parameters proposed by the International Diabetes Federation to diagnose metabolic syndrome (Carracher et al., 2018) (i.e., WC, BP, plasma glucose, HDL-C, and TGs). These outcomes were standardized as (value – mean)/standard deviation. HDL-C standardized value was multiplied by −1 since we aimed to reflect a high cardiometabolic risk with higher values. The mean of the five standardized values was considered the cardiometabolic risk Z-score obtaining a standard deviation of 1 and a mean of 0 by definition.



BP

Participants were sitting in a chair, relaxed with their feet firmly on the floor. After 5 min, systolic and diastolic BPs were assessed using an automatic monitor Omron M3 intelligence advice (HEM-7051-E, Kyoto, Japan), which has been previously validated, on the non-dominant arm following the recommendations of the European Heart Society (Whelton and Williams, 2018). A minimum of three measurements were taken 1 min apart, and the mean value was subsequently calculated as:
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Energy Metabolism

Resting metabolic rate (RMR) was assessed in the morning after an overnight fast. We instructed the participants to avoid any exertion after waking up the testing day, to refrain from any moderate or vigorous PA before the testing (i.e., 24 and 48 h, respectively), to sleep as usual, to maintain their usual diet and to avoid the intake of alcohol and caffeine the day before. The environmental conditions were strictly controlled (temperature 20–22°C, humidity 60–65%). After their lab arrival, the participants were instructed to lie on a comfortable bed in a supine position for 5 min before the beginning of the RMR test that lasted 30 min (Fullmer et al., 2015). Oxygen consumption and carbon dioxide production were obtained by indirect calorimetry methods using a metabolic cart Jaeger MasterScreen CPX® (CareFusion, San Diego, CA, United States) which was previously calibrated following the manufacturer’s guidelines (i.e., gas and volume calibrations). The participants were asked not to sleep, talk, or fidget, and to breath normally. For the calculation of the RMR, we averaged the ventilatory parameters every 20 s. The first 10 min was discarded (Fullmer et al., 2015), and we calculated the coefficients of variance (CV) for oxygen consumption, carbon dioxide production, respiratory quotient (RQ), and minute ventilation every 5 min period (Fullmer et al., 2015; Sanchez-Delgado et al., 2018). Then, the periods that met the steady-state criteria for the ventilatory parameters (i.e., CV < 10% for oxygen consumption, CV < 10% for carbon dioxide production, CV < 5% for RQ, and CV < 10% for minute ventilation) were chosen, considering the period with the lowest average CV for these ventilatory outcomes for further analysis (Fullmer et al., 2015; Sanchez-Delgado et al., 2018). RMR and substrates oxidation (i.e., fat and carbohydrate oxidation) were determined through the stoichiometry equations of Weir and Frayn, respectively.

Maximal fat oxidation (MFO) and the intensity that elicits MFO (Fatmax) were determined through a graded exercise test on cycloergometer (Lode Excalibur, Groningen, Netherlands). This test consisted on cycling at 15 W keeping a constant cadence of 60–80 r/min for 3 min increasing the workload 15 W every step until reaching an RQ of 1.0 (Tsujimoto et al., 2011). Oxygen consumption and carbon dioxide production were determined by indirect calorimetry during the exercise protocol, using a metabolic cart Jaeger MasterScreen CPX® (CareFusion, San Diego, CA, United States), previously calibrated as explained above, and employing a face mask equipped with a metabolic flow sensor (CareFusion, San Diego, CA, United States) for gas data collection. We averaged the ventilatory parameters every 20 s, and fat oxidation values were estimated considering oxygen consumption and carbon dioxide production values averaged over the final 1 min of each 3-min stage (Amaro-Gahete et al., 2019c), using the Frayn stoichiometric equation and considering the urinary nitrogen excretion as negligible. MFO and Fatmax were calculated using a third polynomial regression curve with an intersection at 0;0, plotting fat oxidation values obtained in each period of the graded exercise test against the relative exercise intensity (Amaro-Gahete et al., 2019c).



Dietary Intake

Dietary intake was determined by a qualified and trained researcher on diet assessments through three non-consecutive 24 h recalls (including one weekend day). Food consumption was obtained by the DIAL® software for Windows, version 3.7.1.0. Subsequently, food consumption was transformed into energy and macronutrient intakes.



PA and Sedentary Behavior (SB)

Levels of PA and sedentary behavior (SB) were measured with a hip-worn ActiGraph GT3X + accelerometer (ActiGraph, Pensacola, FL, United States). The participants were asked to wear the accelerometer for seven consecutive days during the 24 h. After data collection, the ActiLife v.6.2.2 software (ActiGraph, Pensacola, FL, United States) was used to their processing, excluding those participants that did not wear the accelerometer for at least 16 h/day during at least 4 days (including at least one weekend day).



CRF

Maximum oxygen uptake (VO2max) was determined just after the MFO and Fatmax determination. After a short break (≈3 min), the second phase of the graded exercise test was initiated starting with the last step’ intensity of the previous phase and increasing the load 15 W each minute. The participants were asked to maintain a constant cadence of 60–80 r/min until they reached voluntary exhaustion. Oxygen consumption and carbon dioxide production were also obtained via indirect calorimetry, gathering data as for MFO and Fatmax testing (see above). The criteria for achieving VO2max were: (i) to attain an RQ higher than 1.1, (ii) to reach a plateau in oxygen consumption (change lower than 100 mL/min in the last 30-s stages), and (iii) to show a heart rate between 10 beats/min of the age-predicted maximal heart rate (Midgley et al., 2007; Amaro-Gahete et al., 2019a). We considered the peak oxygen uptake value during the exercise test when these criteria were not met (Midgley et al., 2007; Amaro-Gahete et al., 2019a).



Echocardiography

Echocardiographic studies were performed by single experienced cardiologist (blinded to the participants’ assignment group) using an ultrasound system (Sonosite-Edge, Amsterdam, Netherlands) equipped with a transducer. Cardiac mass, volumes, and dimensions were measured according to the current recommendations. Mitral inflow velocities were determined using pulsed-wave Doppler recording velocities end-expiration. LV diastolic function was measured following the EAE/ASE consensus guidelines (Nagueh et al., 2008) obtaining E wave, A wave, E/A ratio, and E wave deceleration time.



Statistical Analysis

Descriptive and exploratory analyses of all the study outcomes were conducted to check statistical assumptions, distributions, and imbalances between the study groups. Student’s t-tests for unpaired values were applied to determine intergroup differences (i.e., control vs. intervention group) at the baseline in the study’ outcomes. The intervention effects on primary and secondary parameters were assessed through linear mixed-effects models considering individual measures of growth as the function of randomly assigned group, time, and its interaction. We conducted these estimations using the restricted maximum-likelihood method which includes an unstructured covariance matrix to adjust for within-participant clustering resulting from the repeated-measures design. We adjusted the model for the baseline values of each outcome analyzed. Lastly, we also calculated the standardized effect sizes using Cohen’s d coefficients. The Statistical Package for the Social Sciences v.22.0, (IBM Corporation, Chicago, IL, United States) was used to perform the analyses.



RESULTS

Twelve obese sedentary men (mean age = 42.5 years) were participated in this trial. Participants attended to ≥ 86% (31 of 36 sessions) of their supervised exercise from baseline to week 12 and they showed a percentage of compliance of ∼90% for exercise’ intensity and 100% for exercise’ volume. There were no significant differences between groups in any variable at the baseline (all P ≥ 0.09).

A significant decrease of weight, BMI, and FM was observed in the concurrent training group compared with the control group (all P < 0.049; Table 1), while no significant changes were noted in height, WC, LM, and bone mineral content (all P > 0.1; Table 1).


TABLE 1. Changes in cardiometabolic health outcomes after 12-week intervention among control and concurrent training group.
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Multi-level mixed analyses, adjusting for baseline values, revealed a significant reduction of BP (i.e., systolic, diastolic, and MAP) and CV risk Z-Score in the concurrent training group compared with the control group (all P < 0.044; Table 1), whereas no significant differences were seen between groups with respect to the change in both glycemic (i.e., plasma glucose, plasma insulin, and HOMA-IR) and lipid profiles (i.e., total cholesterol, HDL-C, LDL-C, and TGs), as well as in liver function (i.e., GOT, GPT, γ-GT, and FLI) and other biochemical parameters, such as CRP and leptin (all P > 0.17; Table 1).

There were no differences between groups neither in energy metabolism-related parameters (i.e., RMR, RQ, resting substrates oxidation, MFO, and Fatmax), dietary intake (i.e., energy, macronutrients, and alcohol intake) and PA levels, and sedentary time nor in VO2max (all P > 0.2; Table 1).

We observed a significant increment of LV end diastolic diameter in the concurrent training group compared with the control group (P = 0.02; Table 1), while no significant differences were noted in cardiac mass, ejection fraction, LV end systolic diameter, LV end systolic volume, E wave, A wave, E/A, and E wave deceleration time (all P > 0.2; Table 1).



DISCUSSION

The current study sought to elucidate whether a 12-week concurrent training intervention improves cardiometabolic health in obese men. As we expected, the main findings of the present work were that compared to the control group, the participants included in the exercise group benefited from a significant improvement in weight management, FM loss, BP, cardiometabolic risk, and cardiac function, while no significant changes were noted in neither liver function nor energy metabolism-related parameters.

Previous studies have reported that concurrent training is an efficient tool to reduce weight and FM while increasing LM (Ferreira et al., 2010; Michell et al., 2014; Amaro-Gahete et al., 2019). Michell et al. (2014) showed an increment of LM and a decrement of FM in response to 24-week concurrent training intervention which consisted of three 40-min sessions/week combining aerobic training (i.e., 55–70% of maximum oxygen uptake intensity) and resistance training (65–85% of one maximum repetition intensity) in sedentary men. Ferreira et al. (2010) found that a 10-week concurrent intervention characterized by three 60-min sessions/week of aerobic and resistance training at moderate intensity also induces FM loss and LM gain in sedentary women. Similarly, a recent study conducted in our laboratory (Amaro-Gahete et al., 2019) revealed a significant decrease of FM and an increase of LM after a 12-week concurrent training intervention based on the minimum PA recommended by the World Health Organization (World Health Organization [WHO], 2015; Piercy et al., 2018) in middle-aged sedentary adults. These results partially concur with those obtained in the current study, since we also observed a significant decrease of both weight and FM in the current cohort. However, we did not observe significant changes in LM after the exercise intervention compared with the control group. The main reasons that could explain this discrepancy among studies are the different duration of the above-mentioned concurrent training intervention (i.e., ranged from 10 to 24 weeks) and the different initial weight status of the participants (i.e., normal-weight vs. obese), which could imply different metabolic, hormonal, and molecular responses to a similar exercise stimulus.

Concurrent training has also been proposed as an excellent method to improve cardiometabolic health through the management of glycemic and lipid profile as well as BP (Kelley and Kelley, 2009; Cornelissen et al., 2011; Umpierre et al., 2011; Greene et al., 2012; Mann et al., 2014; Álvarez et al., 2019; Amaro-Gahete et al., 2019b). In the present study, BP and the CV risk Z-Score decreased in the concurrent training group, which concurs with the results of other studies involving similar concurrent training interventions (Kelley and Kelley, 2009; Cornelissen et al., 2011; Umpierre et al., 2011; Greene et al., 2012; Mann et al., 2014; Álvarez et al., 2019; Amaro-Gahete et al., 2019b). However, our study findings partially disagree with those previously mentioned (Kelley and Kelley, 2009; Cornelissen et al., 2011; Umpierre et al., 2011; Greene et al., 2012; Mann et al., 2014; Álvarez et al., 2019; Amaro-Gahete et al., 2019b) since we showed no significant differences between the concurrent training group and the control group with respect to the change in the glycemic (i.e., plasma glucose and insulin concentration and HOMA-IR) and lipid (total cholesterol, HDL-C, LDL-C, and TGs) profiles, as well as in hepatic function. The different intervention durations could be a potential reason for these discrepancies (i.e., ranged from 8 to 24 weeks). But certainly, the most plausible explanation is that the low sample size of the present study is not enough to detect statistical differences between groups. Further studies with more statistic power are needed to confirm the current results.

The influence of concurrent training on energy metabolism-related parameters has been previously investigated obtaining controversial findings. On the one hand, a significant increase of RMR was observed after a 10-week concurrent training program in physically active men (Dolezal and Potteiger, 1998), whereas no significant changes were noted neither in RMR nor in resting substrates oxidation in response to both a 20- and 12-week concurrent training interventions in sedentary middle-aged women (Byrne and Wilmore, 2001) and in middle-aged sedentary adults (Amaro-Gahete et al., 2020), respectively. On the other hand, there is also controversy regarding the effects of both aerobic and resistance training on MFO. While no change in MFO was observed after either 4 weeks of aerobic training or 12 weeks of concurrent training in middle-aged adults with (Venables and Jeukendrup, 2008) and without obesity (Amaro-Gahete et al., 2020), a significant increase of MFO was reported in overweight men after a 3-month aerobic training intervention (Rosenkilde et al., 2015), and in middle-aged untrained adults after a 1-year aerobic training intervention (Scharhag-Rosenberger et al., 2010). The present results showed no significant differences in RMR, resting nutrients oxidation, and MFO after 12 weeks of concurrent training compared with a no-exercise control group. These findings could be explained by the lack of changes in LM since this outcome is the most important determinant of RMR (i.e., skeletal muscle is the most metabolically active tissue) (Blundell et al., 2015), and its optimization could improve mitochondrial function/activity and insulin sensitivity modulating in turn substrate oxidation during both resting and exercise conditions (Goodpaster and Sparks, 2017). It is therefore plausible that an increase of LM could be mandatory or determinant to induce changes in energy metabolism-related parameters. In the same line, it is possible that the required exercise duration to guarantee LM and RMR improvements would be longer than 12 weeks.

In the current study, a significant increase of the LV end diastolic diameter was observed following a 12-week concurrent training intervention, which seems logical because this type of exercise training induces subsequent increments of pressure overload to volume overload, as a consequent of the exercise duration and intensity (Hosseini et al., 2012). These findings concurred with those reported by previous studies that revealed LV morphologic adaptations in response to (i) an 8-week concurrent training program in young women (Hosseini et al., 2012), (ii) a 10-week concurrent training intervention in trained men (duManoir et al., 2007), and (iii) a 5-month concurrent training program in rowers (Cavallaro et al., 1993). However, no further changes were observed in other cardiac parameters when both exercise and control groups were compared. This finding could be explained by the relatively short duration of our intervention since previous studies have suggested longer exercise programs to improve cardiac function (Voulgari et al., 2013). Despite the positive changes found only in LV end diastolic diameter, these findings are very relevant due to the particular characteristic of the participants (i.e., obese rather than trained or healthy population) who could especially benefit of the improvement in this morphologic parameter which is known as an indicator of CV health and a risk factor for mortality (Narayanan et al., 2014).



LIMITATIONS

This study had some important limitations that should be noted, and therefore findings of this work should be interpreted with caution. First, the small sample size limits the generalization of the results and might limit the detection of statistical significance. Regardless, the effect size for all outcome measures has been reported. Second, this intervention was conducted in obese men, thus we cannot extrapolate the findings to their women counterparts. Insulin resistance was not assessed by the gold standard method (i.e., the hyperinsulinemic euglycemic glucose clamp technique). However, HOMA (Ascaso et al., 2001) method has been previously validated for assessing insulin resistance. Finally, we observed a reduction of energy intake in the exercise group which could explain the body weight loss of such participants. Nevertheless, it has been suggested in previous studies that the compensatory effect of exercise intervention may be on behavior parameters (e.g., diet and PA) (Stubbs et al., 2004). This phenomenon may have affected our participants but further studies are needed to confirm these findings.



CONCLUSION

In conclusion, the present study shows that a 12-week concurrent training intervention is an effective strategy to induce weight and FM loss with simultaneous reductions of BP and cardiometabolic risk, and improving CV function in obese men. These findings could have important clinical implications since, despite its inherent limitations, they suggest that a combination of aerobic and resistance training intervention is an effective and cost-efficient strategy for the management of obesity and its related complications. Further studies should be conducted to confirm these results with a higher sample size, and to determine whether the same holds true for women and whether longer duration would imply additional benefits.
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Background: Evidence for the efficacy of Pilates for the modulation of body weight and body composition is unclear.

Objective: This meta-analysis aimed to evaluate the effects of Pilates on body weight and body composition in adults with overweight or obesity.

Data Sources: The PubMed, Cochrane Library, Web of Science, China National Knowledge Infrastructure (CNKI), and EMBASE databases were systematically searched from the inception dates to 12 November 2020 for relevant randomized controlled trials (RCTs).

Study Selection: Randomized controlled trials comparing Pilates with other physical exercises or without any intervention were included.

Data Extraction and Synthesis: Three reviewers independently performed the data extraction and assessed study quality. The mean differences (MDs) and 95% confidence intervals (CIs) for pooled data were calculated.

Main Outcomes and Measures: Outcome measures were body weight, body mass index (BMI), body fat percentage, lean body mass, and waist circumference.

Results: Eleven RCTs with 393 subjects were included. This study revealed that Pilates dramatically reduces body weight (MD = −2.40, 95% CI: [−4.04, −0.77], P = 0.004, I2 = 51%), BMI (MD = −1.17, 95% CI: [−1.85, −0.50], P = 0.0006, I2 = 61%), and body fat percentage (MD = −4.22, 95% CI: [−6.44, −2.01], P = 0.0002, I2 = 88%) in adults with overweight or obesity. The reduction in body weight and body fat percentage appears to be more pronounced in studies including participants with obesity only, and the efficacy of Pilates for the improvement of body weight and BMI appears to be more evident in longer intervention duration. However, Pilates has no significant effect on waist circumference (MD = −2.65, 95% CI: [−6.84, 1.55], P = 0.22, I2 = 0%) and lean body mass (MD = −0.00, 95% CI: [−1.40, 1.40], P = 1.00, I2 = 23%).

Conclusions: Pilates dramatically reduces body weight, BMI, and body fat percentage in adults with overweight or obesity. Large-scale and well-designed RCTs with improved methodology and reporting are urgently needed to further confirm these results.

Keywords: Pilates, overweight, obesity, review, meta-analysis


INTRODUCTION

Overweight and obesity, which are defined as abnormal or excessive body fat accumulation (World Health Organization, 2020), are the leading variable risk factors for chronic diseases and premature death (World Health Organization, 2018). According to the body mass index (BMI) (kg/m2), for adults, overweight is a BMI ≥ 25, whereas obesity is a BMI ≥ 30 (World Health Organization, 2020). Statistically, in 2016, 39% of adults aged 18 years and over were overweight, and 13% were obese; the prevalence of overweight and obesity among children and adolescents aged 5–19 was about 18%. Thirty-eight million children under the age of 5 were overweight or obese in 2019 (World Health Organization, 2020). Overweight and obesity have considerable negative socioeconomic impacts due to the high prevalence (Hammond and Levine, 2010). Besides excessive caloric intake, a sedentary lifestyle is also a major factor leading to overweight and obesity (Morgen and Sørensen, 2014). Therefore, regular physical activity has been recommended as one of the most effective prevention and treatment options for people with overweight or obesity (Expert Panel Members et al., 2014; World Health Organization, 2020). Given that some common physical exercises are ineffective in losing weight, and even may damage the musculoskeletal system due to knee joints overload in individuals with overweight or obesity (Girard et al., 2017; Hun-Young et al., 2019), it is necessary to investigate the alternative forms of exercise for treating overweight and obesity.

One such alternative modality of exercise that is widely used for health enhancement and adjuvant treatment in various diseases is Pilates (Sharma et al., 2018; Eliks et al., 2019; Fernández-Rodríguez et al., 2019). Pilates exercise, which was originated in the 1920s, mainly involved isometric contractions of the core muscles (Chen Z. et al., 2020). Moreover, the Pilates exercise system combined practical movement styles and ideas of martial arts, dance, gymnastics, and yoga with philosophical notions and followed six basic principles of centering, concentration, control, precision, flowing movements, and breathing (Latey, 2001). Pilates, although not designed to reduce body weight, can be considered a good option for people with overweight or obesity who have difficulty in adhering to those monotonous traditional physical exercises (Vancini et al., 2017; de Souza Cavina et al., 2020). Furthermore, Pilates does not require high costs to practice and produces high concentration in the muscle core, which could contribute to the implementation of this exercise method in clinical practice to improve body weight and body composition (de Souza Cavina et al., 2020). While the overall effects of physical exercises on body weight in people with overweight or obesity are now well-known, Pilates is not. Despite several studies have been conducted to assess the physical effects of Pilates for individuals with overweight or obesity, the results have been diverse with no clear consensus (Hagner-Derengowska et al., 2015; Rayes et al., 2019; Jung et al., 2020). Additionally, there is no systematic review or meta-analysis on Pilates for treating overweight and obesity to date. Therefore, the aim of this systematic review and meta-analysis of randomized controlled trials (RCTs) was to evaluate the effects of Pilates on body weight and body composition in adults with overweight or obesity.



METHODS


Search Strategy

This review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., 2009). PubMed, the Cochrane Library, Web of Science, the China National Knowledge Infrastructure (CNKI), and EMBASE databases were systematically searched from the inception dates to 12 November 2020. We applied no language restrictions. We used the following combined text and MeSH terms: “Pilates,” “overweight and obesity,” and “Randomized Controlled Trial.” The complete search used for PubMed was: ((((((((((((((“Overweight” [Mesh]) OR (“Obesity” [Mesh])) OR (Overweight [Title/Abstract])) OR (Obesity [Title/Abstract])) OR (adipose tissue hyperplasia [Title/Abstract])) OR (adipositas [Title/Abstract])) OR (adiposity [Title/Abstract])) OR (alimentary obesity [Title/Abstract])) OR (body weight, excess [Title/Abstract])) OR (corpulency [Title/Abstract])) OR (fat overload syndrome [Title/Abstract])) OR (nutritional obesity [Title/Abstract])) OR (obesitas [Title/Abstract])) AND (((((((((“Exercise Movement Techniques” [Mesh]) OR (Movement Techniques, Exercise [Title/Abstract])) OR (Exercise Movement Technics [Title/Abstract])) OR (Pilates-Based Exercises [Title/Abstract])) OR (Exercises, Pilates-Based [Title/Abstract])) OR (Pilates Based Exercises [Title/Abstract])) OR (Pilates Training [Title/Abstract])) OR (Training, Pilates [Title/Abstract])) OR (Pilates [Title/Abstract]))) AND ((randomized controlled trial[pt] OR controlled clinical trial[pt] OR randomized[tiab] OR placebo[tiab] OR drug therapy[sh] OR randomly[tiab] OR trial[tiab] OR groups[tiab] NOT (animals [mh] NOT humans [mh]))). Additionally, the reference lists of all retrieved articles and relevant reviews were manually screened for potentially eligible studies. Two reviewers (Y Wang and ZH Chen) independently screened and selected papers, a third reviewer (ZG Wu) was consulted to resolve disagreements. The search strategy is detailed in Supplementary Table 1.



Selection Criteria

We formulated the study's eligibility criteria using the participants, interventions, comparison, outcomes, and study design (PICOS) description model (Guyatt et al., 2011).


Participants

Inclusion criteria:

• Adult subjects aged 18 or over with overweight or obesity (overweight, BMI ≥25.0 kg/m2; obesity, BMI ≥30.0 kg/m2)

Exclusion criteria:

• Pregnancy

• Participants with any contraindication of exercise therapy

• Participants with eating disorders



Intervention

• Pilates

No restrictions were made in terms of the type of Pilates, the duration, dose, or intensity of the intervention. Furthermore, studies with dietary intervention were excluded.



Comparators

• Pilates vs. other physical exercises

• Pilates vs. without any intervention



Outcomes

The included studies had to assess at least one primary outcome related to body weight or body composition:

• Body weight

• Body mass index

• Body fat percentage

• Lean body mass

• Waist circumference

In addition, the safety of Pilates intervention was considered secondary outcomes.



Study Design

• RCTs

• Published in English or Chinese language




Data Extraction

Two reviewers (Y Wang and ZH Chen) independently extracted the following data from the included studies: participant characteristics (e.g., age, gender, year), study characteristics (e.g., author names, publication year, region, study design, intervention type, intervention characteristics, sample size), and related study outcomes. Any disputes were resolved by discussing with a third reviewer (ZG Wu). If necessary, the corresponding authors were contacted for additional information.



Quality Assessment

The methodological quality of included studies was assessed using the Physiotherapy Evidence Database (PEDro) scale (Maher et al., 2003; Macedo et al., 2010), which is used to assess the quality of RCTs with physical therapist interventions. The PEDro scale includes 10 items on random allocation, concealed allocation, similarly at baseline, subjects blinding, therapists blinding, assessors blinding, dropout rate <15%, intention to treat analysis, between-group statistical analysis, and point and variability measures; the score ranges from 0 to 10. A score ≥7 was considered “high quality,” a score of 5 or 6 was considered “moderate quality,” and ≤4 “poor quality” (de Souza Cavina et al., 2020). Moreover, the quality of evidence was assessed using the Grading of Recommendations Assessment, Development, and Evaluation System (GRADEprofiler, version 3.6; GRADE Working Group, 2004; Higgins et al., 2020). The assessment process was also conducted by two independent reviewers (Y Wang and ZH Chen), and the consensus approach was once again adopted.



Statistical Analysis

Review Manager (version 5.3) and Stata (version 13.0) were used to conduct statistical analyses. Data were presented as mean ± standard deviation (SD) or 95% confidence interval (CI). All continuous variables were pooled by mean difference (MD) or MD with 95% CI. Heterogeneity was assessed by Higgins I2 statistic and 0–25% suggests very low heterogeneity, 25–50% low heterogeneity, 50–75% moderate heterogeneity, and more than 75% high heterogeneity (Higgins and Thompson, 2002; Higgins et al., 2020). The fixed effect models would be enabled if I2 < 50%; otherwise, a random-effect model was applied. To explore potential sources of heterogeneity between studies, subgroup and meta-regression analyses were conducted based on intervention duration and participant type. Sensitivity analyses were used to test the robustness of significant results. In addition, the visual inspection of funnel plots and statistical asymmetry tests (Begg's and Egger's tests) were used to assess publication bias. Statistical significance was considered for P < 0.05.




RESULTS


Study Selection

A total of 2,670 potentially relevant records were acquired via electronic and hand search. We imported all the literature into EndNote X9 (Bld,12062) for de-duplication. Then we initially screened out 2,502 articles through title and abstract, and the remaining 60 were considered highly relevant. Finally, we further excluded 49 studies by means of reading full text according to our study selection criteria, leaving 11 studies (Cakmakçi, 2011; Gorji et al., 2014, 2015; Chaudhary, 2016; Savkin and Aslan, 2016; Khormizi and Azarniveh, 2017; Khajehlandi et al., 2018; Chen J. et al., 2020; Jung et al., 2020; Tyagi and Kumar, 2020; Wong et al., 2020) for inclusion in this analysis (Figure 1).


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




Study Characteristics

All included studies were RCTs involving 393 adults with overweight or obesity. The studies were from Korea (Jung et al., 2020), Turkey (Cakmakçi, 2011; Savkin and Aslan, 2016), Iran (Gorji et al., 2014, 2015; Khormizi and Azarniveh, 2017; Khajehlandi et al., 2018), the USA (Wong et al., 2020), India (Chaudhary, 2016; Tyagi and Kumar, 2020), and China (Chen J. et al., 2020). These studies were published between 2011 and 2020, and the intervention duration varied from 8 to 24 weeks, with the sample size ranging from 20 to 61 participants. The participants were mostly female (77.1%). Nine studies (81.8%) only recruited women (Cakmakçi, 2011; Gorji et al., 2014, 2015; Savkin and Aslan, 2016; Khormizi and Azarniveh, 2017; Khajehlandi et al., 2018; Chen J. et al., 2020; Jung et al., 2020; Wong et al., 2020), and another two (18.2%) only recruited men (Chaudhary, 2016; Tyagi and Kumar, 2020). In terms of the definition of overweight and obesity, all 11 studies used BMI. Three studies recruited participants with hypertension (Wong et al., 2020), type 2 diabetes (Khormizi and Azarniveh, 2017), and depression (Chen J. et al., 2020), other studies recruited participants with no reported existing medical conditions. Regarding the measurement method of body composition, four studies (Gorji et al., 2014, 2015; Savkin and Aslan, 2016; Wong et al., 2020) used bioelectric impedance analysis device, three studies (Chaudhary, 2016; Khajehlandi et al., 2018; Tyagi and Kumar, 2020) used body composition analyzer, one study (Jung et al., 2020) used a dual-energy X-ray absorptiometry scanner, two studies (Cakmakçi, 2011; Chen J. et al., 2020) did not specify, and the remaining one (Khormizi and Azarniveh, 2017) did not measure. The characteristics of the included studies are summarized in Table 1.


Table 1. Characteristics of the included studies.

[image: Table 1]



Risk of Bias in Included Studies

The PEDro assessment indicated that the methodological quality of included studies was moderate (mean score = 6.09 ± 0.83; Table 2). All studies randomly allocated subjects, but only two studies (Savkin and Aslan, 2016; Wong et al., 2020) used concealed allocation. None of the studies employed subjects blinding and therapists blinding. However, only two studies (Khormizi and Azarniveh, 2017; Wong et al., 2020) used assessor blinding, which could lead to potential limitations. In addition, none of the studies had a loss to follow-up rate of more than 15%, and no study used intention-to-treat analysis.


Table 2. PEDro scores of the included studies.

[image: Table 2]



Analysis of Overall Effect Size


Primary Outcomes


Body Weight

Ten studies recorded body weight outcomes. Meta-analysis results showed that Pilates significantly reduced body weight (MD = −2.40, 95% CI: [−4.04, −0.77], P = 0.004). Moderate heterogeneity was detected between studies (P = 0.03, I2 = 51%; Figure 2). Therefore, we conducted subgroup analyses for the results. Subgroup analysis based on intervention duration showed that a significant decrease was observed on body weight in studies with more than 10 weeks of duration (MD = −3.30, 95% CI: [−4.67, −1.92], P < 0.00001, I2 = 34%); whereas, no significant effect in studies with duration of 10 weeks or less (MD = −1.17, 95% CI: [−4.91, 2.58], P = 0.54, I2 = 55%). Moreover, the subgroup analysis according to participant type demonstrated that body weight dramatically decreased by Pilates in studies including participants with obesity only (MD = −3.81, 95% CI: [−4.82, −2.81], P < 0.00001, I2 = 0%), and no statistically significant effect in another two groups. The results of subgroup analyses are summarized in Table 3. Meta-regression analyses on body weight indicated that the intervention duration (β = −0.612, P = 0.189) and participant type (β = −0.16, P = 0.654) were not related to interstudy heterogeneity.


[image: Figure 2]
FIGURE 2. Forest plot of meta-analysis on body weight.



Table 3. Results of the subgroup analyses and overall analyses.
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Body Mass Index

Ten studies recorded outcomes for BMI. Meta-analysis results indicated that Pilates remarkably decreased BMI (MD = −1.17, 95% CI: [−1.85, −0.50], P = 0.0006) and a moderate heterogeneity was detected between studies (P = 0.006, I2 = 61%; Figure 3). Subgroup analysis based on intervention duration revealed that a significant reduction was observed on BMI in studies with more than 10 weeks of duration (MD = −1.04, 95% Cl: [−1.67, −0.40], P = 0.001, I2 = 51%); however, no significant effect in studies with duration of 10 weeks or less (MD = −1.36, 95% Cl: [−2.95, 0.24], P = 0.10, I2 = 66%). Additionally, the subgroup analysis according to participant type demonstrated that a remarkable decrease on BMI in studies including participants with overweight only or ones with obesity only (Table 3), which may be the reason for the excessive individual differences. Meta-regression analyses on BMI showed that the intervention duration (β = −0.142, P = 0.761) and participant type (β = −0.17, P = 0.613) were not correlated to interstudy heterogeneity.


[image: Figure 3]
FIGURE 3. Forest plot of meta-analysis on BMI.




Body Fat Percentage

Eight studies recorded outcomes for body fat percentage (BFP). Meta-analysis results revealed that Pilates significantly reduced BFP (MD = −4.22, 95% CI: [−6.44, −2.01], P = 0.0002), but a high heterogeneity was detected between studies (P < 0.00001, I2 = 88%; Figure 4). The subgroup analysis according to participant type revealed that a significant reduction on BFP in studies including participants with obesity only (MD = −3.56, 95% CI: [−5.07, −2.04], P < 0.00001, I2 = 67%), and no statistically significant effect in another two groups (Table 3).


[image: Figure 4]
FIGURE 4. Forest plot of meta-analysis on body fat percentage.




Lean Body Mass and Waist Circumference

The analysis of three studies indicated that no significant effect on lean body mass (LBM) after Pilates (MD = −0.00, 95% CI: [−1.40, 1.40], P = 1.00), and a very low heterogeneity was seen between studies (P = 0.27, I2 = 23%). In addition, the meta-analysis of two studies demonstrated that waist circumference (WC) did not decrease after Pilates (MD = −2.65, 95%CI: [−6.84, 1.55], P = 0.22, I2 = 0%; Figure 5).


[image: Figure 5]
FIGURE 5. Forest plot of meta-analysis on lean body mass and waist circumference.




Secondary Outcomes

We considered safety as secondary outcomes in this study; however, no adverse events following Pilates intervention were reported in the included studies.





Sensitivity Analysis

The leave-one-out approach was used for sensitivity analysis of each outcomes (Patsopoulos et al., 2008; Supplementary Table 2). The analysis results indicated that the meta-analysis results for BMI and BFM did not alter when each study was removed in turn, and that the findings were robust. In the meta-analysis of BMI outcome, the removal of studies conducted by Khormizi and Azarniveh (2017) significantly reduced the heterogeneity, suggesting that this study could be the potential source of heterogeneity. Additionally, the meta-analysis results for body weight changed from significant (P < 0.05) to non-significant (P = 0.06) when the study by Chen J. et al. (2020) was removed, suggesting that this study was primarily responsible for the between-study heterogeneity.



Publication Bias

Visual inspection of funnel plots revealed no asymmetry (Figure 6), and the results from Egger's and Begg's test indicated that no evidence for publication bias was detected for body weight (Begg's test, P = 0.59; Egger's test, P = 0.35) and BMI (Begg's test, P = 0.37; Egger's test, P = 0.55).


[image: Figure 6]
FIGURE 6. Funnel plots of 10 RCTs recording body weight (A) and BMI (B) outcomes.




Quality of Evidence

Regarding the assessment of the quality of evidence, there is low to moderate evidence in body weight and BMI, very low to low evidence in BFP, low evidence in lean body mass, and moderate evidence in waist circumference. This indicates that more researches may have a significant impact on the results of the effect estimate and even may change the results. The detailed information was presented in Supplementary Table 3.




DISCUSSION


Summary of Main Results

We performed this study to evaluate scientific evidence for the efficacy of Pilates in improving body weight and body composition in adults with overweight or obesity. The analyses combined 11 studies involving a total of 393 adults with overweight or obesity (90 men and 303 women). Outcome measures were body weight, BMI, BFP, lean body mass, and WC. Overall results revealed that Pilates leads to a significant decrease in body weight, BMI, and BFP in adults with overweight or obesity. The reduction in body weight and BFP appears to be more pronounced in studies including participants with obesity only, and the efficacy of Pilates for the improvement of body weight and BMI appears to be more evident in longer intervention duration. These findings could have significant implications for the promotion of exercise interventions for overweight and obesity management. We also found that Pilates has no remarkable effect on WC and lean body mass. However, given the low to moderate overall quality of the evidence, we are still unable to draw a definite conclusion. Furthermore, since no trials reported adverse events, we could not judge the safety of Pilates.



Comparison With Other Reviews

To our knowledge, this is the first systematic review and meta-analysis to investigate the effects of Pilates on body weight and body composition in adults with overweight or obesity. In the previous reviews, few studies systematically analyzed and assessed the effects of Pilates on body weight and body composition. Aladro-Gonzalvo et al. (2012) conducted a systematic review to determine the effects of Pilates on body composition in several populations; the results suggested that there is insufficient evidence indicating a positive effect of Pilates on body weight and body composition. This finding is inconsistent with our review, and the main reason that might explain this is the poor methodological quality of the included studies. In another systematic review (Kamioka et al., 2016), there was some evidence that Pilates could reduce body fat and increase fat free mass. Although this is partially consistent with our findings, the authors of this review did not perform a meta-analysis, which limited the comparison with our review. The most recent review (de Souza Cavina et al., 2020) showed no evidence for the efficacy of Pilates in improving body weight and body composition in general population including overweight and obese individuals; the results conflicted with our present review, and insufficient training intensity and not performing diet control could be the main reasons for these results.



How the Intervention Might Work

Overweight and obesity, which are serious public health problems worldwide, are associated with many comorbidities such as insulin resistance and diabetes (Diabetes Prevention Program Research Group, 2002; Look AHEAD Research Group, 2003), hypertension and cardiovascular disease (Ozbey et al., 2002), metabolic syndrome (Frank et al., 2005), depression, and also cancer (Field et al., 2001). While overweight and obesity are being prevented and treated worldwide, they continue to be highly prevalent conditions that impose a substantial economic burden (Kushner and Kahan, 2018). Therefore, growing attention has been poured to the problems of body weight and a mounting number of medical staff have attached importance to develop available and affordable therapies for reducing body weight. Some studies indicated that exercise could improve the functions of several body systems, thereby improving body weight, body composition, cardiometabolic risk factors, and emotional health status (Jakicic et al., 2018; Garber, 2019), so exercise is widely used to reduce body weight in clinical practice. As for Pilates, it is often considered an alternative form of exercise. It was reported that completion of 30–45 min Pilates exercise could produce sufficient stimuli to induce positive changes in energy expenditure, thus reducing body weight (Olson et al., 2004). Moreover, since Pilates exercise involves employing different types of resistance (Lange et al., 2000), it could enhance the muscle strength of upper body parts, lower body parts, and abdomen (Bergamin et al., 2015) and could thus contribute to improving body composition. Besides exercise, Pilates also involves relaxation, concentration, and breath control. Thus, Pilates has been shown to effectively improve depression and anxiety (Vancini et al., 2017; Fleming and Herring, 2018; Aibar-Almazán et al., 2019), which might in turn improve overweight or obesity caused by emotional factors (Jantaratnotai et al., 2017).



Limitations

However, this present review had several potential limitations. Firstly, the overall effect sizes could have been affected by lack of concealed allocation (9 out of 11 studies), inability to use therapists/subjects blinding (all studies) or assessors blinding (9 out of 11 studies). Secondly, publication bias might have been a factor, as this review retrieved only relevant articles in the English and Chinese language within a limited number of electronic databases. Thirdly, given the small size of overall samples, some conclusions should be considered preliminary and even might be biased. Fourthly, there was a moderate to high heterogeneity between studies, while several subgroup analyses could explain the heterogeneity to some extent; however, considerable heterogeneity remained unclear. This may be partially because of the differences in participants (e.g., age, gender, race, lifestyle), Pilates intervention (e.g., exercise modalities, duration, dose, intensity), and the measuring method of outcomes. In addition, it remained unclear whether Pilates was more effective than other exercises for improving body weight and body composition as the included studies did not involve other exercise interventions.



Implications for Clinical Practice

This present meta-analysis showed that Pilates could improve body weight, BMI, and BFP in adults with overweight or obesity. Although the methodological quality of the included RCTs is poor, Pilates could still be preliminarily considered an effective intervention to treat overweight and obesity. It has been shown that people with overweight or obesity find it difficult to adhere to physical activities targeting weight loss (Burgess et al., 2017), mainly due to the monotony of physical activities (Vancini et al., 2017); these people are however more likely to practice Pilates (de Souza Cavina et al., 2020). Therefore, Pilates could be specifically considered an alternative to other forms of physical exercise for overweight or obese people who do not abide by recommended physical exercise regimens.



Implications for Further Research

Given the poor methodological quality of the majority of RCTs and the limited strength of evidence, more rigorous and robust methods are recommended to use in future studies. Firstly, the reporting of future Pilates RCTs should be improved and strictly follow standard reporting guidelines such as CONSORT (Schulz et al., 2010). Secondly, future RCTs should further ensure the use of concealed allocation, therapists/subjects blinding, intention-to-treat analysis, and assessors blinding. Thirdly, to reduce potential publication bias, the researchers are recommended to register beforehand in the clinical trial registry before recruiting participants. Fourthly, there were no adverse events described in any of the included studies, considering that safety is critical to the evaluation of therapies, future RCTs should improve the reporting of safety. Fifthly, future RCTs should compare Pilates with other interventions (e.g., aerobic exercise, resistance exercise) to evaluate the potential benefits of Pilates for overweight and obesity. In addition, there is evidence that diet and exercise play an important role in weight loss and promoting positive changes in body composition (Clark, 2015). Considering that diet is an uncontrollable factor, in order to eliminate the significant interference of diet on the results, we excluded studies with dietary intervention in this study to determine the effects of Pilates on body weight and body composition in adults with overweight or obesity. Some studies demonstrated that dietary intervention plus exercise resulted in an even greater reduction in body weight and body composition profile parameters than dietary interventions alone (Figueroa et al., 2013; Cheng et al., 2018). In view of this, it remained uncertain whether Pilates plus diet intervention was more effective than Pilates interventions alone in improving body weight and body composition, and further researches are needed to confirm it.




CONCLUSION

In conclusion, this present study indicated that Pilates lead to a remarkable decrease in body weight, BMI, and BFP in adults with overweight or obesity. No significant effect on WC and LBM. Large-scale and well-designed RCTs with improved methodology and reporting are recommended to further elucidate the effectiveness of Pilates for treating overweight and obesity.
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Obesity is an important risk factor for metabolic syndrome and obstructive sleep apnea (OSA). Bariatric surgery has been shown to effectively reduce weight and obesity-related comorbidities. However, the prevalence and severity of OSA in obese patients with different baseline metabolic states and the improvements of OSA after bariatric surgery remain unknown. The main aims of this study were to ascertain the prevalence of OSA in young Chinese obese patients with different metabolic states and to evaluate their respective OSA remission after laparoscopic sleeve gastrectomy. We first performed a cross-sectional study involving 123 metabolically healthy obese patients and 200 metabolically unhealthy obese patients (who had the same age and BMI ranges) to estimate the prevalence of OSA at baseline. Then we performed a retrospective study, which was registered at ClinicalTrials.gov (ref. NCT02653430) of 67 patients who underwent laparoscopic sleeve gastrectomy to evaluate the remission of OSA. Metabolically healthy and unhealthy obese patients had similar apnea-hypopnea index levels (16.6 ± 22.0 vs. 16.7 ± 18.7 events/h, P = 0.512) and prevalence of OSA (66.7% vs. 69.0%, P = 0.662). Male sex, age, waist circumference and lower liver-to-spleen ratio were independent risk factors for OSA. After laparoscopic sleeve gastrectomy, no difference was found in the decrease in body mass index (BMI) change (10.8 ± 4.8 vs. 10.8 ± 3.0 kg/m2, P = 0.996) or the decrease in the apnea-hypopnea index (18.9 ± 24.6 vs. 17.0 ± 24.0 events/h, P = 0.800). The remission of moderate-to-severe OSA was observed in the MHO (36.3%; 54.5–18.2%, P = 0.125) and MUO (32.2%; 66.1–33.9%, P = 0.001) patients. These results suggest that, in patients with obesity, metabolic syndrome does not add extra risk for the prevalence or severity of OSA. Both metabolically healthy and unhealthy obese patients could benefit equally from laparoscopic sleeve gastrectomy in terms of weight loss and obstructive sleep apnea remission.

Keywords: metabolically healthy obesity, metabolically unhealthy obesity, metabolic syndrome, obstructive sleep apnea, laparoscopic sleeve gastrectomy


INTRODUCTION

The prevalence of obesity has continued to rise in prevalence at a rapid rate over the past decades. As of 2015, 2.2 billion people were overweight or obese worldwide, accounting for about one-third of the world’s total population (Reilly, 2017). It is well recognized that there is an obese phenotype that does not involve the typical metabolic disorders associated with obesity. This unique subset of obese individuals without metabolic syndromes (MetS) has been described as “benign obesity” or “metabolically healthy obesity (MHO).” Previous reports of this special obesity phenotype mostly focused on the risk of all-cause mortality, cardiovascular events, and diabetes, and the conclusions remain controversial. Some studies have suggested that obese individuals have increased risk of adverse outcomes even in the absence of metabolic abnormalities, especially over the long-term (Kramer et al., 2013), while other studies showed that MHO individuals had a lower risk of cardiovascular disease than their unhealthy counterparts (Meigs et al., 2006; Ogorodnikova et al., 2012; Phillips, 2013). As for the impact of MetS on other obesity-related comorbidities, there remains a lack of evidence.

Obstructive sleep apnea (OSA) is a sleep-related breathing disorder that is characterized by repeated episodes of partial or complete obstruction of the upper airway during sleeping. In the general adult population, the prevalence of OSA ranges from 9 to 38% (Senaratna et al., 2016), while in individuals with morbid obesity, it can affect >70% of the group and the prevalence increases with increasing body mass index (BMI) (Lopez et al., 2008). Epidemiological studies have indicated that OSA might also be an independent risk factor for stroke, ischemic heart disease, cardiac arrhythmia, and heart failure (Redline et al., 2010; Gottlieb et al., 2011) via several mechanisms, including oxidative stress, systemic inflammation, intrathoracic pressure changes, sympathetic activation and endothelial dysfunction (Malcolm and Stradling, 2010). Although some studies have indicated that there are higher rates of OSA among individuals with obesity or MetS (Drager et al., 2010; Leong et al., 2013), there are no previous studies comparing the prevalence of OSA in individuals with MHO and those with metabolically unhealthy obesity (MUO).

Bariatric surgery has been shown to be more effective at treating morbid obesity and its comorbidities than medicine and lifestyle changes (Madsbad et al., 2014; Schauer et al., 2017). Limited studies have demonstrated the beneficial effects of bariatric surgery regarding MetS remission (Ibrahim et al., 2017; Guilbert et al., 2018) and OSA remission (Peromaa-Haavisto et al., 2016; Timmerman et al., 2019). However, there are no previous studies comparing the impact of sleeve gastrectomy on weight loss and OSA remission between patients with or without MetS.

The aims of this study were to determine whether the presence of MetS increases the prevalence of OSA in young Chinese obese individuals and also to analyze whether the improvements in weight and OSA after laparoscopic sleeve gastrectomy are related to the preoperative metabolic state.



MATERIALS AND METHODS


Study Population

The initial cross-sectional study included 323 obese patients (aged 14–40 years, BMI ≥ 30 kg/m2) who had been hospitalized at the Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, from September 2011 to July 2019. Individuals with secondary causes of obesity were excluded. All participants were Han Chinese, had not taken antihypertensive, antidiabetic, or lipid-lowering drugs within the 3 months before study enrollment, and had provided informed consent.

Next, a retrospective study was conducted on 67 patients with obesity who had undergone laparoscopic sleeve gastrectomy from August 2013 to May 2019. These patients all met the criteria set out in “Comprehensive clinical practice guidelines for medical care of patients with obesity” published by the American Association of Clinical Endocrinologists and the American College of Endocrinology in 2016 (Garvey et al., 2016). We excluded subjects with serious systemic disease, alcohol or drug addiction, mental illness, and those who with a relatively high surgical risk. Surgeries were performed by the same group, with standardization of the processes and technique. Each patient provided written informed consent for their data to be used in this study. The study was registered at ClinicalTrials.gov (NCT02653430).



Definition of MetS

Based on the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III), the diagnosis of MetS was made when patients had ≥ 3 of the following components, which include a combination of categorical and borderline components: (1) abdominal obesity defined as waist circumference >102 cm in men or >88 cm in women, (2) triglycerides ≥1.7 mmol/L, (3) high-density lipoprotein cholesterol (HDL-C) <1.04 mmol/L in men or <1.30 mmol/L in women, (4) systolic blood pressure ≥130 mmHg and/or diastolic blood pressure ≥85 mmHg, and (5) fasting plasma glucose ≥5.6 mmol/L. Based on these criteria, 123 patients with obesity were classified into the MHO group while 200 patients were classified into the MUO group. Before laparoscopic sleeve gastrectomy, 11 patients were classified into the MHO group while 56 patients were classified into the MUO group.



Diagnosis of OSA

All patients underwent standard overnight polysomnography (PSG) using the Alice-4 or Alice-5 Diagnostic Sleep System (Philips Healthcare/Respironics, Murrysville, Pennsylvania, United States). Apnea-hypopnea index (AHI) ≥5 events/h is defined as OSA according to the Clinical Practice Guideline for Diagnostic Testing for Adult Obstructive Sleep Apnea updated in 2016 (Kapur et al., 2017). Regarding the severity, AHI ≥ 5, ≥15, and ≥30 events/h was classified as mild, moderate, and severe, respectively. Postoperative PSG was performed for each patient who underwent sleeve gastrectomy to assess remission or persistence of OSA at a follow-up point between 6 and 12 months after surgery.



Anthropometric and Biochemical Characteristics

A thorough medical history was recorded for each patient. Height, weight, waist, hip, and neck circumference and seated blood pressure were measured by an experienced physician. BMI was calculated as weight in kilograms divided by height in meters squared. Blood samples were taken in the morning (after an overnight fast for at least 10 h) for clinical biochemical analyses of lipid profiles and glycosylated hemoglobin (HbA1c). Additionally, an oral glucose tolerance test was performed (75 g of glucose was administered orally, and plasma glucose levels and serum insulin levels were detected at 0, 30, 60, 120, and 180 min). Homeostasis model assessment-estimated insulin resistance index (HOMA-IR) was calculated as fasting insulin (IU/ml) × fasting glucose (mmol/L)/22.5. Regarding the sleeve gastrectomy patients, data on the anthropometric and biochemical characteristics were collected again after bariatric surgery. Percentage of excess weight loss (%EWL) was calculated as:
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Abdominal Computed Tomography (CT) Scan

Of the 323 patients in the initial study, 289 underwent general CT scans during a breath-hold at 5.0-mm collimation, 15.0-mm rotation-1 table speed (HQ mode, pitch 1:3), 120 kV(p), and Auto mA (Light speed QXi; GE Healthcare, Pittsburgh, Pennsylvania, United States). Visceral and subcutaneous adipose tissues were calculated using the single image at the L4–L5 vertebral interspace. Fat Scan software (N2 System) was used to determine the total, subcutaneous and visceral abdominal adipose tissue areas according to tissue density, and to calculate the visceral-to-total adipose tissue ratio. The liver-to-spleen ratio was determined by the mean value of the CT values measured in three regions of the liver and spleen, avoiding vessels, bile ducts, calcifications, and artifacts (Zeng et al., 2008).



Statistical Analysis

Data analysis was performed with the statistical package SPSS (version 26.0; IBM, Armonk, New York, United States). Anthropometric, biochemical and PSG data are expressed as mean ± standard deviation or median (interquartile range) for normally or non-normally distributed variables. Categorical variables are expressed in terms of the frequency (and percentage) in each category and were compared using the chi-square test. Normally distributed continuous variables were compared using the independent-samples t-test, while non-normally distributed continuous variables were compared using the non-parametric test. To compare preoperative and postoperative data for each patient, the paired-samples t-test or Wilcoxon test was used for normally or non-normally distributed continuous variables. McNemar test was used to compare categorical variables before and after surgery. Binary logistic regression was used to identify independent predictors of the presence of OSA. A P-value of < 0.05 was considered significant.



RESULTS


Clinical Characteristics and Metabolic Features in MHO and MUO Patients

According to the NCEP ATP III criteria, 323 patients with obesity were classified into the MUO group (n = 200) and MHO group (n = 123). Men represented 40.7% in the MHO group and 39.5% in the MUO group. The median age was 23 (20–27) years of MHO group and 25 (20–29) years of MUO group, respectively. Therefore, the age and sex distributions in the two groups were comparable. Smoking status was also similar between the two groups. There were no significant differences in body weight, BMI, neck, waist, and hip circumference, or waist-to-hip ratio. The mean BMI in the MHO and MUO groups was 38.0 ± 5.5 and 38.0 ± 4.8 kg/m2, respectively (P = 0.495). As expected, there were significant differences in blood pressure, fasting and 2-h glucose, fasting insulin and HbA1c. HOMA-IR and lipid levels were also higher in the MUO group except for low-density lipoprotein cholesterol (LDL-C) (Table 1). The MUO patients had a higher level of visceral abdominal adipose tissue (195.3 ± 127.0 vs. 160.6 ± 62.1 cm2, P = 0.002), a higher visceral-to-total adipose tissue ratio (28.4 ± 8.9% vs. 26.4 ± 7.2%, P = 0.031), and a lower liver-to-spleen ratio (0.74 ± 0.36 vs. 0.83 ± 0.32, P = 0.024).


TABLE 1. Clinical features and polysomnographic variables of obese patients with and without MetS.

[image: Table 1]


PSG Variables and Prevalence of OSA in MHO and MUO Patients

Regarding the PSG results of the 323 patients with obesity, no significant difference was found in total sleeping time. The MHO patients had a similar AHI to the MUO patients (16.6 ± 22.0 events/h vs. 16.7 ± 18.6 events/h, P = 0.512). The two groups also had similar minimum and mean oxygen saturation values. The prevalence of OSA was 66.7% (n = 82) in MHO and 69.0% (n = 138; P = 0.662) and the prevalence of moderate-to-severe OSA was 34.1% (n = 42) and 40.0% (n = 80; P = 0.292) in the MHO and MUO groups, respectively (Table 1). Moreover, the prevalence of each severity level of OSA did not differ between the two groups (Figure 1 and Supplementary Table 1).
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FIGURE 1. Prevalence of obstructive sleep apnea (OSA), of varying severity, in obese patients with and without MetS. Gray bars correspond to metabolically healthy obese patients and white bars correspond to metabolically unhealthy obese patients. The two groups had similar rates of the varying severities of OSA.


In the stepwise binary logistic regression analysis, the presence of MetS was not an independent predictor of the presence of OSA (odds ratio 0.852, 95% confidence interval 0.487–1.491, P = 0.575), after adjusting for other variables (Table 2). In model 3, being male (odds ratio 2.491, 95% confidence interval 1.234–4.983, P = 0.010), age (odds ratio 1.075, 95% confidence interval 1.017–1.137, P = 0.010), waist circumference (odds ratio 1.051, 95% confidence interval 1.006–1.098, P = 0.025) and lower liver-to-spleen ratio (odds ratio 0.361, 95% confidence interval 0.156–0.835, P = 0.017) were the independent risk factors for the occurrence of OSA.


TABLE 2. The stepwise binary logistic regression model for predicting OSA.
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Changes in MetS Components and Other Clinical Features After Sleeve Gastrectomy

Regarding the follow-up analysis of the 67 sleeve gastrectomy patients, the mean postoperative follow-up time was 9.7 ± 2.8 months after surgery. The mean BMI decreased from 42.6 ± 7.7 to 31.9 ± 5.9 kg/m2 (P < 0.001). Significant improvements in MetS and each component were observed after surgery (Table 3). The components that improved most notably were fasting glucose and triglycerides levels, with percentage changes from 58.2 to 10.4% (P < 0.001) and 53.7 to 3.0% (P < 0.001), respectively. Waist circumference, blood pressure and HDL-C level also improved significantly. The preoperative prevalence of MetS was 83.6%, and there was rapid remission after surgery with a postoperative prevalence of 31.3% (P < 0.001).


TABLE 3. Baseline and postoperative clinical features and evolution of MetS.

[image: Table 3]Additionally, both MHO and MUO patients achieved significant weight loss after surgery and there were no significant between-group differences in change in body weight or BMI (−10.8 ± 4.8 vs. −10.8 ± 3.0 kg/m2, P = 0.996). No statistically significant difference was observed in mean %EWL (63.2 ± 24.5 vs. 76.2 ± 28.9%, P = 0.124), indicating that surgery had a similar benefit of weight loss in the two groups (Table 4). In terms of surgical safety, 3 patients had severe postoperative complications included gastrointestinal obstruction and fistula. Gallstone disorders were the most common long-term adverse event, occurring in 14 patients.


TABLE 4. Postoperative evolution of clinical features and polysomnographic variables of obese patients with and without MetS.
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Postoperative Remission of OSA in MHO and MUO Patients

After surgery, AHI was dramatically reduced in the MUO (32.7 ± 29.2 to 13.8 ± 16.0/h, P < 0.001) and MHO patients (27.9 ± 26.0 to 10.8 ± 15.3/h, P < 0.001) patients, and there was no between-group difference in the decrease in AHI in both groups (18.9 ± 24.6 vs. 17.0 ± 24.0 events/h, P = 0.800). The remission of moderate-to-severe OSA was observed in the MHO (36.3%; 54.5–18.2%, P = 0.125) and MUO (32.2%; 66.1–33.9%, P < 0.001) patients, though there was no statistically significant difference between preoperative and postoperative prevalence of OSA in MHO patients (potentially due to the limited sample size in the MHO group). The remission rates of OSA and moderate-to-severe OSA were 37.5% vs. 23.9% and 66.7% vs. 54.1% in the MHO and MUO group, respectively. These results indicated that laparoscopic sleeve gastrectomy can lead to similar improvement in OSA in MHO and MUO patients.



DISCUSSION

In our study, we analyzed the relationship between metabolic state and the prevalence of OSA in obese patients and their remission after laparoscopic sleeve gastrectomy. To focus on the effects of obesity and surgery themselves, we selected a population of young, non-treated obese patients. We found that the prevalence and severity of OSA did not differ between the obese individuals with or without MetS (who had the same age and BMI ranges). Central obesity may play a more critical role in OSA than general obesity and metabolic state. More importantly, preoperative metabolic state did not affect the weight loss or improvement in OSA achieved by sleeve gastrectomy. With a mean interval of 9.6 months between surgery and follow-up assessment, the mean BMI decreased by 10.8 ± 4.8 kg/m2 and 10.8 ± 3.0 kg/m2 in the MUO and MHO patients, respectively. AHI decreased by 18.9 ± 24.6 events/h and 17.0 ± 24.0 events/h, respectively.

Although substantial evidence supported the strong association between increased BMI and metabolic disorders, recent studies have described the concept of the so-called “metabolically healthy obese,” who are a subpopulation of obese individuals with a normal metabolic phenotypes observed in a group of obese population. Several studies have supported the phenotypical absence of MetS in people with MHO (Bonora et al., 1998; Wildman et al., 2008). However, several obesity-related comorbidities, such as OSA, have not been systematically evaluated in people with MHO, leaving the question whether early intervention is valuable for MHO patients.

OSA is a common comorbidity of obesity. In the general adult population, the prevalence of OSA ranges from 9 to 38% (Senaratna et al., 2016), and obesity increases this number to as high as 70% (Lopez et al., 2008). Furthermore, the presence of other obesity-related metabolic disorders was independently associated with higher AHI (Heinzer et al., 2015), strongly suggesting an important role of OSA in the development of obesity-induced metabolic abnormalities. It is well known that the impaired upper airway anatomy is the primary cause of OSA. Although obesity is a major cause of a narrow pharyngeal airway as it can cause deposition of adipose tissue around the airway, obvious anatomical obstructions were not identified in many patients with obesity (Andrew et al., 2004). In the absence of an abnormal upper airway, the hypothesized mechanisms of obesity contributing to OSA vary widely. Upper airway inflammation seems to be one of the causes of OSA. Studies have shown inflammatory cell accumulation and increased cytokine levels in the upper airways (Marin et al., 2005; Vicente et al., 2016). Also, systemic inflammation augmented by obesity may cause pharyngeal myopathy and influence central control of the upper airway muscles (Hatipoğlu and Rubinstein, 2003). The similar degree of low-grade inflammation in the two groups may partly explain the comparable prevalence of OSA in MHO and MUO patients in our study. Second, many studies have revealed that central obesity is a major predisposing factor for OSA, as increased fat storage in upper airway structures can cause airway collapse (Patil et al., 2004; Francis et al., 2013; Harada et al., 2014). Consistently with these studies, our results also showed important effect of central obesity on the prevalence of OSA as weight circumference and liver/spleen ratio were independent risk factors for OSA. As men tend to gain weight more centrally than do women (Whittle et al., 1999), this may also partly explain why male sex is an important predisposing factor for OSA. These results suggest that the prevalence and severity of OSA in obesity are not influenced by metabolic state, and previous results indicate that OSA is more strongly correlated with central obesity than general obesity or metabolic state. Both MHO and MUO patients had a similar risk of OSA and its related metabolic abnormalities. These results highlight the importance of early screening for OSA and weight management among MHO individuals, to avoid the occurrence of related complications.

Bariatric surgery is the most effective treatment for obesity and also greatly improves the associated comorbidities. Bariatric surgery can lead to rapid and durable weight loss, which is often difficult to achieve with medications, diet, or physical exercises alone. Few studies have analyzed the relationship between bariatric surgery and remission of MetS. In a study performed by Martini et al. (2015), 75.8% of patients achieved remission, while 24.2% of patients showed persistence of MetS 1 year after Roux-en-Y gastric bypass. Guilbert et al. (2018) observed that the prevalence of MetS decreased from 100 to 6.34% 1 year after Roux-en-Y gastric bypass, and this decrease was still maintained at 2 years. Researchers also reported OSA remission in 70–80% patients in short and long-term after bariatric surgery (Casella et al., 2015; Timmerman et al., 2019). However, there are no studies focusing on the difference in weight loss and improvement of OSA in patients with or without MetS before surgery. We found that, after surgery, the prevalence of MetS decreased from 83.6 to 31.3% and all five components of MetS were improved, especially regarding the elevated triglycerides and fasting plasma glucose levels. Notably, sleeve gastrectomy led to a similar degree of weight loss in MHO and MUO patients. Excess weight was significantly decreased after surgery, with no difference was found in postoperative %EWL between the two groups. Additionally, the postoperative PSG assessments showed that AHI decreased from 32.7 to 13.8 events/h (P < 0.001) in MUO patients and from 27.8 to 10.8 events/h (P < 0.001) in MHO patients. There was no significant difference in the change in AHI (18.9 ± 24.6 vs. 17.0 ± 24.0 events/h, P = 0.800) and remission of moderate to severe OSA was observed in 32.2 and 36.3% of MUO and MHO patients, respectively. These results indicated that patients with obesity can achieve similar weight loss benefits and OSA remission after sleeve gastrectomy regardless of preoperative metabolic state after sleeve gastrectomy.

Recently, growing evidence has challenged the proposed existence of “healthy obese individuals,” as several studies found that MHO subjects were at increased risk of cardiovascular disease and type 2 diabetes compared to metabolically healthy normal weight individuals (Guy-Marino et al., 2015; Song et al., 2019). Our recent study also showed that the prevalence of polycystic ovarian syndrome was not influenced by the presence of MetS (Liang et al., 2017). All these results suggest that metabolically healthy obesity is not a benign condition, and that many complications have already developed before apparent changes in the metabolic state. Clinicians should take more initiative when treating MHO patients to avoid their transition to the MUO phenotype. This study also showed that whether or not patients presented with MetS before surgery, they could equally benefit from sleeve gastrectomy both regarding weight loss and OSA remission. Therefore, early bariatric surgery among obese patients with an apparently normal metabolic profile could be beneficial regarding improving OSA and avoiding conversion to the metabolically unhealthy phenotype.

A limitation of our hospital-based study is the small sample size and retrospective design of the follow-up study. Larger prospective studies in the future may provide us more powerful evidence regarding weight loss and remission rates of obesity-related comorbidities among MHO patients.



CONCLUSION

In conclusion, our study illustrated that having a normal metabolic state did not decrease the prevalence or severity of OSA in patients with obesity. Weight management is equally important for both obese phenotypes. Both MHO and MUO patients who underwent laparoscopic sleeve gastrectomy experienced rapid and remarkable improvement in weight and OSA, suggesting that early bariatric surgery could be an higher-priority option when treating MHO patients.
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Background: Adiposity and adipokines are associated with metabolic disorders, but little is known regarding that whether adiposity measurements link metabolic syndrome (MetS) through circulating neuregulin 4 (Nrg4) and adipsin levels.

Materials and Methods: A total of 1212 subjects with a waist circumference greater than 90 cm for men or 80 cm for women were enrolled from a Chinese community. Circulating Nrg4 and adipsin levels were measured using commercial kits. Mediation analyses of circulating Nrg4 and adipsin were performed in the study using linear and logistic regression.

Results: Subjects with MetS had higher waist circumference, visceral fat level, and circulating adipsin level, and lower levels of circulating Nrg4 and muscle mass to visceral fat (MVF) ratio (all P < 0.05). In multivariable logistic regression analyses, after adjusting for confounding variables, per standard deviation (SD) increase in waist circumference and visceral fat level were significantly associated with increased odds of MetS [OR (95% CI), 1.42 (1.22–1.64); 2.20 (1.62–2.99); respectively]; and per SD reduction in MVF ratio was significantly associated with reduced odds of MetS [OR (95% CI), 0.65 (0.55–0.77)]. In the mediation analyses, both circulating Nrg4 and adipsin levels mediated the association between waist circumference (8.31% and 18.35%, respectively), visceral fat level (7.50% and 9.98%, respectively), and MVF ratio (5.80% and 9.86%, respectively) and MetS after adjustments.

Conclusion: These findings indicate that adiposity measurements and MetS are linked through circulating Nrg4 and adipsin levels in obese adults, suggesting that circulating Nrg4 and adipsin levels might be potential predictors for management of MetS.

Keywords: neuregulin 4, adipsin, adiposity, metabolic syndrome, metabolism, mediation analysis


INTRODUCTION

Metabolic syndrome (MetS) is a constellation of medical conditions, including central obesity, hypertension, hyperglycemia, and dyslipidemia, which are associated with increased risk of cardiometabolic diseases such as cardiovascular diseases (CVD) and type 2 diabetes (Lorenzo et al., 2003; Alberti et al., 2005; Park et al., 2019). MetS has an increasing prevalence worldwide owing to energy-dense dietary intake, sedentary lifestyles, and consequently excess visceral fat accumulation (Cameron et al., 2008; Hirode and Wong, 2020). Although the pathogenesis of MetS has not been fully elucidated, low-grade inflammation induced by central obesity through adipokine dysregulation has been established as one of the significant underlying mechanisms of MetS (Saltiel and Olefsky, 2017; Francisco et al., 2019).

Adipose tissue is recognized as not only an energy storage site but also an endocrine organ secreting a series of adipokines, which are identified to play important roles in metabolic disorders and CVD (Kahn et al., 2019; Sanidas et al., 2020). For instance, it has been documented that Neuregulin 4 (Nrg4) primarily secreted from brown adipose tissue (BAT) and adipsin mainly synthesized in the white adipose tissue (WAT) are associated with metabolic diseases (Saleh et al., 2019; Tutunchi et al., 2020). Nrg4 is a newly identified adipokine and play a role in obesity, diabetes, non-alcoholic fatty liver disease (NAFLD), and CVD in human subjects (Wang et al., 2014; Dai et al., 2015; Jiang et al., 2016; Chen et al., 2017; Yan et al., 2019). Moreover, our previous study found that serum Nrg4 levels were negatively associated with MetS (Cai et al., 2016). The key mechanistic link for Nrg4 in protecting from metabolic disturbances is to regulate BAT activity, drive the browning of WAT, prevent lipogenesis in the liver, and improve insulin sensitivity (Tutunchi et al., 2020). Adipsin has been documented to regulate adipocyte differentiation and increased lipid accumulation, which might be a potential reason for the association between adipsin and metabolic disorders (Song et al., 2016). Clinical evidences indicated that circulating adipsin were positively associated with adiposity, polycystic ovary syndrome (PCOS), insulin resistance (IR), and the development of coronary artery disease (Derosa et al., 2013; Gursoy Calan et al., 2016; Guo et al., 2019; Ohtsuki et al., 2019).

As mentioned above, both Nrg4 and adipsin secreted from adipose tissue have impacts on metabolic abnormalities. However, whether adiposity measurements link MetS through Nrg4 and adipsin remains unknown in humans. In this study, we aimed to explore whether the associations of adiposity measurements with MetS are mediated by circulating Nrg4 and adipsin levels and further quantify the degree of the mediation effects in obese subjects.



SUBJECTS AND METHODS


Study Participants

Obese subjects living in the Lianqian community, Xiamen, China were recruited between April 2011 and December 2013. Adults with central obesity (waist circumference ≥90 cm for men or 80 cm for women) were eligible if they were aged 18 or older. Subjects with viral hepatitis, liver cirrhosis, any secondary chronic liver diseases (e.g., alcoholic fatty liver, autoimmune hepatitis, and/or drug-induced hepatitis), biliary obstructive diseases, cancer, or known hyper- or hypothyroidism were excluded. In brief, a total of 1529 obese subjects were included, of which 1212 (79.3%) participants with complete data were left for further analysis. All participants completed a physical examination and a uniform questionnaire covered social demographic status, family history, past medical history, and lifestyle habits such as smoking status, alcohol consumption, and physical activity. Written informed consent was provided by participants. The methods were carried out in accordance with the approved guidelines.



Clinical and Biochemical Measurements

Basic anthropometric measurements used in the analysis included height, weight, waist circumference, blood pressure (BP). Body mass index (BMI) was calculated as the weight in kilograms divided by the square of the height in meters. Waist circumference was measured at the level of the umbilicus. Each measurement was repeated for three times, and the results were averaged. BP was assessed in triplicate after at least 5 minutes of rest using an electronic sphygmomanometer (OMRON Company), and the mean values were used for analysis. Visceral fat level and muscle mass were determined using the whole body dual-energy X-ray absorptiometry (DXA) system (Hologic Inc., Bedford, MA, United States). Muscle mass to visceral fat (MVF) ratio was calculated as the muscle mass divided by visceral fat level.

All blood samples were obtained after 12 h of fasting or 2 h after 75-g oral glucose tolerance test which was performed to assess glucose tolerance status. Fasting plasma glucose concentrations (FPG) and 2-h plasma glucose concentrations (2-h PG) were determined using the glucose oxidase method. Fasting plasma insulin concentrations and 2-h plasma insulin concentrations were determined using an electrochemiluminescence immunoassay (Roche Elecsys Insulin Test, Roche Diagnostics, Mannheim, Germany). Serum lipid profiles, including triglycerides (TG), total cholesterol (TC), and high-density lipoprotein cholesterol (HDL-c) were measured by enzymatic colorimetric methods with a Hitachi 7450 analyzer (Hitachi, Tokyo, Japan). Low-density lipoprotein cholesterol (LDL-c) was calculated by Friedewald’s formula. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as the product of fasting serum insulin (mU/L) and FPG (mmol/L) concentrations, divided by 22.5.



Measurements of Circulating Nrg4 and Adipsin Concentrations

Circulating Nrg4 concentrations were measured using enzyme-linked immunosorbent assay (ELISA) kits (Aviscera Biosciences, Santa Clara, CA, United States), following the manufacturer’s protocol. The assay had a detection sensitivity of 0.25 ng/mL. The linear range of the standard was 0.5–32.0 ng/mL, and the intra- and inter-assay variations were both less than 10%.

Circulating adipsin concentrations were assayed by using ELISA kits (AssayPro, St. Charles, MO, United States). The assay had a detection sensitivity of 2.1 ng/mL. The linear range of the standard was 1.875–120 ng/mL, and the intra- and inter-assay variations were both less than 10%.



Definition of Metabolic Syndrome

MetS was defined using the criteria proposed by International Diabetes Federation diagnostic criteria (Alberti et al., 2005), which consisted of central obesity (waist circumference ≥90 cm for Chinese men or ≥80 cm for Chinese women) and the presence of any two of four risk factors: (1) elevated BP (≥130/85 mmHg or drug treatment of previously diagnosed hypertension), (2) elevated fasting plasma glucose (≥5.6 mmol/L or previously diagnosed type 2 diabetes), (3) elevated triglyceride (≥1.7 mmol/L, or drug treatment for this lipid abnormality), or (4) reduced HDL-c (<1.03 mmol/L for men or <1.29 mmol/L for women, or drug treatment for this lipid abnormality). The latter two risk factors, elevated triglyceride level and reduced HDL-c, were collectively referred to as dyslipidemia in the present study.



Statistical Analysis

Statistical analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC, United States). All data are presented as proportions for categorical variables or means ± standard deviations (SD) for continuous variables, except for skewed variables, which are presented as medians (interquartile range). Data that were not normally distributed were logarithmically transformed prior to analysis. The subjects were classified into two groups according to different metabolic status. The χ2-test was used for comparison of categorical variables between groups. Analyses of covariance were performed using general linear models (GLM) to compare the differences in study variables between groups. For adiposity measurements, circulating Nrg4 and adipsin, standardized values (Z-scores) were calculated to allow direct comparison of their effect sizes in the regression analyses. Logistic regression analyses were used to examine the association between adiposity measurements and MetS or components of MetS. The results of the analyses are presented as odds ratio (OR) with a 95% confidence interval (CI).

General causal mediation analysis models previously proposed by VanderWeele and Sobel (Sobel, 1982; VanderWeele, 2016) were constructed to explore whether Nrg4 or adipsin mediated the effect of adiposity measurements on MetS. Linear and logistic regression models were used to estimate standardized regression coefficients (βs). In the mediation models, the predictor variables (X) were waist circumstance, visceral fat level, or MVF ratio; the mediator variables (M) were Nrg4 or adipsin; the outcome variable (Y) was MetS. The mediation model is presented in Supplementary Figure 1. Four steps of the mediation analysis were involved in the calculation of the mediating effect:

Step 1: Showing that the predictor variable determines the outcome (Model Y = βTotX) [βTot is the coefficient relating the predictor variable to the outcome variable (total effect)].

Step 2: Showing that the predictor variable affects the mediator (Model M = β1X) [β1 is the coefficient relating the predictor variable to the mediator variable (indirect effect 1)].

Step 3: Showing that the mediator determines the outcome controlling for the predictor (Model Y = β2M + βDirX) [β2 is the coefficient relating the mediator variable to the outcome variable adjusted for the predictor variable (indirect effect 2); βDir is the coefficient relating the predictor variable to the outcome variable adjusted for the mediator variable (direct effect)].

Step 4: Calculating the proportion of mediation effect (%) by (β1 × β2/βTot) × 100%.

The total indirect effect (βInd) was calculated by multiplying the regression coefficients β1 × β2. In mediation analyses, testing the significance of the mediation effect is equivalent to testing the null hypothesis H0: β1 × β2 = 0 versus the alternative hypothesis Ha: β1 × β2≠0, by using the Sobel test. Two-sided values of P < 0.05 were considered statistically significant.



RESULTS

Table 1 summarizes the mean levels of study variables according to different components of MetS. Of the 1212 eligible obese subjects, 781 (64.4%) had the MetS, 707 (58.3%) had elevated BP, 715 (60.0%) had elevated fasting glucose, and 704 (58.1%) had dyslipidemia. Female and older people are more likely to have MetS and elevated BP. As expected, subjects with each components of metabolic disorders had an adverse metabolic profile, including significantly higher levels of BMI, waist circumference, visceral fat level, systolic and diastolic BP, fasting plasma glucose and insulin, postprandial glucose and insulin, triglyceride, total cholesterol, and HOMA-IR, and lower levels of HDL-c and MVF ratio. The circulating adipsin level was markedly higher in subjects with MetS (P = 0.019) and elevated BP (P = 0.001); meanwhile, it was not significantly associated with elevated fasting glucose and dyslipidemia. The circulating Nrg4 level was significantly lower in subjects with MetS (P < 0.001), elevated BP (P = 0.010), elevated fasting glucose (P = 0.002), and dyslipidemia (P = 0.034). Furthermore, female subjects with MetS had a higher level of circulating adipsin and a lower level of circulating Nrg4, while the difference of these two adipokines were not statistically significant in male subjects between groups (Supplementary Table 1).


TABLE 1. Characteristics of obese subjects according to components of metabolic syndrome.
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Table 2 presents the total effect of adiposity measurements on different components of MetS. Waist circumstance, visceral fat level, and MVF ratio were significantly associated with odds of metabolic components. The ORs for the association of waist circumstance with MetS, elevated BP, elevated fasting glucose, and dyslipidemia were 1.48 (95% CI, 1.29–1.69), 1.58 (95% CI, 1.39–1.80), 1.21 (95% CI, 1.08–1.37), and 1.20 (95% CI, 1.07–1.35), respectively. Furthermore, the adiposity measurements were significantly associated with MetS and elevated BP in both male and female subjects (Supplementary Figure 2). The associations between adiposity measurements and different components of MetS remained significant after additional adjustments of age, gender, smoking status, alcohol assumption, and physical activity, and even further adjustments of total cholesterol and LDL-c. Of note, per SD increase of visceral fat level was markedly associated with the increased odds of MetS [OR (95% CI), 2.20 (1.62–2.99); P < 0.001], elevated BP [OR 95% CI), 2.04 (1.52–2.75); P < 0.001], elevated fasting glucose [OR (95% CI), 1.50 (1.13–1.98); P < 0.01], and dyslipidemia [OR (95% CI), 1.75 (1.31–2.34); P < 0.01] in the final model.


TABLE 2. Effect of adiposity measurements on the components of metabolic syndrome.
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Figure 1 shows the mediation effects of circulating Nrg4 and adipsin levels on the association between waist circumference and MetS. The total effect of waist circumference on MetS was measured as a standardized regression coefficient (βTot = 0.391, P < 0.001). The waist circumference was inversely correlated with circulating Nrg4 and was positively correlated with circulating adipsin (β1 = −0.087, P < 0.01; β1 = 0.156, P < 0.001, respectively). The total indirect effect (βInd = 0.014, P < 0.05) through circulating Nrg4 level defined as the product of indirect effect 1 (β1) and indirect effect 2 (β2) was significant (Figure 1A). The mediation effect of circulating Nrg4 level on the waist circumference-MetS association was 3.61%. After adjusting for fasting insulin and postprandial glucose (Figure 1B, model a), the mediation effect of circulating adipsin and Nrg4 levels on the waist circumference-MetS association was estimated at 16.87%, 7.66%, respectively. Both the mediation effects were increased from 7.66% to 8.31% for circulating Nrg4 and from 16.87% to 18.35% for circulating adipsin with further adjustment of HOMA-IR (Model b).
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FIGURE 1. Ngr 4 and adipsin mediate the effect of waist circumference on metabolic syndrome. (A) Mediation analysis of Nrg4. (B) Mediation analysis of adipsin. β, standardized regression coefficient; β1, indirect effect 1; β2, indirect effect 2; βInd, total indirect effect; βDir, direct effect; βTot, total effect; Nrg4, neuregulin 4. *P < 0.05; **P < 0.01; ***P < 0.001. Model a: adjusted for fasting insulin, 2-h glucose. Model b: adjusted for model a + HOMA-IR.


Figure 2 presents the mediation effects of circulating Nrg4 and adipsin levels on the association between visceral fat level and MetS. The total effect of visceral fat level on MetS was notable (βTot = 0.406, P < 0.001). The visceral fat level had a negative correlation with circulating Nrg4 and a positive correlation with circulating adipsin (β1 = −0.154, P < 0.001; β1 = 0.184, P < 0.001, respectively). Circulating Nrg4 had a significant mediation effect on the association of visceral fat level and MetS (percent mediated effect, 5.73%), and the mediation effect increased to 7.60% and 7.50% in model a and model b, respectively (Figure 2A). After adjusting for several confounding factors, visceral fat level was linked to MetS through circulating adipsin with a mediation effect of 9.45% in model a and a mediation effect of 9.98% in model b (Figure 2B).
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FIGURE 2. Ngr 4 and adipsin mediate the effect of visceral fat level on metabolic syndrome. (A) Mediation analysis of Nrg4. (B) Mediation analysis of adipsin. β, standardized regression coefficient; β1, indirect effect 1; β2, indirect effect 2; βInd, total indirect effect; βDir, direct effect; βTot, total effect; Nrg4, neuregulin 4. Model a: adjusted for fasting insulin, 2-h glucose. Model b: adjusted for model a + HOMA-IR. *P < 0.05; ***P < 0.001.


Figure 3 shows the mediation effects of circulating Nrg4 and adipsin levels on the association between MVF ratio and MetS. The MVF ratio had a significant effect on MetS (βTot = 0.491, P < 0.001). The MVF ratio was positively correlated with circulating Nrg4 and negatively correlated with circulating adipsin (β1 = 0.109, P < 0.001; β1 = −0.174, P < 0.001; respectively). Similarly, circulating Nrg4 also partially mediated the effect of MVF ratio on MetS with a mediation effect of 3.54%, which was elevated to 5.72% and 5.80% with further adjustments (Figure 3A). A significant mediation effect of circulating adipsin was presented after adjusting the confounders (percent mediated effect, 9.36% and 9.86% respectively in two models, Figure 3B). In addition, the interaction effects of circulating Nrg4 and adipsin by gender on the association between adiposity measurements and MetS were not significant (all P > 0.05; Supplementary Figures 3, 4, respectively).


[image: image]

FIGURE 3. Ngr 4 and adipsin mediate the effect of MVF ratio on metabolic syndrome. (A) Mediation analysis of Nrg4. (B) Mediation analysis of adipsin. β, standardized regression coefficient; β1, indirect effect 1; β2, indirect effect 2; βInd, total indirect effect; βDir, direct effect; βTot, total effect; MVF, muscle mass to visceral fat; Nrg4, neuregulin 4. Model a: adjusted for fasting insulin, 2-h glucose. Model b: adjusted for model a + HOMA-IR. *P < 0.05; **P < 0.01; ***P < 0.001.




DISCUSSION

As an endocrine organ, adipose tissue regulates metabolic homeostasis by releasing a large number of adipokines (Kahn et al., 2019). Recently, several novel proteins secreted from adipocytes, such as Nrg4 and adipsin have been identified to play a role in modulate systemic metabolic homeostasis and are associated with MetS and cardiovascular disease (Saleh et al., 2019; Tutunchi et al., 2020). However, it was unclear whether and to what extent adiposity affects MetS through circulating Nrg4 and adipsin levels in humans. In the present study, our findings highlighted that adiposity measurements, including waist circumference, visceral fat level, and MVF ratio, were significantly associated with MetS through circulating Nrg4 and adipsin levels. This study provides strong evidence that the effect of adiposity on the development of MetS is mediated by secretory adipokines.

It has been generally accepted that adiposity is associated with MetS. Several studies have indicated waist circumference, visceral fat level, and MVF ratio were useful measurements for the detection of MetS (Unno et al., 2012; Yu et al., 2016; Ramírez-Vélez et al., 2018). Consistently, we found that waist circumference and visceral fat level were significantly associated with increased odds of MetS and its each component. Besides, our study also found that increased MVF ratio was associated with lower odds of MetS.

It has been established that adiposity is inversely correlated to BAT mass or activity in adult human, which protects against obesity and related metabolic disorders by promoting energy expenditure via the activity of uncoupling protein 1 (UCP1) (Kahn et al., 2019). Nrg4 is identified a brown-fat-enriched endocrine factor with therapeutic potential for the treatment of obesity-associated disorders (Tutunchi et al., 2020). Evidence has suggested that Nrg4 was inversely correlated with adiposity (Jiang et al., 2016; Chen et al., 2017; Yan et al., 2019) and might be a protective factor in the development of MetS (Cai et al., 2016). However, it was unclear to whether adiposity affects MetS through circulating Nrg4 level. Our results showed that adiposity measurements were significantly associated with MetS through decreased circulating Nrg4 level. Furthermore, we quantified the mediation effect of circulating Nrg4 level in the association of waist circumference, visceral fat level, and MVF ratio with MetS was 8.31%, 7.50%, and 5.80%, respectively. These observations provided additional, stronger evidence to support previous findings from our (Cai et al., 2016) and other studies (Wang et al., 2014; Dai et al., 2015; Jiang et al., 2016; Chen et al., 2017; Yan et al., 2019) that brown fat-enriched secreted factor Nrg4 is involve in crosstalk between adiposity and metabolic disorders.

Adiposity is characterized by a substantial increase in WAT mass and is associated with increased risk of MetS. Adipsin mainly synthesized and secreted from WAT, plays a role in modulating lipid and glucose metabolism (Lo et al., 2014; Gómez-Banoy et al., 2019). Several clinical studies reported that elevated serum adipsin levels was observed in obese subjects and positively associated with BMI and visceral adipose tissue (Abu-Farha et al., 2014; Gursoy Calan et al., 2016; Schrover et al., 2018; Ohtsuki et al., 2019). Schrover et al. (2018) reported that adipsin was not significant associated with MetS in patients with clinically manifest vascular disease. Consistently, our data indicated that circulating adipsin was positively correlated with waist circumference and visceral fat level, and negatively associated with MVF ratio. Besides, our results also demonstrated that subjects with MetS had a higher level of circulating adipsin. Of note, our mediation analyses showed that increased adiposity had an adverse effect on MetS which was partially mediated through circulating adipsin levels, with a mediation effect of 18.35% accounting for waist circumference-MetS association and 9.98% accounting for visceral fat level-MetS association. The mediation effect might be explained by the function of adipsin, which increases lipid accumulation and adipocyte differentiation through inducing the peroxisome proliferator-activated receptor γ (Pparγ) and releasing complement component 3a (C3a) (Song et al., 2016; Saleh et al., 2019). Our data suggests that the expansion of WAT increased the level of circulating adipsin which might have a potential impact on the development of MetS.

Of note, the mediation effects of circulating Nrg4 and adipsin remained significant after adjusting several variables related to IR, suggesting that the potential mechanism of circulating Nrg4 and adipsin mediating the association between adiposity and MetS is independent of IR. Similarly, recent study carried out in the Netherlands also reported that the association between abdominal adiposity and HOMA-IR was mediated by leptin and adiponectin (Noordam et al., 2020). These observations provided stronger evidence that adipokines secreted by adipocytes is involved in crosstalk between adiposity and metabolic disorders. However, the underlying mechanism of different adipokines in the pathogenesis of obesity-induced MetS needs to be further studied in vivo and in vitro.

The novelty of this community-based, cross-sectional study is that we examined and quantified the degree of the mediation effect of circulating Nrg4 and adipsin on the association between adiposity and MetS. We found that the path from adiposity and MetS was protectively mediated Nrg4 but adversely mediated by adipsin, suggesting that elevating circulating Nrg4 levels and inhibiting adipsin secreting might be therapeutic potentials for protecting obesity from MetS. These findings indicate that adipokines could be used as predictors of metabolic phenotype and monitoring markers for lifestyle intervention and weight management in the future. However, there are several limitations to the current study. First, given its cross-sectional design, we cannot exclude the pathways of associations may exist an inverse direction. Second, the visceral fat in the study was measured using DXA which is not a gold standard tool. However, studies have demonstrated that DXA is comparable with computed tomography (CT) and magnetic resonance imaging (MRI) with R2 ranging between 0.82 to 0.96, as a result, DXA is considered as a feasible alternative (Browning et al., 2011; Neeland et al., 2018, 2019). Third, our study population focus on the Chinese adults and therefore the findings may not be generalizable to other ethnicities or geographic regions. Therefore, the pathways of the association should be further evaluated in prospective studies with larger sample sizes, different ethnicities, and long follow-up periods.



CONCLUSION

Our study indicated that the association between adiposity measurements and MetS was linked through circulating Nrg4 and adipsin levels. The quantification of the mediation effects of circulating Nrg4 and adipsin levels may facilitate the development of novel prevention and intervention strategies for controlling the progression from adiposity to MetS.
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Nobiletin Alleviates Non-alcoholic Steatohepatitis in MCD-Induced Mice by Regulating Macrophage Polarization
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Non-alcoholic steatohepatitis (NASH) is an inflammatory disorder that is characterized by chronic activation of the hepatic inflammatory response and subsequent liver damage. The regulation of macrophage polarization in liver is closely related to the progression of NASH. The orphan nuclear receptor retinoic-acid-related orphan receptor α (RORα) and Krüppel-like factor 4 (KLF4) are key regulators which promote hepatic macrophages toward M2 phenotype and protect against NASH in mice. Nobiletin (NOB), a natural polymethoxylated flavone, is previously reported as a RORα regulator in diet-induced obese mice. However, it is still unclear whether NOB has the protective effect on NASH. In this study, we investigated the role of NOB in NASH using a methionine and choline deficient (MCD)-induced NASH mouse model. Our results showed that NOB ameliorated hepatic damage and fibrosis in MCD fed mice. NOB treatment reduced the infiltration of macrophages and neutrophils in the liver in MCD-fed mice. Of importance, NOB significantly increased the proportion of M2 macrophages and the expression of anti-inflammatory factors in vivo and in vitro. Meanwhile, NOB also decreased the population of M1 macrophages and the expression of proinflammatory cytokines. Mechanistically, NOB elevated KLF4 expression in macrophages. Inhibition of KLF4 abolished NOB regulated macrophage polarization. Furthermore, the regulation of NOB in KLF4 expression was dependent on RORα.

Keywords: nobiletin, NASH, RORα, macrophage polarization, KLF4


INTRODUCTION

Non-alcoholic steatohepatitis (NASH), the progressive form of non-alcoholic fatty liver disease (NAFLD), is an inflammatory disorder that is characterized by liver inflammation, fibrosis and hepatocellular injury (Han et al., 2017; Kong et al., 2019; Xu et al., 2020). It has been known that macrophage plays a critical role in hepatic immune homeostasis by releasing cytokines and modulating immune cell response in NASH (Han et al., 2019). Macrophages, which can be activated in a number of ways, can be categorized as two main groups, designated M1 and M2 (Wang et al., 2019). The M1 macrophage phenotype is characterized by the production of high levels of pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α) and interleukin 1β (IL-1β). In contrast, phenotypically M2 macrophages have been characterized as anti-inflammatory cytokines such as interleukin 10 (IL-10) and arginase-1 (Arg-1) (Murray, 2017). Increasing evidence has suggested that targeting M1/M2 polarization of macrophages could be effective strategy to alleviate NASH (Wan et al., 2014; Han et al., 2017, 2019; Kong et al., 2019).

Nuclear receptor retinoic-acid-related orphan receptor α (RORα), as a transcriptional factor, is involved in the regulation of various target genes related to lipid metabolism and inflammation (Jetten, 2009). It has been reported that RORα can directly regulate M1/M2 polarization switch of liver macrophages under the pathological conditions of NASH (Han et al., 2017). Importantly, RORα was low expression in liver of patients with NASH (Ou et al., 2013), and treatment with RORα activator could alleviate NASH (Han et al., 2014, 2017). These findings suggest that regulation of macrophage polarization by targeting RORα will provide an attractive strategy to limit NASH.

Nobiletin (5,6,7,8,3′,4′-hexamethoxyflavone, NOB) (Figure 1A) is a natural polymethoxylated flavone extracted exclusively in citrus fruits (Di Donna et al., 2013). It has a wide range of beneficial properties, including anti-obesity (Morrow et al., 2020), anti-diabetic (Mulvihill et al., 2011), anti-inflammatory (Rong et al., 2021), anti-aging (Yang et al., 2020), and anti-tumor (Feng et al., 2020) activities. Previous studies have shown that NOB is a RORα regulator. It can activate RORα to protect against metabolic dysfunctions (He et al., 2016; Nohara et al., 2019). However, the direct effect of NOB on NASH has not been reported, and it is also unclear that whether NOB could regulate macrophage polarization to alleviate NASH by activating RORα.
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FIGURE 1. NOB ameliorates liver function in MCD fed mice. (A) The chemical structure of NOB. Its molecular weight is 402.39. (B) The schematic diagram for MCD-induced NASH and NOB administration. C57BL/6 mice were fed either a chow diet as normal control (NCD) or the MCD diet for 8 weeks to induce NASH (MCD). Mice were treated with daily oral doses of NOB (50 mg/kg) from the third week of MCD diet feeding. Water was gavaged as control. (C) The representative images of H&E staining in livers from each group. Scale bar = 300 μm. Black arrow denotes macrovesicular steatosis; red arrow denotes hepatocellular ballooning; blue arrow denotes lobular inflammation. (D) The NAFLD activity score was shown. (E) Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels from each group. Data were expressed as the mean ± SD (n = 8). **P < 0.01.


In current study, we thus evaluated the effect of NOB on NASH using a methionine and choline deficient (MCD)-induced mouse model, and we investigated its effects and molecular mechanism on macrophage polarization in vivo and in vitro.



MATERIALS AND METHODS


Chemicals and Reagents

Nobiletin (NOB, CAS# 478-01-3, HPLC ≥ 98%), and SR3335 (CAS# 293753-05-6) were purchased from Shanghai Yuanye Biological Technology, China. Recombinant Murine Interleukin-4 (IL-4, #C600050) was purchased from Sangon Biotech, Shanghai, China. Lipopolysaccharide (#L2630) was purchased from Sigma, United States.



Animal Experiments

All animal experiments were performed in accordance with the Experimental Animal Center of Zhejiang University of Traditional Chinese Medicine, China. Experimental procedures were approved by the Ethics Committee of Animal Experiments of Quzhou people’s hospital, China. Male C57BL/6 mice (6–8 weeks, specified pathogen free) were purchased from GemPharmatech Co., Ltd., Jiangsu, China (license number of animal production: SYXK2015-0001). All animals were housed in room temperature, allowed free access to distilled water and common pelleted food, and placed under a 12-h/12-h dark/light cycle.

After 1 week of adaptation, the mice were randomly divided into four groups (n = 8/group).


• NCD group: These mice were fed with a control diet for methionine and choline deficient L-Amino acid diet (Research diet A02082003B, Research Diet, NJ) and received intragastrically administered distilled water.

• NCD + NOB group: These mice were fed with a control diet for methionine and choline deficient L-Amino acid diet (Research diet A02082003B, Research Diet, NJ) and treated with 50 mg/kg per day of intragastrically administered NOB.

• MCD group: These mice were received a methionine and choline deficient L-Amino acid diet (Research diet A02082002BR, Research Diet, NJ) and received intragastrically administered distilled water.

• MCD + NOB group: These mice were fed with a methionine and choline deficient L-Amino acid diet (Research diet A02082002BR, Research Diet, NJ) and treated with 50 mg/kg per day of intragastrically administered NOB.



As described, the NOB administration started from the third week and the experiment lasted for 8 weeks in total (Figure 1B).



Biochemical Testing

Serum alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were detected by biochemical analyzer according to the manufacturer’s instruction (DiaSys Diagnostic Systems, Shanghai, China).



Histopathological Analysis

Liver tissues were fixed with 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) and Sirius red. NAFLD activity score (NAS) was graded in a blinded manner according to our previously described (Wang et al., 2020a). Mean scores were evaluated through calculating 5 different 400 × microscopic fields per mouse section by two independent trained observers.

Fibrosis score based on the Kleiner/Brunt criteria adapted to rodents (0, no fibrosis; 1, focal pericellular fibrosis in zone 3; 2, perivenular and pericellular fibrosis confined to zones 2 and 3; 3, bridging fibrosis; 4, cirrhosis) (Amrutkar et al., 2016). The area of Sirius red stained was calculated in 5 randomly selected 200 × microscopic fields per mouse section using ImageJ software (U.S. National Institutes of Health, Bethesda, MD).



Immunohistochemical Staining

Deparaffinized and blocked 5 μm sections were incubated with anti-α-SMA (1: 200, # 19245, Cell Signaling Technology), anti-F4/80 (1: 200, # 2370, Cell Signaling Technology) and anti-CD68 (1: 100, ab125212, Abcam) using MaxVision HRP-Polymer anti-Rabbit IHC Kit (MXB Biotechnologies, Fuzhou, China) to develop signal. The area of positive stained was calculated in 5 randomly selected 200× or 400× microscopic fields per mouse section using ImageJ software (U.S. National Institutes of Health, Bethesda, MD).



Immunofluorescence Staining and Analysis

Deparaffinized and blocked 5 μm sections were permeabilized in 0.2% Triton X-100 for 15 min and blocked at room temperature with 3% BSA for 1 h. Primary antibodies used were CD32 (1: 200, cat. no. sc-166711, Santa Cruz Biotechnology) and CD206 (1: 200, cat. no. ab8918, Abcam). After three washes with PBS, the sections incubated with Alexa Fluor 488 goat anti-rabbit IgG for 1 h at room temperature. The fluorescence was visualized by a SUNNY RX50 fluorescence microscope. The number of immunofluorescent positive cells was counted using ImageJ software (U.S. National Institutes of Health, Bethesda, MD).



Cell Culture

RAW 264.7 and 293T cell line were all obtained from the Shanghai Bank of Cell Lines (Shanghai, China). RAW 264.7 cells were cultured in RPMI-1640, and 293T cells were in DMEM. All these were supplemented with 10% fetal bovine serum (FBS, Gibco, United States), 100 U/mL penicillin, and 100 U/mL streptomycin at 37°C in a humidified atmosphere with 5% CO2. The source of the cell line was identified by STR profiling and tested for mycoplasma contamination.



RNA Isolation and Quantitative RT-PCR

Total RNA was extracted from liver tissues and cells using TRIzol reagent (#DP424, Tiangen Biotech Co., Ltd., Beijing, China). cDNA was synthesized by reverse transcriptase kits (ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s instructions. Quantitative real-time PCR was performed using SGExcel FastSYBR Mixture (#B532955-0005, Sangon Biotech Co., Ltd., Shanghai, China) on Roche LightCyclerR 480 Quantitative PCR System (Indianapolis, United States). The relative gene expression levels were calculated using the 2–ΔΔCt method. Primers used are listed in Table 1.


TABLE 1. The primers used in this study for real time PCR.

[image: Table 1]


ChIP Assay

For ChIP assay, we used enzymatic ChIP kit from Cell Signaling (Cat. #9003) according to the manufacturer’s instruction. Briefly, cells were crosslinked with 1% formaldehyde for 10 min at room temperature. Then, the reaction was stopped using 125 mM glycine. The chromatin was enzymatically digested by micrococcal nuclease at 37°C for 20 min. The digested chromatin was then briefly sonicated to break nuclear membranes. After preclearing, chromatin (500 μg) was subjected to immunoprecipitation with anti-RORα (1: 50, PA1-812, ThermoFisher Scientific) antibody or with anti-IgG as negative control at 4°C overnight. The protein-DNA complexes were then separated by incubation with protein G beads. The magnetic beads were then washed using buffers supplied with the kit to acquire chromatin. The eluted DNA was purified and analyzed by real-time PCR with specific primers: Sense, 5′- CAGAGTTAAACTGGCCTAGTTCCA-3′; Antisense, 5′-CTTTCTCTTGGTTTTGGCAGAGGA-3′. The primer sequences for ChIP-qPCR were obtained from previous publication (Han et al., 2017).



siRNA and Transfection

siRNAs used for KLF4 knockdown were ordered from GenePharma (Shanghai, China). Transfection of siRNAs to Raw264.7 was performed using Lipofectamine RNAiMAX (#13778-075, ThermoFisher Scientific) according to manufacturer’s instruction.



Statistical Analysis

GraphPad Prism 7 software (GraphPad Software, La Jolla, CA) was used for all statistical analyses. All results are presented as means ± SD. Student’s unpaired two-tailed t-test was using for comparisons between two groups. The one-way or two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison’s test was applied for comparisons between more than two groups. Differences were considered to be statistically significant at P < 0.05and highly significant at P < 0.01.



RESULTS


NOB Ameliorates Liver Function in MCD Fed Mice

To estimate the effect of NOB on NASH, we established MCD-induced NASH mouse model (Figure 1B). Microscopic examination of H&E-stained liver sections revealed that MCD diet triggered marked macrovesicular steatosis, hepatocellular ballooning and lobular inflammation in mice; however, administration of NOB ameliorates these pathological changes (Figure 1C). NOB also reduced NAFLD activity score (NAS) (Figure 1D). In addition, NOB treatment decreased serum ALT and AST levels in MCD fed mice (Figure 1E), suggesting improved liver function.



NOB Attenuates Liver Fibrosis in MCD-Induced Mice

NASH is a progressive form of NAFLD where inflammation causes liver damage and fibrosis (Wattacheril et al., 2018). Next, we explored the impact of NOB treatment in hepatic fibrosis of MCD-fed mice. Our result showed that NOB reduced MCD-induced perivenular fibrosis, as revealed by picrosirius red staining for collagen fibers (Figures 2A,B). Immunohistochemical staining for α-SMA, a marker for activated hepatic stellate cells (HSCs), showed that NOB treatment obviously decreased activated HSCs in MCD fed mice (Figures 2A,C). Furthermore, the administration of NOB obviously lowered the fibrosis score in MCD fed mice compared to their counterparts (Figure 2D).
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FIGURE 2. The effect of NOB on liver fibrosis in MCD-induced mice. The deposited collagen and activated HSCs were shown by Sirius red and α-SMA staining, respectively. (A) The representative images of Sirius red staining and α-SMA immunohistochemical staining in liver from each group. Scale bar = 300 μm. (B) Quantification and statistical analysis of sirius red-stained areas was shown. (C) Quantification and statistical analysis of α-SMA-stained areas was shown. (D) Quantification of fibrosis score was shown. Data were expressed as the mean ± SD (n = 8). *P < 0.05, **P < 0.01.




NOB Suppresses the Infiltration of Macrophages and Neutrophils in MCD Fed Mice

Inflammation is a key feature of NASH and has been found to be crucial for fibrogenesis (Browning and Horton, 2004; Bataller and Brenner, 2005). Macrophages and neutrophils are important inflammatory cells in NASH (Wattacheril et al., 2018). F4/80 is frequently used marker for identification of macrophage population (Wang et al., 2019, 2020b), and neutrophils are characterized by high expression of myeloperoxidase (MPO) (Klebanoff, 2005; Wang et al., 2020a). Feeding with MCD diet induced overt gathering of F4/80 positive macrophages, which was reduced by NOB treatment (Figures 3A,B). Administration of NOB also significantly reduced the elevated hepatic MPO+ cells in mice fed with MCD diet (Figures 3C,D). Notably, it was obvious that the population of neutrophils was smaller than the macrophages in MCD-induced mice (Figures 3A,C), suggesting a dominant role of macrophages in this model of NASH.


[image: image]

FIGURE 3. The effect of NOB on the infiltration of macrophages and neutrophils in MCD fed mice. (A) The representative images of F4/80 immunohistochemical staining in liver from each group. Scale bar = 300 μm. (B) Quantification and statistical analysis of F4/80-stained areas was shown. Data were expressed as the mean ± SD (n = 8). (C) The representative images of myeloperoxidase (MPO) immunohistochemical staining in liver from each group. Scale bar = 300 μm. Red arrow points to MPO-positive cells. (D) Quantification and statistical analysis of MPO-positive cells in liver from each group. Data were expressed as the mean ± SD (n = 8). **P < 0.01.




NOB Decreases M1 Macrophages and the Expression of Proinflammatory Cytokines in vivo and in vitro

Macrophages are heterogeneous population and include two major subsets: “proinflammatory” M1 and “immunoregulatory” M2 macrophages, according to their phenotype and functions in inflammatory responses (Wan et al., 2014; Kong et al., 2019). Polarization of macrophages toward the M1 phenotype would accelerate disease progression of NASH (Kong et al., 2019). As shown in Figures 4A–C, MCD diet increased hepatic M1 macrophages in mice, as detected by immunofluorescence staining with antibodies against the M1 macrophage marker CD32 and CD68 (Wang et al., 2019). NOB treatment markedly decreased the number of CD32 or CD68-postive M1 macrophages in MCD fed mice (Figures 4A–C). Consistently, NOB significantly inhibited the expression of proinflammatory cytokines associated with M1 macrophage such as Il-6, Il-1β, and Tnf-α in livers of MCD fed mice and LPS treated RAW 264.7 cells (Figures 4D,E). These results indicate that NOB inhibits macrophage polarization toward M1 subtype.
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FIGURE 4. The effect of NOB on M1 macrophage polarization and expression of inflammatory properties in liver tissue and RAW 264.7 cells. (A) Left, the representative images of CD68 immunohistochemical staining in liver from each group. Scale bar = 300 μm. Right, quantification and statistical analysis of CD68-stained areas. Data were expressed as the mean ± SD (n = 8). (B) Representative fluorescence microscopic images of CD16/32-stained liver sections. Scale bar = 300 μm. (C) Quantification and statistical analysis of CD16/32-positive cells in liver tissue. We measured the number of CD16/32-positive membranes from at least five high power fields (HPF, original magnification, 400×). (D) The mRNA levels of Il-6, Il-1β and Tnf-α in livers of MCD-induced mice were evaluated using RT-qPCR. Data were expressed as the mean ± SD (n = 5). (E) RAW 264.7 cells were pretreated with DMSO, NOB (100 μM), LPS (200 ng/mL), or LPS (200 ng/mL) + NOB (100 μM) for 16 h. The expression of proinflammatory factors Il-6, Il-1β, and Tnf-α determined by RT-qPCR. Values are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01.




NOB Increases the Population of M2 Macrophages and the Expression of Anti-inflammatory Factors in vivo and in vitro

M2 macrophages promote resolution of inflammation and protect hepatocytes against NASH (Wan et al., 2014). CD206 is considered as a marker of M2 macrophages (Han et al., 2017; Wang et al., 2019). As shown in Figures 5A,B, the number of M2 macrophages was significantly increased after NOB treatment in the livers of MCD fed mice by CD206 immunofluorescence staining, compared to their MCD-diet-only counterparts. Additionally, the results of RT-qPCR also confirmed that NOB increased the expression of M2 markers Cd206, Il-10 and Arg-1 in liver of MCD-induced mice (Figure 5C). IL-4 is a strong inducer of M2 polarity in macrophages (Patel et al., 2017). Our results showed that NOB enhanced M2 polarization and the expression of M2 markers Cd206, Il-10, and Arg-1 in IL-4 free or treated RAW 264.7 cells (Figure 5D).
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FIGURE 5. The effect of NOB on M2 macrophage polarization and the expression of anti-inflammatory factors in liver tissue and RAW 264.7 cells. (A) Representative fluorescence microscopic images of CD206-stained liver sections. Scale bar = 300 μm. (B) Quantification and statistical analysis of CD206-positive cells in liver tissue. We measured the number of CD206-positive membranes from at least five high power fields (HPF, original magnification, 400×). (C) The mRNA levels of Cd206, Arg-1, and Il-10 in the livers of MCD-induced mice were evaluated using RT-qPCR. Data were expressed as the mean ± SD (n = 5). (D) RAW 264.7 cells were pretreated with DMSO, NOB (100 μM), LPS (200 ng/mL), or LPS (200 ng/mL) + NOB (100 μM) for 16 h. The mRNA levels of Cd206, Arg-1, and Il-10 were determined by RT-qPCR. Values are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01.




KLF4 Is Required for the Regulation of NOB on Macrophage Polarization

Krüppel-like factor 4 (KLF4) is a critical regulator of macrophage polarization (Liao et al., 2011). It cooperated with STAT6 to induce an M2 genetic program and inhibit M1 polarization. Macrophage KLF4 expression was robustly induced in M2 macrophages and strongly reduced in M1 macrophages (Liao et al., 2011; Murray, 2017). We found that NOB treatment increased Klf4 expression both in NCD and MCD fed mice, especially in MCD group (Figure 6A). Furthermore, NOB treatment elevated Klf4 expression in vitro in a dose dependent manner (Figure 6B). NOB also reversed the LPS induced inhibition on Klf4 expression and further enhanced IL-4-induced Klf4 expression in RAW 264.7 (Figure 6C). To determine whether KLF4 is indispensable to NOB mediated polarization of macrophages, we depleted KLF4 via siRNA in RAW 264.7 cells (Figure 6D). As shown in Figure 6D, NOB induced expression of Il-10 and Arg-1 was completely abolished by siKLF4. Knockdown of KLF4 also reduced the expression of NOB upregulated M2 marker genes (Cd206, Il-10, and Arg-1) in IL-4-treated RAW 264.7 cells (Figure 6E). Conversely, the inhibitory effect of NOB on the expression of M1 markers (Il-1β and Tnf-α) in LPS induced RAW 264.7 cells was counteracted by KLF4 knockdown (Figure 6F). These results indicate that NOB-mediated macrophage polarization is dependent on KLF4.
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FIGURE 6. NOB promotes M2 polarization through increasing Klf4 expression. (A) The mRNA expression of Klf4 in the livers of MCD-fed mice was evaluated by RT-qPCR. Data were expressed as the mean ± SD (n = 5). (B) RAW 264.7 cells were treated with DMSO, NOB (50 μM) or NOB (100 μM) for 16 h. The mRNA expression of Klf4 was determined by RT-qPCR. (C) RAW 264.7 cells were pretreated with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + NOB (100 μM), IL-4 (20 ng/mL), or IL-4 (20 ng/mL) + NOB (100 μM) for 16 h. The mRNA expression of Klf4 was measured by RT-qPCR. (D) RAW 264.7 cells were transiently transfected with control (siNT) or KLF4 (siKLF4) siRNA and treated with either DMSO or NOB for 16 h as indicated. The mRNA levels of Klf4, Arg-1, and Il-10 were determined by RT-qPCR. (E) The siRNA-NT or siRNA-KLF4 cells were treated with IL-4 (20 ng/mL) + NOB (100 μM) for 16 h. The mRNA levels of Cd206, Arg-1, and Il-10 were measured by RT-qPCR. (F) The siRNA-NT cells were treated with LPS (2,00 ng/mL) or LPS (200 ng/mL) + NOB (100 μM). The siRNA-KLF4 cells were treated with LPS (200 ng/mL) + NOB (100 μM) for 16 h. The mRNA levels of Il-1β and Tnf-α were quantified by RT-qPCR. Values are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01.




The NOB-Induced Klf4 Expression and Macrophage Polarization Are RORα Dependent

It is reported that the expression of KLF4 is regulated by orphan nuclear receptor retinoic-acid-related orphan receptor α (RORα) in hepatic macrophages (Han et al., 2017). In addition, NOB is known as an RORα activator (He et al., 2016; Nohara et al., 2019). Therefore, we investigated whether RORα is involved in NOB-mediated Klf4 expression and macrophage polarization. First, we found that NOB induced the expression of RORα target genes (Cyp7b1, Glut2, and Gck) in the livers of both NCD and MCD fed mice, implying RORα was activated by NOB in vivo (Figure 7A). To further explore the underlying mechanism, we expressed luciferase reporters driven by mouse Klf4 promotor in 293T cells. As shown in Figure 7B, NOB efficiently induced luciferase activity in cells transfected with wild type but not RORE deleted Klf4 promotor, suggesting the binding of RORα to ROR element in Klf4 promotor was required to NOB mediated Klf4 expression. Furthermore, we determined whether NOB promoted the transcriptional activity of endogenous RORα by ChIP-qPCR using RORα specific antibody. As expected, NOB treatment largely enhanced the binding of RORα to Klf4 promotor in RAW 264.7 cells (Figure 7C). Moreover, NOB-induced Klf4 expression in RAW 264.7 cell was significantly inhibited by SR3335, an inverse agonist of RORα (Han et al., 2017; Figure 7D). SR3335 also abolished NOB-mediated upregulation of M2 markers (Il-10 and Arg-1) in IL-4 treated RAW 264.7 (Figure 7E). Furthermore, the inhibition of M1 markers (Il-6, Il-1β, and Tnf-α) after NOB treatment in LPS challenged RAW 264.7 was partially reversed by SR3335 (Figure 7F). In general, these results suggest that NOB-mediated macrophage polarization is RORα dependent.
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FIGURE 7. NOB induces Klf4 expression and macrophage polarization through activiting RORα. (A) RT-qPCR analysis of RORα target genes Cyp7b1, Glut2, and Gck in the livers of MCD-fed mice. Data were expressed as the mean ± SD (n = 5). (B) Schematic diagram of the mouse Klf4 promoter with the RORα binding element (RORE) shown as gray box. 293T cells were transfected with luciferase reporters driven by Klf4 promoter with or without RORE and treated with DMSO or NOB (100 μM) for 8 h. (C) RAW 264.7 cells were treated with DMSO or NOB (100 μM) for 16 h. The binding of RORα to Klf4 promotor was assessed by ChIP-qPCR. (D) RAW 264.7 cells were treated with DMSO, NOB (100 μM) or SR3335 (10 μM) for 16 h. The mRNA level of Klf4 determined by RT-qPCR. (E) RAW 264.7 cells were treated with DMSO, IL-4 (20 ng/mL), IL-4 (20 ng/mL) + NOB (100 μM) or IL-4 (20 ng/mL) + NOB (100 μM) + SR3335 (10 μM) for 16 h. The mRNA levels of Arg-1 and Il-10 determined by RT-qPCR. (F) RAW 264.7 cells were pretreated with DMSO, LPS (200 ng/mL), LPS (200 ng/mL) + NOB (100 μM) or LPS (200 ng/mL) + NOB (100 μM) + SR3335 (10 μM) for 16 h. Proinflammatory factors Il-6, Il-1β, and Tnf-α determined by RT-qPCR. Values are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01.




DISCUSSION

In current study, we evaluated the effect of NOB on NASH using MCD-induced mouse model. We observed that NOB administration ameliorated hepatic inflammation, reduced activated hepatic stellate cells and liver fibrosis. Besides, we found M2 type macrophages were significantly increased in the livers of NOB treated NASH mice accompanied by elevated expression of anti-inflammatory cytokine IL-10. Mechanistically, the activation of RORα by NOB was required for the enhanced M2 polarization. Inhibition of RORα activity by small molecular inhibitor abolished the effects of NOB on the induction of Klf4 and Il-10 expression in RAW 264.7 cells.

Previous study has shown that activating RORα can promote the M2 polarization of macrophages by up-regulating the expression of Klf4 (Odegaard et al., 2008). In this study, we found that NOB promoted the M2 alternative activation of RAW 264.7 by activating RORα in vitro. Although we could not determine whether it is the case in vivo by tracing the fate of individual macrophage, our data still provided some hints. The population of F4/80-positive macrophages in the livers of MCD fed mice was obviously reduced after NOB treatment, even in this case, the macrophages with M2 markers were remarkably increased compared to the control group, suggesting enhanced M2 polarization also occurred in vivo.

In the experiments in mouse model of NASH, M1 macrophages with a pro-inflammatory phenotype seem to worsen the disease. Different mouse strains are innately prone to different immune responses after feeding with NASH diet (Mills et al., 2000). M1-prone C57BL/6 mice fed the MCD diet showed an increased tendency toward steatosis and hepatic inflammation compared to the M2 prone BALB/c mice (Maina et al., 2012; Kazankov et al., 2019). In contrast to M1 macrophages, M2 macrophages with an anti-inflammatory phenotype have been associated with ameliorated hepatic injury in NAFLD and improved insulin sensitivity (Odegaard et al., 2008; Wan et al., 2014). Pharmacological alteration of macrophage polarization toward an M2 phenotype could partially reverse hepatic steatosis and hepatocyte apoptosis induced by HFD feeding (Kazankov et al., 2019). Of interest, the conditioned medium from IL-4 induced M2-type macrophages promotes apoptosis of M1-type macrophages in vitro. Mechanistically, IL-10 released from M2 macrophages induces high inducible nitric oxide synthase-expressing M1 Kupffer cell (KC) death through paracrine activation of the enzyme arginase (Wan et al., 2014).

In this study, we observed that in mice fed with MCD diet, administration of NOB also reduced MPO positive monocytes. Although the relative number of monocytes is significantly different between NOB treated and the control group, the absolute number of monocytes even in the control group feeding with MCD diet is far less than that of macrophages. It is supposed that most monocytes are transformed into macrophages in this case. It is well established that in addition to liver-resident Kupffer cells, monocyte derived macrophages have a major role in the pathogenesis of NAFLD and NASH. Whether NOB have different effects on these two types of macrophages derived from different sources is an open question worthy of attention in the follow-up research.

In our previous study, we reported another bioactive flavone hesperetin could inhibits hepatic inflammation via AMPK/CREB/SIRT1 pathway (Wang et al., 2020b). We found hesperetin increased SIRT1 expression through activating AMPK. Besides, AMPK can also elevate SIRT1 activity by enhancing the mitochondrial metabolism and thereafter increasing the abundance of intracellular NAD+ (Canto et al., 2009). In current study, we observed that NOB effectively activated AMPK like hesperetin (data not shown). It raised a possibility that NOB may ameliorate inflammation in NASH by regulating AMPK or SIRT1 activity in immune cells in liver. To exclude this possibility, we treated LPS induced RAW 264.7 with Compound C (AMPK inhibitor) and EX-527 (SIRT1 inhibitor). In contrast to the re-elevation of inflammatory cytokines by RORα inhibitor SR3335, inhibition of AMPK and SIRT1 didn’t abolish the suppressive effect of NOB on the expression of these cytokines (Supplementary Figure 1), suggesting NOB induced AMPK activation was not involved in this process.

Among the polyphenols, in addition to NOB, there are other substances that have a regulatory effect on the polarization of macrophage. As a representative polyphenol, resveratrol-treated mice fed alcohol or a high-fat diet displayed preponderant M2 KC polarization, M1 KC apoptosis, and resistance to hepatocyte steatosis and apoptosis, as compared to control mice (Wan et al., 2014). Although the underlying mechanisms involved in NOB and resveratrol induced M2 polarization may be different, our current study combined with the previous study provide new perspectives to the exploration of anti-inflammatory mechanisms of polyphenols, especially in metabolic diseases associated chronic inflammation.
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Myogenetic Oligodeoxynucleotide (myoDN) Recovers the Differentiation of Skeletal Muscle Myoblasts Deteriorated by Diabetes Mellitus
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Skeletal muscle wasting in patients with diabetes mellitus (DM) is a complication of decreased muscle mass and strength, and is a serious risk factor that may result in mortality. Deteriorated differentiation of muscle precursor cells, called myoblasts, in DM patients is considered to be one of the causes of muscle wasting. We recently developed myogenetic oligodeoxynucleotides (myoDNs), which are 18-base single-strand DNAs that promote myoblast differentiation by targeting nucleolin. Herein, we report the applicability of a myoDN, iSN04, to myoblasts isolated from patients with type 1 and type 2 DM. Myogenesis of DM myoblasts was exacerbated concordantly with a delayed shift of myogenic transcription and induction of interleukins. Analogous phenotypes were reproduced in healthy myoblasts cultured with excessive glucose or palmitic acid, mimicking hyperglycemia or hyperlipidemia. iSN04 treatment recovered the deteriorated differentiation of plural DM myoblasts by downregulating myostatin and interleukin-8 (IL-8). iSN04 also ameliorated the impaired myogenic differentiation induced by glucose or palmitic acid. These results demonstrate that myoDNs can directly facilitate myoblast differentiation in DM patients, making them novel candidates for nucleic acid drugs to treat muscle wasting in patients with DM.
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INTRODUCTION

The skeletal muscle is the largest organ (30–40% of total body weight) in human (Janssen et al., 2000), the primary thermogenic tissue producing heat by muscular contraction (Rowland et al., 2015), the main energy storage holding 500 g of glycogen (Jensen et al., 2011), and carries 80% of insulin-responsive glucose uptake (Periasamy et al., 2017). Therefore, a decrease in skeletal muscle mass disturbs systemic homeostasis and increases mortality in chronic diseases. Skeletal muscle wasting is present in around 30% of patients with heart failure and is associated with poor prognosis, probably in part, by increased inflammation and oxidative stress (Bielecka-Dabrowa et al., 2020). Loss of skeletal muscle mass is present in up to 50% of cancer patients and is a predictor for lower survival during chemotherapy as it increases treatment toxicity (Gibson et al., 2015). Low skeletal muscle mass is also observed in patients with diabetes mellitus (DM). Protein synthesis in skeletal muscle is decreased by type 1 DM (T1DM) due to loss of insulin signaling, and protein degradation is enhanced with myostatin-mediated autophagy in type 2 DM (T2DM) (Sala and Zorzano, 2015). Particularly, an age-adjusted study reported that muscle wasting is an independent risk for all-cause mortality in patients with T2DM (Miyake et al., 2019). Prevention of DM-associated muscle loss is an important subject but there is no efficacious drugs, because it is still a complicated pathology and underlying mechanism has not been fully understood.

The skeletal muscle is composed of a large number of myofibers, which are multinuclear fused myocytes. Each myofiber has dozens of stem cells, termed satellite cells, between the basal lamina and plasma membrane of the fibers. During myogenesis, satellite cells are activated to myogenic precursor cells, called myoblasts. Following this, myoblasts differentiate into mononuclear myocytes expressing myosin heavy chain (MHC), and mutually fused to form multinuclear myotubes (Dumont et al., 2015). Importantly, the satellite cell- and myoblast-driven myogenesis is impaired by DM, which is considered a predisposing factor for skeletal muscle loss. Both T1DM and T2DM deteriorate the functions of satellite cells and myoblasts owing to oxidative stress, chronic inflammation, extracellular matrix defects, and transcriptional disorders (D’Souza et al., 2013; Teng and Huang, 2019). In patients with T1DM, the number of satellite cells decreases with the upregulation of the Notch ligand DLL1 (D’Souza et al., 2016). Myoblasts isolated from patients with T2DM show impaired myogenic differentiation with lower miR-23b/27b levels (Henriksen et al., 2017) and autophagy dysregulation (Henriksen et al., 2019). Even after differentiation, myotubes derived from T2DM-patient myoblasts retain an altered myokine secretion distinct from that of non-diabetic myotubes (Ciaraldi et al., 2016). Although the mechanisms underlying the deteriorated function of myoblasts in DM have not been fully elucidated, several factors have been reported to inhibit myogenic differentiation. Co-culture with adipocytes increases interleukin (IL)-6 expression in myoblasts and attenuates their differentiation into myotubes (Seo et al., 2019). High ambient glucose suppresses the myogenesis of myoblasts by increasing the repressive myokine, myostatin, and decreasing myogenic transcription factors, MyoD and myogenin (Grzelkowska-Kowalczyk et al., 2013). Palmitic acid, a saturated fatty acid, blocks myotube formation by downregulating MyoD and myogenin (Saini et al., 2017). These findings demonstrate that diabetic factors including adipokines, glucose, and fatty acids are inhibitory factors for myoblast differentiation.

We recently identified myogenetic oligodeoxynucleotides (myoDNs), which are 18-base single-strand nucleotides that promote myoblast differentiation (Nihashi et al., 2020; Shinji et al., 2021). One of the myoDNs, iSN04, is directly incorporated into myoblasts and serves as an aptamer that physically interacts with nucleolin (Shinji et al., 2021). Nucleolin has been known to target the untranslated region of p53 mRNA to interfere with its translation (Takagi et al., 2005; Chen et al., 2012). In myoblasts, iSN04 antagonizes nucleolin, rescues p53 protein levels, and eventually facilitates myotube formation (Shinji et al., 2021). In this study, we aimed to determine that iSN04 recovers the deteriorated differentiation of myoblasts isolated from patients with DM. This study presents iSN04 as a potential nucleic acid drug targeting myoblasts for the prevention and therapy of muscle wasting in patients with DM.



MATERIALS AND METHODS


Chemicals

All phosphodiester bonds of iSN04 (5′-AGA TTA GGG TGA GGG TGA-3′) were phosphorothioated to increase resistance to nucleases. Phosphorothioated iSN04 was synthesized and HPLC-purified (GeneDesign, Osaka, Japan), then was dissolved in endotoxin-free water as previously reported (Shinji et al., 2021). Palmitic acid (Wako, Osaka, Japan), which is the most abundant (occupying 20–30%) saturated fatty acid in human (Gesteiro et al., 2019), was dissolved in chloroform to prepare a high concentration stock (600 mM) to decrease treatment volume to myoblasts (Aguer et al., 2010). An equal volume of endotoxin-free water or chloroform, without the test chemicals, served as negative controls.



Cell Culture

We purchased and used commercially available human myoblast (hMB) stocks (Lonza, Walkersville, MD, United States) isolated from healthy subjects (CC-2580) including a 26-year-old male (H26M; lot 18TL211617, August 2018), a 35-year-old female (H35F; lot 0000483427, June 2015), and a 35-year-old male (H35M; lot 0000650386, August 2017), from patients with T1DM (CC-2900) including an 81-year-old male (I81M; lot 0000211092, November 2010) and an 89-year-old female (I89F; lot 0000191810, August 2010), and from patients with T2DM (CC-2901) including a 68-year-old male (II68M; lot 0000211384, November 2010) and an 85-year-old female (II85F; lot 0000219206, January 2011). Detailed information of each hMB is described in certificate of analysis1. The hMBs were maintained in Skeletal Muscle Growth Media-2 (CC-3245; Lonza) as a growth medium for hMBs (hMB-GM). The murine myoblast cell line C2C12 (DS Pharma Biomedical, Osaka, Japan) was maintained in a growth medium for C2C12 cells (C2-GM) consisting of DMEM (Nacalai, Osaka, Japan) with 10% fetal bovine serum and a mixture of 100 units/ml penicillin and 100 μg/ml streptomycin (PS) (Nacalai). hMBs and C2C12 cells were differentiated in a differentiation induction medium (DIM) consisting of DMEM with 2% horse serum (HyClone; GE Healthcare, Salt Lake City, UT, United States) and PS (Nihashi et al., 2019b; Shinji et al., 2021).

hMB-GM, C2-GM, and DIM with 5.6 mM D-glucose and 19.4 mM mannitol (hMB-GM-NG, C2-GM-NG, and DIM-NG) were used for normal-glucose culture, and those with 25 mM D-glucose (hMB-GM-HG, C2-GM-HG, and DIM-HG) were used for high-glucose culture as previously described (La Sala et al., 2015). In the experiments using high-glucose culture, hMBs were maintained in hMB-GM-HG for a total of 6 days with passage every 3 days. The cells were then seeded on fresh dishes and differentiated in DIM-HG for 2 days. C2C12 cells were maintained in C2-GM-HG for a total of 4 days with passage every 2 days. The cells were then seeded on fresh dishes and differentiated in DIM-HG for 4 days. In the palmitic acid experiments, hMBs were maintained in hMB-GM-NG; then, the cells were seeded on fresh dishes and differentiated in DIM-NG with palmitic acid at an optimal concentration of 200 μM (for H26M) or 600 μM (for H35M) for 2 days, according to a previous study (Aguer et al., 2010).

All cells were cultured in dishes or plates coated with collagen type I-C (Cellmatrix; Nitta Gelatin, Osaka, Japan) at 37°C with 5% CO2 throughout the experiments.



Immunocytochemistry

hMBs in hMB-GM (1.5–2.5 × 105 cells/dish optimized for 70% confluency in each cell stock) or C2C12 cells in C2-GM (10 × 105 cells/dish) were seeded on 30-mm dishes. The following day, the medium was replaced with DIM containing iSN04 at an optimal concentration of 1 μM (for H26M in hMB-DIM), 3 μM (C2C12 cells), 10 μM (for H26M in GM, H35M, and II85M), or 30 μM (for H35F, I81M, I89F, and II68M). Optimal iSN04 concentration for each MB was defined as indicating the highest ratio of MHC+ cells without affecting cell number because the sensitivities to iSN04 differ among MBs. Immunocytochemistry of myoblasts was performed as previously described (Takaya et al., 2017; Nihashi et al., 2019a; Shinji et al., 2021). The myoblasts were fixed with 2% paraformaldehyde, permeabilized with 0.2% Triton X-100, and immunostained with 0.5 μg/ml mouse monoclonal anti-MHC antibody (MF20; R&D Systems, Minneapolis, MN, United States) and 1.0 μg/ml rabbit polyclonal anti-nucleolin antibody (ab22758; Abcam, Cambridge, United Kingdom). 0.1 μg/ml each of Alexa Fluor 488-conjugated donkey polyclonal anti-mouse IgG antibody and Alexa Fluor 594-conjugated donkey polyclonal anti-rabbit IgG antibody (Jackson ImmunoResearch, West Grove, PA, United States) were used as secondary antibodies. Cell nuclei were stained with DAPI (Nacalai). Fluorescent images were captured using EVOS FL Auto microscope (AMAFD1000; Thermo Fisher Scientific, Waltham, MA, United States). The ratio of MHC+ cells was defined as the number of nuclei in the MHC+ cells divided by the total number of nuclei, and the fusion index was defined as the number of nuclei in the multinuclear MHC+ myotubes divided by the total number of nuclei; these were determined using ImageJ software (National Institutes of Health, United States).



Quantitative Real-Time RT-PCR (qPCR)

Total RNA of the myoblasts was isolated using NucleoSpin RNA Plus (Macherey-Nagel, Düren, Germany) and reverse transcribed using ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan). qPCR was performed using GoTaq qPCR Master Mix (Promega, Madison, WI, United States) with StepOne Real-Time PCR System (Thermo Fisher Scientific). The amount of each transcript was normalized to that of human glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) and murine 18S ribosomal RNA (Rn18s). Results are presented as fold-change. The primer sequences are described in Supplementary Tables 1, 2.



Statistical Analyses

Results are presented as the mean ± standard error. Statistical comparisons were performed using unpaired two-tailed Student’s t-test or multiple comparison test with Tukey–Kramer test following one-way analysis of variance. Statistical significance was set at p < 0.05.




RESULTS


DM Deteriorates Myoblast Differentiation

The hMBs isolated from healthy subjects (H26M, H35F, and H35M), patients with T1DM (I81M and I89F), and patients with T2DM (II68M and II85F) were cultured in the hMB-GM-NG (Supplementary Figure 1). These hMBs varied in cell size and morphology, but DM-dependent hallmarks were not observed. The hMBs induced myogenic differentiation in DIM-NG, followed by immunostaining for MHC, a terminal differentiation marker of muscle cells. The ratio of MHC+ cells and multinuclear myotubes was quantified on days 0, 2, and 4 of differentiation (Supplementary Figure 2). On day 2 (Figure 1), the ratio of MHC+ cells of H35M was lower than that of H26M and H35F, indicating the individuality of myogenesis among healthy subjects. I81M differentiated to the same extent as H26M and H35F, but I89F, II68M, and II85F exhibited deteriorated differentiation. In particular, I89F and II85F were exacerbated in myotube formation compared to all healthy subjects. These results indicate that myoblast differentiation is aggravated in patients with DM.
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FIGURE 1. Attenuated myogenic differentiation of DM myoblasts. Representative immunofluorescent images of the hMBs differentiated in DIM-NG for 2 days. Scale bar, 200 μm. Ratio of MHC+ cells and multinuclear myotubes were quantified. Orange dashed lines indicate the mean values of H26M, H35F, and H35M. *p < 0.05, **p < 0.01 vs. H26M; ††p < 0.01 vs. H35F; #p < 0.05, ##p < 0.01 vs. H35M (Tukey–Kramer test); n = 6.


Gene expression patterns in hMBs were examined using qPCR (Figure 2A). Among undifferentiated myoblast markers, PAX7 was expressed 2–3 times higher in T2DM myoblasts throughout differentiation, but PAX3 and MYF5 were not. A myogenic transcription factor, MYOD1, was highly induced in T1DM myoblasts, but a terminal transcription factor, myogenin (MYOG), was not. The mRNA levels of embryonic MHC (MYH3) were not significantly different among hMBs. The transcription levels of these genes frequently vary among patients, which reflects individual differences. During myogenic differentiation, the ratios of Pax7, MyoD, and myogenin are critically important. Proliferating myoblasts express both Pax7 and MyoD, but not myogenin. At the initial stage of differentiation, Pax7 disappears, and MyoD drives myogenin transcription. In terminally differentiated myocytes, MyoD decreases, and myogenin becomes a dominant transcription factor (Dumont et al., 2015). qPCR data indicated that MYOD1/PAX7 and MYOG/MYOD1 ratios were lower in T2DM and T1DM myoblasts than those in healthy myoblasts (Figure 2B), demonstrating a delayed shift of myogenic transcription factors in DM patients. This may be one of the reasons for the deteriorated differentiation of DM myoblasts.
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FIGURE 2. Gene expression patterns altered in DM myoblasts. (A–C) qPCR results of gene expression in the hMBs differentiated in DIM-NG on days 0, 2, and 4. Bars indicate mean values of each group. The mean value of healthy myoblasts on day 0 was set to 1.0 for each gene.




ILs Are Induced in T2DM Myoblasts

The mRNA levels of atrogin-1 (FBXO32), MuRF-1 (TRIM63), myostatin (MSTN), and myostatin receptor (ACVR2B), which are involved in ubiquitin-proteasome-mediated muscle atrophy (Bodine et al., 2001; Lokireddy et al., 2011), were not different among the hMBs. In contrast, transcription of the myostatin antagonist, follistatin (FST), was flat in T1DM myoblasts during differentiation (Supplementary Figure 3).

Sterol regulatory element-binding proteins (SREBF1 and SREBF2), fatty acid synthase (FASN), insulin receptor substrates (IRS1 and IRS2), glucose transporter 4 (SLC2A4), mitochondrial carnitine palmitoyltransferase 2 (CPT2), and thioredoxin interacting protein (TXNIP) are insulin resistance-related factors and involved in differentiation and fatty acid metabolism of muscle cells (Parikh et al., 2007; Kato et al., 2008; Lecomte et al., 2010; Boufroura et al., 2018). However, their mRNA levels were not significantly altered in T2DM myoblasts (Supplementary Figure 4).

Type 2 DM myoblasts have been reported to display abnormal inflammatory responses (Green et al., 2011). Indeed, mRNA levels of IL1B were 6–7 times higher in T2DM myoblasts than those in healthy myoblasts on days 2 and 4 (Figure 2C). In contrast, inflammatory factors, NF-κB p50 (NFKB1) and p65 (RELA) subunits, TNF-α (TNF), interferon γ (IFNG), and IL6 were not upregulated in T2DM myoblasts. Although IL8 (CXCL8) levels were high in H26M on day 0, T2DM myoblasts exhibited higher IL8 mRNA levels than those did healthy myoblasts (Supplementary Figure 5). It has been reported that IL-1β inhibits insulin-like growth factor (IGF)-dependent myoblast differentiation (Broussard et al., 2004), and interleukin-8 (IL-8) is secreted from insulin-resistant myotubes (Bouzakri et al., 2011). Thus, the upregulation of IL-1β and IL-8 potentially impaired the shift in myogenic transcription factors and subsequent differentiation of T2DM myoblasts.



myoDN Recovers Differentiation of DM Myoblasts

We recently identified the single-strand myogenetic oligodeoxynucleotides (myoDNs) that promote myoblast differentiation by antagonizing nucleolin (Shinji et al., 2021). To assess the applicability of myoDN to DM myoblasts, the hMBs used in this study were treated with iSN04, which exhibits the highest myogenetic activity among the myoDNs. iSN04 significantly facilitated the differentiation and myotube formation of H35F, H35M, I81M, I89F, and II85F (Figure 3). In particular, iSN04 recovered the attenuated differentiation of II85F to almost the same extent as that of healthy myoblasts. iSN04 did not affect the differentiation of H26M in DIM, but significantly promoted myotube formation in hMB-GM (Supplementary Figure 6). In contrast, differentiation of II68M was not altered by iSN04, suggesting the distinct sensitivity or efficacy of iSN04 among individuals. These results indicate that iSN04 is able to recover the deteriorated differentiation of DM myoblasts. qPCR revealed that iSN04 treatment significantly reduced PAX7 and MSTN mRNA levels in II85F, resulting in the recovery transcription of MYH3 (Figure 4A). An iSN04-dependent decrease in MSTN expression was also detected in H35F. Furthermore, iSN04 significantly suppressed the IL1B levels in H35F and the IL8 levels induced in II85F (Figure 4B). These results indicate that iSN04 facilitates the differentiation in both healthy and diabetic myoblasts, in part, by modulating the expression of cytokines including myostatin and ILs.
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FIGURE 3. iSN04 recovers the differentiation of DM myoblasts. Representative immunofluorescent images of the hMBs differentiated in DIM-NG with iSN04 for 2 days. Scale bar, 200 μm. Ratio of MHC+ cells and multinuclear myotubes were quantified. *p < 0.05, **p < 0.01 vs. iSN04(–) in each group (Student’s t-test); n = 4–6.
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FIGURE 4. iSN04 suppresses myostatin expression. (A,B) qPCR results of gene expression in the H35F and II85F myoblasts differentiated in DIM-NG with iSN04 for 2 days. Mean value of H35F-iSN04(–) group was set to 1.0 for each gene. *p < 0.05, **p < 0.01 vs. iSN04(–) in each myoblast (Student’s t-test); n = 3.




myoDN Recovers the Myoblast Differentiation Impaired by Excessive Glucose

The DM myoblasts used in this study were isolated from elderly patients (68, 81, 85, and 89-year-old) whose ages were significantly higher than those of the healthy subjects (26, 35, and 35-year-old) (p < 0.01; Student’s t-test). Aging is a factor that compromises myoblast function (Fukada, 2018; McCormick and Vasilaki, 2018). Aged myoblasts are impaired to differentiate into myogenic lineage and induced to fibrogenic lineage due to the activated canonical Wnt signaling pathway (Brack et al., 2007). Therefore, aging possibly affected the deteriorated differentiation of the DM myoblasts used in this study. To investigate the impact of DM without aging on myogenesis, we cultured and differentiated C2C12 myoblast cell line in a high glucose concentration mimicking hyperglycemia. C2C12 cells maintained in high-glucose media exhibited a decreased ratio of MHC+ cells and myotubes (Figure 5A). qPCR revealed that high-glucose culture significantly induced Mstn and suppressed Myog and Myh3 expression in C2C12 cells on differentiation day 1 (Figure 5B). It is noteworthy that Il1b mRNA levels were not elevated by excessive glucose. High-glucose culture also significantly abrogated the myogenesis of H26M and H35F (Figure 5A). These data demonstrated that excessive glucose is one of the age-independent factors for the deterioration of myoblast differentiation.
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FIGURE 5. High glucose concentration deteriorates myoblast differentiation. (A) Representative immunofluorescent images of the C2C12, H26M, and H35F myoblasts differentiated in DIM-NG or -HG. Scale bar, 200 μm. Ratio of MHC+ cells and multinuclear myotubes were quantified. *p < 0.05, **p < 0.01 vs. NG (Student’s t-test); n = 4–6. (B) qPCR results of myogenic gene expression in the C2C12 cells differentiated in DIM for 1 day. Mean value of NG group was set to 1.0 for each gene. *p < 0.05, **p < 0.01 vs. NG (Student’s t-test); n = 3.


Importantly, iSN04 treatment significantly recovered myogenic differentiation and myotube formation in C2C12 cells exposed to high glucose concentrations (Figure 6). This result corresponds well with the phenotype of the iSN04-treated T2DM myoblasts, indicating that myoDNs are potential candidates for nucleic acid drugs that activate myoblasts in hyperglycemic patients.
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FIGURE 6. iSN04 recovers the myoblast differentiation impaired by excessive glucose. Representative immunofluorescent images of the C2C12 cells differentiated in DIM with iSN04 for 4 days. Scale bar, 200 μm. Ratio of MHC+ cells and multinuclear myotubes were quantified. *p < 0.05, **p < 0.01 vs. NG-iSN04(–); ††p < 0.01 vs. HG-iSN04(–) (Tukey–Kramer test); n = 4.




myoDN Recovers the Myoblast Differentiation Impaired by Palmitic Acid

Patients with T2DM are frequently present with hyperlipidemia. Palmitic acid is the most abundant intravital fatty acid, which is involved in insulin resistance and C2C12 cell differentiation (Yang et al., 2013; Saini et al., 2017). To examine the impact of excessive fatty acids on hMBs, H26M and H35M were induced to differentiate in DIM-NG with palmitic acid. In both hMBs, palmitic acid significantly impaired myogenic differentiation and myotube formation (Figure 7A). qPCR showed that palmitic acid decreased the MYOG/MYOD1 ratio, resulting in lower MYH3 expression in H35M (Figure 7B). Palmitic acid also upregulated IL1B and IL8 mRNA levels without altering NFKB1, RELA, and TNF (Figure 7C), which recapitulated the phenotype of T2DM myoblasts. These results indicate that excessive fatty acids is another age-independent factor to inhibit myoblast differentiation by inducing inflammatory cytokines.
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FIGURE 7. Palmitic acid (PA) deteriorates myoblast differentiation. (A) Representative immunofluorescent images of the H26M and H35F myoblasts differentiated in DIM-NG with PA for 2 days. Scale bar, 200 μm. Ratio of MHC+ cells and multinuclear myotubes were quantified. **p < 0.01 vs. control (Student’s t-test); n = 4–6. (B,C) qPCR results of gene expression in the H35M myoblasts differentiated in DIM-NG with palmitic acid for 2 days. Mean value of control group was set to 1.0 for each gene; n = 1.


iSN04 treatment significantly improved the differentiation into MHC+ cells from palmitic acid-treated H35M (Figure 8A). As shown in Figure 8B, iSN04 induced MYOD1 and MYOG expression under basal conditions, but not in the presence of palmitic acid. In contrast, iSN04 significantly reduced MSTN mRNA levels regardless of the presence of palmitic acid. iSN04 further suppressed palmitic acid-induced IL8 transcription. These results show that myoDNs conceivably recover myoblast differentiation attenuated by excessive fatty acids in hyperlipidemic patients.
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FIGURE 8. iSN04 recovers the myoblast differentiation impaired by excessive palmitic acid. (A) Representative immunofluorescent images of the H35M myoblasts differentiated in DIM-NG with palmitic acid and iSN04 for 2 days. Scale bar, 200 μm. Ratio of MHC+ cells and multinuclear myotubes were quantified. **p < 0.01 vs. control-iSN04(–); ††p < 0.01 vs. PA-iSN04(–) (Tukey–Kramer test); n = 6. (B) qPCR results of gene expression in the H35M myoblasts differentiated as in panel (A). Mean value of control-iSN04(–) group was set to 1.0 for each gene. *p < 0.05, **p < 0.01 vs. control-iSN04(–); †p < 0.05 vs. palmitic acid-iSN04(–) (Tukey–Kramer test); n = 3.





DISCUSSION

This study provides evidence that the myoDN, iSN04, ameliorates the differentiation of DM myoblasts, and presents a novel therapeutic strategy for muscle wasting in patients with DM. Dysfunction of DM myoblasts is caused by various pathophysiological factors such as inflammation and transcriptional disorders (D’Souza et al., 2013; Teng and Huang, 2019), and impaired myogenesis can be one of the reasons for muscle atrophy. A decreased number of satellite cells has been reported in patients with T1DM (D’Souza et al., 2016). Our results further showed the impaired myogenic ability of T1DM myoblasts with a delayed shift to myogenin-dominant transcription. A similar attenuation of myogenesis has been reported in T2DM myoblasts (Henriksen et al., 2017, 2019). The T2DM myoblasts used in this study exhibited a diminished ratio of MyoD/Pax7 and elevated levels of IL-1β and IL-8, which may contribute to the incompetent differentiation. As many patients with T2DM are accompanied by hyperlipidemia in addition to hyperglycemia, surplus glucose and fatty acids are considered the major molecules that interfere with myoblast differentiation. In this study, excessive glucose upregulated myostatin and downregulated myogenin and MHC in C2C12 cells, which is consistent with that reported in previous studies (Grzelkowska-Kowalczyk et al., 2013; Jeong et al., 2013). Similarly, high-glucose culture inhibited myogenesis of plural healthy hMBs. This demonstrates that glucose is an independent factor for myoblast dysfunction, which modulates myogenic gene expression. However, high-glucose culture did not induce IL-1β. Palmitic acid inhibits myokine expression and C2C12 cell differentiation (Yang et al., 2013; Saini et al., 2017). We showed that palmitic acid abrogates the differentiation of healthy hMBs by upregulating IL-1β and IL-8. IL-1β is known to inhibit IGF-induced myogenin expression and myogenesis (Broussard et al., 2004). IL-8 is a chemokine that contributes to insulin resistance in patients with T2DM (Kim et al., 2006; Samaras et al., 2010) and is also a myokine released from skeletal muscle cells. Insulin-resistant human myotubes secrete higher levels of IL-8 (Bouzakri et al., 2011). The role of IL-8 in myoblast differentiation remains controversial. IL-8-neutralizing antibody impairs the differentiation of hMBs (Polesskaya et al., 2016). In contrast, IL-8 treatment decreases the myogenin/MyoD ratio and embryonic MHC expression in rat myoblasts (Milewska et al., 2019). An appropriate level of IL-8 is important for normal myogenesis. Perturbation of IL-8 in T2DM and palmitic acid-cultured myoblasts may be linked to deteriorated differentiation. The mechanism of IL induction in myoblasts remains unclear. NF-κB p65 and TNF-α have been reported to be elevated in T2DM myoblasts (Green et al., 2011). However, in this study, mRNA levels of these genes were not altered by T2DM or palmitic acid. The signaling pathway of fatty acid-dependent IL induction needs to be clarified in further studies.

In addition to inflammation, abnormal protein metabolism is another important factor for diabetic skeletal muscle wasting. In skeletal muscle tissue, T1DM decreases protein synthesis and T2DM enhances autophagy-mediated protein degradation (Sala and Zorzano, 2015). A recent study reported the dysregulated autophagy in T2DM myoblasts (Henriksen et al., 2019). However in this study, expression of proteasome-related genes such as atrogin-1 and MuRF-1 were not altered between healthy and DM myoblasts during short-term differentiation. The effects of T2DM on protein degradation might emerge in the fully maturated myofibers, suggesting the limitation of cultured myoblasts as a model of muscle wasting in patients with DM. Present results need to be carefully interpreted in clinical settings.

This study proved that iSN04 can recover the deteriorated myogenesis of DM myoblasts, in addition to facilitating the differentiation of healthy myoblasts. Although myoDNs, including iSN04, can be potential drug seeds for muscle wasting in patients with DM, the effect of iSN04 should be established using extensive patient-derived myoblasts for clinical application. For instance, the sensitivities to iSN04 were individually different among hMBs. iSN04 is incorporated into the cytoplasm and physically interacts with and interfere with a multifunctional phosphoprotein, nucleolin (Shinji et al., 2021). Nucleolin (NCL) mRNA levels were similar among the hMBs used in this study (Supplementary Figure 7A), and subcellular localization of nucleolin was not different between insensitive H26M and sensitive H35F throughout differentiation (Supplementary Figure 7B). Post-translational phosphorylation or glycosylation is indispensable for nucleolin function (Barel et al., 2001; Losfeld et al., 2009). This suggests that the modification of nucleolin may vary among individuals and may be related to iSN04 sensitivity. The precise role of nucleolin in myoblasts remains unclear. One study reported that a moderate knockdown of nucleolin by miR-34b promotes myoblast differentiation (Tang et al., 2017). We found that iSN04 serves as a nucleolin antagonist and increases p53 protein levels to promote myoblast differentiation (Shinji et al., 2021) because nucleolin binds to p53 mRNA to inhibit its translation (Takagi et al., 2005; Chen et al., 2012). However, inhibition of p53 translation is considered to be a part of the multifunction of nucleolin in myoblasts. In cancer cells, nucleolin competitively interacts with NF-κB essential modulator (NEMO), resulting in the downregulation of NF-κB activity. The established nucleolin aptamer AS1411 forms the NEMO-nucleolin-AS1411 complex to block the transcriptional activity of NF-κB (Girvan et al., 2006). We have already confirmed that AS1411 promotes myoblast differentiation as well as iSN04 (Shinji et al., 2021). Thus, iSN04 possibly inhibits NF-κB activity by associating the NEMO-nucleolin-iSN04 complex. NF-κB has been known to impair myogenesis by upregulating Pax7 and myostatin (Wang et al., 2007; He et al., 2013; Ono and Sakamoto, 2017). Inactivation of NF-κB by iSN04 can be assumed to downregulate myostatin and IL-8 in T2DM and palmitic acid-cultured myoblasts. Investigation of anti-inflammatory effects of iSN04 and AS1411 in myoblasts should be an important subject to reveal their action mechanism and to establish the myoDNs as nucleic acid drugs for skeletal muscle loss in patients with DM.



CONCLUSION

The differentiation abilities of myoblasts deteriorated with dysregulation of myogenic and inflammatory gene expression due to DM, glucose, or palmitic acid. A myoDN, iSN04, recovered impaired myogenesis by modulating gene expression, especially by decreasing myostatin and IL-8. iSN04 could be a potential drug candidate for muscle wasting in patients with DM by directly targeting myoblasts.
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Altered Jagged1-Notch1 Signaling in Enhanced Dysfunctional Neovascularization and Delayed Angiogenesis After Ischemic Stroke in HFD/STZ Induced Type 2 Diabetes Rats
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Diabetes exacerbates brain damage in cerebral ischemic stroke. Our previous study has demonstrated that after cerebral ischemia, type 2 diabetes rats displayed worse neurological outcomes, larger cerebral infarction and severer blood-brain barrier disruption. However, our knowledge of the mechanisms of how diabetes impacts the cerebrovascular repair process is limited. This study was aimed to characterize structural alterations and potential mechanisms in brain microvessels before and after ischemic stroke in type 2 diabetic rats treated with high-fat diet and streptozotocin (HFD/STZ). Furtherly, we tested our hypothesis that dysregulated intercellular Jagged1-Notch1 signaling was involved in the dysfunctional cerebral neovascularization both before and after ischemic stroke in HFD/STZ rats. In our study, we found increased yet dysfunctional neovascularization with activated Jagged1-Notch1 signaling in the cerebrovasculature before cerebral ischemia in HFD/STZ rats compared with non-diabetic rats. Furthermore, we observed delayed angiogenesis as well as suppressed Jagged1-Notch1 signaling after ischemic stroke. Our results elucidate the potential mechanisms underlying diabetes-related cerebral microvasculature dysfunction after ischemic stroke.
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INTRODUCTION

As of 2019, the global estimate of diabetes prevalence is 9.3% (463 million people), with type 2 diabetes mellitus (T2DM) accounting for approximately 90% of the total (Saeedi et al., 2019). Substantial burden is imposed on both the individual and society as it is associated with multiple complications healthcare management including ischemic stroke (Cannon et al., 2018). Diabetes poses a about four times increase on risk of ischemic stroke (Tun et al., 2017) and ultimately leads to worse long-term functional recovery after stroke (Megherbi et al., 2003) and independently doubles the risk of recurrent stroke (Palacio et al., 2014; Pan et al., 2016).

Due to atherosclerotic lesions of intracranial and extracranial arteries in T2DM, ischemic stroke is generally regarded as a macrovascular complication of diabetes. However, recent evidence has also revealed severe cerebral microvasculature impairment in diabetic patients (Guo et al., 2021). According to previous studies focusing on T2DM patients, diffuse brain atrophy, white matter lesions, microbleeds, and asymptomatic lacunar infarcts have been shown on brain magnetic resonance imaging (MRI) or in postmortem studies (Sima, 2010). These lesions may be clinically asymptomatic if they are single, but more and more single lesion and combinations of lesion types are associated with cognitive and mood disorder, and more impressively, higher risk and poorer prognosis of stroke (Wardlaw et al., 2019). Moreover, altered cerebral microcirculation such as increased blood-brain barrier permeability (Yu et al., 2016), diminished baseline regional cerebral blood flow (CBF), and impaired vasoreactivity have been proposed in diabetes patients (Last et al., 2007; Cui et al., 2017). Collectively, emerging evidence indicates that cerebral microvascular dysfunction in T2DM is one of the key underlying mechanisms of stroke, dementia, and depression (van Sloten et al., 2020).

The clinical evidence mentioned above highlights the demand for basic research focusing on the effect of diabetes on cerebral microvasculature in ischemic stroke. It has been shown that Goto-Kakizaki (GK) rats (Li et al., 2010; Prakash et al., 2012) and db/db mouse (Prakash et al., 2013a) developed enhanced, yet immature, neovascularization in the brain, which may cause the diabetic vessels more vulnerable to reperfusion injury, resulting in greater hemorrhagic transformation (Ergul et al., 2007; Prakash et al., 2012). Furthermore, according to recent reports, cerebrovasculature in peri-infarct regions after an ischemic event was significantly declined in diabetes animals, while controls had compensatory neovascularization (Prakash et al., 2013b). In addition, type 1 diabetes mice exhibited delayed angiogenesis after ischemic stroke (Poittevin et al., 2015), which may also explain why diabetes aggravates ischemic brain injury.

The underlying mechanisms by which diabetes damages the cerebral microvascular network are unclear and may be multi-factorial. The disturbed process of angiogenesis which relies on a variety of signaling pathways may play a major role, since it has been shown that elevated Angiopoietin-2 (Ang-2) with declined Angiopoietin-1 (Ang-1) expression (Cui et al., 2011; Ye et al., 2011) and decreased vascular endothelial growth factor (VEGF) with increased angiostatin signaling (Zhu et al., 2010) are involved in dysfunctional cerebral neovascularization in diabetes. Among angiogenic regulators, accumulating data has led to the conclusion that Notch signaling plays a pivotal role in the control of vascular morphogenesis during development and in tumor angiogenesis (Phng and Gerhardt, 2009). A recent study has shown the implication of Jagged1-Notch1 pathway in stroke-induced angiogenesis (Ren et al., 2018). Specifically, another study revealed that Notch signaling was affected by diabetes mellitus associated with the retinal capillary regression, a potentially novel mechanism of diabetes-induced microvasculopathy at an early phase (Yoon et al., 2016). Hence, we suspect that Notch signaling pathway may play a part in the specific pathology where diabetes aggravates ischemic brain injury.

There exists a surplus of animal models in the study of T2DM, for example, genetic models namely GK rat and db/db mouse which develop spontaneous T2DM and show features resembling human pathology. The general development of T2DM in them is principally determined by gene unlike in humans, of which the etiology is characterized by both genetic background and multiple environmental components. Furthermore, the observations obtained from these genetically homogenous strains may not always be extended to the human population because of the large heterogeneity in the latter (Srinivasan et al., 2005). Therefore, our study focused on a suitable animal model with a combination of high fat diet (HFD) and low dose of streptozotocin (STZ) to not only share similar metabolic characteristics but mimic the natural development of human T2DM.

Building upon the above discoveries, our research sought to answer the following issues: (1) Are the cerebral microvasculopathy observed in the GK rat and db/db mice present in HFD/STZ-treated model of T2DM rats; (2) whether the Jagged1-Notch1 pathway is involved in the impaired baseline cerebral neovascularization and angiogenesis both before and after diabetic cerebral ischemia, by which brain injury is aggravated.



MATERIALS AND METHODS


Animal

Male Sprague-Dawley rats (160 ± 10 g) were obtained from Shanghai JieSiJie Laboratory Animal Co., Ltd. and housed in Fudan University animal care facility, with approvement from our University Animal Care and Use Committee. All experiments followed the National Institute of Health guidelines for care and use of animals in research and were under protocols approved by the Committee on the Ethics of Animal Experiments of our university. All rats were randomly assigned to six groups: non-diabetic control (NC) group (n = 9), diabetic control (DC) group (n = 12), non-diabetic sham (NS) group (n = 9), diabetic sham (DS) group (n = 9), non-diabetic cerebral ischemic (NDI) group (n = 24), and diabetic cerebral ischemic (DI) group (n = 24). The rats were sacrificed on days 1, 3, 5, and 7 after cerebral ischemia.
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T2DM Model

Since the combination of HFD-fed and low-dose STZ-treated rat serves as an alternative animal model for T2DM (Reed et al., 2000; Srinivasan et al., 2005; Gheibi et al., 2017), in our study, diabetes mellitus was induced in 4-week HFD (Slacom, China; 40% calories as fat) feeding male rats by injection of 35 mg/kg STZ (Sigma, United States) intraperitoneally. Control animals were fed with normal chow diet for 4 weeks, and received only citrate buffer. 3 and 7 days after injection, the HFD rats were considered as T2DM when their random blood glucose (RBG) levels exceeded 300 mg/dL. The RBG level of each rat was measured once a week after STZ injection using an ACCU-CHEK Performa blood glucose meter (Roche, Germany) until euthanasia.

The levels of serum lipids profile including total cholesterol (TC) [TC assay kit (A111-1-1, Jiancheng, China)], high-density lipoprotein cholesterol (HDL-C) [HDL-C assay kit (A112-1-1, Jiancheng, China)], low-density lipoprotein cholesterol (LDL-C) [LDL-C assay kit (A113-1-1, Jiancheng, China)], and triglycerides (TG) [TG assay kit (A110-1-1, Jiancheng, China)] were tested after euthanasia using commercially available colorimetric quantitation kits.



Permanent Middle Cerebral Artery Occlusion (pMCAO) Model

After 5 weeks of diabetes induction, cerebral ischemia was induced by suture pMCAO as was described (Tu et al., 2019). Briefly, animals were anesthetized with an injection of 10% chloral hydrate (0.35 ml/100 g) intraperitoneally. Following exposure of the surgical field, the right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were isolated from the vagus nerve and these arteries were ligated temporarily using a cotton thread. The suture (Cinontech Co., China) was introduced into ICA and advanced until the tip occluded the middle cerebral artery (MCA), resulting in a cessation of blood flow. Laser Doppler flowmetry (Perimed, Sweden) monitoring the CBF value dynamically was used to confirm occlusion.



Behavioral Assessment

Sensorimotor test, Garcia test, was performed (Garcia et al., 1995) in a blinded manner on days 1, 3, 5, and 7 after cerebral ischemia. The Garcia test, a composite neurological test used to evaluate various sensorimotor deficits, includes 6 examinations: spontaneous activity, symmetry in the movement of four limbs, forepaw outstretching, climbing, body proprioception, and response to vibrissae touch (Garcia et al., 1995). The score ranges between 3 and 18 and the lower the score, the worse the neurological function.



Measurement of the Volume of Cerebral Infarction and Brain Edema

On 3rd day post-pMCAO, the rats were sacrificed. To quantify experimental cerebral infarction and brain edema volume, cryostat-cuts of coronal brain sections (30 μm) every 360 μm from antiunion were performed, and 15 sections were stained with cresyl violet totally (Sangong, China) and an image analysis system ImageJ was used to evaluate the lesion. The injury volume was calculated as a percentage of the contralateral non-lesioned area in each section (Swanson et al., 1990).



Imaging of Cerebral Baseline Vasculature

To visualize cerebral baseline cortex vessels as previously described (Prakash et al., 2012, 2013a), animals of NC/DC groups received injection of 500 μL of 50 mg/mL fluorescein isothiocyanate (FITC)-dextran (molecular weight 2,000,000; Sigma-Aldrich) via jugular vein after deeply anesthetized with chloral hydrate. After 10 min, brains were isolated and immersed in 4% paraformaldehyde (24 h) followed by 30% sucrose in phosphate-buffered saline (PBS). Z-stacked confocal three-dimensional images were collected from 100 μm thick sections using OLYMPUS FLUOVIEW FV3000 confocal microscope. Z-step was defined as 1.984 μm, image size 512 × 512 pixels, 20 × lens. The mean value of three separate cortical images from three 100 μm apart sections were calculated to reduce variability. Image stacks were imported into FIJI and reconstructed three dimensionally. Vascular density is defined as the density of FITC-stained vasculature from the merged planes over the total section (Prakash et al., 2012).



Angiogenesis After pMCAO

Angiogenesis detected by double immunolabeling of anti-CD31 [endothelial cells (ECs)] and anti-Ki67 (proliferating cells) was evaluated on days 1, 3, 5, and 7 after cerebral ischemia. Coronal 10-μm-thick sections were incubated with primary antibody (1:200, Abcam, United Kingdom) overnight at 4°C followed by appropriate Alexa Fluor 594 or 488–labeled secondary antibodies (1:1,000, Yishan, China) for 1 h at room temperature. Cell counts of the average number of Ki67+ and CD31+ cells in three regions of interest (ROI) located in the peri-infarct area were performed at three coronal brain levels (+ 0.80, -0.80, and -1.20 mm relative to bregma) that consistently contained the infarct area (Poittevin et al., 2015).



Western Blot

The ischemic penumbra was collected as described previously (Ashwal et al., 1998). Equally 40 μg of protein was loaded in each well and resolved by SDS-PAGE electrophoresis. The membranes were immunoblotted with primary antibody: Ang-2 (1:5,000, Abcam, United Kingdom), VEGF-A (1:100, Santa Cruz, United States), Jagged1 (1:100, Santa Cruz, United States), Notch1 (1:1,000, CST, United States), NICD (1:1000, CST, United States), Hes1 (1:1,000, Abcam, United Kingdom), β-actin (1:1,000, Yishan, China) overnight at 4°C, then incubated with appropriate secondary antibody (1:4,000, Yishan, China) and finally visualized with an ECL kit (Epizyme, China).



RNA Isolation and qRT-PCR

The total RNA was extracted by Trizol Reagent (Sigma, United States) and reverse transcription was performed with a cDNA Synthesis Kit (Takara, Japan). The resultant cDNAs were amplified with SYBR-Green Master Kits (Yeasen, China). The primers were as follows:


Hif-1a:   forward: 5′-TTCTCCAAGCCCTCCGAGTG

TG-3′

               reverse: 5′-GCGGTGGCAGTGACAGTGA   

TG-3′

VEGF-A:   forward: 5′-TACTGCTGTACCTCCACCATG

                   CC-3′

                   reverse: 5′-GCAATAGCTGCGCTGGTAGA

                   CG-3′

Ang-2:   forward: 5′-TCCAGACTGACGCACATCAC-3′

               reverse: 5′-ATTTCTCCAGACCCGCAGTG-3′

Ang-1:   forward: 5′-TTCTTCGCTGCCATTCTGACTC

               AC-3′

               reverse: 5′-CGCACTCTCACGGCAGTTCC-3′

PDGF-β:   forward: 5′-CTTGTTCTGGGACGCACTCTT

               GG-3′

               reverse: 5′-GCTTCTCACTGCTTCTGGCTGT

               AG-3′

TGF-β:   forward: 5′-GCAACAATTCCTGGCGTTACC

               TTG-3′

               reverse: 5′-TGTATTCCGTCTCCTTGGTTCA

               GC-3′

Jagged1:   forward: 5′- GAGCCCAACCCTTGCCAGA

               ATG-3′,

               reverse: 5′-AGTTCTTGCCCTCGTAGTCCTC

               AG-3′

Notch1:   forward: 5′-TGCCGAGTGTGAGTGGGAT

               GG-3′

               reverse: 5′-AAGTGGAAGGAGTTGTTGCGTA

               GC-3′

Hes1:   forward: 5′-TCCTGACGGCCAATTTGCTTT

               CC-3′

reverse : 5′-CTGGAAGGCGACACTGCGTT

               AG-3′

Hes5:   forward: 5′-GACCGCATCAACAGCAGCAT

               TG-3′

               reverse: 5′-TCTCCAGGATGTCGGCCTTC

               TC-3′





Immunofluorescence Staining

These procedures were performed as previously described (Tu et al., 2019). Serial 10 μm-thick coronal sections of the rat brain after fixation and dehydration were immersed in primary antibodies: Jagged1 (1:100, Santa Cruz, United States), Notch1 (1:1,000, CST, United States), Hes1 (1:100, Santa Cruz, United States), and CD31 (1:200, Abcam, United Kingdom)/CD31 (1:200, Affinity Biosciences, OH, United States) overnight at 4°C, followed by fluorescein-conjugated secondary antibodies (1:1,000, Yishan, China), and observed with fluorescence microscope (Olympus, Japan).



Statistics

SPSS 25 was employed. Data were presented as mean ± standard error of the mean (SEM) if they conformed to normal distribution, and median ± IQR if not. P < 0.05 was considered statistically significant. Differences between groups was determined by a one-way ANOVA followed by Tukey test.



RESULTS


General Conditions, Body Weight, Biochemical Analysis, and Mortality Rate

During the first 4 weeks of HFD, the rats fed the HFD weighed significantly heavier than rats fed the normal chow diet (p < 0.05), while the serum glucose concentrations of the two groups were similar (p > 0.05) (Table 1). Oral glucose tolerance test (OGTT) after 4-week HFD (Figure 1C) showed elevated serum glucose concentrations of HFD-fed rats compared with chow-fed rats (p < 0.05). After 4 weeks of dietary manipulation, injection of STZ significantly (p < 0.0001) increased serum glucose concentrations in HFD rats (Figure 1B and Table 1), which displayed the symptoms of polyuria, polydipsia, and polyphagia as compared to chow-fed control rats. In addition, STZ produced reduction in the body weights of the HFD-fed rats, which were still slightly higher than chow-fed rats on week 1 after injection and were significantly lower than chow-fed rats on week 3 after injection (p < 0.05) (Figure 1A and Table 1).


TABLE 1. The body weight/random blood glucose/serum lipid level in different groups.
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FIGURE 1. The enhanced yet dysfunctional baseline neovascularization in HFD/STZ rat model before cerebral ischemia. (A) Mean body weight changes during the time of high-fat diet and after the STZ treatment (n = 42 in each group). (B) Mean plasma glucose concentration changes during the time of high-fat diet and after the STZ treatment (n = 42 in each group). (C) Mean plasma glucose concentration in response to an oral glucose challenge in chow-fed and HFD-fed rats (n = 42 in each group). (D) Representative FITC-perfused cerebrovascular images from non-diabetic control and diabetic control rats showing differences in neovascularization in the cerebral cortex (Z-step was defined as 1.984 μm, image size 512 × 512 pixels, 20 × lens). (E) Significant differences in vascular density were observed in the cortex in both non-diabetic control and diabetic control groups. (F) The staining of ECs in the cerebral cortex of diabetic control and non-diabetic control. Magnification ×200. Scale bar = 100 μm. (G) ECs were markedly increased in the cortex of the diabetic control group compared with non-diabetic control group. (H) The gene expression of Hif-1a, VEGF-A, Ang-2, Ang-1, TGF-β, and PDGF-β was increased in diabetic control group compared with non-diabetic control group. (I) The gene expression of Jagged1, Notch1, Hes1, and Hes5 was increased in diabetic control group compared with non-diabetic control group. *p < 0.05 vs. NC group, **p < 0.01 vs. NC group, ***p < 0.001 vs. NC group, ****p < 0.0001 vs. NC group.


The diabetic group also displayed higher levels of TC, LDL-C and TG and lower level of HDL-C than the non-diabetic group (P < 0.01) (Table 1).

The mortality rates were 7/52 in diabetic group, 0/9 in DS group, 5/29 in DI group, 0/9 in NS group, 4/28 in NDI group.



The Enhanced Yet Dysfunctional Baseline Neovascularization in HFD/STZ Rat Model Before Cerebral Ischemia

In the diabetic group, the total cerebral microvasculature (Figure 1D) in the cortex was relatively greater than controls (P < 0.0001) (Figure 1E). In accordance with the FIJI data, there was also more CD31 staining (Figures 1F,G) (P < 0.0001), implying more non-productive newly formed microvessels. The VEGF-A detected ∼25 kDa (Figure 2A) was greater in the cortex of the diabetic group (P < 0.01) (Figure 2B). Moreover, the expression of VEGF-A in 24 w diabetic rats was much greater than 5 w diabetic rats, and similar changes were observed in the expression of Ang-2 (Figures 2A,B). Also, hypoxia-inducible factor-1 alpha (Hif-1a) mRNA, VEGF-A mRNA, and Ang-2 mRNA were significantly upregulated in the cortex in the diabetic group (Figure 1H). In addition, mRNAs for Ang-1, transforming growth factor-β (TGF-β), and platelet-derived growth factor-β (PDGF-β) were slightly increased in the diabetic group (Figure 1H).
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FIGURE 2. Altered Jagged1-Notch1 signaling with baseline neovascularization in T2DM. (A–C) The expression of VEGF-A, Ang-2, Jagged1, Notch1, NICD, and Hes1 in the cortex was assessed by Western blot (n = 3 per group). (D–I) The expression of Jagged1/Notch1/Hes1 and CD31 was assessed by immunofluorescence staining in the cortex (Magnification ×200. Scale bar = 100 μm) and the positive cells of Jagged1/Notch1/Hes1 and CD31 were calculated (n = 3 per group). *p < 0.05 vs. NC group, **p < 0.01 vs. NC group, ***p < 0.001 vs. NC group, ****p < 0.0001 vs. NC group.




Altered Jagged1-Notch1 Signaling With Baseline Neovascularization in T2DM

Jagged1/Notch1/Hes1 was expressed on CD31-positive cells in the diabetic group but barely expressed on CD31-positive cells in the non-diabetic group (P < 0.01) (Figures 2D–I). In addition, we found increased expression of mRNA of Jagged1, Notch1, and Hes5 (Figure 1I) and protein of Jagged1, Notch1, NICD, and Hes1 (Figures 2A,C) in the diabetic group (P < 0.05).



Larger Cerebral Infarction, Severer Brain Edema and Poorer Neurological Function in T2DM

Compared with NS group, NDI group had larger cerebral infarction and severer brain edema (p < 0.01), while DI group had larger cerebral infarction (p < 0.05) and brain edema (p < 0.001) than NDI group (Figures 3A,B). In the Garcia test, NDI group scored significantly lower than NS group from days 1 to 7 (p < 0.0001), while DI group scored significantly lower than NDI group (p < 0.05) (Figure 3C).
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FIGURE 3. Delayed angiogenesis after acute ischemic stroke in T2DM. (A) Cresyl violet (CV) staining on day 3. NS, non-diabetic sham group (Day 3); N3, non-diabetic cerebral ischemic group (Day 3); DS, diabetic sham group (Day 3); D3, diabetic cerebral ischemic group (Day 3). The unstained area was the infarction area. (B) The volume of cerebral infarction and brain edema was calculated by CV staining on day 3. (C) Garcia score was evaluated on D1–D7 after cerebral ischemia (n = 8 per group). (D) The expression of VEGF-A, Ang-2, Jagged1, Notch1, NICD, and Hes1 in ischemic penumbra was assessed by Western blot (n = 3 per group). (E,F) The expression of VEGF-A and Ang-2 protein were calculated in NDI group and DI group. (G,H) The gene expression of Hif-1a, VEGF-A, Ang-2, Ang-1, TGF-β, and PDGF-β was showed in NDI group and DI group. *p < 0.05 vs. sham group, **p < 0.01 vs. sham group, ***p < 0.001 vs. sham group, ****p < 0.0001 vs. sham group; #p < 0.05 vs. NDI group, ##p < 0.01 vs. NDI group, ###p < 0.001 vs. NDI group, ####p < 0.0001 vs. NDI group.




Delayed Angiogenesis After Acute Ischemic Stroke in T2DM

At D1 after ischemic stroke, EC proliferation was significantly detected in NDI group, while there wasn’t a significant increase until D7 in DI group (Figures 4A–C). Meanwhile, Ang-2, Ang-1, TGF-β, and PDGF-β mRNA levels weren’t increased until D7 in DI group compared with DS group (Figure 3H). In contrast, at D1 after ischemic stroke, Hif-1a, VEGF-A, Ang-2, TGF-β, and PDGF-β mRNA were significantly increased in NDI group compared with NS group (Figure 3G). Similar changes exist in the protein expression of VEGF-A and Ang-2 in two groups (Figures 3D–F).
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FIGURE 4. Suppressed Jagged1-Notch1 signaling with hampered angiogenesis after acute ischemic stroke in T2DM. (A–C) The expression of Ki67 and CD31 was assessed by immunofluorescence staining in ischemic penumbra (Magnification * 200. Scale bar = 100 μm) and the positive cells of Ki67 and CD31 were calculated (n = 3 per group). (D,E) The gene expression of Jagged1, Notch1, Hes1, and Hes5 was showed in NDI and DI group. (F,G) The expression of Jagged1, Notch1, NICD, and Hes1 protein were calculated in NDI group and DI group. *p < 0.05 vs. sham group, **p < 0.01 vs. sham group, ***p < 0.001 vs. sham group, ****p < 0.0001 vs. sham group.




Suppressed Jagged1-Notch1 Signaling With Hampered Angiogenesis After Acute Ischemic Stroke in T2DM

The expression of Jagged1 and Notch 1 was significantly upregulated on ECS in the peri-infarct region of NDI group at D1 than the sham group (Figures 5A, 6A) (P < 0.05). Moreover, Hes1, a downstream target of Notch1, was expressed on ECS in NDI group at D1, but rarely detected in the sham group (Figure 7A) (P < 0.01). However, the expression of Jagged1, Notch1, and Hes1 on ECS failed to elevate in DI group compared with DS group (Figures 5–7). In addition, qPCR (Figures 4D,E) and western blot (Figure 3D) revealed that after ischemic stroke, the expression of Notch1, Jagged1, and Hes1 mRNA (Figure 4D) and Notch1, Jagged1, NICD, and HES1 protein (Figures 3D, 4F) was significantly increased at D1 and D3 in NDI group. In contrast, the expression of the Jagged1-Notch1 signaling pathway was not upregulated in diabetic group (Figures 3D, 4E,G).
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FIGURE 5. Suppressed Jagged1-Notch1 signaling after acute ischemic stroke in T2DM. (A–C) The expression of Jagged1 and CD31 was assessed by immunofluorescence staining in ischemic penumbra (Magnification ×200. Scale bar = 100 μm) and the positive cells of Jagged1 and CD31 were calculated (n = 3 per group). *p < 0.05 vs. sham group, ***p < 0.001 vs. sham group.
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FIGURE 6. Suppressed Jagged1-Notch1 signaling after acute ischemic stroke in T2DM. (A–C) The expression of Notch1 and CD31 was assessed by immunofluorescence staining in ischemic penumbra (Magnification ×200. Scale bar = 100 μm) and the positive cells of Notch1 and CD31 were calculated (n = 3 per group). **p < 0.01 vs. sham group, ***p < 0.001 vs. sham group, ****p < 0.0001 vs. sham group.
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FIGURE 7. Suppressed Jagged1-Notch1 signaling after acute ischemic stroke in T2DM. (A–C) The expression of Hes1 and CD31 was assessed by immunofluorescence staining in ischemic penumbra (Magnification ×200. Scale bar = 100 μm) and the positive cells of Hes1 and CD31 were calculated (n = 3 per group). *p < 0.05 vs. sham group, **p < 0.01 vs. sham group, ***p < 0.001 vs. sham group.




DISCUSSION

In the present study, we provided novel evidence of increased yet dysfunctional baseline neovascularization in the cerebrovasculature of HFD/STZ rats accompanying with the activated Jagged1-Notch1 signaling. Furthermore, we observed delayed angiogenesis after cerebral ischemia as well as suppressed Jagged1-Notch1 signaling in T2DM rats compared with non-diabetic rats.

The impact of diabetes on cerebral vasculature has not been investigated until recent years (Li et al., 2010; Prakash et al., 2012, 2013a) and various models of diabetes have been utilized. There is enhanced arteriogenesis and angiogenesis in the brain of GK rats (Li et al., 2010). Similar changes were observed in another model of T2DM, db/db mice (Prakash et al., 2013a). Our study focused on a unique T2DM model—HFD/STZ rats, an animal model not predominantly genetically determined. This model combines HFD and pancreatic β-cell toxin STZ (Reed et al., 2000), making it a more suitable animal model because it can not only mimic the natural history of T2DM but include the large heterogeneity which commonly exists in human population. We found that in HFD/STZ rats, there was enhanced baseline neovascularization in the cerebrovasculature, which is similar to other reports (Li et al., 2010; Prakash et al., 2012, 2013a). The fact that these animal models of T2DM are made from various strains with different disease duration evidently indicates that T2DM has a broad impact on the microvasculature of the brain.

Our study examined the expression of Hif-1a and VEGF-A in the cortex of diabetic group and non-diabetic controls. While physiologic angiogenesis depends on a tightly coordinated balance between considerable anti-angiogenic and pro-angiogenic factors, it is well recognized that VEGF-A plays a pivotal role in this equilibrium (Ferrara, 2004). Substantial evidence also implicates VEGF as a mediator of pathological angiogenesis in diabetic retinopathy (Nakagawa et al., 2009; Wang et al., 2009; Advani and Gilbert, 2012). Furtherly, Hif-1 has been proposed to be a major stimulus to the activation of VEGF gene transcription (Forsythe et al., 1996). In our study, we found increased levels of both Hif-1a and VEGF-A in diabetes, which may imply that in diabetes early vascular dysfunction and decreased blood flow (Kelly-Cobbs et al., 2012) generate a hypoxic milieu that may be the initial incentive for enhanced cerebral microvasculature.

Except for Hif-1a/VEGF levels, an intact neovascularization process is controlled by the delicate balance between proangiogenic growth factors (VEGF-A and Ang-2) and stabilization and maturation factors (TGF-β, Ang-1, and PDGF-β) which is crucial to the blood vessel stabilization. The increased ratio of Ang-2/Ang-1 was found to be related to pro-angiogenic activity (Watanabe et al., 2005) and immature nature of vasculature (Pfister et al., 2010) in diabetic retinopathy. Meanwhile, increased Ang-2 but reduced Ang-1 expression may contribute to cerebral vascular damage after stroke in T2DM mice (Cui et al., 2011). In our study, we have shown that prior to cerebral ischemia, VEGF-A mRNA and Ang-2 mRNA were significantly increased in the cortex in the diabetic group compared with the non-diabetic group, while mRNAs for Ang-1, TGF-β, and PDGF-β were slightly increased, which may suggest the brain microvasculature in diabetic rat is immature. This is in conformity with another model of T2DM, the GK rat, in which augmented cerebral microvasculature was related to poor vascular mural maturity as revealed by less pericyte support and more non-perfused new vessel formation (Prakash et al., 2012). Interestingly, increased cerebral microvasculature of a mice model of type 1 diabetes with a longer duration is immature with a decrease in VEGF-A, Ang-1, PDGF-β, and TGF-β mRNA levels (Poittevin et al., 2015), which is in contrast to our findings. In our study, increased yet immature microvessels was accompanied by the upregulation of VEGF-A and Ang-2 mRNA and protein levels. Several factors including the different animal models of diabetes, the specific strains, and the severity of diabetes may explain the distinctions between the two studies.

During acute ischemic stroke, insufficient blood flow to the brain and the poor tissue oxygen tension often results in reparative neovascularization in order to attend the instant needs of brain high metabolism. It is evident that numerous proangiogenic growth factors are upregulated as early as hours after the onset of cerebral ischemia in rodents (Hayashi et al., 2003). In our study, we have shown that at D1 after cerebral ischemia, there was a significant upregulation of VEGF-A, Ang-2, TGF-β, and PDGF-β mRNA in NDI group compared with NS group. Moreover, it has been reported that poststroke triggered angiogenesis leads to increased vessel density from D1 to D21 (Hayashi et al., 2003). In the current study, EC proliferation was significantly observed in the NDI group from D1 to D7, which is also consistent with the above previous study. And we know that there was a significant correlation between the number of blood vessels in the peri-infarct regions and survival time (Krupinski et al., 1993, 1994), indicating that angiogenesis stimulation may have a beneficial effect on the damaged brain after ischemic stroke. However, we observed that diabetes impaired the recovery process by delaying angiogenesis after stroke, which is similar with the type 1 diabetes model (Poittevin et al., 2015). In our study, Ang-2, Ang-1, TGF-β, and PDGF-β mRNA levels were not increased until D7 in DI group compared with DS group. VEGF-A and Ang-2 protein followed the same time course. Furthermore, there wasn’t a significant increase of ECs until D7 in DI group, which is consistent with a previous study where while control animals displayed reparative neovascularization in both ischemic and non-ischemic hemispheres compared with the sham group, vascular density in the peri-infarct area was significantly reduced in diabetes mellitus (Prakash et al., 2013b). Collectively, impaired angiogenesis after cerebral ischemia in diabetic models may underlie why T2DM aggravates the ischemic brain injury.

The mechanisms of how diabetes leads to the dysfunctional neovascularization and impaired repair process after stroke are unclear and likely to contribute to assorted factors. Here we examined if the Jagged1-Notch1 pathway is involved in the impaired angiogenesis in diabetes. Accumulating evidences in vascular biosciences has shown that intrinsic signaling interactions between ECs play vital roles in the physiology and pathology of blood vessels (Potente et al., 2011). Furthermore, the movement of a single EC integrated into the vascular morphology is regulated by these intercellular signaling (Arima et al., 2011). Notch receptors and their ligands, delta-like ligand 4 (Dll4), and Jagged1, underlie the dynamic and transient regulation. Dll4-Notch1 signaling between neighboring ECs within the sprouting angiogenesis serves to restrict tip-cell formation in adjacent (stalk) ECs (Hellström et al., 2007). The vessel-stabilizing activity of the Dll4-Notch1 interaction is antagonized by Jagged1, which is proangiogenic and functions by downregulating Dll4-Notch1 signaling and leads to the excessive but immature vessel plexus (Benedito et al., 2009). In our study, numbers of Notch1+CD31+, Jagged1+CD31+ cells, and Hes1CD31+ cells were significantly increased in the diabetic group compared with the non-diabetic group. In addition, the mRNA of Jagged1, Notch1 and Hes5 and protein of Jagged1, Notch1, NICD, and Hes1 were increased in the diabetic group. Based on that, we have discovered that Jagged1-Notch1 signaling in adult rat was activated in diabetes mellitus associated with enhanced yet maybe immature cerebral neovascularization, a potentially novel mechanism of cerebral microvascular complications of diabetes. Intrudingly, when these diabetic rats were subjected to ischemic stroke, the Jagged1-Notch1 signaling pathway couldn’t be further stimulated by the ischemic event while it has been activated in the non-diabetic ischemic group (Ren et al., 2018). Our study has shown that after ischemic stroke the expression of Notch1, Jagged1 and HES1 on ECs at D1, D3, and D7 in NDI group was significantly increased, while in DI group, the expressions of Notch1, Jagged1, and Hes1 in the peri-infarct region were not increased where there was delayed angiogenesis at acute phase. Therefore, although the causality cannot be strictly verified, we highly suspect that the baseline cerebral microvasculopathy and activated Jagged1-Notch1 signaling in T2DM before ischemic stroke is at least partly responsible for the delayed angiogenesis as well as suppressed Jagged1-Notch1 signaling which cannot be further stimulated after pMCAO.

There are a few limitations in this study. Firstly, we chose to develop a chronic induced T2DM rat model in order to better mimic clinical pathology yet with confounding factors. However, since dyslipidemia is also responsible for vascular impairment (Zechariah et al., 2013), it might be difficult to attribute the microvascular impairment solely to hyperglycemia. Secondly, although HFD/STZ induction is a recognized model of T2DM, it cannot totally involve the complex pathophysiology observed in T2DM patients. Furthermore, whether there is a causal relationship between the impaired cerebral microvasculature and altered Jagged1-Notch1 signaling pathway needs to be further verified.

In conclusion, our study investigated the cerebral microvascular impairment before and after ischemic stroke in T2DM rats and the altered expression of Jagged1-Notch1 signaling pathway, a potentially novel mechanism of diabetes-related cerebral microvasculature dysfunction. Our findings may provide a basis for the development of novel treatment as management of diabetic stroke patients.
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Background: Adropin, a peptide translated from the Energy Homeostasis Associated gene (ENHO), was mainly expressed in the liver and was a regulator in metabolic and energy homeostasis. This study aims to investigate the correlation between adropin and histological characteristics of the liver, and the clinical relevance of adropin in patients with metabolic dysfunction-associated fatty liver disease (MAFLD).

Methods: A total of 62 subjects, including 32 healthy controls and 30 MAFLD patients, were enrolled in this case-control study. The MAFLD patients were further divided into two subgroups, including NGT-M group and T2DM-M group. Serum adropin levels, metabolic parameters and intrahepatic lipids, the liver ENHO mRNA expressions and histological characteristics were investigated.

Results: MAFLD patients showed significantly lower circulating adropin compared with healthy controls (2.02 ± 2.92 vs. 5.52 ± 0.65 ng/mL, P < 0.0001). Subgroup analysis exhibited dramatically declined serum adropin levels in T2DM-M patients compared with NGT-M group (0.51 ± 0.73 vs. 4.00 ± 3.52 ng/mL, P < 0.001). H&E and Oil Red O staining show exacerbated steatohepatitis in T2DM-M patients in contrast with NGT-M group. Furthermore, serum adropin concentrations were negatively correlated with intrahepatic triglyceride (TG), total cholesterol (TC), and NAFLD activity score (NAS) (TG: r = −0.495; TC: r = −0.392; NAS: r = −0.451; all P < 0.05).

Conclusions: MAFLD patients showed significantly lower adropin levels than the healthy controls, especially in T2DM patients. Adropin maybe a potential biomarker for predicting the development of MAFLD, especially in T2DM individuals.

Keywords: metabolic dysfunction-associated fatty liver disease, adropin, triglyceride, steatohepatitis, type 2 diabetes mellitus


INTRODUCTION

Metabolic dysfunction-associated fatty liver disease (MAFLD), formerly named non-alcoholic fatty liver disease (NAFLD), affecting a quarter of the general population, which has become the most common liver disease (Sarin et al., 2020; Eslam et al., 2020b). The newly proposed diagnostic criteria for MAFLD irrespective of alcohol intake or other concomitant liver diseases. The criteria are principally based on an evidence of hepatic steatosis and include one of the following three criteria: overweight/obesity, presence of type 2 diabetes mellitus (T2DM), or evidence of metabolic dysfunction (Eslam et al., 2020a). The fundamental pathophysiological change of hepatic steatosis is accumulated free fatty acids (FFAs) and triglycerides (TGs) in hepatocytes. Steatohepatitis is the severely advanced stage of hepatic steatosis and is typically characterized by steatosis, lobular inflammation, and ballooning with or without peri-sinusoidal fibrosis (Castera et al., 2019). Many biomarkers which can be used to predict steatohepatitis in patients with MAFLD have been reported. However, considering the invasiveness and expensive cost of liver biopsy, a noninvasive, economical, easily accessible, highly sensitive, and specific biomarker is urgently needed to predict the development of MAFLD.

Adropin, a secreted peptide encoded by the Energy Homeostasis Associated (ENHO) gene (Kumar et al., 2008), was mainly expressed in the brain and liver. Recent studies showed beneficial effects of adropin on improving glucose homeostasis, dyslipidemia, obesity-associated hyperinsulinemia, and energy homeostasis. Clinical studies suggested that serum adropin was reduced in many diseases, such as NAFLD, T2DM, diabetic nephropathies, coronary atherosclerosis, hypertension, and polycystic ovary disease (Jasaszwili et al., 2020; Ye et al., 2021). Nevertheless, the correlation between adropin and different glucose tolerance in MAFLD patients remains unclear. On the basis of previous findings, we hypothesized that adropin might be involved in the pathogenesis of MAFLD and the serum adropin could be served as a predictive factor of MAFLD. Thus, this study was designed to investigate the correlation between adropin and histological characteristics of the liver, and the clinical relevance of adropin in MAFLD patients.



MATERIALS AND METHODS


Study Design

From July 2019 to January 2020, 30 MAFLD patients were histologically confirmed with hepatic steatosis, which were enrolled in China-Japan Friendship Hospital. MAFLD patients were divided into two subgroups, including NGT-M group (13 normal glucose tolerance, NGT) and T2DM-M group (17 type 2 diabetes mellitus patients, T2DM). No drug intervention was given in patients with T2DM. We enrolled 32 sex and age matched healthy controls who were free from diagnosed hepatic steatosis based on the results of upper abdomen ultrasonography and routine physical examination at Beijing Chao-yang Hospital Affiliated to Capital Medical University from June 2018 to October 2019. All subjects had to meet the following exclusion criteria: alcohol consumption (≥140 g/wk in men and ≥70 g/wk in women), chronic viral hepatitis, autoimmune hepatitis, drug-induced liver disease, primary biliary cirrhosis, biliary obstruction, Wilson's disease, and α-1 antitrypsin deficiency-associated liver disease. All participants completed a uniform questionnaire containing questions about the histories of present and past illnesses and medical therapy. Thirty MAFLD patients were asked to undergo intra-operative liver biopsy at the time of admission. The study was approved by the human research ethics committee of the China-Japan Friendship Hospital (2019-103-K71-1), according to the principles of the Declaration of Helsinki. Written informed consent was obtained from all subjects.



Human Liver Tissues and Serum

MAFLD patients (n = 30) from the department of general surgery collaboration with China-Japan Friendship Hospital underwent intra-operative liver biopsies during sleeve gastrectomy intervention, following the recommendations by the American Association for the Study of Liver Diseases (Rockey et al., 2009). The histological characteristics of the liver were graded according to a histological scoring system for NAFLD (Kleiner et al., 2005). NAFLD activity score (NAS) was calculated by adding these three items. Serum samples were centrifuged at 3,000 rpm for 15 min, and the obtained serum and liver tissues were immediately snap-frozen and stored at −80°C until use.



Anthropometric and Biochemical Measurements

Height, weight and waist/hip circumference were measured light clothes on and without shoes, and the body mass index (BMI, kg/m2) was calculated. Fasting blood samples were obtained after overnight fast for the measurement of plasma glucose, C-peptide, insulin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), total cholesterol (TC), triglyceride (TG), high-density lipoprotein-cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c) levels, apoprotein A1 (Apo-A1), apoprotein B (Apo-B), non-esterified fatty acid (NEFA), small dense-low-density lipoprotein cholesterol (sd-LDL). Homeostasis model assessment insulin resistance index (HOMA-IR) was calculated according to the following formula: FINS (μIU/mL) × FBG (mmol/L)/22.5. A 75-g oral glucose tolerance test (OGTT) was performed, plasma glucose levels were measured at 30, 60, 120, and 180 min after oral glucose, the levels of C-peptide and insulin were also detected at 60, 120, and 180 min after oral glucose. Human serum adropin was measured with an enzyme-linked immunosorbent assay (ELISA) kit (Phoenix Pharmaceuticals, Belmont, CA, USA, EK-032-35), according to the manufacturer's protocol.



Histological Staining

Fresh liver tissue was immediately fixed in 10% phosphate-buffered formalin and 4% neutral-buffered formalin solution for 24 h, embedded in paraffin, sectioned at 6 μm, and then deparaffinized in xylene and rehydrated through a series of decreasing concentrations of ethanol. The sections were prepared for hematoxylin and eosin (H&E) staining, which demarcates fat degeneration. Oil Red O staining was conducted on frozen-sections embedded in OCT to determine hepatic steatosis. Images were captured with a light microscope (Olympus, Tokyo, Japan).



Liver Lipid Analysis

Hepatic triglycerides and cholesterol, free cholesterol was extracted in 50 mM Tris buffer, homogenized, and incubated at 37°C with shaking overnight. The triglyceride and cholesterol, free cholesterol measurement kit (Solarbio, Beijing, China) were used following the manufacturer's instruction to measure lipid contents.



RNA Extraction and qRT-PCR

Total RNA was extracted from human liver tissues using Trizol Reagent (Life Technologies, Carlsbad, CA), then reverse transcripted into cDNA with GoScript reverse transcriptase (Promega, Madison, WI), and prepared for RT-qPCR analysis with SYBR green premix (TaKaRa, Nojihigashi, Kusatsu, Shiga, Japan). RT-qPCR assays were performed on CFX Connect Real-Time System (BIO-RAD, CA). Values are expressed as fold change over control, β-Actin (Actb) was used for normalization to quantify relative mRNA expression levels, relative changes in mRNA expression were calculated using the comparative cycle method (2−ΔΔCt). Real-time PCR primer sequences are shown in Supplementary Table 1.



Statistical Analysis

Normally distributed variables were expressed as mean values ± standard deviation of mean (SD). Non-normally distributed variables were described as medians (25th, 75th percentiles), including TG, FINS and HOMA-IR, NEFA. Categorical variables are expressed as n (number) with percentage (%). Comparisons between two groups were performed by Student's t-test for continuous variables and χ2 analyses for categorical variables. The correlations between adropin and other parameters were analyzed by Pearson's or Spearman's coefficient. Data were analyzed using the IBM SPSS statistical software (version 24.0; SPSS Inc., Chicago, IL, USA) and GraphPad Prism software (version 7.0; CA, USA). Statistically significant was considered at p < 0.05 (two-tailed).




RESULTS


Clinical Characteristics of the Study Participants

Clinical characteristics including anthropometric parameters and biochemical indexes in both control subjects and MAFLD patients are shown in Table 1. The MAFLD patients had significantly higher levels of BMI, WHR, HbA1c, FBG, FINS, HOMA-IR, TG, ALT, AST, and GGT but a lower level of HDL-c compared with healthy controls (All p < 0.01). The serum adropin level of MAFLD patients was significantly lower than that of control subjects (2.02 ± 2.92 ng/ml vs. 5.52 ± 0.65 ng/ml, p < 0.001).


Table 1. Anthropometric parameters and biochemical indexes in healthy controls and MAFLD patients.
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Subgroup Analysis in MAFLD Patients With Different Glucose Tolerance

To investigate the effect of abnormal glucose metabolism on adropin in MAFLD patients, we performed a subgroup analysis. As Table 2 showed, the two subgroups were similar in terms of age, BMI and WHR (All p > 0.05). However, the T2DM-M group had significantly higher levels of HbA1c, FBG, HOMA-IR, TG, and ALT than those of NGT-M group (All p < 0.05). Insulin release test and AUC suggested that insulin release peak at 1 h but not return to fasting level at 3 h in T2DM-M group (Figures 1A,B). OGTT and AUC showed that glucose tolerance was severely impaired in T2DM-M group compared with NGT-M subjects (Figures 1C,D). Notably, serum adropin level was significantly reduced in T2DM-M group compared with NGT-M group (0.51 ± 0.73 vs. 4.00 ± 3.52 ng/ml, p < 0.001).


Table 2. Anthropometric parameters and biochemical indexes among NGT and T2DM groups in MAFLD patients.
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FIGURE 1. The indicators of insulin resistance in MAFLD patients. (A,B) Insulin release test and the respective analysis of the area under the curve (AUC) (n = 7). (C,D) Oral glucose tolerance test (OGTT) and the respective analysis of the area under the curve (AUC) (n = 8–11). The data are expressed as the mean ± SD, **P < 0.01, ****P < 0.0001.




Correlations of Serum Adropin Levels and Liver ENHO Expressions With Metabolic Parameters in MAFLD Subjects

To investigated the relationship between adropin and metabolic parameters in MAFLD patients, a linear correlation analysis was performed. As summarized in Table 3, serum adropin levels were negatively correlated with BMI, FBG, FINS, HbA1c and HOMA-IR, TG, Apo-B, NEFA, ALT, AST, and GTT, in spite of these differences did not reach the statistical significance. Interestingly, serum adropin levels were positively correlated with HDL-C and Apo-A1 (All p < 0.001). Furthermore, liver ENHO mRNA expression was obviously downregulated in T2DM-M group compared with NGT-M group (0.63 ± 0.06 vs. 1.00 ± 0.11, p < 0.01) (Figure 2A). Liver ENHO mRNA expression was positively correlated with Apo-A1 (r = 0.497, p < 0.05). Circulating adropin level was positively associated with liver ENHO mRNA expression (r = 0.637, p < 0.001; Figure 2B).


Table 3. Correlation of serum adropin level and liver ENHO mRNA expression with metabolic indicators in MAFLD patients.
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[image: Figure 2]
FIGURE 2. Adropin expression in the liver was lower in MAFLD subjects. (A) Quantitative real-time RT-PCR analysis of ENHO mRNA expression in the liver from MAFLD patients (n = 13–15). (B) Correlations of liver ENHO mRNA expression with serum adropin levels. The data are expressed as the mean ± SD, **P < 0.01.




Histological Features of the Liver in Patients With MAFLD

T2DM-M patients exhibited more severe hepatic macrosteatosis, inflammation, and ballooning (Figure 3A), concurrent with a higher NAS and inflammation score (Figure 3B). Oil Red O staining demonstrated a more lipid accumulation in the T2DM-M patients (Figure 3A). Hepatic TG and free cholesterol were significantly higher in the T2DM-M group than those in the NGT-M group (Figure 3C). Moreover, the pro-inflammation genes (TNF, IL1B, and IL6) mRNA expression in the liver were higher in the T2DM-M group compared with NGT-M group (Figure 3D). Besides, serum adropin levels were significantly inverse correlated with intrahepatic TG (r = −0.495, p = 0.006; Figure 4A), TC (r = −0.392, p = 0.036; Figure 4B), and NAS (r = −0.451, p = 0.018; Figure 4C). Liver adropin levels were negatively correlated with intrahepatic TG (r = −0.430, p = 0.025; Figure 4D), TC (r = −0.303, p = 0.124; Figure 4E), and NAS (r = −0.325, p = 0.105; Figure 4F). We have analyzed the association between adropin and liver pro-inflammation genes. As shown in Supplementary Figures 1A–F, the mRNA expressions of IL6 and IL1B were negatively correlated with adropin, but there were no statistically difference.


[image: Figure 3]
FIGURE 3. Steatohepatitis was exacerbated in T2DM-M group compared with NGT-M group. (A) Representative liver HandE staining (magnification, ×200; scale bar: 50 μm) and Oil Red O staining (magnification, ×400; scale bar: 20 μm) (n = 13–17). (B) Hepatic histological analysis of HandE staining (NAS and lobular inflammation score) (n = 11–16). (C) Hepatic triglycerides and (free) cholesterol levels (n = 12–17). (D) Quantitative real-time RT-PCR analysis of TNF IL1B IL6 mRNA expressions in the liver from MAFLD patients (n = 13–16). The data are expressed as the mean ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001.



[image: Figure 4]
FIGURE 4. The correlation between serum adropin/liver adropin levels and the level of liver triglycerides (A,D), and liver cholesterol (B,E), and NAFLD activity score (C,F) in MAFLD patients.





DISCUSSION

Our results indicate that serum adropin levels and liver ENHO mRNA expressions were significantly decreased in T2DM-M patients. These data verified the inverse association between circulating adropin and intrahepatic TG, TC, and NAS. As far as we known, few researches have been done to investigate the association of adropin with intrahepatic lipid contents in adult MAFLD patients. Overall, lower serum level of adropin may be a practical biomarker that can be used to detect the progression of MAFLD.

Several previous studies consistently showed that adropin played a critical role in maintaining glucose homeostasis, increasing the glucose utilization, improving glucose tolerance, and reducing insulin resistance (Butler et al., 2019; Jasaszwili et al., 2020). Adropin deficiency exacerbated the dysregulated glucose homeostasis and insulin resistance in diet-induced obesity (DIO) mice. Adropin injection significantly reduced fasting blood glucose, inhibited hepatic glucose production, lowered fasting insulin level, and improved insulin resistance in high-fat diet mice. In vitro study showed that adropin effects on glucose production were restricted in insulin resistance hepatocytes induced by palmitic acid or high glucose (Chen et al., 2017, 2020). Chronic consumption of high fat/high sucrose diets resulting in hepatic insulin resistance suppressed liver adropin expression, and could contribute to the dysregulation of glucose metabolism (Banerjee et al., 2020). Most clinical studies confirmed a dramatically decline of adropin in patients with T2DM when compared with healthy subjects (Wu et al., 2014; Chen et al., 2017). In accordance with prior studies, we found that serum adropin level and liver adropin expression was significantly decreased in T2DM-M patients. Moreover, serum adropin levels were positively correlated with liver adropin expression. Therefore, the lower serum adropin level of MAFLD patients may indicate more serious insulin resistance and glucose intolerance. All these data imply a closely connection between adropin and glucose homeostasis in MAFLD patients.

Adropin is required for metabolic homeostasis and is involved in preventing dyslipidaemia (Kumar et al., 2008). Animal studies suggested that adropin could suppress fatty acid oxidation (Gao et al., 2014). In human subjects, circulating adropin was negatively correlated with the levels of plasma TG, apolipoprotein B, and LDL-c and was positively correlated with the HDL-c level (Butler et al., 2012). Our findings are consistent with previous studies that serum adropin concentrations were inversely associated with these indices of blood lipid. It is important to note that liver TG and TC was inversely correlated with serum adropin level, but only liver TG was significantly negative correlated with liver ENHO mRNA expression. We believed that two reasons might explain these differences. On the one hand, circulating adropin levels may associate with the discrepancy of the equilibrium between cholesterol synthesis and processing of circulating lipoprotein particles (Ghoshal et al., 2018). On the other hand, liver ENHO mRNA expression is regulated by the biological clock and nutrition status. Experiments based on mice overexpressing adropin unable to prove the role for adropin in regulating cholesterol uptake from the diet, clearance from the circulation or cholesterol biosynthesis (Ghoshal et al., 2018). The precise effect of adropin in lipid metabolism is still unclear. Further studies examining the relationship between adropin expression in liver tissues and intrahepatic TG and TC are required. Our study showed that circulating adropin was negatively correlated with intrahepatic TG and TC.

Genetically engineered animals provided strong evidence indicating that adropin contributes to the modulation of inflammation. Chen et al. (2019) demonstrated that serum adropin concentrations were obviously decreased in steatohepatitis, adropin deficient mice showed exacerbated hepatic steatosis, inflammation and fibrosis when fed methionine-choline deficient (MCD) or western diets. Serum adropin level was lower in B-ultrasound or liver biopsy diagnosed NAFLD patients, and was associated with the severity of NAFLD (Sayin et al., 2014; Kutlu et al., 2019). Adropin treatment decreased the expression of the proinflammatory cytokines Il1b, Il6, and Tnfa in mice with MCD diet-induced steatohepatitis (Chen et al., 2019). Thus, adropin as a potential anti-inflammatory factor plays an important role in the process of steatohepatitis. Herein, we included patients with biopsy-proven hepatic steatosis to explore the association between adropin and liver injury. We found that both serum adropin level and liver ENHO mRNA expression were negatively associated with ALT and NAS. The proinflammatory genes (TNF, IL6, and IL1B) were increased in T2DM-M patients compared with those in NGT-M group. In addition, the serum adropin levels and liver ENHO mRNA expressions were dramatically decreased in T2DM-M patients compared with NGT-M group. Thus, our findings pointed out the potential of adropin in identifying MAFLD, especially in T2DM individuals.

A limitation of this study is the cross-sectional design which harbored a small sample size, and the liver samples from patients who volunteered to have a liver biopsy, which may lead to selection bias. Hence, more large and random liver-biopsy hepatic steatosis populations are needed to further confirm our results and conclusions.



CONCLUSIONS

To sum up, the current findings provide further indication of the significance of adropin in maintaining metabolic homeostasis. Adropin may participate in the pathogenesis of MAFLD and can be served as a predictive biomarker of MAFLD. Nevertheless, more in vivo experiments and a large-scale clinical trial is required to confirm these data in MAFLD.
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The orphan G protein-coupled receptor G2A has been linked to atherosclerosis development. However, available data from mouse models are controversial. Rat G2A receptor bears more similarities with its human homolog. We proposed that the atherosclerosis model established from Ldlr–/– rat, which has been reported to share more similar phenotypes with the human disease, may help to further understand this lipid receptor. G2A deletion was found markedly aggravated in the lipid disorder in the rat model, which has not been reported in mouse studies. Examination of aortas revealed exacerbated atherosclerotic plaques in G2A deficient rats, together with increased oxidative stress and macrophage accumulation. In addition, consistently promoted migration and apoptosis were noticed in G2A deficient macrophages, even in macrophages from G2A single knockout rats. Further analysis found significantly declined phosphorylation of PI3 kinase (PI3K) and AKT, together with reduced downstream genes Bcl2 and Bcl-xl, suggesting possible involvement of PI3K/AKT pathway in G2A regulation to macrophage apoptosis. These data indicate that G2A modulates atherosclerosis by regulating lipid metabolism and macrophage migration and apoptosis. Our study provides a new understanding of the role of G2A in atherosclerosis, supporting it as a potential therapeutic target.
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INTRODUCTION

As a chronic disease affecting arteries, atherosclerosis is characterized by lumen narrowing progressively developed from gradual expansion of lesions, which may eventually lead to myocardial infarction or stroke. It has been largely accepted that both lipid disorder and chronic inflammation are involved in atherosclerosis. The complicated interplay between inflammation and lipid metabolism leads to immune cell infiltration and aggravated lesions in the arterial wall (Moore and Tabas, 2011; Shalhoub et al., 2011; Fogelstrand and Boren, 2012; van Diepen et al., 2013).

As the predominant immune cell type, macrophages around lesions are thought to originate from bone marrow; in which hematopoietic stem cells give rise to circulating monocytes (Tabas and Lichtman, 2017). It is believed that macrophage accumulation in the intima and subintima of arteries is vital for the formation of obstructive atherosclerotic plaques. The number of infiltrated macrophages and their location at plaque rupture-sensitive sites is related to plaque vulnerability (Davies et al., 1993). As part of their general homeostatic scavenging function, macrophages could consume toxic lipids, such as oxidized low-density lipoproteins (oxLDL) (Acton et al., 1996). Increased oxLDL is associated with the formation of lipid-laden macrophages-foam cells in lesional sites, which is critical in atherosclerosis development (Kadl et al., 2010; Chinetti-Gbaguidi and Staels, 2011). The pathological mechanism of atherosclerosis suggest that, although lipid-lowering therapy represents the mainstream strategy at the moment, the possible combination of restoring imbalanced immunity could become a promising new goal for combating the disease.

The orphan G protein-coupled receptor G2A (GPR132) got its name because it induces G2 cell cycle arrest (Weng et al., 1998). It is activated by lysophospholipids and free fatty acids including lysophosphatidylcholine (LPC) and 9-hydroxyoctadecadienoic acid (9-HODE), which related to oxLDL (Obinata et al., 2005; Yang et al., 2005; Frasch et al., 2007; Foster et al., 2019). G2A is highly expressed in immune tissues, also on immune cells including macrophages and lymphocytes. It is also expressed in endothelium (Rikitake et al., 2002; Parks et al., 2005). In addition to modifying cell cycle and oncogenesis, research data about G2A mainly concentrated on its function in immunity and inflammation (Peter et al., 2008; Bolick et al., 2009; Frasch et al., 2011; Qin et al., 2014), though a few suggested its involvement in hepatic lipid metabolism (Johnson et al., 2008).

In humans or mice, G2A was found predominantly expressed in monocytes/macrophages within plaques, suggesting its involvement in atherosclerosis initiation or progression (Rikitake et al., 2002). Quite a few studies had been conducted in mouse atherosclerotic models and found that G2A showed regulatory effects on atherosclerosis development through alterations of macrophages, endothelium, or other factors. However, both proatherogenic and atheroprotective actions of G2A had been described (Parks et al., 2005, 2006, 2009; Bolick et al., 2009). Some stated that G2A deletion led to macrophage activation and less apoptosis which was associated with more macrophages in aortas and increased atherosclerosis (Bolick et al., 2009). Others found G2A deficiency attenuated atherosclerosis owing to HDL increase, independent of macrophages (Parks et al., 2006, 2009). By bone marrow transplantation, bone marrow-derived cells were found both participated and not participated in G2A regulating atherosclerosis (Bolick et al., 2009; Parks et al., 2009). The difference reported in these articles was not related to background variation since they used the same mouse strain. As for G2A’s role on blood lipid profiles, studies from mice usually described no significant effect, but some reported HDL modulation in Ldlr–/– model after prolonged diet intervention (Parks et al., 2005, 2009; Bolick et al., 2009). The above information indicates that mouse study alone is not sufficient to elucidate G2A’s impact on atherosclerosis. New animal systems are hence required to help to clarify G2A mediated effects on different aspects of atherosclerosis including macrophages and lipid metabolism.

Rats have been used extensively as human disease models with their advantages. When we looked at the amino acid sequence of rat G2A, it shares more similarity with human G2A than the mouse homolog does: 60 vs. 21% similarity in the N-terminal extracellular domain and 73 vs. 41% in C-terminal cytoplasmic tail (Obinata and Izumi, 2009). Moreover, we have developed genetically modified rat models of atherosclerosis and found that they share more closely related human phenotype than mice in certain aspects, including heavier plaques in males (Zhao et al., 2018). Thus in this study, we assessed the role of G2A in atherosclerosis using the rat model to get a better understanding of the receptor. Our results showed that G2A deletion greatly aggravated dyslipidemia, potentiated macrophage migration and apoptosis in LDLR deficient rats, and eventually led to more macrophage accumulation and lesion development in the aortic wall.



MATERIALS AND METHODS


Animals

The total Ldlr gene knockout (Ldlr–/–) rat was previously established by the CRISPR/Cas9 system and maintained in our laboratory (Zhao et al., 2018). In the current study, a heritable total G2a knockout (G2a–/–) rat was generated in the same way. Briefly, two sgRNAs targeting the exon 3 of G2a, CTGCCACACGTTGTCCTACGAGG, and CGGCGAGCACGTTTCTCTGTAGG, were constructed by overlapping PCR. The transcribed sgRNA and Cas9 mRNA were purified and a mixture of them was microinjected into zygotes of Sprague Dawley rats (SLAC Laboratory Animal Co., Ltd., Shanghai, China). Three pups (founder 1–3) were born after 50 injected zygotes were transferred to 1 pseudopregnant female rat. All three pups carried G2a deletion. Sequence analysis revealed that these three founders had frameshift mutations (Supplementary Figures 1A,B). In the end, founder one was chosen and a stable colony of G2a–/– rat was established, which carried 199-bp deletion from No. 137654370bp to 137654379bp and No. 137654088bp to 137654276bp in the genome (NC_005105.4), and resulted in a termination codon TAA and deletion of 346 amino acids. Rat tail clips were used for genotyping as usual (Supplementary Figure 1C). PCR primers for identifying G2a mutation were 5′- CCTCATCTTGTCAGGGTC -3′ (sense) and 5′- CCGCAGGTAGTAGTAGCC -3′ (antisense). Homozygous G2a–/– rats showed a markedly reduced G2a expression in related tissues (Supplementary Figure 1D).

Genetically matched Ldlr–/– and Ldlr–/–G2a–/– rats were derived from cross-breeding G2a–/– and Ldlr–/– rats. Both male and female animals were maintained and monitored as described previously, in a SPF facility on 12 h light/12 h dark cycles. All rats were supplied water and a normal diet freely accessible. Animals were transferred to Western Diet at 8 week-old to induce atherosclerosis (Zhao et al., 2018). All animal procedures and techniques were approved by the Animal Ethics Committee of East China Normal University with a permit number (R20170202). A mix of male and female rats was used in this study. Most animal experiments were originally conducted by dividing male and female rats. As both genders displayed similar results, they were combined. Representative images of histological analysis and immunoblotting were from male rats. A scheme depicting the time protocol of rat treatments and time points of measuring various parameters was provided in Supplementary Figure 2.



Bone Marrow-Derived Macrophages and Foam Cell Induction

Bone Marrow-Derived Macrophages (BMDMs) were induced from bone marrow derived cells of 8 or 36 week-old animals as previously described (Weischenfeldt and Porse, 2008; Muschter et al., 2015), and about 90% of the resulted cells were CD68 positive. For foam cell induction, macrophages were incubated with 10 μg/ml oxLDL for 24–48 h. In some experiments, macrophages were stimulated with 100 ng/ml LPS (Sigma) or 20 ng/ml IL-4 (PeproTech) and their expression of inflammatory or anti-inflammatory cytokines were then evaluated by quantitative real-time PCR.



Cell Migration Assay

Migration assay was performed using the transwell chamber (Corning Falcon) in a 24-well cell culture plate. Cell suspensions containing 1 × 105 cells in 500 μl serum-free DMEM medium with 10 μg/ml oxLDL were placed in the top chamber. The lower chamber was filled with 500 μl complete DMEM medium containing 10 μg/ml oxLDL and 10% FBS. After 36 h incubation in a 37°C, 5% CO2 incubator, migrated cells were fixed with 4% paraformaldehyde, washed then stained with 0.1% crystal violet for 30 min. Images were captured through an inverted microscope (Olympus), and cells counted with the ImageJ software.



ROS Detection in HUVEC Cells

The primary human umbilical vein endothelial cell (HUVEC) was from Dr. Xinli Wang (Baylor College of Medicine, Houston, TX), and cultured as described previously (Wu et al., 2016). Expression of G2A in the cells was knocked down by siRNA (about 60% knockdown assessed by real-time PCR). ROS was detected by means of an oxidation-sensitive fluorescent probe (DCFH-DA) (ROS Assay Kit, S0033S, Beyotime Biotechnology, China). After treated with 20 μg/ml oxLDL for 36 h, cells were washed then incubated with 10 μmol/L DCFH-DA according to the manufacturer’s instructions. The dichlorofluorescein (DCF) fluorescence was detected by FlexStation 3 (Molecular Devices) at an excitation wavelength of 488 nm and emission wavelength of 525 nm. The oxidative stress marker, malondialdehyde (MDA) in serum was conducted by a plate reader assay, based on reaction between MDA and thiobarbituric acid, as described in Lipid Peroxidation MDA assay kit (S0131S, Beyotime Biotechnology, China). OD535nm was detected by Cytation 5 imaging reader (BioTek, United States).



Detection of Serum Lipids

At 8, 24, and 36 week-old, rats were fastened overnight. Blood samples were collected under anesthesia through intraperitoneal injection of 1.25% (m/v) avertin (Sigma-Aldrich). Serum was obtained by centrifugation at 3,000 rpm for 15 min at 4°C, and then kept at –80°C until analysis. Lipids including total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-c) and high-density lipoprotein cholesterol (HDL-c) were analyzed using AU680 Automatic Biochemistry Analyzer (Beckman Coulter, United States). For atherosclerosis risk prediction, the atherosclerotic index was calculated as (TC- HDL-c)/HDL-c (Zhao et al., 2018; Zhang et al., 2020). Levels of oxLDL, free fatty acid, insulin and leptin were determined by respective ELISA assays from Shanghai Hengyuan Biological Technology Co., Ltd. (Shanghai, China).



Quantitative Real-Time PCR Analysis

Total RNA was extracted from cells or tissues using Trizol (Invitrogen). Reverse transcription was performed with the cDNA Prime Script Reverse Transcription kit (Takara) according to the manufacturer’s instructions. Real-time PCR was performed in triplicate by SYBR Green PCR Master Mix (Takara) on a MX3005p system (Stratagene, United States). 500 ng RNA was used for the reverse transcription, and 500 ng cDNA for real-time PCR. The expression of target genes was normalized to the house keeping gene β-actin.



Histological Analysis

The histological analysis was performed as previously published (Zhao et al., 2018). Briefly, rats were sacrificed at 36 or 54 weeks old by CO2 asphyxiation under avertin anesthesia. Whole aortas were excised and adipose tissue and adhesion tissue around the arteries were removed. Aortas were fixed in 4% paraformaldehyde at 4°C overnight. The fixed tissues were paraffin-embedded, and sections were prepared using a paraffin slicer (Leica) then subjected to hematoxylin-eosin (H&E) staining. The en face aortas or frozen sections were subjected to Oil red O staining, Masson staining or immunohistochemical staining. Stained sections were photographed by an inverted microscope (Leica) or Caseviewer2.0 (3D HISTECH), and the resulted images were analyzed by Image-Pro® Plus version 6.0 software.



Immunoblotting

Ice-cold SDS lysis buffer (0.08 mM Tris–HCl, 10 SDS, 0.25% bromophenol blue, 50% glycerol and 25% β-mercaptoethanol) was used to collect proteins from cells. Heat denatured proteins were equally loaded and fractionated by 12% SDS-PAGE, then transferred to a nitrocellulose membrane (Schleicher and Schuell MicroScience). According to the target protein, membranes were incubated with the following respective primary antibodies: rabbit anti-PI3K (1:1,000 dilution, Cat. No. 4257), rabbit anti-phospho-PI3K (1:1,000, Cat. No. 4228), rabbit anti-AKT (1:1,000, Cat. No. 9272), rabbit anti-phospho-AKT (1:2,000, Cat. No. 4060), and rabbit anti-Bcl-xL (1:1,000, Cat. No. 2764) from Cell Signaling Technology (CST), rabbit anti-Bcl-2 (1:1,000, sc-56015) from Santa Cruz and mouse anti-β-actin (1:1,000, A5441) from Sigma. Secondary antibodies were donkey anti-mouse or donkey anti-rabbit (1:2,000) from Thermo-Invitrogen. Detection of positive bands were conducted using fluorescence labeled secondary antibodies IRDye® 800CW goat anti-mouse IgG (Cat. No. 926-32210) and IRDye® 800CW goat anti-rabbit IgG (Cat. No. 926-32211) from Li-COR. Images of the blots were analyzed on the Odyssey Infra-Red Imaging System (Li-COR).



Statistical Analysis

All data are expressed as mean ± SD. Statistical analysis was performed by Graphpad prism 6 software. Differences between two groups were determined by an unpaired Student’s t-test. For multiple comparisons, two-way ANOVA with Tukey’s multiple comparison test was used. Values of p < 0.05 were considered statistically significant.



RESULTS


G2A Single Deficiency Did Not Alter Lipid Metabolism in WT Rats but Promoted Macrophage Migration and Apoptosis

To evaluate its possible involvement in atherosclerosis, G2A expression in atherosclerosis related tissues and cells were first analyzed in WT rats. Similar to mice G2A, rat G2A was found highly expressed in immune organs including thymus and spleen, and widely expressed in immune cells, such as lymphocytes and different subpopulations of macrophage, with the bone marrow cells showed the highest expression. There was also some G2A expression in the visceral adipose tissue (VAT) and aorta (Supplementary Figure 3).

Next, phenotypes associated with atherosclerosis development including lipid metabolism, oxidative stress and macrophages were compared between G2a–/– and WT rats. Serum lipid profile analysis did not show a significant difference in the two genotypes in either normal diet or Western diet-fed groups (Supplementary Figure 4). Neither was an obvious change discovered in cytokines secreted by macrophages, except a minor increase in the inflammatory cytokine TNFα by LPS stimulated G2a–/– macrophages (Figures 1A,B). However, consistent enhancement was detected in macrophage migration. As shown in Figure 1C, bone marrow derived macrophages from 8 week-old G2a–/– rats displayed enhanced migration when induced by ox-LDL. Moreover, the reactive oxygen species (ROS) producing enzyme nitric oxide synthase 2 (iNOS) was markedly increased in arteries of G2A deficient rats (Figure 1D), indicating oxidative stress and cell injury. The expression of apoptotic genes was significantly enhanced while survival genes were reduced in G2a–/– macrophages (Figure 1E).
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FIGURE 1. Effect of G2A single knockout on WT rats. Real-time analysis of (A) inflammatory cytokines expressed by LPS stimulated macrophages, and (B) anti-inflammatory cytokines by IL-4 stimulated macrophages from 8 week-old WT and G2a–/– rats. (C) Transwell migration assay for 10 μg/ml ox-LDL stimulated macrophages. (D) The mRNA level of iNOS in arteries from WT and G2a–/– rats. (E–G) Real-time PCR analysis of indicated genes in macrophages induced for 24 h by ox-LDL. Data are expressed as mean ± SD. n = 3–9. *p < 0.05, **p < 0.01 vs. WT littermates (Student’s t-test).


We further analyzed the effects of G2A deficiency on ATP binding cassette transporters and lipid scavenger receptors. ABCA1 did not show significant change, but a decreased ABCG1 mRNA level was noticed in G2a–/– macrophages (Figure 1F). No significant difference in LDLR-related proteins (LRP1, LRP5, and LRP6) was detected. There were some changes in the expression of lipid scavenger receptors (SRs), though, with increases in SRB1 and lectin-like oxidized LDL receptor-1 (LOX-1) but a reduction in SRA1 (Figure 1G). Taken together, G2A knockout in WT rats did not affect lipid metabolism but led to arterial oxidative stress as well as enhancement in macrophage migration and apoptosis.



G2A Deficiency Exacerbated Lipid Disorder in the Ldlr–/– Atherosclerotic Model

Although G2A deficiency did not alter lipid profiles in WT rats, an apparent difference was observed between sera from 24 week-old Ldlr –/– and Ldlr–/–G2a–/– rats with the former clearer and the latter more turbid (Figure 2A). Not surprisingly, greatly augmented TC and TG were detected in Ldlr–/–G2a–/– rats. A significant increase for TC even began at 8 week-old, before Western diet induction (Figure 2B). The HDL-c level did not show significant change, but a marked elevation of LDL-c was detected at 36 week-old, along with a trend of increase in LDL/HDL ratio (Figure 2C). Interestingly, a greatly up-regulated atherosclerotic index was manifested in 24 and 36 week-old Ldlr–/–G2a–/– rats as compared to respective Ldlr–/– controls (Figure 2D), predicting higher atherosclerosis risk. No significant alteration was noticed in free fatty acids, but a very consistent increase was found in the serum level of oxLDL, even at 8 weeks old before the Western diet intervention (Figures 2E,F). To analyze whether the aggravated lipid disorder had anything to do with food intake and body weight, we checked the two indexes, as well as water intake, leptin, and insulin. Only water intake in male Ldlr–/–G2a–/– displayed a moderate enhancement as compared to the male Ldlr–/– counterpart (Supplementary Figure 5). No significant difference in these indexes was detected between female rats of the two genotypes (data not shown). Therefore, G2A deficiency severely aggravated lipid disorder in Ldlr–/– rats which had no apparent relation to food intake or body weight.


[image: image]

FIGURE 2. Lipid profile of WT, Ldlr–/– and Ldlr–/– G2a–/– rats. (A) Typical appearance of sera from the three genotypes. (B) Total cholesterol (TC) and triglyceride (TG) level. (C) High density lipoprotein cholesterol (HDL-c), Low-density lipoprotein cholesterol (LDL-c), and LDL-c/HDL-c ratio. (D) The atherosclerosis predictor atherosclerotic index, calculated as (TC- HDL-c)/HDL-c. (E) Serum level of free fatty acid. (F) Oxidized low-density lipoprotein (oxLDL) level. Data are shown as mean ± SD and combined from male and female rats (they showed a similar pattern). n = 10–15. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ldlr–/– rats (two-way ANOVA with Tukey’s multiple comparisons test).




G2A Deletion Aggravated Atherosclerosis in the Ldlr–/– Rat Model

After finding the exacerbated dyslipidemia in Ldlr–/–G2a–/– rats, we next examined the direct effect of G2A deficiency on atherosclerosis development. Not surprisingly, male and female Western diet-fed Ldlr–/–G2a–/– rats at 36 and 54 weeks of age showed significantly more aortic plaques by en face analysis, as compared to Ldlr–/– rats. Representative en face aortic images were presented in Figure 3A and lesion areas accounted for 7.2–15.4% of total aortic intima in 36 week-old and 15.3–17.3% in 54 week-old Ldlr–/–G2a–/– rats, average 1.9 and 1.5-fold increase of lesion area in respective Ldlr–/– counterparts. Besides, histological analysis showed more lipid deposition in different segments of the Ldlr–/–G2a–/– aorta, especially in the aortic sinus and coronary arterial orifice (Figures 3B,C). To analyze whether G2A deficiency affected other tissues, we examined the liver, spleen, heart, kidney, visceral adipose tissue (VAT), and lung. No significant change was discovered in their relative tissue weight (data not shown). However, there was more lipid deposit in the Ldlr–/–G2a–/– liver without significant change in aspartate aminotransferase (AST) or alanine aminotransferase (ALT) levels. A similar result was noticed in the kidney of Ldlr–/–G2a–/– rats, with more lipid deposits but no significant difference in uric acid or creatinine level. Moreover, no apparent histological change was found in the liver or kidney (Supplementary Figure 6). The collective data means G2A deficiency in Ldlr–/– rats led to increased atherosclerosis development, and enhanced lipid deposition in the liver and kidney.
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FIGURE 3. Representative images and lesion quantification of atherosclerosis in the Western diet-fed rats. (A) Oil Red O staining of en face aortas, and quantification for their lesion area (% total aorta) in 36 and 54 week-old male rats. (B) Oil Red O staining of aortic segments in 36 week-old rats. (C) H&E and Oil Red O staining of aortic sinuses from different genotypes at 36 weeks of age. Data are shown as mean ± SD (n = 6). **p < 0.01 and ***p < 0.001 vs. Ldlr–/– rats (two-way ANOVA with Tukey’s multiple comparisons test).




Increased Macrophage Recruitment and Vascular Fibrosis in Aortas of G2A Deficient Ldlr–/– Rats

As macrophage infiltration plays an important role in atherosclerosis development (Martens et al., 1998), we proceeded to perform immunohistochemical analysis to see whether there is any change in aortic macrophages. Indeed, increased macrophage content was found in the aortic sinus of Ldlr–/–G2a–/– as compared to Ldlr–/– rats (Figure 4A), together with markedly elevated CD68 mRNA level (Figure 4C). In addition, increased staining of the adhesion molecule VCAM1 was also found in the aortic sinus of Ldlr–/–G2a–/– rats, together with increased mRNA levels of VCAM1, ICAM1, and E-selectin, although the VCAM1 change did not reach significance (Figures 4B,D). Moreover, Masson staining revealed more collagen deposition in the vessel wall of Ldlr–/–G2a–/– rats (Figure 4E). Hence the aggravated atherosclerosis in G2A deficient Ldlr–/– rats was accompanied by increased macrophage recruitment and vascular fibrosis.
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FIGURE 4. Lesional macrophage accumulation and vascular fibrosis in 36 week-old rats. (A) Macrophages in aortic sinus of the two indicated genotypes, identified by immunohistochemical staining with anti-CD68 antibody (Bio-Rad AbD Sereotec, Cat. No. MCA341PE). (B) Detection of VCAM1 in aortic sinus by immunohistochemical staining with anti-VCAM1 antibody (Proteintech, Cat. No. 11444-I-AP). (C,D) The mRNA level of CD68, VCAM1, ICAM1, E-selectin, and P-selectin in aortas. (E) Masson staining of aortic sinuses. Data are shown as mean ± SD. n = 4–8. **p < 0.01 and ***p < 0.001 (Student’s t-test).




Enhancement of Macrophage Migration and Apoptosis in the G2A Deficient Atherosclerotic Rats

The above results and G2A single deletion’s effect on macrophages prompted us to analyze functional changes in monocytes and macrophages. Both bone marrow-derived monocytes and macrophages from Ldlr–/–G2a–/– rats exhibited a higher migration ability than those from Ldlr–/– rats (Figures 5A,B). Concomitantly, there were consistently and significantly increased aortic chemokines related to monocyte and macrophage recruitment (Figure 5C), indicating increased interactions between these cells and endothelium. The increased macrophage chemotaxis may also attribute to matrix metalloproteinase (MMP) enhancement, as increased expression of MMP1 and MMP9 was found in Ldlr–/–G2a–/– macrophages (Figure 5D). Since the significantly increased CCL2 is related to inflammation, the inflammatory phenotype of macrophages was also examined. After 24 h stimulation by oxLDL, Ldlr–/–G2a–/– macrophages displayed a minor increase in inflammatory IL-1β and reduction in anti-inflammatory IL-10 as compared to Ldlr–/– macrophages. In polarization conditions, G2A deficient macrophages showed a significant increase of IL-1β when stimulated by LPS, and decreased TGF and IL-10 when stimulated with IL-4 (Supplementary Figure 7).
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FIGURE 5. Effect of G2A deficiency on macrophage migration and lipid transportation. (A,B) Migration assay for oxLDL stimulated monocytes and macrophages from different genotypes of rats. (C) The mRNA level of aortic chemokines. (D) Relative expression of MMPs in macrophages. (E) Expression of ATP binding cassette transporters in macrophages. (F) Expression of different scavenger receptors. (G) Dil-oxLDL uptake by Ldlr–/– and Ldlr–/– G2a–/– macrophages. Cells were incubated with 10 μg/ml Dil-oxLDL for 18 h in the dark, then washed and examined under a microscope. Fluorescence was analyzed by Image J. Data are shown as mean ± SD. n = 3–9. *p < 0.05, **p < 0.01 and ***p < 0.001.


The expression of genes encoding ATP-binding cassette transporters, responsible for cholesterol efflux, was unaffected by G2A deficiency as examined by real-time PCR (Figure 5E). However, the expression of scavenger receptors (SRs) including LOX1, CD36, SRA1, and SRB1 were all significantly increased (Figure 5F). Among them, LOX-1 displayed the greatest elevation. SRs mediated oxLDL internalization was also enhanced by G2A deletion (Figure 5G). Intriguingly, the cell number was declined when macrophages were incubated with Dil-oxLDL for 24 h, as compared to 18 h incubation (data not shown), implying possible cell apoptosis.

Further examination revealed G2A regulating macrophage apoptosis which is related with oxidative stress. As in WT, the absence of G2A in Ldlr–/– rats greatly up-regulated iNOS mRNA expression, both in the aorta and oxLDL stimulated macrophages, suggesting stress associated with increased blood oxLDL and oxLDL uptake. This was confirmed by the elevated serum MDA level in Ldlr–/–G2a–/– rats and ROS generation in G2A knockdown HUVEC cells (Figures 6A,B). As shown in Figure 6C, the expression of apoptotic genes p53 and caspase 12 was enhanced while survival genes (Bcl2, Dad, and Bcl-xl) were reduced in Ldlr–/–G2a–/– macrophages. In addition, flow cytometry analysis (FACSCalibur, Becton Dickinson, United States) manifested significantly elevated Annexin V-positive apoptotic cells (Figure 6D). The result was corroborated by in situ TUNEL assay which showed increased corresponding fluorescence in section preparations of Ldlr–/–G2a–/– aortas (Supplementary Figure 8). Apoptotic pathway-related genes were then probed by immunoblotting. There was significantly reduced phosphorylation of PI3 kinase (PI3K) and AKT (Figure 6E and Supplementary Figure 9), as well as a decrease of downstream gene expression including Bcl2 and Bcl-xl. The data suggested possible participation of PI3K/AKT signaling pathway in G2A regulation to macrophage apoptosis. Finally, to examine whether there was any alteration in efferocytosis, the clearance of apoptotic cells, LDLR-related proteins in macrophages were analyzed significantly suppressed expression of LRP1 and LRP2 was detected. Moreover, Gas6 and Mfge8 were inhibited although only the latter reached significance (Figure 6F). Altogether, the above results indicate that G2A deletion induced atherosclerosis aggravation was associated with macrophage changes including increased chemotaxis and apoptosis.
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FIGURE 6. Macrophage apoptosis and efferocytosis in Ldlr–/– and Ldlr–/– G2a–/– rats. (A) iNOS expression in aortas and oxLDL-induced macrophages. (B) The serum MDA level of the two genotypes, and ROS generation in G2A knockdown HUVEC cells (NC, scrambled siRNA). (C) Relative expression of apoptotic genes and survival genes. (D) Flow cytometry analysis for Annexin V positive macrophages. (E) Immunoblot analysis of proteins of PI3K/AKT pathway in macrophages. The β-actin was used as a control for protein loading. (F) Relative expression of efferocytosis related genes. Data are representative of three or more independent experiments and shown as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001 (Student’s t-test).




DISCUSSION

In the present study, we found a protective effect mediated by G2A in the atherosclerosis model established from LDLR deficient rats. As reported in Ldlr–/– mice, rat G2A deficiency did not significantly alter body weight. Very different from mice, though, the absence of G2A in the rat model markedly exacerbated lipid disorder. In addition, rat G2A deficiency promoted oxidative stress and secretion of aortic chemokines and adhesive molecules which attracted macrophages, eventually led to aggravated atherosclerosis. Our data indicate that G2A not only participates in regulating macrophage apoptosis and accumulation but is also involved in lipid metabolism. Intriguingly, the effects of G2A on macrophage and lipid were noticed as early as 8 week-old, before the induction of atherosclerosis. While the major functions of G2A on macrophages were regulating migration and apoptosis as G2A deficiency in both WT and Ldlr–/– led to obvious changes in these two phenotypes, G2A deletion aggravated lipid disorder only became eminent in Ldlr–/– rats. A scheme summarizing the potential mechanism of G2A deficiency in atherosclerosis development by regulating macrophages has been provided in Figure 7.
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FIGURE 7. Potential mechanism of G2A deficiency in atherosclerosis development by regulating macrophages. G2A knockout in LDLR deficient background leads to an exaggerated lipid disorder and pro-atherosclerosis phenotype. The latter associates with oxidative stress and endothelial dysfunction. Increased expression of adhesion molecules and chemokines recruits more macrophages to the intima. These macrophages engulf oxidized cholesterol (oxLDL) through scavenger receptors including LOX-1, CD36, and SR-A1. However, ABCA1 and ABCG1 which participate in cholesterol efflux did not change. The disruption of lipid homeostasis in macrophages leads to cholesterol accumulation and formation of foam cells. In addition, inflammatory cytokine production by macrophages shifts them to a more pro-atherosclerosis phenotype. Moreover, PI-3K/AKT signaling pathway was found to participate in the up-regulated apoptosis. All these changes eventually contribute to aggravated aortic lesions.


Previous reports about G2A regulation to immune cells were mostly based on in vitro experiments, stimulated by different lipid activators like LPC and 9-HODE (Radu et al., 2004; Wang et al., 2005; Yang et al., 2005; Frasch et al., 2007). Whether one of these ever-growing activators could become the specific agonist for G2A is debated. Additionally, data from murine models about G2A’s role in atherosclerosis are conflicting. While comparing to mice G2A receptor, the rat homolog bears more similarities with human G2A. Above considerations prompted us to use the rat atherosclerosis model which has been reported to share a more similar phenotype to the human disease (Zhao et al., 2018; Lee et al., 2019). Our investigation in the Ldlr–/– rat model found that knockout of G2A exacerbated atherosclerosis. This result agrees with the mice report which described that G2A deletion on Apoe–/– or Ldlr–/– background contributed to aortic macrophage accumulation and increased atherosclerotic plaques (Bolick et al., 2009), but it is in contrast to the other two in Ldlr–/– model which found that mice G2A deficiency attenuated atherosclerosis (Parks et al., 2006, 2009). It is expected that our study may take advantage of the benefits from the rat model and provide new clues for interpreting the role of G2A. Interestingly in this study, the rat G2A was found to strongly modify the lipid profile.

This dramatic impact of G2A on lipid profile in LDLR deficient rats was completely different from mouse studies. Although a few reports suggested G2A may participate in homeostasis of hepatobiliary bile salt and phospholipid that is important for gallstone formation (Johnson et al., 2008), analysis of blood lipid profiles usually presented no significant change in G2A deficient atherosclerotic mice (Parks et al., 2005; Bolick et al., 2009). Some studies observed HDL elevation only after extended treatment with Western diet or high-cholesterol diet in Ldlr–/– mice (Parks et al., 2006, 2009). It is well-known that dyslipidemia could lead to inflammation. Here the intriguing result that G2A deficiency in Ldlr–/– rats induced a marked elevation of dyslipidemia implied that aberrant lipid metabolism may cross-regulate with macrophages and endothelium in atherosclerosis development. Especially, the enhanced inflammatory phenotype in macrophages might attribute to hypercholesteremia induced by G2A depletion, as obvious inflammatory macrophages were only observed in Ldlr–/–G2a–/– rats along with the elevated lipid disorder, not in single G2A knockouts.

As a stress sensor that monitors oxidative state (Obinata and Izumi, 2009), G2A deletion in rats led to arterial stress with increased ROS and oxLDL levels, thus contributed to more macrophage accumulation. Here macrophages may promote atherosclerosis progression through different aspects including migration and apoptosis. The enhanced monocyte and macrophage migration due to G2A deletion brought about elevated macrophage recruitment to the vessel wall, as previously reported in Ldlr–/–G2a–/– mice (Bolick et al., 2007). G2A knockdown had also been reported to increase macrophages in mouse neurons and prolong inflammatory hyperalgesia (Su et al., 2018). However, some mice reports stated no change in macrophage chemotaxis by G2A deletion in Ldlr knockouts (Parks et al., 2005). In addition to elevated aortic chemokines and adhesion molecules, the increased macrophage migration in our study may also be attributable to MMP1 and MMP9 enhancement. The oxLDL up-regulates MMPs production from macrophages (Chase et al., 2002). Among them, MMP9 is well-known for its induction of cell migration including macrophages and vascular smooth muscle cells, as well as its promotion to macrophage invasion through the intima (Newby, 2007; Yang et al., 2015; Webb et al., 2017). Recently a study found that both MMP1 and MMP9 were closely linked with aldosterone-induced macrophage migration and infiltration in the myocardium (Liao et al., 2020). MMP9 is also known to associate with collagen accumulation in hypertensive arterial walls (Wang et al., 2015).

Apart from migration, macrophage apoptosis also participates in G2A regulating atherosclerosis, which seems related to PI-3K/Akt pathway. However, there may be other pathways or components involved. As shown in Figure 7, G2A deficiency-induced elevation in LDL and ox-LDL intake leads to lipid accumulation in macrophages, which may cause activation of the ER stress-mediated pathway and promote apoptosis (Chistiakov et al., 2016; Sukhorukov et al., 2020). The increased accumulation of apoptotic cells further enhanced lesion development and macrophage content. Here decreased efferocytosis may also contribute to the accumulating process, as previous reports suggested G2A mediate efferocytosis following tissue injury (Kabarowski, 2009; Frasch et al., 2011; Kern et al., 2018). Since macrophage death is often observed in rupture-prone human and mice plaques (Johnson and Jackson, 2001), increased macrophage apoptosis together with increased MMPs is frequently linked with plaque instability. Moreover, formerly MMP1 was reported to enhance the senescence of endothelial cells via p53 activation (Struewing et al., 2009). In this study we found both increased MMP1 and p53 expression in G2A deficient macrophages, implying G2A deletion may exert an effect on macrophage senescence, which might eventually lead to autophagy. Moreover, one of the downstream genes of the PI3K/Akt pathway, mTOR, inhibits autophagy (Glick et al., 2010), so the inhibited PI3K/Akt pathway by G2A deletion implies possible autophagy involvement. Considering the current study and previous rat atherosclerotic investigations (Wei et al., 2015; Sithu et al., 2017; Zhao et al., 2018), we suspect rats may more accurately model macrophage functions involved in atherosclerosis.

While plaque formation is a consequence of immune cell migration, the initiation of atherosclerosis is thought to relate to endothelial dysfunction. Although more work needs to be done, we did find that G2A in the endothelium may play an important role in atherosclerosis regulation. In addition to the elevated expression of adhesion molecules in G2A deficient aortic sinus, aortic chemokines were also markedly enhanced. These led to macrophage recruitment, indicating promoted endothelial-monocyte/macrophage interaction. We also found that G2A knockdown in HUVEC cells promoted ROS generation. These data support endothelial G2A’s anti-atherosclerosis effect (Bolick et al., 2007), and may partially explain why macrophage changes were noticed even before the induction of atherosclerosis.

In the future, more solid investigation is essential to elucidate functions of endothelial G2A. For macrophage, a rat model with specific G2A deficiency in this cell type might be more useful to determine the exact effect of macrophage G2A on atherosclerosis. Other immune cells, such as T cells may also play their parts in G2A mediated atherosclerosis development (Radu et al., 2004). In addition, it is not certain how much of these rat data could be translated to human disease. Despite these limitations, the present research offers a new angle to look at the function of G2A in atherosclerosis initiation and development.

In summary, this study enriched our understanding of G2A in atherosclerosis development. The rat data demonstrate G2A regulating atherosclerosis by modifying lipid disorder and macrophage functions. Increased atherosclerosis in Ldlr–/–G2a–/– rats may partially attribute to multiple alterations in macrophages including up-regulated migration and apoptosis. More importantly, the marked regulation of lipid disorder presents a new dimension about the role of G2A. It is possible that by modulating G2A signaling in both lipid metabolism and macrophages, we may find a way to develop more powerful therapies for atherosclerosis.
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Despite the ever-increasing prevalence of non-alcoholic fatty liver disease (NAFLD), the etiology and pathogenesis remain poorly understood. This is due, in part, to the liver’s complex physiology and architecture. The liver maintains glucose and lipid homeostasis by coordinating numerous metabolic processes with great efficiency. This is made possible by the spatial compartmentalization of metabolic pathways a phenomenon known as liver zonation. Despite the importance of zonation to normal liver function, it is unresolved if and how perturbations to liver zonation can drive hepatic pathophysiology and NAFLD development. While hepatocyte heterogeneity has been identified over a century ago, its examination had been severely hindered due to technological limitations. Recent advances in single cell analysis and imaging technologies now permit further characterization of cells across the liver lobule. This review summarizes the advances in examining liver zonation and elucidating its regulatory role in liver physiology and pathology. Understanding the spatial organization of metabolism is vital to further our knowledge of liver disease and to provide targeted therapeutic avenues.
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INTRODUCTION

One of the central roles of the liver is maintaining energy homeostasis by preserving blood glucose levels. It does this by storing carbohydrates in the form of glycogen when nutrients are available, and then releasing it back into the blood stream during periods of fasting (Trefts et al., 2017). Facilitating this, the liver alternates between oxidizing fat or glucose for energy, depending on fuel availability. Additionally, the liver is one of the central hubs for protein synthesis – contributing to a wide array of circulating proteins such as albumin, and blood clotting factors. The liver also forms the first line of defense for drug and alcohol detoxification and is an important immunological organ. With these diverse functions in mind, the pertinent question remains – how can these varied and divergent processes coincide simultaneously in the liver?

These multi-faceted, vital physiological roles are enabled by the liver’s complex architecture. The liver contains a vast array of cell types all interacting with each other, of which hepatocytes make up ∼60%. Spatially, hepatocytes are arranged into hexagonal units called lobules, made up of around 15 concentric layers of cells. Oxygen, hormone, and nutrient rich blood arrives through the hepatic artery and portal vein and enters at the periphery of the lobule, flowing toward a single central vein (Figure 1). Conversely, bile flows outward from the center of the lobule and drains in the peripheral portal bile duct. The regions surrounding the hepatic arteries and portal veins are known as periportal (zone 1), while those adjacent to the central vein are called the pericentral areas of the lobule (zone 3), with the cells in between these regions, referred to as mid-lobular hepatocytes (zone 2). As blood flows directionally toward the central vein, hepatocytes take up oxygen, nutrients, and metabolize hormones, actively shaping their microenvironment by creating a gradient along the periportal-pericentral axis. In turn, this gradient is one of the primary drivers of differential gene expression and the subsequent functional heterogeneity of cells within the lobule. As a result, the spatial metabolic compartmentalization allows opposing metabolic functions to operate simultaneously. For example, through non-uniform expression of the enzymes, glutamine synthesis is confined to only two layers of hepatocytes surrounding the central vein, whereas ureagenesis exclusively restricted to periportal areas (Gebhardt, 1992). Any ammonia escaping ureagenesis in periportal cells is consumed and converted to glutamine in pericentral cells, thereby maintaining low levels of ammonia. In addition to this binary (on/off) zonated pattern, other enzymes have a graded expression pattern across the lobule. For example, enzymes involved in lipid synthesis are expressed predominantly in the pericentral region and expression gradually diminishes toward the periphery of the lobule, while β-oxidation enzymes in periportal cells decrease in expression in a graded manner toward the central vein (Gebhardt, 1992). These two patterns of gene expression highlight the complexity and specificity of spatially separated functions in the lobule.


[image: image]

FIGURE 1. Liver anatomy and the hepatic lobule. The liver is composed of hexagonal units called lobules. Oxygen and nutrient rich blood flows directionally from the hepatic vessels (red) in the corners of the lobule toward a central vein in the middle (blue). Periportal hepatocytes (zone 1) are at the periphery of the lobule, followed by mid-lobular cells, and finally pericentral hepatocytes surround the central vein (zone 3). The variable microenvironment along the periportal-pericentral axis results in graded gene expression and the spatial separation of certain metabolic processes to periportal (red) and pericentral (blue) regions. Certain liver injuries are also zone-dependent, with some originating or confined to periportal (yellow) regions and some to pericentral regions of the lobule (brown). NAFLD, non-alcoholic fatty liver disease.


Examining liver zonation is vital for our understanding of liver disease, of which many develop non-uniformly across the lobule. One example is non-alcoholic fatty liver disease (NAFLD), a spectrum of liver disease, encompassing hepatic steatosis, steatohepatitis (NASH), cirrhosis, and its end stage of hepatocellular carcinoma (HCC), with disease progression often occurring in a zonated pattern. NAFLD and NASH/cirrhosis initially develop with hepatic steatosis and inflammation, respectively, in the pericentral cells and progresses outward (Chalasani et al., 2008; Yeh and Brunt, 2014). Similarly, drug and alcohol-induced hepatotoxicity (Gebhardt, 1992) as well as parasite infection-induced hepatic fibrosis (Loose et al., 1978) initiates in the pericentral area. Conversely, many liver injuries are restricted to or at least begin in periportal areas, such as autoimmune hepatitis (Sahebjam and Vierling, 2015), primary biliary cirrhosis (Lindor et al., 2009), and iron overload-induced injury (Mori et al., 2020). Moreover, patients with HCC display disrupted Wnt/β-catenin signaling (Tian et al., 2016), key regulators of liver zonation. Aside for non-uniform injury of hepatocytes, other hepatic cell types also display zonated pathology during disease progression to cirrhosis. A mouse model of fibrosis revealed that pericentral hepatic stellate cells differentiate to become the dominant pathogenic collagen-producing cells across the lobule (Dobie et al., 2019). Similarly, liver sinusoidal endothelial cells (LSECs) in pericentral regions are more susceptible to damage associated with liver cirrhosis compared to periportal LSECs, with increased capillarization and decreased regulation of endocytosis (Su et al., 2021). These zonated pathologies of various hepatic cell types reveal differential vulnerabilities which may conceal important underlying mechanisms. In other words, understanding why a disease develops in a certain region or zone may provide new details of its pathophysiology. Examination the non-uniform onset of liver disease, and liver zonation overall, is still in its infancy. Increasing our understanding of the spatial dependence of disease development and progression is crucial for creating targeted treatment approaches.

The concept of hepatic functional heterogeneity is gaining much attention, with several excellent reviews previously published on liver zonation (Jungermann and Katz, 1982; Gebhardt, 1992; Jungermann and Kietzmann, 1996; Gebhardt and Matz-Soja, 2014; Ben-Moshe and Itzkovitz, 2019). In this review, we highlight fundamental questions in liver biology and how addressing them provided insights into liver zonation. In parallel, we will explore how technological advances over the years and the bounds made in recent ones open new opportunity to investigate how zonation supports complex liver metabolism. While embracing technological advancements to further this exciting field, many of the questions raised a century ago are still not fully answered which will be underscored. Ultimately, an integrated understanding of the spatial and temporal regulation of liver function are urgently needed to deepen our knowledge of liver physiology and disease etiology that will enable more efficacious avenues of future treatment.



HEPATOCYTE CELL BIOLOGY ACROSS THE LOBULE

Cell biologists in the early 1900s were fueled purely by a passion for knowledge in the face of limited technology. Unperturbed by this lack of technological advancement, the study of hepatocyte cell biology in the lobule was initially based exclusively on electron microscopy in the early to mid 1900s. Noël (1923) divided the rat liver lobule into three zones of what he eloquently described as the zones of permanent activity (periportal), the intermediary zone (mid lobular), and the zone of permanent repose (pericentral). It was observed that hepatic mitochondria were larger and more spherical in the periportal zone and became elongated toward the central vein (Noël, 1923). Smith (1931) observed no lobular variation in rats with respect to mitochondria morphology, although pericentral cells tended to have less in number. Further, he described the deposition of glycogen after feeding starting from the periphery of the lobule toward the central vein, with its withdrawal during fasting in the opposite order. Kater (1933) used several animal models, including mice, rats, dogs, and birds, to describe the accumulation of glycogen and fat across the lobule, as well as alterations in mitochondria morphology. Deane (1944) showed larger mitochondria, Golgi, bile granules, glycogen, and less lipids in mouse periportal hepatocytes, while Novikoff (1959) described the heterogeneity of enzymes across the rat lobule. Indeed, Dean was the first to coin the term “zonation” when referring to hepatocyte heterogeneity as early as 1944 (Deane, 1944). These scientists were the pioneers of cellular biology at the time, and their work has spawned countless lines of research from these fascinating discoveries, not least being liver zonation. While astute observations for their time, they were limited to individual cell imaging and 2D rendering. This latter consideration may be of particular importance to mitochondrial morphology since a section through the middle of a slender mitochondrion would falsely give it a round and spherical shape. Given that many of the processes that are zonated in the lobule are mitochondria related, β-oxidation and oxidative phosphorylation to name two, examining the structural differences in this organelle and others would further the understanding of the spatial metabolic compartmentalization in the liver.

Recent improvements in imaging and mathematical modeling technology have overcome the limitation of 2D imaging of subcellular organelles. Using a combination of array tomography, transmission electron tomography, and 3D modeling technology, the ultrastructure and morphology of giant mitochondria were analyzed in livers from NAFLD patients (Shami et al., 2021). This analysis revealed the decreased surface area to volume ratio and disorganized cristae contribute to the mitochondrial dysfunction during NAFLD development, but unfortunately authors did not make comparisons between zones in the lobule. Another recent imaging innovation that can be utilized for the study of subcellular heterogeneity in the liver is focused ion beam scanning electron microscopy (FIB-SEM). This utilizes scanning electron microscopy to scan the surface of the sample, then the focused ion beam then “mills” the surface with nanometer precision. As a result, the increased resolution in the Z-axis allows examination of subcellular structure in great details. Recently, Parlakgül et al. (2020) resolved the three-dimensional organization of subcellular organelles using FIB-SEM imaging in conjunction with deep-learning-based image segmentation in the intact murine liver. Advancements made to FIB-SEM in recent years have increased imaging volume, allowing them to image large intact livers from both lean and obese mice to the scale of 15 full or partial hepatocytes. This analysis revealed that the hepatocyte endoplasmic reticulum undergoes significant structural re-organization during the transition from lean to NAFLD. The results underscore the dynamic nature of cellular organelles and their central role in metabolic adaptation and homeostasis. While authors used transmission electron microscopy to ensure that all hepatocytes were from the mid-lobular zone, using this sub-cellular resolution to examine periportal versus pericentral hepatocytes during NAFLD progression warrants further attention moving forward. These new imaging technologies allow for multi-scale imaging at high resolution from the subcellular to the lobule level that will surely yield new perspective to the century old questions.



HEPATOCYTE HETEROGENEITY – FROM DISCOVERY TO PRESENT

Early reports of hepatocyte heterogeneity were made in the first part of the 1900s and were purely observational and qualitative in nature (Noël, 1923; Smith, 1931; Kater, 1933; Deane, 1944). A seminal paper by Novikoff (1959) quantitatively described elevated gluconeogenic and mitochondrial respiratory enzymes in rat periportal cells via histochemistry, giving an early indication of functional heterogeneity across the lobule. As technological advances occurred, including the ability to separate the zones of the lobule, this proposed zonation of hepatocyte function was confirmed. Enzymatic assays and use of radiolabeled isolated sub-populations of hepatocytes isolated from rat livers revealed higher activity of gluconeogenesis and fatty acid oxidation in periportal hepatocytes, and elevated glycolysis and drug metabolism in pericentral cells (Nauck et al., 1981; Jungermann, 1983, 1988; Bengtsson et al., 1987; Guzmán et al., 1995). This functional heterogeneity and separation of periportal and pericentral cells are discussed in more detail in the next section.

These initial experiments were limited to investigating only a select few specific proteins and enzymatic activities at a time and did not shed light into the molecular basis underlying the heterogeneity. The ability to profile hepatocytes gene expression through mRNA analysis, enabled a higher throughput examination. In 2006, the gene expression profiles of isolated mouse periportal and pericentral cells examined via microarray analysis (Braeuning et al., 2006). These revealed for the first time, that 198 genes were differentially expressed in periportal and pericentral hepatocytes and supported previous findings of spatial separation of lipid and glucose utilization and synthesis. This study also revealed that transcriptional regulation is a major contributor to hepatocyte heterogeneity and further investigation is warranted to gain insight into the molecular makeup of different hepatocytes. The introduction of genome-wide RNA profiling known as bulk RNA sequencing (RNA-seq), enabled vastly higher throughputs – detecting thousands of gene transcripts. These datasets made it possible to aggregate cells into clusters based on their similarity in gene expression patterns. This advancement has paved the way for examination of hepatocyte heterogeneity and other cell types within the liver. Using bulk RNA-seq, human hepatocyte gene expression profiles have been created showing that periportal and pericentral zones are regulated in part, by gut derived toxins and xenobiotic metabolisms, respectively (McEnerney et al., 2017).

Single cell (sc) RNA-seq technologies now allow a window into hepatocytes differential gene expression at an even greater resolution. Halpern et al. (2017) performed scRNA-seq on dissociated hepatocytes from murine livers. Next, they utilized established zonated landmark genes to create a map, where hepatocytes can be retrospectively returned to their spatial position/layer within the lobule (Halpern et al., 2017). This allows for the high throughput of RNA sequencing while maintaining precise coordinates of gene expression distribution in the lobule. While increasing the spatial resolution of gene expression profiles, it is important to note that this is done retrospectively, in silico. Strikingly, they demonstrated that half of liver genes are non-uniformly expressed, namely zonated. Interestingly, the increased single cell resolution allowed the identification of genes that are highly expressed in mid-lobule layers. Two examples are hamp and hamp2 that regulate hepatic iron levels, that would have otherwise been lost using binary periportal/pericentral classifications or investigating whole liver homogenate. Validation of the scRNA seq results were confirmed by smFISH to locate the spatial position of hepatocytes expressing the gene. In subsequent recent studies of human livers, scRNA-seq were performed on whole liver (Aizarani et al., 2019), malignant and non-malignant liver tumors (Massalha et al., 2020), and hepatic non-parenchymal cells (MacParland et al., 2018), revealing intricate zonated profiles of gene expression and the impact of cell-to-cell interactions has on gene expression. The use of scRNA seq provides the fundamental basis to understand gene expression patterns as the foundation underlying hepatocyte heterogeneity on which deeper understanding can be gained through the regulation at the protein level and interactions between different cells.

RNA-seq technologies allowed greater throughput than previous methods; however, the exact location/origin of the cell is lost during sample preparation and the dissociation process can introduce changes to gene expression (van den Brink et al., 2017; Saviano et al., 2020). To overcome these challenges, examining hepatic zonation in intact liver tissue would allow maximal preservation of the cellular metabolic state while maintaining spatial resolution. Filling this methodology gap, spatial transcriptomics expands upon traditional single cell or bulk sequencing, where cells lose their positional information once they are collected for cell-based RNA seq techniques. Spatial transcriptomics allows for the investigation of cells and tissues gene expression be examined while maintaining their spatial positioning. Particularly, in situ spatial transcriptomics has been developed to create a map of the cells’ location within the tissue prior to lysing (Rodriques et al., 2019; Vickovic et al., 2019). Here, tissue is placed on a slide with unique barcodes to define the cells’ position on the slide. After a standard hematoxylin and eosin-stained image, the tissue is lysed for scRNA-seq, and then the transcription profile of each cell is repositioned in space to its spatial barcoded position based on the original H&E image. This new technique has not yet been performed on liver sections, despite its great potential for investigation of liver zonation. This may be particularly useful for investigating heterogeneity in small sections of tissue, a common occurrence with human liver biopsies, where both transcriptomics and spatial positioning can be derived from a single tissue section without material loss.

Examining liver zonation using RNA-seq approaches allow high-throughput but are limited to transcriptional messaging. Expanding on their previous work of scRNA-seq, the Itzkovitz group developed spatial sorting of murine hepatocytes based on differential expression of cell surface markers, followed by proteomic analysis (Ben-Moshe et al., 2019). They created a comprehensive proteomic map and found a strong correlation between gene and protein expression. This indicates the prevailing regulation of hepatocyte heterogeneity occurs at the transcriptional level. However, several genes displayed conflicting expression between mRNA and protein – some genes were zonated at mRNA but not protein levels (A1cf, Clmn, and Lsr), while some were zonated at the protein but not the mRNA level (Rpb4, Idh3, and Mrpl43). Arguably, zonation at the protein level has a greater impact on hepatocyte function and dysfunction; therefore, examining mRNA only may cause important regulatory proteins to be missed. One of the challenges in high throughput evaluation of protein expression via Mass Spectrometry is sample size and sensitivity that may cause low abundance proteins to remained undiscovered. Beyond gene or protein expression, changes to post translational modifications likely come into play, adding an additional layer of regulation. Indeed, these are significantly harder to measure and would require further technological advancements. To fully understand the molecular basis of heterogeneity across the lobule, all dimensions of regulation must be considered and integrated. Moving forward, investigating how proteomics and post translation modifications shape the spatial compartmentalization of metabolic functions should help to fill any knowledge gaps left by examining transcriptional regulation only.



LOCATION, LOCATION, LOCATION – SPATIAL DIVISION OF LABOR IN THE LOBULE

The phrase “divide and conquer” succinctly describes the liver’s unique ability to spatially separate opposing functions for increased metabolic efficiency. Examining this division of labor across the lobule was made possible through extensive technological advances. Initial observations were made by immunohistochemical studies, where the expression of certain enzymes served as a proxy for function. Specifically, the pioneering work by Jungermann demonstrated the spatial division of carbohydrate metabolism across the rat liver lobule, with gluconeogenic enzymes predominantly localized in periportal regions and glycolytic enzymes located in pericentral regions (Katz et al., 1977a,b). However, the mere expression of an enzyme does not necessarily translate into activity. This was addressed by elegant radiolabeling and flux rate studies confirming the dominance of gluconeogenesis and glycolysis in rat periportal and pericentral hepatocytes, respectively (Katz and Jungermann, 1976; Jungermann et al., 1982). The ability to separate hepatocytes into their respective zones was paramount in assessing differences in hepatocyte function and to move away from purely observational distribution of enzymes. One of the earliest attempts was made by Shank et al. (1959) using a dissecting microscope. Guided by the portal tracks as a landmark, they dissected periportal, midlobular, and pericentral hepatocytes from frozen sections of rat liver followed by biochemical analysis (Shank et al., 1959). The measured higher activity of glucose-6-phosphate dehydrogenase and lactate dehydrogenase periportal areas, while isocitric and glutamic dehydrogenase activity were elevated in pericentral cells. This method was the foundation on which laser capture microdissection (LCM) was developed, which utilizes a laser beam instead of a dissecting microscope for increased precision to isolated and classify certain zones of the liver (Saito et al., 2013; McEnerney et al., 2017). Using LCM to separate zones and pathway analysis with RNA sequencing data, McEnerney et al. (2017) demonstrated in human liver lobules that immune response pathways were localized to periportal regions while xenobiotic metabolism is predominantly in pericentral cells. One caveat of this approach is the inability to distinguish between hepatocytes and non-parenchymal cells. As such, Kupffer cells, stellate cells, and liver sinusoidal endothelial cell (LSECs), all of which display non-uniform distribution (Halpern et al., 2018; Gola et al., 2021), may confound the results.

Selective zonal damage has also been used to isolate hepatocytes form different zones for functional analysis using ortho (perfusion via portal vein) and retrograde (perfusion via central vein) delivery of harmful agents. Perfusion of the detergent digitonin via the portal vein, will result in selective damage to periportal cells while retrograde perfusion of collagenase will dissociate and release pericentral cells that can be functionally analyzed in vitro. Similarly, digitonin perfusion via the vena cava maintains viable periportal cells. First described in rats in 1985 (Lindros and Penttilä, 1985; Quistorff, 1985), the digitonin-collagenase perfusion technique has been used to evaluate enzymatic activity in the isolated cells that demonstrated that drug metabolism is restricted to pericentral cells (Bengtsson et al., 1987). Further, radiolabeled fatty acid oxidation experiments in rats revealed profound zone flexibility in fatty acid oxidation in response to a variety of conditions (Guzmán et al., 1995). Specifically, fatty acid oxidation was higher in periportal hepatocytes compared to pericentral cells under both fed and fasted conditions, confirming previous reports of higher β-oxidation in periportal hepatocytes. Additionally, pericentral hepatocytes relied on non-mitochondrial fatty acid oxidation, as peroxisomal fatty acid oxidation was elevated in these cells across all conditions. Unfortunately, digitonin-collagenase perfusion relies on damaging one cell population while recovering another, forcing the comparison between zones to be made between separate animals and increasing variability. Further, isolation may take several hours, resulting in one population of cells to be ex vivo several hours longer. These limitations were demonstrated when periportal and pericentral cells were isolated from two different lobes from the same rat liver at the same time (Tordjmann et al., 1997). Here, authors showed that sensitivity to angiotensin II was up to 80% higher in pericentral cells versus periportal, whereas no differences between zones had been recorded previously. Further, albumin mRNA was only 35% higher in periportal cells, as opposed to previously larger reported differences from cells isolated from separate animals. These data reveal that periportal and pericentral cells isolated from two different livers increase further variability between the zones and may significantly mask or alter zonated markers.

Separating periportal and pericentral cells via fluorescent-activated cell sorting (FACS) has also been used for decades (Gumucio et al., 1981; Thalhammer et al., 1989). In this form of flow cytometry, proximal and distal zones of the lobule are stained via ortho and retrograde perfusion before this homogenate of isolated hepatocytes are separated by FACS based on their fluorescent zone-specific labeling. Using this method, Thalhammer et al. (1989) demonstrated that succinate dehydrogenase and β-glucuronidase activity (related to oxidative phosphorylation and carbohydrate breakdown, respectively) were elevated in periportal cells compared to pericentral cells in rats. While this method allowed comparisons of hepatocyte subpopulations in the same liver, it was still constrained to the accuracy and the length of time it required for forward and backward perfusions. Greatly enhancing the separation efficiency of hepatocyte sub-types via FACS has been the identification of bona fide periportal and pericentral protein markers. Using perfused murine livers to dissociate cells, isolated hepatocytes stained with pericentral (CD73 or glutamine synthetase) and periportal (E-cadherin) were categorized into periportal or pericentral zones based on their positive cell populations for certain zonated markers (Halpern et al., 2017; Ben-Moshe et al., 2019; Berndt et al., 2021). The Itzkovitz group further stratified these hepatocytes into eight layers by defining “gates” based on their combined fluorescence of their pericentral or periportal markers (CD73 and e-cadherin) (Ben-Moshe et al., 2019). These gates were then validated against their spatially resolved scRNA-seq map (Halpern et al., 2017). Notably, this method increases the spatial resolution of protein expression profile by stratifying hepatocytes across different layers of the lobule instead of the binary classification of periportal and pericentral cells. Combining FACS, proteomics and pathway analysis, the Itzkovitz group colleagues demonstrated in mice that energetically demanding tasks such as plasma protein production and oxidative phosphorylation pathways were elevated in periportal regions, while xenobiotic and glutathione metabolism were pericentrally located (Ben-Moshe et al., 2019). Despite this advancement, in vivo functional relevance can be difficult to infer from gene and protein expression only. Addressing this, a shotgun proteomic approach on zone-specific hepatocytes isolated via immunostaining and subsequent FACS was used to explore the proteome map of the mouse liver lobule (Berndt et al., 2021). Relative protein abundance of enzymes and membrane transporters in pericentral and periportal hepatocytes were quantified to infer the functional significance using biochemistry-based kinetic model of hepatocyte metabolism (Berndt et al., 2018). This model demonstrated that proteins and enzymes related to glycolysis were elevated in pericentral cells, whereas periportal cells had a higher gluconeogenic capacity. Periportal hepatocytes also had elevated respiratory chain complexes, indicating a higher capacity for ATP generation, confirmed by the model demonstrating higher ATP/ADP rations in periportal versus pericentral cells.

Overall, the ability to examine the spatial division of labor across the lobule had made significant strides in the last century (Figure 2). This is due, in part, to improved ability to separate periportal and pericentral cells from the same animal at the same time. Further, proteomic analysis with increased spatial resolution now allows high throughput investigation of enzyme expression which is relevant to the functional capacities in different zones. Moving forward, in vivo models to measure metabolic functions in intact livers, and how they change in response to perturbation will shed light on the spatial and temporal regulation of liver function.
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FIGURE 2. Technological advances in the study of liver zonation. Over the past century, technological advances have driven discoveries related to hepatocyte organization and function. Early observations describing structural heterogeneity were confined to microscopy techniques (Noël, 1923; Kater, 1933; Shank et al., 1959). The development of hepatocyte separation approaches (1950–1980), including perfusion techniques, fluorescent activated cell sorting (FACS), and immunohistochemistry allowed biochemical classification of hepatocyte activities (Baron et al., 1981; Gumucio et al., 1981; Lindros and Penttilä, 1985). Deep insight into the differential gene expression patterns in the hepatic lobule was accomplished in 2017, where single cell RNA sequencing revealed that fifty percent of liver genes are non-uniformly distributed (Halpern et al., 2017). The first three-dimensional (3D) multiphoton microscopy of the human liver lobule reveled disrupted bile canalicular network in nonalcoholic fatty liver disease patients in 2019 (Segovia-Miranda et al., 2019). Recently (2021), changes in gene expression patterns across the lobule were examined in different times of the day revealing yet another layer of complexity in the regulation of compartmentalization (Droin et al., 2021). Advances in mouse genetics and light microscopy now allow the use of Intravital microscopy for examination of the hepatic lobule in real time. Depicted is a projection of 3D volume of the murine lobule acquired with intravital confocal microscopy (PP, periportal; PC, pericentral; bile canaliculi in green, sinusoids in red).




WHAT REGULATES LIVER ZONATION?

Hepatocytes are organized in an assembly-line-like structure giving rise to speculations regarding the role liver anatomy fulfills in zonation. Specifically, periportal and pericentral regions of the lobule are exposed to different environments: blood entering at the periphery of the lobule is rich in oxygen and nutrients, whereas pericentral cells are exposed to more hypoxic and nutrient sparce conditions (Rappaport et al., 1954). Deane (1944) intuitively speculated that many of the changes in glycogen storage and organelle morphology she observed, were due to the higher levels of oxygen in periportal regions of mice. In depth analysis of the liver anatomy by Rappaport in the 1950’s elegantly described how the hepatic vascular framework plays a major role in dictating both the structure and function of the mammalian liver (Rappaport, 1958, 1973). This vascular architecture is regulated by a multitude of factor such as hydrostatic pressure and the microvasculature smooth muscle contractility which respond to nervous stimuli, hormones and metabolites, among others. Indeed, the regulation of carbohydrate metabolism across the lobule by oxygen and the glucagon/insulin ratio was elegantly demonstrated by Jungermann both in vitro and perfused rat livers (Nauck et al., 1981; Wölfle et al., 1983; Wölfle and Jungermann, 1985; Jungermann and Kietzmann, 1997, 2000), supporting the role of nutrient and metabolic hormone gradients in the regulation of hepatocyte gene expression and functions.

The introduction of transgenic mouse lines has greatly increased the ability to examine factors regulating liver zonation through tissue-specific loss- and gain-of function studies. Conditional knockout of β-catenin and its negative regulator adenomatous polyposis coli (APC), demonstrated the essential role of β-catenin/Wnt signaling in liver zonation (Benhamouche et al., 2006; Sekine et al., 2006). Interestingly, β-catenin and its negative regulator APC were shown to be expressed in pericentral and periportal regions, respectively (Benhamouche et al., 2006). Knockout of APC, which activates β-catenin, imposed a pericentral like phenotype across the lobule as identified by immunohistochemistry and microarray analysis of zonated pathways. Conversely, β-catenin KO mice displayed elevated periportal features in the lobule and loss of pericentral ones including disrupted ammonia and xenobiotic metabolism. Remarkably, blocking upstream Wnt signaling via Lpr5 knockout mice resulted in the same disruption of hepatocyte heterogeneity as β-catenin knockout mice (Yang et al., 2014), indicating that β-catenin is regulated by Wnt signaling. Instead of hepatocytes, Kupffer cells and endothelial cells surrounding the central vein were found to be the source of Wnt ligand secretion, highlighting the complex intracellular crosstalk required for maintaining liver zonation (Preziosi et al., 2018). Counterbalancing pericentral zonation phenotype of β-catenin/Wnt signaling, bloodborne molecule/s activate Ras signaling that in turn promote the expression of periportal genes while suppressing pericentral associated genes (Braeuning et al., 2007). Another antagonist to the β-catenin/Wnt signaling pathway is glucagon, which exhibits a declining concentration gradient like that of oxygen along the periportal to pericentral axis. Glucagon deficient mice exhibit perturbed zonation profiles with dampened periportal gene expression and extended glutamine synthase expression, indicating a shift toward a more pericentral like phenotype (Cheng et al., 2018). Moreover, reinfusion of glucagon in deficient mice restored liver zonation profiles. This push and pull relationship between glucagon/Ras and β-catenin/Wnt signaling create a fine balancing act that shape metabolic compartmentalization across the lobule. The fact that glucagon is secreted in response to fasting underlines the livers’ ability to quickly alter its zonation profile in order to adapt to substrate availability.

Oxygen gradient across the lobule drive transcriptional responses that are regulated by hypoxia-induced transcription factors (HIFs). Those are predominantly active in pericentral regions where oxygen concentrations are markedly lower (Kietzmann et al., 2001). HIFs provide another layer of regulation for liver zonation and patterned gene expression profiles due to their crosstalk with other important factors governing heterogeneity (Kietzmann, 2019). For example, ablation of the hif-1a gene in stem cells reduced β-catenin/Wnt gene expression in hypoxic conditions (Mazumdar et al., 2010), and β-catenin’s negative regulator, APC, directly represses HIF-1α (Newton et al., 2010). This interplay between factors regulating liver zonation underlines the complexity of this process but also highlight critical regulatory junctions that warrants further investigation in liver pathophysiology.

These earlier discoveries of factors that regulate liver zonation were examined using new technologies. Single cell RNA-seq revealed Wnt signaling, and low oxygen are drivers of pericentral zonation profiles, while Ras signaling being a key inducer of periportal zonation, and pituitary hormones repress pericentral genes (Halpern et al., 2017). Notably, two thirds of zonated genes were not targets of Wnt, hypoxia, Ras signaling, or pituitary hormones, indicating that a combination of these factors or other unknown factors are at play highlighting how much more there is to be discovered. For example, exercise and physical activity is known to improve NAFLD outcomes and increase hepatic metabolic efficiency (Rector et al., 2008; Stevanović et al., 2020; Thyfault and Rector, 2020). Whether the effect of exercise is ubiquitous across the lobule or whether it induces a zone-specific phenotype are not known.

Indeed, new technologies now allow the discovery of new factors that shape liver zonation. Recently, the microbiome was shown to help establish a periportal dominant immune zonation in the mammalian lobule (Gola et al., 2021). Here, LSECs sensed gut derived bacteria which in turn triggered a signaling cascade and chemokine secretion which ultimately orchestrated immune cell localization to periportal regions. This novel discovery was made possible via a combination of advanced techniques such as multiplex imaging of human tissue, transgenic mouse lines, and transcriptomics. This finding opens the door for further investigation as to additional factors of liver zonation that may not have been previously considered and exemplifies the complex interplay that regulates hepatic heterogeneity.



DO NON-PARENCHYMAL CELLS ALSO DISPLAY HETEROGENEITY WITHIN THE LOBULE?

Like hepatocytes, non-parenchymal cells are also exposed to distinct microenvironments created by gradient of factors across the lobule. It is therefore likely that these gradients shape their gene expression, morphology, and function. One example is zonation of LSECs morphology which shows larger and more porous cells in the pericentral zone of rats, potentially facilitating filtration of toxins (Blouin et al., 1977; Gebhardt, 1992). A second example is related to enrichment of immune cells in periportal regions and the important central role this fulfills in proper immunological response. Indeed, initial histological and microscopy reports in rodents observed the liver’s resident macrophage, Kupffer cells, to be predominantly located in periportal regions of the rat lobule (Bouwens et al., 1986; Lough et al., 1987). These qualitative reports were confirmed and expanded upon by the use of scRNA-seq and immunohistochemistry, demonstrating that Kupffer cell gene expression was upregulated in periportal areas in mice (Halpern et al., 2017) and humans (MacParland et al., 2018). Advancements in imaging technology has allowed further characterization of hepatic immune cell heterogeneity – two-photon intravital microscopy revealed natural killer T cells to be concentrated around periportal areas (Geissmann et al., 2005). In an elegant study by Gola et al. (2021), clearing-enhanced 3D imaging showed Kupffer cells and natural killer T cells enriched in periportal regions of mice and human lobules. Further, they demonstrated that this immune cell zonation was driven by the exposure of gut derived bacteria sensed by LSECs and the formation of chemokine gradients across the lobule, rather than classic Wnt signaling. When immune cell positioning and zonation was disrupted, authors observed increased bacterial spread toward pericentral regions and inflammatory damage, highlighting the importance of the non-uniform distribution of resident immune cells across the lobule. Collectively, these data indicate that hepatic immune cell heterogeneity is centralized in periportal zones of the lobule to prevent bacteria from reaching pericentral regions and entering the blood stream.

One of the difficulties in mapping any potential zonation profile of non-parenchymal cells in the liver is due in part, to the high abundance of hepatocytes masking any heterogeneity of less abundant cell types. LSECs are one such cell type, and often lack sufficient material for RNA-seq techniques or well-established landmark zonation genes. Gola et al. (2021) mapped the location of LSECs across the lobule using only the expression of CD117, with higher gradient of expression from periportal to pericentral regions. However, using hepatocyte zonation markers to help guide the zonation of LSECs would give a more comprehensive zonation map. Applying this concept, Halpern et al. (2018) developed paired-cell RNA sequencing (pcRNA-seq), where the zonation profile of LSECs is based on the profile of the hepatocyte that is attached to it from the previously established hepatocyte scRNA-seq data (Halpern et al., 2017). This approach revealed that approximately 35% of LSECs genes in mice were zonated, a fact that would be otherwise masked by the significantly more abundant hepatocyte gene expression. Interestingly, the authors demonstrated that pericentral LSECs expressed both Wnt ligands and the Wnt antagonist Dkk3, indicating a fine balancing act in the pericentral region of both positive and negative Wnt regulators. These data suggest that LSECs, like hepatocytes, are highly zonated, and that pcRNA-seq is a viable method for examining low abundant cells populations across tissues. Supporting these findings, recent pathway analysis on RNA-seq data and immunohistochemistry from human liver samples have identified distinct sub-population of LSECs across the liver lobule with functional heterogeneity depending on their location (Strauss et al., 2017; MacParland et al., 2018). Strauss et al. (2017) referred to periportal LSECs as type 1 and LSECs in midlobular and pericentral zones as type 2. In addition to having a different molecular phenotype, type 1 LSECs had a wider luminal space than type 2 LSECs to facilitate a reduction in blood flow velocity into the lobule. Non-parenchymal cells also display spatially dependent pathologies during progression to cirrhosis. Single cell analysis revealed that in a mouse model of liver cirrhosis, LSECs in pericentral areas are more susceptible to damage than periportal LSECs, and displayed increased capillarization and impaired regulation of endocytosis (Su et al., 2021). Further, pericentral hepatic stellate cells were identified as key collagen producing cells during liver fibrosis in mice (Dobie et al., 2019). This spatial zonation of hepatic stellate cells during cirrhosis development was due to only pericentral stellate cells differentiating into pathogenic collagen producing cells. Mapping out the spatial heterogeneity of all hepatic cell types is important to understand the full picture of metabolic compartmentalization in the liver, and whether disruption of non-parenchymal cell zonation is a significant contributor to disease development and progression.



HOW DOES LIVER ZONATION CHANGE OVER TIME?

It is well established that hepatocyte function is altered by their position within the lobule, but is it also dependent on time of day? One of the earliest observations supporting this idea was made by Deane (1944). She excised mouse livers every 3 h for a 24 h period (Deane, 1944) and describes changes to mitochondrial morphologies in the periportal region in different times of the day. Consistently, other cellular components show zonal distribution that changes during the day. For example, bile granules were more numerous in periportal regions and peaked during the fasting hours. In contrast, lipid droplets are concentrated in pericentral cells but become more abundant and widely spread during fasting. Glycogen was deposited initially in the periportal areas in the hours post feeding, and then along the lobule toward the center (Uchiyama, 1990). Subsequently, extended fasting led to the depletion of glycogen storages from pericentral cells first. While these studies described important observations, they were limited by the temporal resolution (∼3 h intervals) and confined to qualitative data. Assessing gene and protein expression as well as organelle composition is vital to understanding how temporal parameters such as feeding/fasting cycles and circadian rhythms regulate liver zonation.

In recent years, circadian rhythm has been recognized as a robust driver of hepatic function and gene expression (Rey et al., 2011; Atger et al., 2015). However, the interaction between spatial and temporal aspects in liver physiology and pathophysiology is relatively unknown. Is liver zonation dependent on time of day? To answer these questions and expand on previous studies that were limited to qualitative analysis, the Itzkovitz group added another dimension to their spatial analysis of liver zonation – time. In collaboration with chronobiologist Felix Naef, scRNA-seq was performed on mouse hepatocytes across four different time points in a 24-h period with a 12/12 light/dark cycle (Droin et al., 2021). The authors found 30% of hepatocyte genes were regulated by space only, while some (20%) were affected only by time of day. For example, the core clock genes (bmal1, dbp) were unsurprisingly strongly regulated by temporal rhythms and expressed ubiquitously across the different zones, visually confirmed using smFISH. Interestingly, 7% of all genes displayed effects of both space and time; for example, the fatty acid synthesis and mitophagy genes elovl3 and bnip3, respectively, both had higher expression in pericentral cells, whereas elovl3 peaked in expression during the fed period and bnip3 peaked during the fasting cycle. This dual regulation of expression in both time and space allows the liver to appropriately respond to metabolic demands and substrate availability during the diurnal feeding and fasting cycles. Further, key regulators of liver zonation – Wnt and hypoxia signaling, also displayed dual regulation, with targets of both peaking in expression in pericentral cells at the end of the fasting period. This indicates that temporal rhythm may also regulate hepatocyte heterogeneity, and that the metabolic switch between the feeding and fasting cycle may be an important consideration when examining liver zonation. While 7% of genes displayed effects of both space and time, only a minute fraction displayed interactions between these two variables. In other words, a small subset of zonated genes (either high pericentral or periportal expression) flipped their location depending on the time of day, or genes with strong temporal rhythms (high expression during the day, low at night) were reversed in different zones of the lobule. Whether these interactions between space and time gene regulation in the lobule are exacerbated in the setting of liver disease is unknown but warrants further investigation.

The advances of high throughput technology as well as the deeper understanding of the factors regulating temporal and diurnal rhythms have shown the complexity of the interactions between spatial and temporal regulation of liver zonation. While these studies demonstrate that liver zonation changes during the day, methods that allow high temporal resolution are lacking. Advances in light microscopy, such as intravital microscopy (IVM) has made it possible to examine cells in live tissue to provide spatial and temporal accuracy for physiological events in vivo. Recent advances in methodology to reduce motion artifact such as respiration and heartbeat have enabled examination of live tissue phenomena that would otherwise confined to in vitro (Weigert et al., 2013). Taking advantage of these improvements in imaging methods, fluorescence probes, and mouse genetics, Porat-Shliom et al. (2016) used IVM to demonstrate in vivo hepatic glucose uptake (Stefkovich et al., 2021), and how liver kinase B1 (LKB1) is a vital regulator of hepatocyte tight junctions. Mice lacking LKB1 had impaired hepatocyte transport kinetics and increased cellular permeability resulting from junctional disruption, all of which was visualized in real time using IVM. Moving forward, methods that can track in vivo processes across time such as IVM, will be vital for encompassing both spatial and temporal regulation of liver zonation.



THE IMPACT OF LIVER ZONATION ON DETOXIFICATION

Drug detoxification and metabolism, also known as xenobiotic metabolism, is one of the liver’s most vital functions for removing foreign chemicals (i.e., drugs, alcohol, and toxins). This has been one obstacle in developing drugs for treating liver disease, including NAFLD. Therefore, it is critical to understand hepatocytes that specialize in drug metabolism with the long-term goal to improve drug treatment efficiency. Initially described in the late 1970s and early 80s, hepatic detoxification was shown to be pericentrally localized via spectrophotometric and immunohistochemical analysis; higher expression of xenobiotic metabolizing enzymes, particularly cytochrome P-450, were in pericentral regions compared to periportal or mid-lobular in rat and human liver (Gooding et al., 1978; Baron et al., 1981; Hall et al., 1989; Bühler et al., 1992). Additionally, flow cytometry has been used to determine rat hepatocyte subpopulations based on the ability of cytochrome P-450 to metabolize ethoxy fluorescein ethyl ester to fluorescein (Miller, 1983; Black et al., 1993). Selective zonal damage has been particularly useful for examination of detoxification zonation, as acetaminophen overdose induce necrosis of pericentral regions only (Anundi et al., 1993; Ben-Shachar et al., 2012). In periportal and pericentral cells isolated via digitonin perfusion, pericentral cells exhibited higher cytochrome P-450 levels in response to acetaminophen, as well as increased vulnerability to drug induced injury when isolated from ethanol pre-treated rats (Anundi et al., 1993). Further, pericentral regions have higher markers of tissue damage after carbon tetrachloride-induced liver injury in mice (Abdel-Bakky et al., 2015). More recently, the use of scRNA-seq and smFISH confirmed these earlier reports, demonstrating that genes related to detoxification and drug metabolisms had elevated expression in pericentral regions in mice (Halpern et al., 2017). Similarly, pathway analysis of human hepatocyte gene expression cross referenced with established mouse zonation markers revealed an increase in detoxification related genes in pericentral zones suggesting that this spatial positioning is evolutionary conserved (MacParland et al., 2018).

To circumvent the challenges of using in vivo mouse models, mathematical and virtual models have been attempted to examine the heterogeneity of drug-induced liver injury. Robust pericentral accumulation of the N-acetyl-p-benzoquinone imine (NAPQI), a toxic byproduct of acetaminophen metabolism, explained the early pericentral necrosis during drug induced liver injury using virtual mice (Smith et al., 2016). A more recent mathematical model of acetaminophen induced liver injury suggested intrahepatocyte communication contributed to this explanation of pericentral dominant necrosis during drug induced injury (Kennedy et al., 2019). This intrahepatic communication suggested exosomes, gap junctions, and connexin hemichannels play an essential role in the toxic effect of chemicals, including facilitating or counteracting cell death processes.

Mathematical modeling has enabled the integration of multiple factors to identify testable hypotheses. However, the spatial and temporal complexity of xenobiotic metabolism make in vivo studies the gold standard. Tavakoli et al. (2019) used IVM to track the transport kinetics of fluorescein, a surrogate drug molecule; enabling the examination of live hepatic drug metabolism in the different zones of the rat liver and its interaction with hepatocytes, sinusoids, and bile canaliculi. The combination of IVM and mathematical modeling allowed the authors to accurately track and infer the kinetics of fluorescein across the different compartments in the liver. This novel technology has allowed for the first time, in vivo tracking of drug metabolism across the liver lobule – an enormous leap from the methods of 50 years ago. With hepatotoxicity the primary reason for failed phase I drug development (Larrey, 2002), the use of IVM for understanding how liver zonation affects the pharmokinetics of new therapeutics is an important and timely advancement. Further, using IVM avoids the issue of other cell types becoming damaged and compensatory changes to other zones of the liver during selective zonal damage techniques. Further investigation of hepatocytes that specialize in drug metabolism will greatly enhance our ability to design more effective and accurate pharmacological treatments for liver disease.



IS LIVER REGENERATION ZONE SPECIFIC?

The liver has the remarkable capacity of self-regeneration, however, the source of the new cells in hepatic homeostasis and regeneration is one of the unresolved mysteries in liver biology. Initial models addressing this question were of liver streaming – where new hepatocytes were generated in the periportal regions and slowly migrated toward the central vein (Zajicek et al., 1985; Lee et al., 1998). This concept has been controversial, with evidence suggesting that proliferating hepatocytes were distributed evenly across the lobule (Bralet et al., 1994). The introduction of Cre-loxP technology which allows gene editing, has greatly enhanced the ability to examine the process of regeneration. Transgenic mouse lines tracking hepatic Lgr5, a stem cell marker, revealed that hepatocytes around the central vein give rise to their own lineage and are self-sustaining during liver injury (Ang et al., 2019). Lgr5 positive hepatocytes overlapped with hepatocytes expressing glutamine synthetase (pericentral marker), but not e-cadherin (periportal marker). In addition, the Lgr5 positive cells were also found to be the source for HCC development. Supporting this, pericentral hepatocytes in mice have increased expression of liver progenitor markers and can support and replace most hepatocytes in the lobule during homeostatic renewal (Wang et al., 2015). In direct discordance with this, lineage tracing indicated that liver regeneration after partial hepatectomy in mice is carried out uniformly throughout the liver, as opposed to being driven by those in pericentral regions (Sun et al., 2020). Conversely still, periportal hepatocytes were found to drive regeneration and proliferation following liver injury in chronic HCC murine models (Font-Burgada et al., 2015). These discrepancies could indicate that distinct population of hepatocyte are responsible for renewal in response to different forms of injury.

The controversy surrounding hepatic regeneration may have been born out of methodological shortcomings. These studies typically rely on tracing of a single marker gene to trace the lineage of the cells resulting in a partial or skewed view of the process. Recently, new methods have enabled the unbiased tracing of multiple hepatocyte population with high temporal and spatial accuracy during regeneration. Incorporating dual recombinase genetic-mediated murine models and hepatocyte-specific promotors, He et al. (2021) were able to non-invasively monitor long-term hepatocyte proliferation in live mice by constitutively activating a recombinase that permanently records hepatocyte transcription. This genetic proliferation lineage tracing method (Protrace) along with light-sheet microscopy, identified midzonal hepatocytes to be the major contributors of proliferation during liver homeostasis, without having to rely on individual lineage tracing genes. Furthering this comprehensive examination of regeneration heterogeneity in the liver, 11 conditional Cre knock-in murine strains were generated to enable inducible fluorescent labeling of hepatocytes across zones of the lobule to compare the regenerative capacity (Wei et al., 2021). Like He et al. (2021), authors demonstrated that midlobular hepatocytes were the main source of hepatocyte regeneration during liver homeostasis. Single-cell and bulk RNA sequencing, as well as CRISPER knockout models were used to identify genes and pathways regulating this increased proliferative capacity of mid lobular hepatocytes. These methods identified insulin-like growth factor binding protein 2, mammalian target of rapamycin, and cyclin d1 as the major regulators of mid lobular regeneration. Moreover, it was demonstrated that regeneration in response to chronic biliary (periportal) and centrilobular injury is dependent on the damaged area; damage to periportal areas increases regeneration in mid lobular and pericentral cells, while damage to the pericentral area increases regeneration in periportal and midlobular areas.

These two groundbreaking studies challenge the notion that midlobular cells are merely a transition zone between periportal and pericentral hepatocytes and identify them as the main contributor to liver regeneration. It was speculated that this may be due in part, to their spatial protection from toxic injuries at either end of the lobule and are appropriately positioned to initiate regeneration to replenish both periportal and pericentral hepatocytes. Indeed, identifying the mechanisms underlying the regenerative capacity of mid-lobular cells is vital for our ability to restore function following liver injury and disease.



EXAMINING THE BILE CANALICULAR NETWORK ACROSS THE LIVER LOBULE

Bile acids are produced and secreted from the liver to emulsify dietary lipids and act as signaling molecules, before being recycled and reabsorbed by hepatocytes. They flow directionally from pericentral toward periportal which is in the opposite direction of blood flow. The bile canalicular network also display structural and functional heterogeneity along the liver lobule. Specifically, variations in canalicular size and branching were observed via electron microscopy (Layden and Boyer, 1978; Baumgartner et al., 1987). Functionally, uneven bile acid uptake and excretion across the lobule was observed by infusion of bile-acid analogs and autoradiography (Jones et al., 1980; Groothuis et al., 1982). In a series of experiments by Baumgartner et al. (1986, 1987), retrograde perfusions in rats showed labeled taurocholate to be excreted slower than during orthograde, indicating greater uptake in periportal hepatocytes. Experiments of selective damage to pericentral hepatocytes in rats confirmed that pericentral hepatocytes contributed only a small fraction of uptake, with the vast majority occurring in periportal and midlobular cells (Gumucio et al., 1979), and that the pericentral region is the prime area for bile acid synthesis (Dionne et al., 1990). While these studies demonstrated initial structural and functional canalicular heterogeneity, examining dynamic properties of the biliary fluid network were limited by technology at the time.

Significant strides in imaging, particularly multiphoton IVM, have allowed for in depth analysis of the biliary network. Meyer at al. performed IVM of the mouse biliary network and mathematical modeling to demonstrate that bile flow increases in speed from the central vein to the bile ducts in the periportal regions, while biliary pressure decreases in the same direction (Meyer et al., 2017). These data indicate that both bile canalicular contractility and osmotic pressure display important heterogeneity across the liver lobule to maintain bile flow dynamics. Furthering the understanding of bile canaliculi structure in human NAFLD patients, multiphoton microscopy and 3D tissue reconstruction was used to identify the pathologic adaptation of hepatic architecture and function across the spectrum of NAFLD development (Segovia-Miranda et al., 2019). Multiphoton microscopy has advantages over other forms of light microscopy modalities due to its deep tissue penetration and limited photodamage, making it an ideal method for imaging the complex, three-dimensional organization of intact tissue. Here, human liver samples were obtained from patients with varying degrees of NAFLD – healthy control, healthy obese, steatosis, and NASH. To determine different zone of the liver, the lobule was computationally divided into 10 equidistance regions along the pericentral to periportal region. 3D spatially resolved analysis revealed that lipid droplets were typically pericentrally located but expanded to periportal regions upon NASH progression. Further, the bile canaliculi network presented with disrupted integrity with NAFLD onset, an interesting observation that would otherwise have been lost with a 2D rendering. The complexity of bile fluid dynamics and biliary network architecture make it difficult to study without the appropriate tools. These advances in light microscopy technologies now allow exciting questions of the biliary network to be addressed dynamically, in vivo and extend this examination to human samples.



IS HEPATIC SPATIAL HETEROGENEITY CONSERVED FROM RODENT TO HUMANS?

Most liver zonation studies were performed in rodent models (mice and rats). However, whether the findings are relevant to human hepatic physiology is a critically important question. Examination of human liver zonation was confined to light microscopy and immunohistochemistry in the 1980s (Horn et al., 1988; Hall et al., 1989). Those directly comparing human and rodent lobules observed similar heterogeneity in terms of glycogen deposits (Chamlian et al., 1989), pericentral drug-induced injury (Birge et al., 1990), and pericentral apoptotic bodies (Benedetti et al., 1988). More recently, immunofluorescence revealed that Kupffer cells were localized in periportal areas of both mice and humans, indicating the non-uniform distribution of immune cells is conserved (Gola et al., 2021). However, given the differences in metabolic demands between human and rodents, it is reasonable to speculate that some variations in metabolic compartmentalization will arise. Indeed, while certain enzymes maintain a similar lobular distribution in both human and rodents, there are multiple examples where a different pattern of expression emerges. One example is glutamine synthetase and carbamoylphosphate synthetase that participate in nitrogen metabolism, that overlap in pericentral and periportal regions, respectively, in rat liver (Gebhardt and Mecke, 1983; Moorman et al., 1989). However, the human liver contains an intermediate zone where neither enzyme is present (Multhaupt et al., 1987; Moorman et al., 1989). Similarly, the gluconeogenesis enzyme phosphoenolpyruvate carboxykinase (PEPCK) is periportally located rats (Wimmer et al., 1990b), where in humans it appears to be ubiquitous across the lobule highlighting important differences in regulation of these pathways across species (Wimmer et al., 1990a).

The apparent discrepancies between humans and rodents may also be methodological rather than physiological. Limited access to human samples introduces inherent variability that is otherwise absent in tightly controlled rodent studies; variations in sex, body composition, age, as well as samples obtained from deceased or surgical patients introduce disease/ischemia to the long list of variables. Further, older methods examining human liver heterogeneity have been limited by the throughput. Single cell and bulk RNA sequencing has allowed a vast array of genes involved in liver zonation to be examined, which is particularly pertinent for human tissues where the amount of sample obtained can often be a limiting factor in the type analyses ran. Maximizing the obtainable information from these limited samples, McEnerney et al. (2017) performed RNA-seq on human livers obtained from lean patients undergoing hepatectomy surgery, where zones of the lobule were separated via laser capture microdissection. They observed robust overlap of zone-dependent gene expression profiles between human and mice (Braeuning et al., 2006), with hypoxia and Wnt signaling pathways being key regulators of pericentral zonation. While processes such as ammonia detoxification and xenobiotic metabolism were similarly zonated for humans and rodents, aldehyde dehydrogenase (an enzyme involved in alcohol metabolism) was upregulated in periportal regions of mice but pericentral regions in humans. Expanding on this, scRNA-seq was applied to dissociated healthy human liver samples (MacParland et al., 2018), and the subsequent datasets were cross-referenced with the single cell gene expression map established in mice (Halpern et al., 2017). This provided a zonated map of both hepatocytes and non-parenchymal cells in human liver, demonstrating significant human and rodent overlap of zonation profiles. Notably, pathway analysis revealed that not all gene expression clusters had strong correlation with the established murine zonation profiles, with authors suggesting that these differences may be due to different landmark genes that define human and rodent heterogeneity. Based on scRNA-seq data, Aizarani et al. (2019) suggested there is limited evolutionary conservation of hepatic zonated gene expression between human and mice (only 68% positively correlated), despite similar zonation of well-established zonated genes such as PCK1 (gluconeogenesis) and CYP2A1 (drug metabolism). Similarly, single cell analysis revealed both discordant and concordant hepatic zonation profiles were found between human and rodents; genes related to drug metabolism were both pericentrally located in humans and rodents, but lipogenic genes were pericentrally located in humans and periportally located in mice (Massalha et al., 2020). However, there is discordance between functional activity and genetic expression; functional assays have demonstrated lipogenesis to be a pericentral dominant process in rats (Guzmán and Castro, 1989). This highlights potential divergent zonation gene expression profiles among species, revealing that gene expression does not always align with function, underscoring the need for more functional assessments of zonated processes, particularly in the mouse liver. The higher resolution of single cell transcriptomics may further highlight the conflicting zonation profiles between species and underlines the need for further comparisons to be made.

The paucity of human liver zonation studies is further compounded by the lack of human disease samples. The limited number of studies examining human liver zonation are typically not directly comparing NAFLD vs. non-NAFLD subjects, making it difficult to identify how liver zonation is affected by disease progression in humans. Addressing this, spatially resolved lobules were examined from liver biopsies obtained from patients undergoing oncologic or bariatric surgeries with varying degrees of severity on the NAFLD to NASH spectrum (Segovia-Miranda et al., 2019). Confirming histological observations from rodent studies, multiphoton microscopy and 3D reconstruction demonstrated that lipid accumulated in pericentral regions during early stages of NAFLD development but expanded toward periportal regions during disease progression. Additionally, disruption in nuclear texture and the bile canaliculi were observed across the lobule with NASH development. These structural alterations are indicative of dysfunction; however, further mechanistic studies are necessary to fully understand whether those are primary or secondary to NAFLD pathophysiology. An additional challenge lays in the fact that mouse models of NAFLD and NASH are unable to replicate the human disease (Takahashi et al., 2012; Van Herck et al., 2017). Therefore, identifying the differences between human and rodent metabolic compartmentalization would allow us to; (1) be aware of the caveats of extrapolating rodent results to humans, and (2) design better and more comparable rodent models to study liver zonation.

Collectively, the gross similarities between rodent and human liver zonation merit the continued use of rodent models for examining the factors regulating metabolic compartmentalization in the lobule (Figure 3). However, the subtle differences described here indicate that a push for examining human liver lobules should supplement the foundational knowledge that rodent studies have provided. The coupling of mechanistic animal studies and observational human samples are important for furthering our understanding of the effects of disease progression on liver zonation and vice versa.


[image: image]

FIGURE 3. Comparison of mouse and human liver lobules. Confocal microscopy image of immunofluorescence-stained mouse and human liver sections illustrate the conservation and differences between species regarding markers of hepatocyte heterogeneity. (A) Mouse liver section with a pericentral (PC) to periportal (PP) axis highlighted showing; a uniform nuclei distribution across the axis (DAPI in yellow), glutamine synthetase (GS) is selectively expressed in pericentral hepatocytes (cyan), and E-cadherin is enriched in periportal hepatocytes (magenta). (B) Human liver section with a pericentral (PC) to periportal (PP) axis highlighted showing; a uniform nuclei distribution across the axis (DAPI in yellow) and glutamine synthetase selectively expressed in pericentral hepatocytes (cyan), while argininosuccinate synthase 1 (ASS1, green) is expressed predominantly in periportal hepatocytes. Pericentral expression of glutamine synthetase is conserved between murine and human. Scale bar = 50 μm.




CONCLUSION

The liver’s complex architecture gives rise to the profound heterogeneity seen among hepatocytes. This heterogeneity was astutely observed by pioneers in cell biology, whose findings have stood the test of time close to a century later. Their seminal work has created a strong foundation for hepatic physiology upon which the current body of knowledge is built.

As of late, researchers are lending more credence to this heterogeneity recognizing that investigation of the homogenized liver undermines its complexity, causing the loss of vital information. The introduction of omic approaches have vastly increased both transcriptional and translational throughput, and advancements in high resolution in vivo imaging has brought the study of liver heterogeneity to exciting new heights (Figure 2). Despite these advances, there are still significant gaps in our knowledge that require further investigation. While transcriptional regulation of hepatic gene expression may provide the central basis to liver zonation, additional, less explored mechanisms may be at play; these include regulation at the protein expression level and protein post-translational modifications. Although measuring protein expression and post-translational modifications requires significant larger samples, up and coming technologies such as Mass Spectrometry Imaging (MSI) address these issues and allow spatial detection of proteins, metabolites, lipids and glycans in intact tissues (Buchberger et al., 2018). Additionally, Mass Spectrometry metabolomics has recently advanced to permit analysis of single cells (Duncan et al., 2019; Thiele et al., 2019), making this the next frontier for studies of liver zonation. Notably, technologies with increased spatial and temporal resolution that do not require tissue dissociation will be superior to those that require dissociation. In this sense, light microscopy modalities and IVM would enable deep tissue 3D reconstruction and time-dependent physiological processes across the different zones of the intact liver. Importantly, microscopy permits the interrogation of the interactions between non-parenchymal cells and hepatocytes which are only starting to be resolved. Further studies are required to unravel the complex interplay between LSECs, immune cells and the microbiome in determining hepatic compartmentalization. Ultimately, advancing our understanding of metabolic compartmentalization will allow us to examine these questions in the context of liver disease that will increase both the accuracy and efficacy of future treatments.
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Turkey women, n = 61 9.59 years sessions/week,  BMI
CG:n=27,3896+ (b CG: withoutintervention 60 min/session  BFP
10.02 years LBM
we
Gorjietal. (2015), RCT Sedentary overweight 1G:n=15,4162+ (a) IG: Piates exercise 8 weeks, 3 BW 6
Iran women aged between 37 2.05 years sessions/week,  BMI
and 45 years (BMI > 25 CG:n=15,4062%  (b) CG: capsules containing 60 min/session
kg/m?), n = 60 3.05 years starch powder, without

other intervention
SG:in=1540.62+ (o) SG: celery supplement,

3.05 years notincluded in
meta-analysis
SPG:n=15,39.60% (d) SPG: celery supplement
2.70 years plus Pilates exercise, not
included in meta-analysis
Savkin and Aslan  RCT Sedentary overweight and 1G:n=19,43.79%  (a) IG: Pilates exercise 8 weeks, 3 BW 6
(2016), Turkey obese women aged 4.88 years sessions/week,  BMI
between 30 and 50 years  CG:n=18,39.67 £  (b) CG: normal lfestyle 90 min/session  BFP
(BMI > 25 kg/m?),n = 37, 6.30 years LBM
(43.79  4.88) years we
Wong et al. RCT Obese young women with 1G: n = 14,220 % (@)1G: Pilates exercise 12 weeks, 3 BW 8
(2020), USA elevated blood pressure  3.74 years sessions/week,  BMI
aged between 19and27 CG:n=14,230%  (b) CG: normal lfestyle 60 min/session  BFP
yearsand BMI (30-40  8.74 years LBM
kg/m?), n = 28
Jung etal. (2020), RCT Overweight and obese G0 = 10,438 £ 8.6 (a) IG: normoxic Pilates 12 weeks, 3 BW 5
Korea women aged between 34  years exercise sessions/week,  BMI
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kg/m?), n = 30 3.05 years
Khajehlandi etal. RCT Overweight inactive 1G:n=14,30.1%£40 (a) G: Pilates exercise 12 weeks, 3 BW 6
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and 35 years, BMI (2529 CG:n = 14,296+ 3.6 (b) CG: normal lifestyle 60 min/session
kg/m?), n =28 years
Chaudhary RCT Overweight male people  1G: n = 15 (@)1G: Pilates exercise 10 weeks, 56 BFP 6
(2016), India aged between 30and 45 CG:n =15 (b) CG: without intervention ~ sessions/week,
years, n = 30 30-40
min/session
Tyagi and Kumar ~ RCT Obese male people aged  1G: n = 30 (@)1G: Pilates exercise 24 weeks BW 6
(2020), India between 20 and 45 years, CG:n =830 (b) CG: without intervention BMI
n=60 BFP
Khormizi and RCT Obese women with type 2 1G:n=15,51.06+ (a) IG: Pilates exercise 8 weeks, 3 BW 7
Azamiveh (2017), diabetes aged between 2.3 years sessions/week,  BMI
Iran 40and 60 years (BMI >  CGrn=15,51243.7 (b) CG: withoutintervention 60 min/session
30 kg/m?),n=30,(519  years
+5.9)years
Chen J. etal RCT Obese female college 1G:n =20 (@)1G: Pilates exercise 16 weeks, 3 BW 5
(2020), China students (BMI > 30 CGin=19 (b) CG: normal lifestyle sessions/week,  BMI
kg/m?), n = 39 60 min/session  BFP

RCT, randomized controlled trials; SD, standard deviation; IG, intervention group; CG, control group; SG, supplement group; SPG, supplement plus Pilates group; HPG, hypoxic Pilates
group; BW, body weight; BMI, body mass index; BFP, body fat percentage; LBM, lean body mass; WC, waist circumference.
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Jung etal. (2020)  Yes Yes No Yes No No No Yes No Yes Yes 5
Gakmakgi (2011)  Yes Yes No Yes No No No Yes Yes Yes Yes 6
Gorjietal. (2015)  Yes Yes No Yes No No No Yes Yes Yes Yes 6
Savkinand Aslen  Yes Yes Yes Yes No No No Yes No Yes Yes 6
(2016)

Wong etal. (2020)  Yes Yes Yes Yes No No Yes Yes Yes Yes Yes 8
Gorjietal. 2014)  Yes Yes No Yes No No No Yes Yes Yes Yes 6
Khajehlandi etal.  Yes Yes No Yes No No No Yes Yes Yes Yes 6
(2018)

Chaudhary (2016)  Yes Yes No Yes No No No Yes Yes Yes Yes 6
Tyagiand Kumar  Yes Yes No Yes No No No Yes Yes Yes Yes 6
(2020)

Khormizi and Yes Yes No Yes No No Yes Yes Yes Yes Yes 7
Azamiveh (2017)

Chen J. etal. (2020) Yes Yes No Yes No No No Yes No Yes Yes 5

PEDro, physiotherapy evidence database scale.
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Control group (n = 6)

Baseline Mean
(sD)

Age (years) 437 6.1)

Anthropometry and body composition

Weight (k) 1014 (129)

Body mass index (kg/m?) 325@30)

Waist circumference (om) 1080 6.1)

Fat mass (ko) 285(7.9)

Lean mass (ko) 69.3(69)

Bone mineral content (k) 3,60 (0.32)

Blood pressure
Systolic blood pressure (Mm Hg)  131.5 (16.9)
Diastolic blood pressure (nm Hg) ~ 83.2 (6.3)

Mean blood pressure (mm Hg) 993 92)
Glycemic prof

Plasma glucose (mg/dL) 1015 @9)
Prasma insulin (U/mL) 139 4.2)
HOMA-R 347 (1.02)
Lipid profile

Total cholesterol (mg/dL) 2160(69.8)
HDL-C (mg/dL) 48.8(9.6)
LDL-G (mg/al) 1450 (60.3)
Triglycerides (mg/dL) 1120 63.9)
Liver function

GOT (U 203(85)
GPT (U) 440 275
v-GT (UL) 68.5(75.2)
Fatty iver index 90869
Cardiovascular fisk Z-Score 0023 (0.525)
Other biochemical parameters

Protein G reactive (mg/dl) 1.7 (18.1)

Leptin (ng/mL) 19.8 6.1)

After 12 weeks
Mean (SD)

1085 (14.4)
332 83)
107.9 8.0)
307 (7.6)
693 (7.4)
358 (0.96)

1300 (18.6)
869 @.1)
1013 (1.4)

100.3 (3.8)
196 (11.1)
484 2.75)

2125 (47.2)
468 (1.7)
142.3 (41.5)
1185 (44.6)

330 28)
465 21.6)
733 (627)
936 5.0)

0208 (0.416)

829.4)
21.0 6.4)

A (sE)

213 (088)
065 (0.26)
~005 (1.52)
215 (0.70)
000071
~0.03 (0.03)

-150(1.21)
375 (1.80)
200(1.58)

~1.25 221)
571 (4.00)
137 (1.05)

~3850 (15.09)
~2.00 (6:35)
~2.75 (9.29)

650 (16.98)

375 (2.99)
250 3.12)
475 (11.28)
277 8.40)

0.180 (0.089)

~353 (447)
1.18 (1.00)

Concurrent training group (n = 6)

Basel

Mean
(sD)

3@

97.5 (16.4)
321@36)

105.4 9.4)
27.8(66)
663 (9.3)
3.43 (0.46)

131.4 (220)
86.6(13.9)
1015 (165)

94.8(9.1)
86(20)
200(052)

1980 (226)
408 (5.0)
130.8 (22.0)
131.4 (705)

216@.1)
220(72)
272828
67.9 (622)

0.084 (0.506)

16(08)
283(12.1)

After 12 weeks
Mean (SD)

95.4 (12.9)
314 @7)

104.1 8.3)
266 (4.8)
65.3 (84)
3.40 0.41)
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927 (10.4)

9.8 85)
8338)
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MAFLD P-value
NGT(1=13)  T2DM(n=17) NGTvs.T2DM
Sex (male), n (%) 5(38) 5(29) 0602
Age (years) 32295 37.3+9.1 0.150
Weight (Kg) 11090£21.97 9989 17.09 0.132
BMI 1Kg/mz) 38.66 + 6.76 35.51 £ 4.67 0.133
Waist circurnference  121.20 + 12.9 110.9 £ 1085 0,025
fem)
WHR 097 +006 094008 0266
HbA© (%) 5.36+026 7.48+2.18 0015
FBG (mM) 554 +1.87 8.49 +2.86 0.003
FINS (uU/mL) 15,89 (12.00-19.47) 15.60 (13.23-23.90)  0.439
HOMA-IR 360(220-4.38) 521 (4.18-9.64) 0.020
TC (mM) 462069 470%079 0820
TG (mM) 096 (0.78-1.86) 2.1 (1.83-3.69) 0.037
LDL-C (mM) 273+ 057 281056 0769
HDL-C (mM) 098021 0850.10 0.116
Apo-Al (/L) 1.46 +0.32 1.30 £ 0.09 0.138
Apo-B (g/) 077 £0.19 085+0.14 0335
sd-LDL (mM) 068+ 0.44 086+ 0.46 0415
NEFA (mM) 050(0.40-0.50)  0.50 (0.48-0.63) 0632
ALT (U1) 3750+£1485  65.40+33.98 0.047
AST (UL) 472542558 52332688 0640
GGT (/L) 41431982 5088+ 49.86 0647
Adropin (ng/mi) 400+ 352 0.51+0.73 <0.001
NAS 668+ 1.61 694 1.77 0681

Velues are presented as mean = SD (standard deviation of mean) for normaly distributed
data or medians (25th, 75th percentiles) for non-normally distributed data.

Apo-Al, apoprotein AT; Apo

, apoprotein B; BMI, body mass index; FBG, fasting

blood glucose; FINS, fasting insulin; HDL-C, high-density lipoprotein cholesterol; HOMA-
IR, homeostasis model assessment of insuiin resistance; LDL-C, low-density lipoprotein
cholesterol; NAS, NAFLD activity score; NEFA, non-esterified fatty acid; sd-LDL, small
dense-low-density lipoprotein cholesterol; TG, triglycerides; TC, total cholesterol; WHR,
waist to hip ratio.

P-values in bold indicate significance. The P-value was assessed using Student's t-test
or Mann-Whitney U-test.
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Variables

BMI (Kg/m?)
Waist circumference (cm)
WHR

HbAc (%)
FBG (mM)
FINS (WU/ml)
HOMA-IR

TG (mM)

TG (mM)
LDL-C (mM)
HDL-C (mM)
Apo-At (/L)
Apo-B (@)
sd-LDL (mM)
NEFA (mM)
ALT (UL
AST (UA)
GGT (L)

Correlations ~between serum adropin or liver ENHO
anthropomorphic, blood chemistry data were calculated by Pearson's or Spearman's

coefficient ().

Apo-Al, apoprotein Al; Apo-B, apoprotein B; BMI, body mess index; FBG, fasting
; HDL-C, high-dlensity lipoprotein cholesterol; HOMA-
IR, homeostasis model assessment of insuliin resistance; LDL-C, low-density lipoprotein
cholesterol; NEFA, non-esterified fatty acid; sc-LDL, small dense-low-dlensity lipoprotein
cholesterol; TG, trglycerides; TC, total cholesterol; WHR, waist to hip ratio.

blood glucose; FINS, fasting insul

Serum adropin level

(ng/mi)

0014
0.044
0.057

-0.318

-0.358

.166

—-0.308
0.190

—0.244
0.018
0.785
0.780

—0.007
0.128

-0.256

-0.369

—-0.067

-0.028

P-values in bold indicate significance.

P

0.940
0.817
0.765
0.198
0.052
0.510
0215
0.450
0.362
0.944
0.000
0.000
0976
0.625
0.322
0.131
0.754
0.918

Liver ENHO mRNA
expression (A.U)

r

-0016
0.106
0.149

-0.218

-0.152

-0.247

-0.310

-0.237

-0.352

-0.348
0.380
0.497

-0.283

-0.189
0.058

-0.336

—-0.008
0.280

mRNA  expression and

P

0987
0.590
0.746
0.385
0.439
0.323
0211
0.344
0.182
0.1567
0.119
0.036
0256
0.484
0.838
0.187
0.971
0.311
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Energy metabolism

RVIR (kcallkg/day) 1878 (1.00)
RQ 0867 (0.172)
RFox (g/min) 0,084 (0.026)
RFox (% RMR) 508 (19.3)
RCHox (g/min) 0.148 (0.065)
RCHox (% RMR) 46.4 (17.9)
MFO (g/min) 0.24/(0.08)
Faina (% VOpmax) 48.8.(9.5)
Dietary intake

Energy intake (kcal/day) 2868 (972)
Carbohydrate intake (g/day) 281.0(81.1)
Sugar intake (g/day) 1146 (32.6)
Far intake (g/day) 1033 (66.1)
Protein intake (¢/dy) 130.2 (39.4)
Alcohol ntake (g/day) 13.4(116)
Physical activity and sedentary behavior
Sedentary time (min/day)

LPA (min/day) 9807.0(268.9)
MPA (mirvday) 272.8(2689)
VPA (mindiay) 03008
MVPA (min/day) 273.0 2689)
Cardiorespiratory fitness

VOgmax (mLmin) 2596.3 (4722)
VOmax (mUkg/min) 25.6(23)
Echocardiography

Gardiac mass (g) 207.4 (32.0)
Ejection fraction (%) 65.8(62)
LV end diastolic diameter (mim) 525(52)
WV end systolic diameter (mim) 263(4.0)
LV end systolic volume (L) 215(103)
E wave (cmvs) 873 (125)
A wave (cm/s) 55.8(37)
EA 157 (026)
E wave deceleration time (ms) 205.0(20.4)

2024 (1.75)
0861 (0.173)
0.102 (0.044)
606 (258)
0.131 (0.086)
388 (25.4)
026 (0.07)
54.6 (69)

2796 (680)
2778 (121.7)
847 (22.4)
1162 (37.6)
121.6 (38.4)
14.1 (135)

2063 (88.8)
03 (05)
2065 (89.2)

28760 (524.4)

277 26)

181.8 (423)
610(1.8)
508 (35)
305 26)
280 (163)
818(237)
598 (26)
1.87 (0.38)

2125 (24.7)

146 (1.72)
~0.006 (0.021)
0018 (0.014)
976 (11.95)
~0017 (0.045)
~7.66 (10.98)
0019 (0.087)

585 3.91)

~715 370.9)
~3.25 (47.53)
~29.83 (21.31)
293 (25.34)
~8565 (14.33)
~070 6.02)

~24.50 (147.99)
2350 (147.81)
0.00 0.41)
23.50 (147.99)

279.75 (95.79)
219(088)

—25.57 (7.08)
~4.75 (2.69)
~1.75 (1.25)

4.25(1.89)
650 (5.33)
-550 8.99)
4.003.16)
~020 (0.08)
7.50 (21.26)

2013259
0831 (0.194)
0081 (0.027)
515 (16.6)
0.154 (0.049)
49.1 (17.2)
024 (0.05)
515(6.8)

2011 (518)
2383 (47.9)
1111 200)
126.7 (238)
1105 (23.4)
19.3 238)

7122.5 (1694.2) 6834.3 (1018.0) ~288.25 (764.93) 7323.4 (478.5)
97825 (89.2)

9864.8 (118.6)
188.8 (92.9)
34@1
2152(118.6)

26203 (573.9)
27.4(7.4)

1926 (27.8)
662 (67)
526(32)
33436
224 2.4)
702 (208)
658 (17.4)
1.07 (013)

2610 (43.8)

2055 (1.77)
0824 (0.188)
0.082 (0.023)
0.7 (125)
0.153 (0.035)
480 (125)
025 (0.08)
531 (7.9)

2436 (408)
284.0 (426)
1.5 (19.1)
1043 (26.7)
1075 (15.2)
109 (7.6)

7201.2 (855.9)
9833.4 (47.3)
230.4 (436)
25.8(57.1)

145.6 (47.27)

2013.5 (661.4)
0.7 (65)

197.5 (21.9)
61.6(7.4)
552 0.4)
3.2 @7)
346 (10.6)
67.6(16.3)
61.884)
1.10 (0.26)

223.0(313)

041(1.98)
~0.007 (0.028)
0.001 (0.008)
-0.75 (4.92)
~0.001 (0.017)
—1.12(4.95)
0010 (0.020)
158 (3.75)

—474.7 (272.7)
45.67 (30.27)

~19.63 8.91)

~22.35 (15.95)
-297 8.96)
-840 (10.13)

~82.20 (205.50)

~31.40 (66.08)
50.60 (45.83)
22.40 (25.94)
30.40 (66.08)

203.17 (209.34)
331297)

488 (153)
~4.60 (3.87)
2,60 (1.54)
080 (0.80)
1220 (4.62)
~2606.17)
~4.00 861)
0.040.16)
~38.00 (25.62)

~1.09 (~202,4.19)
~0001 (~0018,0014)
002 (~002,0.05)
10,50 ( - 25.27,46.26)
~0.02 (-0.15,0.12)
~6.53 (- 39.24,26.18)
001 (~008,0.10)
4.28 (~8.67,17.24)

403.2 (— 6336, 1439.9)
48.92 (~74.04,171.88)
~10.19 (- 73.91,63.53)
25,28 (~39.91,90.46)
~6.58 ( - 48.26,37.00)
910 (~22.11,4031)

~266.1 (- 1917.9,1405.8)
6.90 (-~ 347.87,361.67)

~27.10 (- 357.76,303.56)
22.40 (- 47.16,91.96)
~6.90 (- 361.67,347.87)

~13.42 (- 893.75,866.92)
~1.11(~874,651)

3045 (= 72.41, 1151)
016 (- 11.93,11.69)
~4.35 (~9.22,-052)
345 (-2.20,9.10)
~5.70 (~22.31,1091)
~290 (~27.75,21.95)
800 (- 15.51,3151)
024 (~069,021)
4550 (~36.47,127.17)

057 (-059,1.72)
~004 (= 1.17,1.09)
071 (~076,2.18)
061 (~1.46,267)
~027 (~248,1.95)
~041 (~246,1.64)
047 (=139, 1.75)
050 (- 1.02,2.08)

0.59 (- 091,2.09)
060 (~0.90,2.10)
~034 (~247,1.79)
058 (~0.92,2.09)
-024(~180,1.33)
0.45 (- 1.00,1.98)

~026 (- 194,1.42)
003 (- 166,1.78)
~0.14 (- 183,155)
052 (~1.10,2.15)
~0.03 (-~ 1.73,1.66)

~0.24 (- 160,1.55)
-020 (- 157,1.17)

~1.01(-239,0.38)
~002 (= 1.72,167)
~1.28 (- 250, ~0.14)°
1.08 (0,69, 2.84)
~0.56 (- 2.18,1.06)
~020 (-~ 188,1.49)
~055 (- 1.08,2.18)
081 (-2:34,071)
0.85 (- 067,2.36)

Abbreviations: SO, standard deviation; SE, standard error; Ci; confidence interval; HOMA, homeostasis model assessment; HDL-C, high-density ipoprotein cholesterol: LDL-C, low-density poprotein cholesterol; GOT,
Glutamic oxaloacetic transaminase; GPT, glutamic-pyruvic ransaminase; y-GT, y-glutamyl transferase; RMR, resting metabolic rate; RFox, resting fat oxidation; RCHo, resting carbohydrate oxidation; MFO, maximal
fat oxidation dluring exercise; Fatmax,intensity that eliits MFO; LPA, physical activty levels at ight intensity; MPA, physical activity levels at moderate intensity; VPPA, physical activity levels at vigorous intensity; MVPA,
physical activity levels at moderate-vigorous intensity; VO2max, maximal oxygen uptake; LV, ket ventiicle.
Analyses were performed using multievel mixed analysis including group as a fixed variable (control group vs. exercise).

“Significant differences between groups (P < 0.05).
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Sex (male), n (%)
Age (years)
BMI (Kg/m?)
Waist circumference (cm)
WHR

HbAsc (%)
FBG (mM)
FINS (wU/ml)
HOMA-IR

TG (mM)

TG (mM)
LDL-C (mM)
HDL-C (mM)
Apo-Al (/L)
Apo-B (g/L)
sd-LDL (mM)
NEFA (mM)
ALT (UAL)

AST (UL)
GGT (/L)
Adropin (ng/mi)

Control
(=32

11(34)
35,1438
21.46 £ 161
75.47 £8.41
091002
510+ 0.44
4.74£0.49
5.50 (4.90-8.00)
1.27 (0.87-1.85)
468+ 059
0.90 (0.68-1.18)
261056
1.56 + 033
1.41£028
0.78+0.13
083025
0.49 (0.30-0.57)
16.75 + 6.91
19.56 £ 5.00
15.56 + 6.20
552065

MAFLD
(n=30)

10(33)
35.1£95
36,88+ 5.79
11530 % 12.67
096 +0.07
6544193
741£284
15.89 (12.94-20.32)
4.28(3.76-5.57)
467 £0.73
1.88 (0.94-2.41)
2784055
091£0.17
187 £0.28
079+0.15
079 +0.45
0.50 (0.40-0.55)
5100 43052
49.79 +25.79
44.88 £37.15
2024292

P-value

0.931
0.989
<0.001
<0.001
<0.01
<0.001
<0.001
<0.001
<0.001
0.950
<0.001
0.307
<0.001
0.592
0.916
0.638
0.219
<0.001
<0.001
<0.001
<0.001

Values are presented as mean = SD (standard deviation of mean) for normally distributed
data or medians (25th, 75th percenties) for non-normally distributed data.
Apo-Al, apoprotein Al; Apo-B, apoprotein B; BMI, body mass index; FBG, fasting
blood glucose; FINS, fasting insulin; HDL-C, high-density lipoprotein cholesterol; HOMA-
IR, homeostasis model assessment of insuii resistance; LDL-C, low-density lipoprotein
cholesterol; NEFA, non-esterified fatty acidi; sd-LDL, small dense-low-density lipoprotein
cholesterol; TG, trglycerides; TC, total cholesterol; WHR, waist to hip rati.
P-values in bold indicate significance. The P-value was assessed using Student's t-test

or Mann-Whitney U-test.
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Non-diabetic Diabetic group

group
Baseline 161.75 £ 2.58 161.13 £ 0.83
(HFD)DA 183.88 + 1.22 185.30 + 1.33
(HFD)WH 243.88 +£3.73 258.70 + 2.62*
(HFD)W2 306.50 + 6.24 326.06 + 4.20*
Body weight (g) (HFD)W2 363.00 + 8.00 392.45 + 5.77*
(HFD)W4 405.88 +£7.83 443.03 £ 7.04*
(STZW1 408.13 £ 9.67 428.70 £+ 8.30
(STZW2 452.00 + 10.85 440.04 £+ 9.53
(STZW3 479.50 + 9.36 416.74 + 9.90**
(STZ)W4 503.50 + 10.37 431.50 £+ 10.30**
(STZ)W5 512.00 + 18.88 441.37 £ 11.41*
(HFD)DA 6.64 +£0.14 7124+ 012
(HFD)W4 6.36 + 0.19 6.61 £0.17
(STZ)D1 6.64 +£0.14 25.86 + 0.72***
Blood glucose (STZ)WH1 6.27 + 0.30 25.48 £ 1.16"*
(mmol/L)
(STZW2 5.60+0.16 27.24 +1.68"*
(STZW3 6.06 +0.17 25.75 + 1.66**
(STZ)W4 6.19+0.27 29.09 + 1.35"*
(STZ)W5 519+ 0.24 2878 o 1775
Serum lipid TC 1.87 £0.15 4.25 & 0.45%*
(mmol/L)
TG 0.33+0.06 0.78 & 0.14**
LDL-C 0.52 +0.07 1.68 £ 0.22"***
HDL-C 0.45 +0.07 0.20 £ 0.02**

o < 0.05 vs. non-diabetic group, **p < 0.01 vs. non-diabetic group,
4 < 0.0001 vs. non-diabetic group, *p < 0.05 vs. diabetic group (non-diabetic
group n = 42, diabetic group n = 45).
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Variables

Sample size

Age (years)

Female (n,%)

BMI (kg/m?)

Waist circumference (cm)
Current smokers (n, %)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Fasting glucose (mmol/L)
2-h glucose (mmol/L)
Fasting insulin (mU/L)
2-h insulin (MU/L)
HOMA-IR

Triglyceride (mmol/L)

fotal cholesterol (mmol/L)
LDL-c (mmol/L)

HDL-c (mmol/L)

Adipsin (ng/ml)

Nrg4 (ng/ml)

Visceral fat level
\VF ratio

Metabolic syndrome Elevated blood pressure Elevated Fasting Glucose Dyslipidemia
Yes No P-value Yes No P-value Yes No P-value Yes No P-value
781 431 707 505 715 497 704 508
SM8472 5164£72 <0.001 547470 SlA4ALT2 <0.001 54.6 +£6.9 51574 <0.001 535+7.3 532+7.3 0.496
530 (67.9) 335 (77.7) <0.001 457 (64.6) 408 (80.8) <0.001 509 (71.2) 356 (71.6) 0.867 480 (68.1) 385 (75.8) 0.004
278432 2827 <0.001 27894382 268+28 <0.001 27.71+£32 271428 0.003 27.7:+8380 27.1 4841 <0.001
947474 92.2+6.6 <0.001 9504+ 7.7 92.1+6.2 <0.001 94.4+7.4 93.0+7.0 0.002 943 +£7.0 981 +75 0.002
104 (13.3) 54 (12.5) 0.697 110 (15.6) 48 (9.5) 0.002 94 (13.2) 64 (12.9) 0.891 87 (12.4) 71 (14.0) 0.409
139.2 +16.4 122.6 +£14.2  <0.001 1441 +14.4 1182+786 <0.001 186.4 4 17.2 1289+ 17.1 <0.001 1855 171 130.3+17.7  <0.001
8234103 7BI487 <0.001 B4T4+8T 717+ 64 <0.001 80.6 +10.4 7734106 <0.001 80.7 +£10.4 1124108 <0.001
6.49 +1.91 5.49 £+ 0.87 <0.001 6.37 £1.93 5.80 +1.18 <0.001 6.76 +1.95 5.23+0.26 <0.001 6.34 £1.97 5.85+1.13 <0.001
9.91 +4.38 7234228 <0.001 9.60 £+ 4.30 8.05 +3.28 <0.001 10.23 + 4.56 7124175 <0.001 9.66 + 4.48 7.97 £2.90 <0.001
14.86 + 13.64 10.056 +4.64 <0.001 14.21 +£14.01 11.68 £6.37 <0.001 14.68 + 14.09 10.96 £5.53 <0.001 14.63 £+ 14.02 11.11+£6.14  <0.001
9443+71.21 61.70+46.69 <0.001 89.50+70.52 73.41+56.40 <0.001 91.70+7273 69.98+50.71 <0.001 9257 +£70.46 69.25+5511 <0.001
3.47 (2.54-4.89) 2.19 (1.56-2.99) <0.001 3.23(2.33-4.63) 2.60 (1.77-3.89) <0.001 3.54(2.59-5.11) 2.28 (1.60-3.10) <0.001 3.33(2.40-4.74) 2.54 (1.74-3.53) <0.001
1.97 (1.37-2.67) 1.13(0.85-1.41) <0.001 1.78(1.18-2.562) 1.33(0.93-1.96) <0.001 1.66(1.16-2.39) 1.40(0.95-2.03) <0.001 2.12(1.72-2.88) 1.09 (0.85-1.34) <0.001
8.01£1.18 5704 097 <0.001 8034118 5.71 £0.99 <0.001 6.04 +£1.11 8./041.02 <0.001 597 +1.18 5.81+0.94 <0.001
3.68 + 1.04 3.65 + 0.90 0.533 3.74 £1.04 3.57 +£0.91 0.003 3.76 +1.03 3.55 +0.92 <0.001 3.60 + 1.06 3.77 £0.89 0.004
1.29+£0.27 1.51 +£0.28 <0.001 1.34 £ 0.29 1.40 +£0.29 0.001 1.35 +0.29 1.39+£0.30 0.020 1.23+0.22 1.56 £0.27 <0.001
5.02 (4.05-6.34) 4.84 (3.93-6.16) 0.019 5.13(4.05-6.44) 4.79(3.97-6.03) 0.001 4.96(3.97-6.18) 4.90 (4.06-6.34) 0.794 4.98 (4.05-6.31) 4.90 (3.93-6.23) 0.149
3.24 (2.40-4.52) 3.55 (2.60-5.29) <0.001 3.26(2.37-4.59) 3.47 (2.60-5.05) 0.010 3.21(2.38-4.58) 3.53 (2.60-5.05) 0.002 3.32(2.50-4.65) 3.41(2.41-5.02) 0.034
10 (8-14) 8 (7-11) <0.001 10 (8-15) 8 (7-10.5) <0.001 9 (8-14) 9(8-13) 0.013 9 (8-14) 9(7-12) <0.001
4.22 +£0.80 4.64 +£0.93 <0.001 417 £0.79 4.66 +£0.90 <0.001 4.28 +£0.85 4.51+0.89 <0.001 4.28 +£0.83 4.51+0.92 <0.001

Data are presented as the mean

t SD or median (interquartile range).

BMI, body mass index; BPF, blood pressure; HOMA-IR, homeostasis model assessment of insulin resistance; LDL-c, low-density lipoprotein cholesterol; HDL-c, high -density lipoprotein cholesterol; MVF, muscle mass
to visceral fat; Nrg4, neuregulin 4.
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Metabolic Elevated Elevated Dyslipidemia
syndrome blood fasting
pressure glucose
OR (95%CIl) OR (95%CI) OR (95%CI) OR (95%Cl)
Model 1
Waist 1.48 1.58 1.21 1.20
circumference  (1.29-1.69)"* (1.39-1.80)"* (1.08-1.37)**  (1.07-1.35)*
Visceral fat level 1.50 1.74 1416 1.29
(1.321. 71 (1.52-1.98**  (1.03-1.31)* (1.14-1.45**
MVF ratio 0.61 0.55 0.76 0.76
(0.564-0.69** (0.48-0.63)** (0.68-0.86)"* (0.68-0.86)"**
Model 2
Waist 1.39 1.40 1.22 1.15
circumference  (1.21-1.61)"* (1.22-1.61)** (1.07-1.39)"*  (1.01-1.30)*
Visceral fat level 1.99 1.94 1.44 1.56
(1.48-2.68)** (1.45-2.60)**  (1.09-1.90)*  (1.18-2.06)"*
MVF ratio 0.66 0.68 0.81 0.76
(0.56-0.78)** (0.58-0.81)**  (0.69-0.95)* (0.65-0.89)**
Model 3
Waist 1.42 1.41 1.22 1.18
circumference  (1.22-1.64)"* (1.23-1.62)"* (1.07-1.39)*  (1.03-1.34)*
Visceral fat level 2.20 2.04 150 1.75
(1.62-2.99* (1.52-2.75"* (1.13-1.98)"  (1.31-2.34)"
MVF ratio 0.65 0.68 0.81 0.78
(0.55-0.77)** (0.57-0.80)*  (0.69-0.96)* (0.62-0.87)**

OR, odds ratio; Cl, confidence interval; MVF, muscle mass to visceral fat.
P < 0.05:P < 001:P < 0.001,
Model 1: without adjustment. Model 2: adjusted for age, gender, smoking, alcohol
assumption, and physical activity. Model 3: adjusted for model 2 + total cholesterol,

LDL - cholesterol.
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A Total effect: Br,=0.391%%%/0.216 **2/0.200**>

Total Indirect Effect
Brua=B1 X B,=0.014*

Brma =By X B,=0.016*
Braa ®=B1 X B,=0.017*

Indirect Effect 1

Indirect Effect 2
B,=-0.087*%* B,=-0.162*
f’i a=_(). 08 6** B§a=-0.192**
B, b=-0.099*+%/" Mediation effect(70)=3.61* B,b=-0.169*

Mediation effect(%) 2=7.66*
Mediation effect(%) ®=8.31*

B Total effect: Br,=0.391%%%/0.216 **3/0.200%*>

Total Indirect Effect
Brna=B1 X B,=0.014
Brna *=B; X B,=0.036**
Braa *=Py X B,=0.037**

Indirect Effect 1

Indirect Effect 2
B,=0.156%*** 3,=0.088
B, #=0.171%** B, 2=0.213%*

B, b=0.173%**

ediation effect(%)=3.53 B, P=0.212%*
Mediation effect(%) @ =16.87**

Mediation effect(%) b=18.35%*

Waist " Metabolic
Circumference . ol Syndrome
Direct effect n

Waist " Metabolic
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Direct effect
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By ©=0.187%

Bpy=0.378%**
Bpy =0.177*
Bp; P=0.162%
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Total effect: Br,=0.406%*%%/0,353***a/() 332 %**b

Total Indirect Effect
Bra=P; X f,=0.023*

Braa =By X B,=0.027*
Braa *=P; X B,=0.025*

Indirect Effect 1 Indirect Effect 2
B,=-0.154%** B,=-0.151%*
By 8=-0.152%*%* B,2=-0.176*

Mediation effect(%)=5.73*
Mediation effect(%) 2=7.60*
Mediation effect(%) Y =7.50*

B,b=-0.159%

B Total effect: Pr,=0.406%*%/0.353%%*a/() 332%%*b

Total Indirect Effect
Praa=P1 X p,=0.009

Praa *=P1 X p,=0.033*
Braa =Py X B,=0.033*

Indirect Effect 1 Indirect Effect 2
B,=0.184#** 3,=0.051

By 3=0.192%%* B, 2=0.174%*

B, b=0.192%*x Mediation effect(%)=2.33 B, b=0.173*

Mediation effect(%) @ =9.45*
Mediation effect(%) ®=9.98*

Visceral fat
level

_ Metabolic
Syndrome

Direct effect

Visceral fat
level

Metabolic
Syndrome

\ 4

Direct effect

Bp;=0.385%***
By, #=0.325%%%
B, ©=0.309%*

Bpy=0.399%+
Bp; #=0.328%%*
Bp; P=0.307%
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A Total effect: Br,=-0.491%#%/-0 355%#*2a/.( 338*#*d

Total Indirect Effect
Brna=B1 X B,=-0.017*
Brua =B X B,=-0.020*
Braa *=B; X p,=-0.020*

Indirect Effect 1
B,=0.109%**

B, 3=0.107***
B, b=0.116*+* / Mediation effect(70)=3.54*
Mediation effect(%) 2=5.72*

Mediation effect(%) ®=5.80*

Indirect Effect 2
B,=-0.159%*
B,2=-0.189%*
B,b=-0.169*

B Total effect: Br,=-0.491%***/-(.355%%**a/-(, 338***b

Total Indirect Effect
Bina=B1 X B,=-0.007
Brna =B X B,=-0.033*
Braa ®=B; X p,=-0.033*

Indirect Effect 1

Indirect Effect 2
B,=-0.174%%* B,=0.039
B, #=-0.190%** B, =0.174*
B, b=-0.192% Mediation effect(%)=1.37 B, b=0.174%*

Mediation effect(%) ? =9.36*
Mediation effect(%) ®=9.86%*

MVF

ratio . -
Direct effect

Metabolic
Syndrome

MVF - Metabolic

ratio ) "l Syndrome
Direct effect o

Bpy=-0.477x
Bpi #=-0.336%**
B, P=-0.323%%+

Bpy=-0.486%%*
Bpj =-0.328%+*
By P=-0.312%%%
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Characteristic

Number

Male sex n (%)

Age (years)

Smoker n (%)

Body weight (kg)

BMI (kg/m?)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Fasting plasma glucose (mmol/L)
2-h plasma glucose (mmol/L)
Fasting serum insulin (wlU/ml)
2-h serum insulin (plU/ml)
HOMA-IR

HbA1c (%)

Triglycerides (mmol/L)

Total cholesterol (mmol/L)
HDL-C (mmol/L)

LDL-C (mmol/L)

Total sleep time (min)

AHI (/h)

Lowest Sa0» (%)

Average Sa0; (%)

OSA

moderate to severe OSA

MUO

200
79 (39.5)
25 (20-29)
21 (10.5)
110.2 + 19.00
38.0+48
137.1 £ 185
85.9 £ 12.3
5.7 +£1.4
9.1+38
26.9 £ 155
182.6 + 139.7
5.7 (4.2-8.1)
5.7 (5.4-6.2)
2.0 (1.6-2.4)
48+11
1.0+02
30+08
393 (340-448)
16.7 £ 18.7
84.0 (77.0-89.0)
96.0 (94.3-97.0)
138 (69.0%)
80 (40.0%)

MHO

123
50 (40.7)
23 (20-27)
8 (6.5)
108.8 £19.9
380£55
124.8 £15.5
782+£96
54+12
8.2 +3.1
2324129
180.7 + 144.8
4.8(3.0-6.7)
5.6 (5.3-6.0)
1.2(0.9-1.5)
46+08
12402
29407
391 (350-439)
16.6 £ 22.0
85.0 (76.0-89.0)
96.0 (95.0-97.0)
82 (66.7%)
42 (34.1%)

P-value

0.838
0.112
0.223
0.358
0.495
<0.001
<0.001
0.020
0.014
0.015
0.437
0.006
0.039
<0.001
0.038
<0.001
0.158
0.808
0.512
0.657
0.082
0.662
0.292

Continuous variables are presented as mean =+ standard deviation or median (interquartile range) and categorical variables are presented as N (%).





OPS/images/fphys-12-650260/fphys-12-650260-t002.jpg
Model 1 Model 2 Model 3
Predictors OR P Predictors OR P Predictors OR P
Male sex 3.179 <0.001*  Male sex 2.438 0.009** Male sex 2.491 0.010*
Smoker 3.404 0.113 Smoker 3.519 0.105 Smoker 3.004 0.167
Age 1.100 <0.001™*  Age 1.088 0.001** Age 1.075 0.010*
BMI 1.069 0.018* BMI 1.032 0.559 BMI 1.029 0.610
MetS 0.975 0.926 MetS 0.993 0.980 MetS 0.852 0.575
Neck circumference 0.977 0.554 Neck circumference 0.963 0.389
Waist circumference 1.057 0.008** Waist circumference 1.051 0.025*
Hip circumference 0871 0.244 Hip circumference 0.973 0.310
Visceral-to-total abdominal adipose ratio 2.001 0.724
Liver-to-spleen ratio 0.361 0.017*

*P < 0.05, P < 0.01, ™P < 0.001.
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Characteristic

Body weight (kg)

BMI (kg/m?)

Waist circumference (cm)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Fasting plasma glucose (mmol/L)
2-h plasma glucose (mmol/L)
HbA1c (%)

HOMA-IR

Triglycerides (mmol/L)

Total cholesterol (mmol/L)
HDL-C (mmol/L)
LDL-C(mmol/L)

AHI (/h)

Lowest SaO» (%)

Moderate to severe OSA

MetS

Abdominal obesity

High triglycerides level

Low HDL-C level

High blood pressure

High fasting glucose level
Number of components

Baseline

119.6 + 24.1
426+77
123.6 + 15.3
141.0 + 24.3
87.8 £ 157
6.5+20
10.9 + 4.7
6.1 (5.5-7.0)
6.9 (4.1-10.9)
1.8 (1.4-2.1)
48+09
1.0 (0.9-1.2)
3.0+08
31.9+£286
79.0 (63.0-83.0)
43 (64.2%)
56 (83.6%)
67 (100.0%)
36 (53.7%)
51 (76.1%)
44 (65.7%)
39 (58.2%)
3.9

Follow-up

89.6 + 19.2
31.9+59
102.5 + 14.4
126.8 £20.3
76.5 + 16.1
48+05
5.5+ 2.1
5.2 (4.9-5.6)
1.7 (1.2-2.6)
0.9 (0.8-1.2)
45+09
1.2 (1.0-1.4)
29+08
13.3 £ 15.8
87.0 (82.0-90.0)
21 (31.3%)
21(31.3%)
56 (83.6%)
2 (3.0%)
36 (53.7%)
29 (43.3%)
7 (10.4%)
1.7

P-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.001
<0.001

0.099
<0.001
<0.001
<0.001
<0.001

0.001
<0.001
<0.001

0.004
<0.001
<0.001

Continuous variables are presented as mean =+ standard deviation or median (interquartile range) and categorical variables are presented as N (%).
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MUO (n = 56) MHO (n = 11)

Characteristic Baseline Follow-up P-value Baseline Follow-up P-value P-value
Body weight (kg) 120.9 +£ 23.9 909+ 184 <0.001 113.0425.2 83.3+22.8 <0.001
BMI (kg/m?) 430478 322+57 <0.001 407 £7.0 299+6.7 <0.001
$BMI (kg/m?) 10.8+4.8 10.8 £ 3.0 0.996
Excess weight (kg) 505+ 21.0 205+ 166 <0.001 439 +21.8 142 +194 <(0.00t
%EWL 632+ 245 76.2 +£28.9 0.124
AHI (/n) 32.7+£29.2 13.8+ 16.0 <0.001 27.8 £26.0 10.8 £ 15.3 <0.001
Lowest Sa0y (%) 75.0 (60.0-89.0) 89.0 (79.0-93.0) <0.001 79.0 (63.3-83.0) 87.0 (82.3-89.8) <0.001
NO OSA 10 (17.9%) 20 (35.7%) 0.006 3(27.3%) 6 (54.5%) 0.453
Moderate to severe OSA 37 (66.1%) 19 (33.9%) <0.001 6 (54.5%) 2(18.2%) 0.125
SAHI (/h) 18.9+24.6 17.0+24.0 0.800

Continuous variables are presented as mean= standard deviation or median (interquartile range) and categorical variables are presented as N (%).
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Description

-6
I-18
Tnf-a
Kif4
Cyp7b1
Glutz2
Gek
Gapdh

Sense primer (5'—3')

CTGCAAGAGACTTCCATCCAG
TTCAGGCAGGCAGTATCACTC
CTGAACTTCGGGGTGATCGG
GGCGAGTCTGACATGGCTG
GGAGCCACGACCCTAGATG
TCAGAAGACAAGATCACCGGA
TGAGCCGGATGCAGAAGGA
TGAGGCCGGTGCTGAGTATGT

Antisense primer (5'—3')

AGTGGTATAGACAGGTCTGTTGG
GAAGGTCCACGGGAAAGACAC
GGCTTGTCACTCGAATTTTGAGA
GCTGGACGCAGTGTCTTCTC
GCCATGCCAAGATAAGGAAGC
GCTGGTGTGACTGTAAGTGGG
GCAACATCTTTACACTGGCCT
CAGTCTTCTGGGTGGCAGTGAT
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