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Exercise Decreases Lipogenic Gene Expression in Adipose Tissue and Alters Adipocyte Cellularity during Weight Regain After Weight Loss
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Exercise is a potent strategy to facilitate long-term weight maintenance. In addition to increasing energy expenditure and reducing appetite, exercise also favors the oxidation of dietary fat, which likely helps prevent weight re-gain. It is unclear whether this exercise-induced metabolic shift is due to changes in energy balance, or whether exercise imparts additional adaptations in the periphery that limit the storage and favor the oxidation of dietary fat. To answer this question, adipose tissue lipid metabolism and related gene expression were studied in obese rats following weight loss and during the first day of relapse to obesity. Mature, obese rats were weight-reduced for 2 weeks with or without daily treadmill exercise (EX). Rats were weight maintained for 6 weeks, followed by relapse on: (a) ad libitum low fat diet (LFD), (b) ad libitum LFD plus EX, or (c) a provision of LFD to match the positive energy imbalance of exercised, relapsing animals. 24 h retention of dietary- and de novo-derived fat were assessed directly using 14C palmitate/oleate and 3H20, respectively. Exercise decreased the size, but increased the number of adipocytes in both retroperitoneal (RP) and subcutaneous (SC) adipose depots, and prevented the relapse-induced increase in adipocyte size. Further, exercise decreased the expression of genes involved in lipid uptake (CD36 and LPL), de novo lipogenesis (FAS, ACC1), and triacylglycerol synthesis (MGAT and DGAT) in RP adipose during relapse following weight loss. This was consistent with the metabolic data, whereby exercise reduced retention of de novo-derived fat even when controlling for the positive energy imbalance. The decreased trafficking of dietary fat to adipose tissue with exercise was explained by reduced energy intake which attenuated energy imbalance during refeeding. Despite having decreased expression of lipogenic genes, the net retention of de novo-derived lipid was higher in both the RP and SC adipose of exercising animals compared to their energy gap-matched controls. Our interpretation of this data is that much of this lipid is being made by the liver and subsequently trafficked to adipose tissue storage. Together, these concerted effects may explain the beneficial effects of exercise on preventing weight regain following weight loss.
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INTRODUCTION

There is no doubt that obesity has reached epidemic rates worldwide, and obesity increases the risk of many diseases, including type 2 diabetes, cardio-metabolic disease, as well as cancer. Although losing weight has been shown to improve obesity-associated comorbidities, maintaining a lower body weight is difficult for many individuals, with less than 20% of overweight or obese individuals able to maintain a 10% reduction in body weight 1 year after weight loss (Wing and Phelan, 2005; Kraschnewski et al., 2010).

A significant barrier to weight loss maintenance is the concerted adaptive response that results in an increased appetite and a suppression of energy expenditure (Rosenbaum et al., 2010; Maclean et al., 2011). In animal models, this biological drive to regain weight has been shown to be extremely strong and persistent (Levin and Keesey, 1998; Levin and Dunn-Meynell, 2000; MacLean et al., 2004a,b), and may underlie the high recidivism rates observed with obesity. It is very likely that any strategies that hope to facilitate success with long-term weight maintenance will need to acknowledge this powerful biological response and incorporate ways to ameliorate it.

There is growing evidence that exercise has benefits for facilitating weight loss maintenance (Schoeller et al., 1997; Weinsier et al., 2002; Catenacci et al., 2011). However, it is becoming clear that weight loss and weight loss maintenance represent two very distinct metabolic states (MacLean et al., 2015a), and there are good reasons to explain why the effects of regular exercise may be different for the two objectives. In our rodent models of weight regain, regular exercise increases energy expenditure and decreases appetite (Steig et al., 2011), and these effects have been linked to an increased capacity to oxidize dietary fat and the trafficking of ingested carbohydrate through a more energetically expensive pathway of deposition: de novo lipogenesis. Further, in the context of weight loss maintenance, we have shown that regular exercise enhances the expression of genes involved in mitochondrial biogenesis, beta-oxidation, and the uptake and utilization of lipid in skeletal muscle (Steig et al., 2011).

Adipose tissue is known to play an important role in the biological drive to regain weight (Dulloo and Montani, 2015). Thus, in the present investigation, we examined the impact of regular exercise on the metabolic state of adipose tissues during weight loss maintenance and during weight regain. In both the parent study and this analysis, we included a “gap-matched” control group, in which weight reduced sedentary rats were allowed to overfeed to the same extent as weight reduced rats that were exercised on a daily basis. This novel study design allowed us to observe any adaptive response in adipose tissue that extended beyond the ability of exercise to reduce the positive energy imbalance during weight regain. We hypothesized that regular exercise would reduce the lipogenic capacity of adipose tissue, facilitating the trafficking of ingested fat toward oxidative pathways in muscle and away from pathways of lipid deposition in adipose tissue. Such observations would suggest that the beneficial effects of exercise on whole body metabolism and energy balance during weight regain are the result of concerted effects on peripheral tissues.

MATERIALS AND METHODS

Experimental Paradigm of Weight Regain

One hundred and twenty Male Wistar rats (125–150 g; 5 weeks of age) were purchased from Charles River Laboratories (Charles River Laboratories, Inc., Wilmington, MA) and were housed in the University of Colorado Anschutz Medical Campus Center for Comparative Medicine and the Center for Human Nutrition Satellite Animal Facility (22–24°C; 12:12 h light-dark cycle) with free access to water. All procedures were approved by the institutional animal care and use committee. Rats were individually housed in wire bottom metabolic cages that limit activity (relative to group housed animals in polycarbonate cages), and obesity prone rats (n = 56) were identified by their propensity to gain weight following ad libitum access to a high-fat diet (HFD, 46% kcal fat 21% kcal protein, 33% kcal carbohydrate Research Diets, Inc., New Brunswick, NJ; RDI# D12344) from 5 to 6 weeks of age. Rats whose weight increased by ≥30% over 1 week were classified as obesity prone. We have previously shown that this screening process is predictive of the rat's tendency for future weight gain (Hill, 1990).

An overview of the study design is depicted in Figure 1. To induce obesity (~30–35% body fat), obesity-prone rats were matured for 12 additional weeks in this obesogenic environment (HFD plus limited physical activity). Once animals had developed obesity, a cohort of obese rats (n = 8) was switched to ad libitum access to a low fat diet (LFD, 25% kcal fat, 21% kcal protein, 54% kcal carbohydrate; Research Diets, Inc., New Brunswick, NJ; RDI# D07091301) for the duration of the study (Obese group; OB). The remaining 48 rats underwent weight reduction via restricted provisions of LFD equivalent to ~60% of the calories they had eaten ad libitum. This weight loss regimen was maintained for 2 weeks, causing a 14–18% loss in total body mass. Animals were maintained at this reduced weight for 6 weeks by providing a limited provision of LFD at the beginning of each dark cycle (14:00). Animals were weighed twice per week and energy intakes were adjusted accordingly to maintain weight stability. During the weight reduction and stability phases, 16 of the 48 rats performed regular exercise bouts.
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FIGURE 1. Experimental groups and tracer study design. Study Design to generate the groups to investigate effect of exercise [sedentary (SED) vs. exercise (EX)] in weight-reduced (WR) and relapsing (REL) conditions. The REL-GM (relapsing, gap-matched) group was a sedentary group of weight-reduced rats that were given a specific amount of food on the tracer day, so that their positive energy imbalance matched that of the REL-EX group. Rats were placed in the metabolic monitoring system for the final 4 days of the study. The 12:12-h dark-light cycle of the final tracer day is indicated on the timeline (black bar and white bar, respectively). The WR-EX and REL-EX groups performed their regular bout of exercise on the final tracer day (black box), within 3 h of the end of their final light cycle.



Experimental Groups

Prior to the weight loss phase, animals were stratified according to body weight to ensure a similar weight distribution into each of the six experimental groups (Figure 1). These groups included: obese (OB), weight-reduced sedentary (WR-SED), weight-reduced exercise (WR-EX), relapsing sedentary (REL-SED), relapsing exercise (REL-EX), and energy gap-matched to REL-EX (REL-GM). On the final testing day, the WR-SED (n = 9) and WR-EX (n = 7) control rats were given their daily bolus of LFD to maintain energy balance as described above. REL-SED (n = 8) and REL-EX (n = 7) rats were allowed ad libitum access to the LF diet throughout the final 24-h testing period in order to examine the initial day of relapse to obesity. Both WR-EX and REL-EX animals participated in their regular bout of physical activity on the testing day. To determine if differences between sedentary (SED) and exercising (EX) rats were due to differences in the energy imbalance or to independent effects on peripheral tissues, we included an additional group of sedentary weight-reduced rats that were allowed to overfeed only to the point at which their energy imbalance was the same as REL-EX rats (matching their energy gap; gap-matched, REL-GM). Obese rats (OB; n = 8) had ad libitum access to the LFD during the entire 24-h testing period. All animals were sacrificed at the end of the 24 h testing day.

Exercise Regimen

Sixteen rats (WR-EX and REL-EX) performed regular exercise bouts throughout the 8 weeks of weight reduction and maintenance. Rats exercised on a three-lane Exer-6M Treadmill (Columbus Instruments, Columbus, OH) during the 8 weeks of weight loss and maintenance. Rats were acclimated to the treadmill by incrementally increasing the exercise intensity from 5 to 15 m/min during the first week of training and then increasing the exercise duration from 10 to 60 min during the second week. For the remainder of the study, rats performed regular exercise bouts for 1 h a day, 6 days a week, at an intensity of 15 meters/min. Throughout the study, the exercise bout was performed at approximately the same time of day (between 11:00 a.m. and 2:00 p.m., in the 3 h window prior to the onset of the dark cycle).

Rats were encouraged to perform the daily exercise bouts using one or more of the following methods: (1) placing food pellets or dangling a novel play item at the head of the treadmill so it was just out of reach of the animal; (2) a short shock from an electric grid at the rear of the treadmill (10V, 0.5A, 0.75hz); (3) applying a bristle brush to the animal's feet on the rear treadmill grid; or (4) intermittent air puffs to the hind-quarters. The type and combination of motivation used varied depending on the rat's response to the different motivation techniques.

Energy Balance and Fuel Utilization

A metabolic monitoring system (Columbus Instruments, Columbus, OH) was used to assess energy balance and fuel utilization throughout the final testing day. This multichamber indirect calorimetry system allows for the continuous monitoring of up to eight rats, obtaining measurements of oxygen consumption (vO2) and carbon dioxide production (vCO2) from each chamber every 16 min (MacLean et al., 2004b; Jackman et al., 2008). The chambers also allow for the collection of daily urine, feces, and food spillage. Energy intake (EI) was measured every 3 h during the 24-h tracer protocol (described below), taking into account any spilled food. Metabolic rate (MR) was calculated from gas exchange measurements using the Weir equation (MR = 3.941 * vO2 + 1.106 * vCO2 − 2.17 * N), where N represents urinary nitrogen. This was then used to calculate total energy expenditure (TEE), component analysis of TEE and to acquire estimates of non-resting (NREE) and resting (REE) energy expenditure as previously described (MacLean et al., 2004a,b; Jackman et al., 2008; Giles et al., 2010). Respiratory Exchange Ratio (RER) was calculated as the ratio of CO2 production to O2 consumption (vCO2/vO2). Energy balance (EB) was calculated as EI – TEE.

Dual Tracer and Testing Day Protocol

The dual-tracer approach was similar to our previous work in sedentary rats (Jackman et al., 2008; Giles et al., 2010; Figure 1). After 2 days of acclimatization in the metabolic chambers, a 250 μCi intraperitoneal injection of 3H20 was given 2 h prior to start of the final dark cycle. Previous studies have shown that this tracer equilibrates with total body water within 2 h and remains relatively steady over the next 24-h period (Commerford et al., 2001). Subsequent incorporation of tritium into lipid pools provides an estimate of the net retention of carbons, but does not provide any information as to the carbon source.

To reflect the dietary fat within the LFD, 1-[14C]palmitate and 1-[14C]oleate tracers were blended into the diet (1:3 ratio, reflecting their ratio in the diet) at a specific activity of 0.8 μCi/kcal of dietary lipid. The radiolabeled diet was fed at the start of the final dark cycle. Although different groups were provided different amounts of food, and thus different amounts of the 14C tracer, the specific activity of the diet was constant. Therefore, the absolute amount of tracer consumed reflected the amount of dietary lipid ingested over the 24-h period. Energy intake (EI) was assessed every 3 h, whereas O2 consumption and CO2 production were monitored every 16 min by indirect calorimetry. To estimate dietary fat oxidation, effluent CO2 from each chamber was collected into 3.0 mL aliquots of a 2:1 mixture of methanol and methylbenzethonium (hyamine) hydroxide (Sigma-Aldrich, St. Louis, MO #B2156) to trap 1 mmol CO2. CO2 trapping was conducted when the rat was not being monitored by the calorimetry system. The 14C content was then measured with a Beckman LS6500 scintillation counter. Background activity was determined by counting a sample containing only scintillation fluid and hyamine hydroxide, and was subtracted from experimental values.

At the end of the 24-h period, rats were anesthetized with isoflurane. A sample of blood was obtained from the vena cava, and rats were then exsanguinated. Retroperitoneal (RP) and subcutaneous (SC) adipose tissues (from the dorsal lumbar region) were collected for determination of 14C and 3H accumulation in the lipid fraction, as previously described (Jackman et al., 2008). Samples of serum and urine were dried, and 14C content was determined via scintillation counting. Total serum 14C content was calculated as the measured 14C activity/mL of serum × 0.0385 × body mass (grams) (Caster et al., 1956).

Gene Expression Analyses

Total RNA was extracted from powdered adipose tissue using TRIzol (Invitrogen). RNA concentration was determined using a Nanodrop 1000 Spectrophotometer system (Thermo Scientific, Wilmington, DE; software version 3.2.1), and RNA integrity was verified with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Total RNA (1 μg) was reverse transcribed with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), and quantitative PCR was performed using primer sets for genes of interest and reference genes, and iQ SYBR Supermix (Bio-Rad) following manufacturer protocols. Reactions were run in duplicate on an iQ5 real-time PCR detection system (Bio-Rad) along with a no-template control for each gene. Validation experiments were performed to demonstrate that efficiencies of target and reference genes were approximately equal. The target genes were normalized to the geometric means of ubiquitin C using the comparative Ct method (Vandesompele et al., 2002).

Cellularity

At the time of sacrifice, RP and SC fat pads were removed and weighed, and a portion of each fat pad was immediately processed for cellularity by methods described previously (Jackman et al., 2008; MacLean et al., 2009; Giles et al., 2012). In brief, a portion of the fat pad was suspended in cold Krebs-Ringer phosphate (KRP) buffer and minced. Samples were then digested with collagenase, stained with methylene blue, and adipocytes (150–250 cells/sample) were imaged by a blinded microscopist using an Olympus BX60 microscope and a C-mounted Canon Power Shot G5 digital camera. Images were analyzed with a Cell Counting Analysis Program (Mayo Clinic, Rochester, MN) to obtain the diameter. The number of cells per fat pad was calculated from the average adipocyte volume, a density conversion factor (0.915 g/ml), and the mass of the fat pad.

Statistical Analysis

Data were analyzed using SPSS software version 23.0 by analysis of variance with planned comparisons examining whether exercise alters energy homeostasis in weight-reduced animals (RED-SED vs. RED-EX), during the first day of relapse (REL-SED vs. REL-EX), and during relapse if the energy imbalance is controlled (REL-EX vs. REL-GM). Differences in adipocyte cell frequency distribution were examined by chi-square analysis for the three aforementioned planned comparisons, with a z-test (Bonferroni's adjustment) to determine differences in proportions. Statistical significance was set at p < 0.05.

RESULTS

Body weight, body composition, energy balance, and fat oxidation data from this study has been reported in detail previously (Steig et al., 2011). Key data from the parent study that are required to interpret the results of the current study have been reproduced in Figure 2. In addition, dietary fat retention and de novo lipogenesis in RP adipose tissue were presented in the original study on a per gram of adipose tissue. We have extrapolated these data to the entire fat pad and also included identical measurements from SC adipose in the current study (Figure 3) to help build a better picture of the effects of exercise on whole body lipid trafficking and storage.
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FIGURE 2. Energy Balance, Respiratory Exchange Ratio, and Whole Body Dietary Fat Oxidation. (A) Energy intake (EI) and total energy expenditure (TEE), as measured by indirect calorimetry on the final day of the study are shown, with the calculated energy imbalance indicated as the Δ above each graph. Obese and relapsing SED and EX rats ate ad libitum. Reduced rats were given an energy balance provision of the diet. Relapsing gap-matched (REL-GM) were given just enough food to match the energy imbalance of the REL-EX group. Groups designated by the same letter (a, b, c, d for EI) or symbol (*, †, ‡, $ for TEE) are not significantly different from one another (P < 0.05). (B) Exercise decreases respiratory exchange ratio (RER) indicating an increase in whole body fat oxidation in relapsing animals. (C) Exercise increases 24 h dietary fat oxidation (measured with a 14C-oleate/palmitate dietary tracer) in both reduced and relapsing animals. Figures were modified or derived from the parent study (Steig et al., 2011).
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FIGURE 3. Trafficking of dietary fat and de novo lipogenesis. (A,B) In relapsing animals, exercise decreases trafficking of dietary fat (14C) to RP and SC adipose depots. (C,D) Exercise decreases lipogenesis (3H incorporation) in RP and SC adipose during relapse. (*P < 0.05).



Energy Balance and Gap-Matching

The development of obesity, both in terms of body weight and composition, in obesity-prone rats was reflective of that previously published for this model (Jackman et al., 2006, 2008; MacLean et al., 2006). Energy intake (EI) and TEE during the 24 h tracer study are shown in Figure 2A, with the calculated energy imbalance indicated as the Δ above each graph. WR-SED and WR-EX animals were given a provision of the LF diet sufficient to maintain energy balance. Relapsing animals were given ad libitum access to the LF diet and, during the relapse period, REL-SED animals consumed ~100 kcal in excess of what they expended. REL-EX experience a 46.9 ± 7.5 kcal energy excess. Because the energy expenditure of the sedentary REL-GM group was ~10 kcal less than their exercising counterparts, they were also provided ~10 kcal less food so that their EB (49.1 ± 5.1 kcal) was not different than the REL-EX groups.

Whole Body and Dietary Fat Oxidation

Despite having no impact on whole body substrate oxidation, reflected in RER (Figure 2B), exercise increased the oxidation of dietary fat in the weight reduced state (Figure 2C; WR-SED vs. WR-EX). During relapse, RER predictably reflected the differences in energy balance in the three relapsing groups, with an increase in RER in the REL-SED animals, who had a greater caloric excess than the REL-EX and REL-GM. However, the effect of exercise on dietary fat oxidation persisted during relapse, with increased dietary fat oxidation in the REL-EX rats, compared to REL-SED. Dietary fat oxidation was significantly lower in the REL-GM compared to REL-EX, indicating that exercise works peripherally to increase oxidation of dietary fat, and the increased oxidation of dietary fat in the exercising animals was not simply the result of exercise-induced changes in energy balance.

Trafficking of Dietary Fat to Adipose

In addition to providing measurements of dietary fat oxidation, use of radioactive fatty acid tracers facilitated direct measurement of trafficking of dietary fat throughout the body. Daily treadmill exercise not only increased dietary fat oxidation but also decreased the trafficking of dietary fat to RP and SC adipose depots during relapse (Figures 3A,B, respectively). Unlike dietary fat oxidation, this shift in fat trafficking appears to be driven by the energy balance state of the animal as dietary fat retention in the visceral adipose depots was similar in the REL-EX and REL-GM groups in both adipose depots. However, in interpreting this data, it is also necessary to account for the size of each adipose depot. While not statistically different, we did see a trend for a decrease in the mass of both RP and to a lesser extent SC adipose depots in the REL-GM group, compared to the REL-EX (Table 1). Thus, while there are no differences in dietary fat retention at the whole tissue level, we have previously shown higher dietary fat retention in the REL-GM compared to the REL-EX on a per gram level (Steig et al., 2011), despite the fact that the REL-EX are eating more to achieve the same positive energy imbalance as the REL-GM during relapse.

Table 1. Characteristics of RP and SC adipose depots.
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De novo Lipogenesis

Incorporation of tritium into lipid pools was used to estimate the net retention of carbons via lipogenesis, with the majority of this being de novo lipogenesis. In the weight reduced state, very little de novo lipogenesis is expected as the animals are eucaloric. Thus, it was not surprising that 3H incorporation into both RP and SC adipose was low in weight reduced animals, and unaffected by exercise (Figures 3C,D). In relapsing animals, however, exercise significantly decreased 3H retention and presumably de novo lipogenesis in RP adipose (REL-SED vs. REL-EX; Figure 3C). Surprisingly, 3H retention was significantly lower in RP adipose, and tended to be lower in SC adipose (p = 0.09) of REL-GM rats compared to the REL-EX group.

Gene Expression Data

To further explore the mechanisms by which exercise may contribute to the shunting of dietary fat away from storage and toward oxidative tissues during relapse, we analyzed RP adipose tissue for expression of several genes involved in lipid uptake, synthesis and de novo lipogenesis, as well as transcription factors that regulate the expression of these genes.

Transcription and Regulatory Factors

Expression of three regulators of de novo lipid synthesis (Figures 4A–C), and one transcription factor involved in adipogenesis, lipid uptake and storage (Figure 4D) were measured in RP adipose tissue. In both the weight-reduced and relapsing states, exercise decreased the expression of sterol response element binding protein (SREBP-1c; Figure 4A), carbohydrate-responsive-element-binding protein (ChREBP; Figure 4B), and peroxisome proliferator-activated receptor γ (PPARγ; Figure 4D). A reduction in thyroid hormone responsive spot 14 (Spot 14; Figure 4C) with exercise was limited to relapsing animals. This decrease in transcription factor expression was not seen in the REL-GM group, indicating that these effects were a direct result of exercise.
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FIGURE 4. mRNA Expression of regulators of lipid metabolism in retroperitoneal adipose tissue. Expression of (A–C) Regulators of de novo lipid synthesis and (D) a transcription factor involved in adipogenesis, lipid uptake, and storage were measured in RP adipose tissue by qPCR and normalized to the expression of ubiquitin C using the comparative Ct method. (*P < 0.05).



Lipid Uptake

Exercise decreased the expression of lipoprotein lipase (LPL) in both weight reduced and relapsing animals (Figure 5A). LPL functions to hydrolyze lipoprotein triglycerides (from chylomicrons and very low density lipoproteins), thereby providing non-esterified fatty acids for tissue use. This decrease in LPL was not observed in the REL-GM group, indicating that regulation of LPL is due to the independent effects of exercise. CD-36, which facilitates fatty acid uptake, was similarly decreased with exercise in both weight-reduced and relapsing rats (Figure 5A). In contrast to LPL, CD-36 was not different between REL-EX and REL-GM rats indicating that changes in CD-36 appear to be mediated by energy balance directly.
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FIGURE 5. Expression of genes in retroperitoneal adipose tissue that regulate. (A) Lipid Uptake, (B) Triglyceride (TG) synthesis, and (C) De novo lipogenesis. Expression was measured in RP adipose tissue by qPCR and normalized to the expression of ubiquitin C using the comparative Ct method. (*P < 0.05).



Capacity for Lipid Synthesis

Synthesis of triglycerides is regulated by a family of enzymes including monoacyglycerol and diacylglycerol acyltransferases (MGAT and DGATs, respectively). In this model, expression of MGAT1, DGAT1, and DGAT2 decreased with exercise in both WR and REL groups (Figure 5B). While the exercise-induced decrease in MGAT1 only reached significance in weight-reduced animals, the same trend occurred in relapsing animals. DGAT1 and DGAT2 were significantly lower in exercising animals both in the weight reduced and relapsing states. This effect of exercise on the capacity for TG synthesis appears to be due, at least in part to an independent effects of exercise, as the REL-GM rats have higher expression of DGAT1/2 compared to the REL-EX rats (P < 0.05 for both).

Capacity for De novo Lipogenesis

Exercise was associated with decreased expression of both fatty acid synthase (FAS) and acetyl-CoA carboxylase 1 (ACC1) (Figure 5C), mirroring the decrease in de novo-derived lipid measured in this tissue via 3H incorporation (Figure 3C). Interestingly, comparison of the REL-EX and REL-GM groups shows that while expression of FAS is higher in RP adipose from REL-GM compared to REL-EX, our estimates of de novo lipogenesis in these two groups show the opposite trend. Given this discrepancy, we examined 3H incorporation into other depots, including the SC adipose, skeletal muscle, and liver. As reported previously (Steig et al., 2011), 3H incorporation in the liver was significantly higher in the relapsing animals during exercise, compared to their energy gap-matched controls (REL-EX vs. REL-GM: 7.3 ± 0.7 vs. 4.3 ± 0.5 ηCi/g tissue, P < 0.05). Our interpretation of this data is that with exercise, a portion of the de novo-derived fat measured in the RP fat pad may, in fact, be synthesized in the liver and then transported to the visceral adipose depots for storage. Not only would this process require additional energy, it would also provide a second opportunity for this fat to be oxidized by the skeletal muscle when it is released into circulation as VLDL.

Integrated Responses: Muscle and Adipose

While our goal in the current study was to identify exercise-induced changes in adipose tissue that could affect metabolism, it is important to point out the interaction between skeletal muscle and adipose in the trafficking of dietary fat and other aspects of whole body metabolism. For example, dietary fat storage in adipose tissue was inversely correlated with whole body dietary fat oxidized (Figure 6A), which may reflect how integrated these two parameters are across metabolic states. Further, in our original publication (Steig et al., 2011), we reported that muscle LPL mRNA was elevated with exercise in the weight reduced state. The differential expression of LPL in muscle and adipose tissue is thought to play a significant role in trafficking of nutrients. Here, we combined these datasets to examine the ratio of LPL mRNA expression in these tissues. Expectedly, this ratio was clearly affected by regular exercise in a manner that would promote the trafficking of dietary fat toward muscle and away from adipose tissues (Figure 6B).
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FIGURE 6. Relationships between muscle and adipose tissue. (A) Whole body dietary fat oxidation was inversely correlated with trafficking of dietary fat to RP adipose tissue. (B) Exercise increased the expression of lipoprotein lipase (LPL) in skeletal muscle (gastrocnemius) relative to RP adipose both in the weight reduced state, and following 1 day of relapse. Expression was measured by qPCR. (*P < 0.05).



Adipocyte Cellularity

As we have previously reported (Maclean et al., 2011), sustained weight loss reduces average adipocyte size and shifts the size frequency distribution of adipocytes. In this study, we examined how regular exercise affected the cellularity characteristics of RP and SC fat pads during weight loss maintenance and during the initial day of weight regain (Figures 7A,B). Exercise had no effect on the mass of the RP and SC depots in the weight reduced or relapsing rats (Table 1), but it did have distinct effects on the cellularity characteristics. In the weight reduced state, exercise exacerbated the left-shift in the frequency distribution profile of both depots, an effect that was particularly striking in the SC depot (Figures 7C,D). This shift toward smaller adipocytes was accompanied by an increase in the total number of adipocytes in both RP and SC depots of weight-reduced, exercised rats (Table 1). This left shift was maintained with exercise during relapse (Figures 7E,F). In the RP depot, profiles of REL-EX and REL-GM were superimposed, suggesting that the smaller adipocyte size in the exercising animals was primarily due to attenuated overfeeding in these groups, when compared to their sedentary counterparts. However, in the SC depot, exercise significantly increased the number of very small adipocytes (<60 μm) during relapse when compared to their gap-matched controls (REL-EX vs. REL-GM), suggesting that this depot may be particularly responsive to the effects of exercise, beyond the energy-balance effects seen in the RP depot.
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FIGURE 7. Adipocyte size frequency distributions. Retroperitoneal (RP) and subcutaneous (SC) adipose tissue were collagenase digested and adipocyte diameter was measured.Frequency distributions are shown for all groups (A,B), weight reduced animals (C,D; red) and relapsing animals (E,F; blue). Sedentary animals are represented with a solid line; exercising animals with a dotted line, and gap-matched animals with a dashed line.



DISCUSSION

The novel observation of this study is that regular exercise attenuates the expression of adipose lipogenic genes during weight regain, an effect which coincides with the trafficking of dietary fat toward oxidative pathways, presumably in skeletal muscle. Much of this concerted impact of exercise on regulators and pathway enzymes of lipid metabolism remained significant even when compared to sedentary gap-matched controls. Taken together with our previous findings (Steig et al., 2011), these data suggest that regular exercise affects both muscle and adipose tissues during weight regain to redirect the deposition of excess energy. Related to this preferential nutrient trafficking is a reduction of the energy gap between appetite and expended energy. Our working hypothesis is that the tissue-specific effects of exercise on adipose tissue and muscle alter peripheral metabolism in a way that contributes to the reduced energy gap in the weight reduced state. The fact that exercise counters the biological drive to regain weight and reduces this energy may explain its beneficial effects for weight loss maintenance in humans (Ewbank et al., 1995; Schoeller et al., 1997; Weinsier et al., 2002; Jakicic et al., 2008; Catenacci et al., 2011).

More specifically, our examination of skeletal muscle gene expression in these animals (Steig et al., 2011) revealed exercise-induced increases in expression of genes that favor the uptake, mobilization, and oxidation of fat, which likely contributed the preferential oxidation of ingested fuels upon overfeeding. The current study extends these findings to reveal that adipose tissue is not merely a passive storage site for excess nutrients. Rather, exercise affects gene expression in adipose tissue in a manner that inhibits lipid uptake, triglyceride synthesis, and de novo lipogenesis. This does not necessarily mean that adipose tissues are not capable of taking up nutrients during overfeeding. However, it may redirect excess nutrients to other tissues and alternative metabolic pathways prior to being deposited. Together this interplay between muscle and adipose tissue plays an important role in coordinating the trafficking of nutrients and mediating the metabolic effects of exercise after weight loss.

One of the surprising findings of this study was that despite having significantly lower expression of lipogenic genes, the net retention of de novo-derived lipid was higher in both the RP and SC adipose depots of exercising animals compared to their energy gap-matched controls. Our interpretation of this data is that much of this lipid is being made by the liver and subsequently trafficked to adipose tissue storage. Using 3H data does not allow us to determine where lipid is being made, only where it is stored. However, this perspective of fuel trafficking would be consistent with exercise's promotion of dietary fat oxidation and the 3H enrichment of lipid pools in adipose tissue, skeletal muscle, and liver, which we have previously reported (Steig et al., 2011). The trafficking of excess nutrients through de novo pathways in the liver would have two beneficial consequences in terms of weight maintenance and regain: (1) it would increase the energetic cost of depositing excess energy, which we observed as TEE was elevated beyond the energetic cost of the exercise bout, and (2) it would provide a second opportunity for these excess nutrients to be oxidized—this time as newly formed very low density lipoproteins that could be taken up by oxidative tissues, like skeletal muscle, while en route to their final storage depot.

Our data also indicate that exercise-induced changes in adipocyte size and number may be an additional mechanism by which exercise could facilitate long term weight reduction and/or improve metabolic health when weight regain occurs. When compared to larger adipocytes (at least in vitro) smaller adipocytes are more sensitive to the anti-lipolytic effects of insulin, exhibit lower basal and catecholamine-induced lipolysis, have a lower lipid turnover, and express genes favoring energy storage (Bjorntorp et al., 1975; Lofgren et al., 2005; Svensson et al., 2008). In the present study, we found that exercise increased the number of small, and decreased the number of large adipocytes, compared to sedentary controls. This effect was particularly apparent in SC adipose depots, which may contribute to the exercise-induced shift in nutrient trafficking to peripheral adipose tissues. We know that expanding visceral adipose depots is associated with increased risk for diabetes, cardio-metabolic disease, and all-cause mortality (Milewicz et al., 2001); however subcutaneous adipose tissue, even in obese individuals, appears to have a more benign phenotype, and shows no independent associations with insulin resistance or cardiovascular disease risk (Neeland et al., 2013). Thus, if exercise can promote the storage of nutrients in SC, rather than visceral fat, this would represent a further beneficial effect of exercise—in this case not to prevent weight regain, but rather to improve metabolic health in those that do gain weight.

Despite this potential benefit of exercise on adipose tissue metabolism, one must consider the potential consequences that an increase in adipocyte number could have on the long term expansion of body fat stores. Increased adipocyte hyperplasia may be of little concern if an individual is in a weight reduced state; however, upon cessation of exercise and/or overfeeding, these inulin sensitive cells are primed to take up and store triglyceride. Thus, this may increase the propensity for weight gain if the exercise regimen is stopped. While not well documented in the scientific literature, some (Elleuch et al., 2008; Arliani et al., 2014), but not all (O'Kane et al., 2002), studies have reported higher amounts of weight gain in former collegiate and/or professional athletes later in life. While there are numerous factors that could lead to weight gain in former athletes, exercise-induced changes in adipocyte cellularity is one possibility worth considering.

The changes in adipose tissue gene expression reported here reflect one snap shot in time, at the end of a 24-h study. Weight regain is a dynamic, non-steady-state process in which both gene expression and metabolic flux are likely to vary during the early stages of the relapse to obesity. The importance of this effect on adipose tissue during the weight regain process is likely to depend on the magnitude and persistence of this effect. Furthermore, our studies were focused on male obese rats, and both the biological response to weight loss and the effects of exercise may be different in females. Finally, while our studies show which adaptive responses in adipose tissue gene expression are being attenuated during weight regain, the design of our studies do not reveal an underlying mechanisms of how exercise might impose this effect. These issues and limitations are being addressed in ongoing studies. Further, subsequent studies will be needed to translate these observations to humans, where individual variability in the response to exercise are compounded by compensatory behavioral changes in daily activity and food intake (MacLean et al., 2015b).

A limitation of this follow-up study in relapsing rats is that we do not have a clear understanding of the underlying mechanisms for the benefits of exercise. One possibility is that the exercise leads to an increase in sympathetic tone in adipose tissues, and the differential expression of adrenergic receptors in the depots may have contributed to the depot-specific effects on gene expression and cellularity. Some studies suggest that SNS activation inhibits lipolysis in SC adipose that tends to be enriched with α2 receptors, while increasing lipolysis in visceral fat, where there are more β3-receptors (reviewed in McMurray and Hackney, 2005). Alternatively, exercise-induced changes in inflammation could also mediate some of the adaptive responses. Specifically, wheel running has been shown to decrease the number of crown-like structures (a marker of macrophage infiltration) in mice fed an atherogenic diet, and this was associated with an increase in the number of small adipocytes, and an overall improvement in metabolic outcomes and adipose tissue function (Haczeyni et al., 2015). Finally, there is an emerging body of data demonstrating that weight loss and resulting decrease in adipocyte size imparts changes in the extracellular matrix (ECM) that can cause mechanical stress between the ECM and surrounding adipocytes. This mechanical stress is thought to impose adaptive responses in adipocytes that contribute to subsequent weight regain (Mariman and Wang, 2010; Mariman, 2012; Roumans et al., 2015). At present, we do not know if the impact of exercise on adipocyte cellularity counters this mechanical stress and its metabolic consequences. It is clear that we need further studies to understand the molecular mechanisms underlying the beneficial effects of exercise on adipose tissues in the weight reduced state.

In summary, weight loss from caloric restriction induces an integrated response in a number of tissues in the body that coordinately lead to a strong drive to overeat, metabolize ingested nutrients in an energetically efficient manner, and regain lost weight. Adipose tissues not only contribute to this biological response to weight loss, but also appear to be mediating some of the beneficial countermeasures of exercise during weight regain. These specific effects of exercise in adipose tissue explain why regular exercise is so critical for successful weight loss maintenance.

AUTHOR CONTRIBUTIONS

EG participated in the design and execution of the study, conducted data analysis and interpretation, and drafted the manuscript; AS participated in the design and execution of the study; MJ participated in the design and execution of the study and assisted with data analysis and interpretation; JH participated in design and execution of the study and interpretation of the data; GJ participated in execution of the animal study; RL assisted with data collection; PM contributed to the design, execution, and data analysis/interpretation. All authors read and approved the final manuscript.

FUNDING

This work was supported by the National Institutes of Health (DK038088 and HD073063 to PM). EG was supported by K99 CA169430 and a pilot award from the Colorado Nutrition Obesity Research Center (DK48520 to James O. Hill). We appreciate the generous support from the Energy Balance and Metabolic Core Laboratories within the Colorado Nutrition Obesity Research Center. Additional research support was provided by the Colorado Obesity Research Institute.

REFERENCES

 Arliani, G. G., Lara, P. S., Astur, D. C., Cohen, M., Goncalves, J. P., and Ferretti, M. (2014). Impact of sports on health of former professional soccer players in Brazil. Acta Ortop. Bras. 22, 188–190. doi: 10.1590/1413-78522014220400954

 Bjorntorp, P., Carlgren, G., Isaksson, B., Krotkiewski, M., Larsson, B., and Sjostrom, L. (1975). Effect of an energy-reduced dietary regimen in relation to adipose tissue cellularity in obese women. Am. J. Clin. Nutr. 28, 445–452.

 Caster, W. O., Poncelet, J., Simon, A. B., and Armstrong, W. D. (1956). Tissue weights of the rat. I. Normal values determined by dissection and chemical methods. Proc. Soc. Exp. Biol. Med. 91, 122–126. doi: 10.3181/00379727-91-22186

 Catenacci, V. A., Grunwald, G. K., Ingebrigtsen, J. P., Jakicic, J. M., McDermott, M. D., Phelan, S., et al. (2011). Physical activity patterns using accelerometry in the National Weight Control Registry. Obesity 19, 1163–1170. doi: 10.1038/oby.2010.264

 Commerford, S. R., Pagliassotti, M. J., Melby, C. L., Wei, Y., and Hill, J. O. (2001). Inherent capacity for lipogenesis or dietary fat retention is not increased in obesity-prone rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 280, R1680–R1687. Available online at: http://ajpregu.physiology.org/content/280/6/R1680

 Dulloo, A. G., and Montani, J. P. (2015). Pathways from dieting to weight regain, to obesity and to the metabolic syndrome: an overview. Obes. Rev. 16(Suppl. 1), 1–6. doi: 10.1111/obr.12250

 Elleuch, M. H., Guermazi, M., Mezghanni, M., Ghroubi, S., Fki, H., Mefteh, S., et al. (2008). Knee osteoarthritis in 50 former top-level soccer players: a comparative study. Ann. Readapt. Med. Phys. 51, 174–178. doi: 10.1016/j.annrmp.2008.01.003

 Ewbank, P. P., Darga, L. L., and Lucas, C. P. (1995). Physical activity as a predictor of weight maintenance in previously obese subjects. Obes. Res. 3, 257–263. doi: 10.1002/j.1550-8528.1995.tb00146.x

 Giles, E. D., Jackman, M. R., Johnson, G. C., Schedin, P. J., Houser, J. L., and MacLean, P. S. (2010). Effect of the estrous cycle and surgical ovariectomy on energy balance, fuel utilization, and physical activity in lean and obese female rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299, R1634–R1642. doi: 10.1152/ajpregu.00219.2010

 Giles, E. D., Wellberg, E. A., Astling, D. P., Anderson, S. M., Thor, A. D., Jindal, S., et al. (2012). Obesity and overfeeding affecting both tumor and systemic metabolism activates the progesterone receptor to contribute to postmenopausal breast cancer. Cancer Res. 72, 6490–6501. doi: 10.1158/0008-5472.CAN-12-1653

 Haczeyni, F., Barn, V., Mridha, A. R., Yeh, M. M., Estevez, E., Febbraio, M. A., et al. (2015). Exercise improves adipose function and inflammation and ameliorates fatty liver disease in obese diabetic mice. Obesity 23, 1845–1855. doi: 10.1002/oby.21170

 Hill, J. O. (1990). Body weight regulation in obese and obese-reduced rats. Int. J. Obes. 14(Suppl. 1), 31–45. discussion: 45–37.

 Jackman, M. R., Kramer, R. E., MacLean, P. S., and Bessesen, D. H. (2006). Trafficking of dietary fat in obesity-prone and obesity-resistant rats. Am. J. Physiol. Endocrinol. Metab. 291, E1083–E1091. doi: 10.1152/ajpendo.00159.2006

 Jackman, M. R., Steig, A., Higgins, J. A., Johnson, G. C., Fleming-Elder, B. K., Bessesen, D. H., et al. (2008). Weight regain after sustained weight reduction is accompanied by suppressed oxidation of dietary fat and adipocyte hyperplasia. Am. J. Physiol. Regul. Integr. Comp. Physiol. 294, R1117–R1129. doi: 10.1152/ajpregu.00808.2007

 Jakicic, J. M., Marcus, B. H., Lang, W., and Janney, C. (2008). Effect of exercise on 24-month weight loss maintenance in overweight women. Arch. Intern. Med. 168, 1550–1559. discussion: 1559–1560. doi: 10.1001/archinte.168.14.1550

 Kraschnewski, J. L., Boan, J., Esposito, J., Sherwood, N. E., Lehman, E. B., Kephart, D. K., et al. (2010). Long-term weight loss maintenance in the United States. Int. J. Obes. 34, 1644–1654. doi: 10.1038/ijo.2010.94

 Levin, B. E., and Dunn-Meynell, A. A. (2000). Defense of body weight against chronic caloric restriction in obesity-prone and -resistant rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 278, R231–R237. Available online at: http://ajpregu.physiology.org/content/278/1/R231.long

 Levin, B. E., and Keesey, R. E. (1998). Defense of differing body weight set points in diet-induced obese and resistant rats. Am. J. Physiol. 274, R412–R419.

 Lofgren, P., Hoffstedt, J., Naslund, E., Wiren, M., and Arner, P. (2005). Prospective and controlled studies of the actions of insulin and catecholamine in fat cells of obese women following weight reduction. Diabetologia 48, 2334–2342. doi: 10.1007/s00125-005-1961-6

 Maclean, P. S., Bergouignan, A., Cornier, M. A., and Jackman, M. R. (2011). Biology's response to dieting: the impetus for weight regain. Am. J. Physiol. Regul. Integr. Comp. Physiol. 301, R581–R600. doi: 10.1152/ajpregu.00755.2010

 MacLean, P. S., Higgins, J. A., Giles, E. D., Sherk, V. D., and Jackman, M. R. (2015a). The role for adipose tissue in weight regain after weight loss. Obes. Rev. 16(Suppl. 1), 45–54. doi: 10.1111/obr.12255

 MacLean, P. S., Higgins, J. A., Jackman, M. R., Johnson, G. C., Fleming-Elder, B. K., Wyatt, H. R., et al. (2006). Peripheral metabolic responses to prolonged weight reduction that promote rapid, efficient regain in obesity-prone rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 290, R1577–R1588. doi: 10.1152/ajpregu.00810.2005

 MacLean, P. S., Higgins, J. A., Johnson, G. C., Fleming-Elder, B. K., Donahoo, W. T., Melanson, E. L., et al. (2004a). Enhanced metabolic efficiency contributes to weight regain after weight loss in obesity-prone rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 287, R1306–R1315. doi: 10.1152/ajpregu.00463.2004

 MacLean, P. S., Higgins, J. A., Johnson, G. C., Fleming-Elder, B. K., Peters, J. C., and Hill, J. O. (2004b). Metabolic adjustments with the development, treatment, and recurrence of obesity in obesity-prone rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 287, R288–R297. doi: 10.1152/ajpregu.00010.2004

 MacLean, P. S., Higgins, J. A., Wyatt, H. R., Melanson, E. L., Johnson, G. C., Jackman, M. R., et al. (2009). Regular exercise attenuates the metabolic drive to regain weight after long-term weight loss. Am. J. Physiol. Regul. Integr. Comp. Physiol. 297, R793–R802. doi: 10.1152/ajpregu.00192.2009

 MacLean, P. S., Wing, R. R., Davidson, T., Epstein, L., Goodpaster, B., Hall, K. D., et al. (2015b). NIH working group report: innovative research to improve maintenance of weight loss. Obesity 23, 7–15. doi: 10.1002/oby.20967

 Mariman, E. C. (2012). Human biology of weight maintenance after weight loss. J. Nutrigenet. Nutrigenomics 5, 13–25. doi: 10.1159/000337081

 Mariman, E. C., and Wang, P. (2010). Adipocyte extracellular matrix composition, dynamics and role in obesity. Cell. Mol. Life Sci. 67, 1277–1292. doi: 10.1007/s00018-010-0263-4

 McMurray, R. G., and Hackney, A. C. (2005). Interactions of metabolic hormones, adipose tissue and exercise. Sports Med. 35, 393–412. doi: 10.2165/00007256-200535050-00003

 Milewicz, A., Tworowska, U., and Demissie, M. (2001). Menopausal obesity–myth or fact? Climacteric 4, 273–283. doi: 10.1080/cmt.4.4.273.283

 Neeland, I. J., Ayers, C. R., Rohatgi, A. K., Turer, A. T., Berry, J. D., Das, S. R., et al. (2013). Associations of visceral and abdominal subcutaneous adipose tissue with markers of cardiac and metabolic risk in obese adults. Obesity 21, E439–E447. doi: 10.1002/oby.20135

 O'Kane, J. W., Teitz, C. C., Fontana, S. M., and Lind, B. K. (2002). Prevalence of obesity in adult population of former college rowers. J. Am. Board Fam. Pract. 15, 451–456. Available online at: http://www.jabfm.org/content/15/6/451.long

 Rosenbaum, M., Kissileff, H. R., Mayer, L. E., Hirsch, J., and Leibel, R. L. (2010). Energy intake in weight-reduced humans. Brain Res. 1350, 95–102. doi: 10.1016/j.brainres.2010.05.062

 Roumans, N. J., Vink, R. G., Gielen, M., Zeegers, M. P., Holst, C., Wang, P., et al. (2015). Variation in extracellular matrix genes is associated with weight regain after weight loss in a sex-specific manner. Genes Nutr. 10, 56. doi: 10.1007/s12263-015-0506-y

 Schoeller, D. A., Shay, K., and Kushner, R. F. (1997). How much physical activity is needed to minimize weight gain in previously obese women? Am. J. Clin. Nutr. 66, 551–556.

 Steig, A. J., Jackman, M. R., Giles, E. D., Higgins, J. A., Johnson, G. C., Mahan, C., et al. (2011). Exercise reduces appetite and traffics excess nutrients away from energetically efficient pathways of lipid deposition during the early stages of weight regain. Am. J. Physiol. Regul. Integr. Comp. Physiol. 301, R656–R667. doi: 10.1152/ajpregu.00212.2011

 Svensson, P. A., Gabrielsson, B. G., Jernas, M., Gummesson, A., and Sjoholm, K. (2008). Regulation of human aldoketoreductase 1C3 (AKR1C3) gene expression in the adipose tissue. Cell. Mol. Biol. Lett. 13, 599–613. doi: 10.2478/s11658-008-0025-6

 Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al. (2002). Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 3:RESEARCH0034. doi: 10.1186/gb-2002-3-7-research0034

 Weinsier, R. L., Hunter, G. R., Desmond, R. A., Byrne, N. M., Zuckerman, P. A., and Darnell, B. E. (2002). Free-living activity energy expenditure in women successful and unsuccessful at maintaining a normal body weight. Am. J. Clin. Nutr. 75, 499–504. Available online at: http://ajcn.nutrition.org/content/75/3/499.long

 Wing, R. R., and Phelan, S. (2005). Long-term weight loss maintenance. Am. J. Clin. Nutr. 82, 222s–225s. Available online at: http://ajcn.nutrition.org/content/82/1/222S.long

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

Copyright © 2016 Giles, Steig, Jackman, Higgins, Johnson, Lindstrom and MacLean. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-07-00032-g005.gif





OPS/images/fphys-07-00032-g006.gif





OPS/images/fphys-07-00032-g003.gif





OPS/images/fphys-07-00032-g004.gif





OPS/images/fphys-07-00032-g007.gif





OPS/images/fphys-07-00032-t001.jpg
Obese Reduced Relapsing

SED EX SED EX oM
Mass 217416 6711 8318 11313 102410 8408
Mean adipocyte diameter 119908 76.6+0.7 727408 837408 763+0.7 77.6£06
Number of adipocytes (x 10° cells) 240£19 26034 311£1.0 29.1£35 341432 33939

Mass 2106£7.6 143085 1407 £8.9 148778 1502::9.2 146.4:£7.1
Mean adipocyte diameter 842408 68.3+08 548406 68,607 56.3+06" 507405
Number of adipocytes (x 109 cells) 057000 0834023 1.432£0.18" 0.76:£0.11 1.12:0.09 1.0720.12

AP and SC adpose depots were weighed, a portion was collagenase digested, and adjpocyte diameter was measured. The number of cells per fat pad was calculated with the average
adipocyte volume, a density conversion factor (0.915 g/mL), and the mass of the fat pad. Alldata represent mean  SEM. 'p < 0.05 SED vs. EX, within sither the reduced or relapsing
group.





OPS/images/fphys-07-00032-g001.gif
0P s ZE20 g0 ——————Memamn

g[S WRSED e i

sty . ety

s, o

[t (PSS WREX s
- (TN ——





OPS/images/fphys-07-00032-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Exercise Decreases Lipogenic
Gene Expression in Adipose
Tissue and Alters Adipocyte
Cellularity during Weight Regain
After Weight Loss









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
, frontiers
in Physiology





