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Editorial on the Research Topic 


Understanding the Heterogeneity in Exercise-Induced Changes in Glucose Metabolism to Help Optimize Treatment Outcomes


Regular exercise improves several aspects of glucose metabolism. The evidence to date has culminated in clear public health physical activity guidelines (1). However, for patients with diabetes, physical activity guidelines are no different from those issued for the general population. While many randomized controlled trials (RCTs) have demonstrated the benefits of exercise for the prevention and the treatment of diabetes, some trials have not and several studies now highlight the large variability that exists in the inter-individual changes in blood glucose control following exercise (2–5). A 2018 narrative review (6) speculated that this variability is explained by exercise dose, meal-exercise timing, drug-exercise interactions, and more. But these speculations were largely based on observational and correlative evidence because prospective trials were lacking. Identifying and understanding the causes of this response heterogeneity is critical for maximizing therapeutic outcomes for patients with, or at risk of, diabetes. Optimizing the therapeutic effect of exercise may also reduce diabetes incidence, complications, and health care burdens. Therefore, this Research Topic aimed to publish papers that: (i) advance our understanding of the inter-individual heterogeneity of exercise-induced changes in blood glucose control, (ii) identify factors influencing such heterogeneity, and (iii) test the causality of such factors.


What Did This Topic Find?

We accepted ten papers from experts in the field. Three focussed on exercise intensity, exercise duration, and exercise type. For example, the meta-analysis by Liu et al. found that high-intensity interval training better improves blood glucose in children and adolescents with obesity when compared to moderate-intensity continuous training. The narrative review by Paquin et al. argued for the use of resistance exercise protocols aimed at invoking both a high oxygen demand and improves muscle function for inducing the greatest muscle adaptations favouring glucose control. The narrative review by Warner et al. examined the impact of exercise on the liver, highlighting the urgent need for clinical studies to unravel the complexity of hepatic glucose metabolism. They argued that the heterogeneity in exercise effects on hepatic insulin sensitivity and splanchnic glucose metabolism in patients with type 2 diabetes may be attributable to between-study variations in exercise mode, duration, intensity, and weight loss. Further to the review by Warner et al.; Brennan et al. completed an RCT to objectively characterise the inter-individual heterogeneity of several health-related variables in response to energy restriction-induced weight loss with or without exercise, in older-aged adults with obesity. They found that the addition of exercise to energy restriction-induced weight loss increased the proportion of patients showing improvements in blood glucose control and cardiometabolic risk compared to weight loss alone.

To help deepen our understanding of response heterogeneity, Munan et al. completed a meta-analysis of single-bout and training studies that used continuous glucose monitoring (CGM) to assess glucose control. The meta-analysis showed that acute exercise and short-term training is sufficient to improve 24-hour glucose profiles in adults with type 2 diabetes but that there is high inter-individual heterogeneity, which was explained in part by the sex of participants, the timing of exercise, and the extent to which glycaemia is impaired on non-exercise days. Two RCTs included in this topic helped probe the causality of these sources of response heterogeneity. The RCT by Carter and Solomon showed that experimentally-induced pre-exercise hyperglycaemia blunted the glucoregulatory benefits of a single exercise bout, while the RCT by Porter et al. examined exercise-meal timing, finding that moderate-intensity exercise after an evening meal caused transient asymptomatic hypoglycaemia to a greater extent in women with diabetes than in men.

Finally, three papers in our topic focussed on drug-exercise interactions. The narrative review by Pitt et al. discussed the pharmacokinetics of subcutaneously-administered insulin in the context of type 1 diabetes, contending that exercise may increase circulating insulin concentrations and therefore contribute to exercise-related hyperinsulinemia and consequent hypoglycaemia in insulin-dependent patients. They argued that the location and depth of insulin injection cause variability in insulin absorption rates, which are influenced during exercise by several factors that must be studied in prospective trials. The narrative review by Malin and Stewart postulated that while metformin attenuates the insulin-sensitising effect of exercise, it has variable outcomes on exercise-induced changes in blood glucose control (i.e., HbA1c). Given that metformin is not always used in isolation and given that other medications used to treat diabetes (inc. GLP-1 receptor agonists and SGLT-2 inhibitors) may also interact with exercise, Malin and Stewart emphasised the urgent need for prospective trials in this area. Further to these narrative reviews, Pilmark et al. conducted an RCT to objectively examine the interaction between metformin and exercise. They found that 17 days of metformin treatment increased participants’ ratings of perceived exertion (RPE) during exercise at a fixed intensity but had no effect on self-selected exercise intensity. Therefore, metformin may have implications for exercise adherence but this phenomenon must be prospectively studied in a longer-term trial.



What Next?

Exercise can be a useful tool for improving glucose control but, for some patients, exercise does not provide the intended therapeutic outcome. It is indeed frustrating for a patient who invests great effort in implementing and maintaining a lifestyle change only to see no obvious benefit to their glucose control. We are a long way from fully understanding response heterogeneity to exercise and this topic only scratches the surface in the arduous task of testing the causality of factors responsible. This collection of papers indicates that to help maximise the therapeutic benefit of exercise for all people, we must advance the scientific understanding in this field with basic science mechanistic studies coupled with high-quality long-term RCTs specifically designed to tackle key questions. Namely, the interaction between exercise and glucose-lowering drugs, the interaction between ambient hyperglycaemia and exercise adaptations, and the causal roles of sex, exercise-meal timing, and diurnal timing of exercise on the response heterogeneity of blood glucose control deserve increased attention.
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Purpose: The main objective of this meta-analysis was to compare the effectiveness of high-intensity interval training (HIIT) and of moderate-intensity continuous training (MICT) on cardiometabolic health in childhood obesity and determine whether HIIT is a superior form of training in managing obese children's metabolic health.

Methods: Relevant studies published in PubMed, Web of Science, Embase, the Cochrane Library, EBSCO, and CNKI were searched, restricted to those published from inception to 1 October 2019. Only randomized controlled trials (RCTs) depicting the effect of HIIT on childhood obesity were included.

Results: Nine RCTs involving 309 participants were included in the meta-analysis. Among the 309 participants, 158 subjects were randomized for HIIT, while the others were randomized for MICT. Significant differences were observed in the body weight (mean difference [MD] = −5.45 kg, p = 0.001), body mass index (BMI; MD = −1.661 kg/m2, p = 0.0001), systolic blood pressure (SBP; MD = −3.994 mmHg, p = 0.003), and diastolic blood pressure (DBP; MD = −3.087 mmHg, p = 0.0001) in the HIIT group relative to the baseline values. Similar effects were found in the MICT group, as depicted by the significantly decreased values for body weight (MD = −4.604 kg, p = 0.0001), BMI (MD = −2.366 kg/m2, p = 0.0001), SBP (MD = −3.089 mmHg, p = 0.019), and DBP (MD = −3.087 mmHg, p = 0.0001). However, no significant differences were observed in the changes in body weight, BMI, SBP, or DBP between the HIIT and MICT groups. Furthermore, our studies showed that both HIIT and MICT could significantly improve VO2peak (HIIT, MD = 4.17 ml/kg/min, 95% CI: 3.191 to 5.163, p = 0.0001; MICT, MD = 1.704 ml/kg/min, 95% CI: 0.279 to 3.130, p = 0.019). HIIT also showed more positive effects on VO2peak (SMD = 0.468, 95% CI: 0.040 to 0.897, p = 0.006) than MICT.

Conclusion: HIIT positively affects the cardiometabolic risk factors in childhood obesity. Similar positive effects on body composition and blood pressure were established. Moreover, HIIT can improve cardiorespiratory fitness more significantly than MICT. These findings indicate that HIIT may be an alternative and effective training method for managing childhood obesity.

PROSPERO Registration Number: CRD42018111308.

Keywords: high-intensity interval training, pediatric obesity, weight loss, cardiorespiratory fitness, lipid metabolism


INTRODUCTION

Childhood obesity, defined by the World Health Organization (WHO) as abnormal or excessive fat accumulation that can eventually pose health risks, is one of the most serious global public health challenges of the twenty first century. Childhood obesity is highly prevalent; the latest epidemiological studies demonstrated that 107.7 million children worldwide were obese in 2015 and that the growth rate of childhood obesity was greater than that of adult obesity (Afshin et al., 2017). Strong evidence indicates that excess weight during childhood is a predictor of future obesity and can increase cardiometabolic risks, such as insulin resistance, dyslipidemia, hypertension, and poor cardiorespiratory fitness, in obese children (Gepstein and Weiss, 2019; Wibaek et al., 2019). Emerging evidence also shows that cardiorespiratory fitness, as an important predictor of cardiovascular disease, not only helps prevent cardiovascular disease (Castro-Pinero et al., 2017; Kachur et al., 2017; Lavie et al., 2019) but also plays a regulatory role in reducing the risk of obesity in children (Lahoz-Garcia et al., 2018; Yu et al., 2018; Prieto-Benavides et al., 2019). Therefore, adverse changes in the aforementioned contributing factors will inevitably increase the risk of cardiometabolic diseases, such as type 2 diabetes and cardiovascular disease, in adulthood (Juonala et al., 2011; Chung et al., 2018).

Exercise is a critical component of childhood obesity management because it can improve body composition and maintain cardiometabolic health. Both the American College of Sports Medicine and the WHO have strongly recommended that children allocate at least 60 min per day to moderate to vigorous physical activities and engage in high-intensity exercises at least three times per week. Moderate-intensity continuous training (MICT) is the traditional method of increasing physical activity. It is an effective way of reducing body fat and cardiometabolic risk in obese children. However, the effectiveness of MICT relies on long-duration sessions (Alberga et al., 2013; Sigal et al., 2014), and only a few children can achieve the required effective duration (Fan and Cao, 2017). Therefore, other time-efficient exercise modalities for obese children and adolescents should be explored.

High-intensity interval training (HIIT), defined as alternating short bursts of high-intensity exercise and light exercise or passive recovery periods, has been considered a good alternative, more time-efficient strategy to MICT. Existing systematic reviews and meta-analyses have revealed that HIIT has more significant effects on abdominal and visceral fat reduction and cardiorespiratory fitness improvement in overweight and obese adults than MICT (Maillard et al., 2018; Roy et al., 2018). Moreover, HIIT can reduce metabolic risk factors in type 2 diabetes more effectively than MICT (Costigan et al., 2015; Hannan et al., 2018). Wewege et al. (2017) showed that HIIT can save 40% of the time committed to MICT, with similar magnitude changes in body fat and waist circumference (WC).

HIIT studies have focused more on adults and patients with chronic disease than on obese children and adolescents. Moreover, there is no consensus or indication as to whether HIIT is superior or a good alternative training modality to MICT for reducing the cardiometabolic risk factors in childhood obesity. The purpose of our meta-analysis was to compare the effectiveness of HIIT and MICT in reducing the abovementioned cardiometabolic risk factors and determine which HIIT modality is effective and time-efficient in managing the abovementioned risks.



METHODS

The meta-analysis protocol was registered with the International Prospective Register of Systematic Reviews (CRD42018111308), and the study was conducted according to the recommendations of the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) protocols (Shamseer et al., 2015). The details of the meta-analysis protocol have been published previously by Liu et al. (2019a).


Search Strategy

Relevant studies published in PubMed, Web of Science, Embase, the Cochrane Library, EBSCO, and CNKI were searched, restricted to those published from inception to 1 December 2019. A systematic literature search strategy was employed using the patient/problem, intervention, control/comparison, outcome, study design principle. The search strategy is detailed in Supplementary Appendix e-1. Moreover, we screened the list of included articles cited in the relevant journals and references to identify other potentially eligible studies.



Inclusion Criteria

The studies were regarded eligible for inclusion if they met the following criteria. (1) Participants: The participants were 8- to 16-year-old children and adolescents diagnosed with childhood obesity. Childhood obesity in the present research was defined on the basis of a body mass index (BMI) ≥95th percentile for the age and gender subgroups (see Centers for Disease Control and Prevention in Kuczmarski et al., 2002) and age- and gender-specific cutoff points (males, >21.6 kg/m2; females, >21.57 kg/m2; see International Obesity Task Force in Cole et al., 2000) and a BMI standard deviation score (BMI-SDS) of >2 (see WHO in de Onis et al., 2007). (2) Intervention: The participants only received HIIT interventions, and HIIT was compared with MICT. We excluded the combination of HIIT or MICT with other types of exercises. HIIT intensity was defined as maintaining 80–100% of the peak heart rate (HRpeak) or VO2peak (Keating et al., 2017) for 30 s to 4 min, interspersed to a maximum of 4 min of passive recovery or low-intensity aerobic exercise. Exercise intensity, prescribed as a percentage of heart rate (HR) reserve, maximal aerobic speed, and rate of perceived exertion equivalent to 80–100% of HRpeak and VO2peak, was included in HIIT (Garber et al., 2011). MICT intensity was defined as maintaining 40–79% of HRpeak or VO2peak for 20–60 min. The HIIT and MICT interventions entailed the same training frequencies and durations. (3) Outcomes: The studies reported at least one of the following data types related to the cardiometabolic risk factors: body composition (e.g., body weight, BMI, WC, and body fat percentage), glucose metabolism (e.g., blood fasting glucose, blood fasting insulin, and homeostatic model assessment of insulin resistance [HOMA-IR]), blood pressure (e.g., systolic blood pressure [SBP] and diastolic blood pressure (DBP), lipid metabolism (e.g., high-density lipoprotein cholesterol [HDL-c], low-density lipoprotein cholesterol [LDL-c], triglyceride [TG], and total cholesterol [TC]), and cardiorespiratory fitness (e.g., VO2peak). (4) Design: Only randomized controlled trials (RCTs) were included.



Selection of Studies and Data Extraction

Two independent reviewers performed a study screening process following the PRISMA guidelines. A bibliographic reference manager (EndNote X7, Thomson Reuters) was used to remove duplicate entries. After screening the titles and abstracts, the studies that did not meet our eligibility criteria were excluded. The remaining studies were evaluated by reading their full texts and making a final decision. All differences between the reviewers' viewpoints were resolved through discussions or consultation with a third reviewer.

The data were extracted from each study following the predesigned guideline on unified standardization by two independent reviewers. The following data were extracted: first author's name, publication year, country, participant characteristics (gender and age), number of participants, intervention protocols (training intensity and time, interval intensity and time, and frequency and duration), main outcomes, and dropout rates. If duplicate data were observed in the different studies during data collection, then additional comprehensive studies were extracted, and the authors were consulted if data were missing.



Risk of Bias Assessment

The methodological quality of the included studies was evaluated by two independent authors (JL and LZ) who used Cochrane Collaboration's tools to check for random sequence generation, allocation concealment, blinding, incomplete outcome data, selective reporting, and other biases; the evaluation results were categorized into high-risk, low-risk, and unclear grades (Higgins et al., 2011).



Data Analysis and Synthesis

Data analysis was performed using Review Manager 5.3.5 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark) and Stata 12.0. The mean difference (MD) with a 95% confidence interval (95% CI) was calculated for the effect size either between HIIT and MICT or between pre-intervention and post-intervention in each group. The standard mean difference (SMD) with 95% CI was selected due to the varying units or the large differences among the studies. The change in values from the baseline in each group was calculated with the formula M = | M1−M2 |, where M is the effect mean, M1 is the effect mean of the baseline, and M2 is the end value mean, followed by the formula [image: image], where S is the standard deviation of the effect, S1 is the standard deviation of the baseline value, S2 is the final standard deviation, and R is a constant (0.4 or 0.5). I2 statistic and Q statistic were used to estimate the heterogeneity between two studies.

Values of 0% ≤ I2 < 25% indicate trivial heterogeneity, 25% ≤ I2 < 50% indicate small heterogeneity, 50% ≤ I2 < 75% indicate moderate heterogeneity, and 75% ≤ I2 < 100% indicate high heterogeneity. If moderate or high heterogeneity exists between the studies, then the random effect model is used; otherwise, the fixed-effect model is adopted. If moderate or high heterogeneity exists between the studies, then sensitivity analysis and subgroup analysis are conducted. Here, sensitivity analysis was performed by changing the pooled model or by adopting a 1 × 1 exclusion approach.

Subgroup analysis was performed to examine whether the training parameters in the included studies positively affect the cardiometabolic risk factors. The following intervention features were examined: training session time, total training duration, and type of interval. The subgroup analysis of each outcome was carried out by referring to at least two studies, and a chi-square test was conducted to assess heterogeneity between subgroups. Egger's test was carried out to assess publication bias. Univariate meta-regression analyses were not conducted due to the limited number of studies.




RESULTS


Study Selection

A total of 454 studies were identified in accordance with our search strategy. Among the 454 studies, nine RCTs were considered eligible after the duplicates were removed, the titles/abstracts were screened, and the full texts were reviewed. The selection process of identifying eligible studies is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Selection process of eligible studies.




Study Characteristics and Participants

The primary characteristics of the included studies are shown in Table 1. A total of 309 participants were included in the meta-analysis, of whom 166 participants were males and the remaining were females. The gender composition of the participants in the HIIT group was 85 males and 73 females, while that of the MICT group was 81 males and 73 females. The mean age of the participants was 13.31 ± 1.94 years old, and the mean BMI was 31.89 ± 3.09 kg/m2.


Table 1. Characteristics of the included studies.

[image: Table 1]

Most of the studies monitored training intensity with the use of HR monitors or monitored oxygen consumption to ensure adequate training intensity. The nine studies applied HIIT strategies involving a variety of intensities and interval durations; HIIT strategies could be divided into short-interval training programs and long-interval training programs. The short-interval training programs consisted of training performed at intensities >90% VO2peak or HRmax for 30 s to 2 min intervals with 30 s to 1 min recovery (Corte de Araujo et al., 2012; Xiuming, 2014; Murphy et al., 2015; Lazzer et al., 2017). The long-interval training programs consisted of training performed at intensities of 80% VO2peak or 85–100% HRmax fort 2–4 min intervals with 1–3 min recovery (Koubaa et al., 2013; Starkoff et al., 2014; Mahgoub and Aly, 2015; Dias et al., 2018; Morrissey et al., 2018). The majority of the MICT programs consisted of training performed at 60–80% HRmax or 60–70% VO2peak for 30–40 min. The frequency range of HIIT was two to three times per week; most of the reviewed studies mentioned three times per week. The duration of HIIT usually lasted for 3–12 weeks; most of the reviewed studies mentioned 12 weeks.

Among the included studies, only Corte de Araujo et al. (2012); Dias et al. (2018), and Lazzer et al. (2017) reported methods to assess dietary intake or energy intake. No adverse events were mentioned in any of the studies.



Methodological Quality of Included Studies

The nine studies were assessed for risk bias (Figures 2, 3). Among the included studies, four studies cited random sequence generation, two studies mentioned concealment, five studies involved the blind participation of respondents and personnel, and six studies described the blind participation of outcome evaluators. None of the included studies reported incomplete outcome data, selective reports bias, or other biases.


[image: Figure 2]
FIGURE 2. Review judgment of risk bias for each item: percentages across all included studies.



[image: Figure 3]
FIGURE 3. Summary of risk bias: review authors' judgment of risk bias for each item and adolescent.




Meta-Analysis
 
Body Composition

Eight studies assessed the effects of HIIT and MICT on body composition, as measured by body weight (n = 7), BMI (n = 8), WC (n = 3), and body fat percentage (n = 5). Significant differences were observed for body weight (MD = −5.45 kg, 95% CI: −6.003 to −4.894, p = 0.001) and BMI (MD = −1.661 kg/m2, 95% CI: −2.109 to −1.213, p = 0.0001) in the HIIT group (Figures 4, 5) relative to the baseline values. Similar effects were found in the MICT group (Figures 4, 5), as indicated by the significantly decreased body weight (MD = −4.604 kg, 95% CI: −5.103 to −4.106, p = 0.0001), BMI (MD = −2.366 kg/m2, 95% CI: −2.785 to −1.947, p = 0.0001), and WC (MD = −6.468 cm, 95% CI: −11.546 to −1.389, p = 0.013). However, no significant differences were observed in the changes in body weight (SMD = −0.16, 95% CI: −0.41 to 0.10, p = 0.23), BMI (SMD = 0.21, 95% CI: −0.04 to 0.46, p = 0.09), WC (MD = −0.342 cm, 95% CI: −3.204 to 2.520, p = 0.815), or body fat percentage (MD = −0.253%, 95% CI: −1.392 to 0.885, p = 0.663) between the HIIT and MICT interventions (Table 2).


[image: Figure 4]
FIGURE 4. Forest plot for changes in body weight. (A) Within-group effects of HIIT. (B) Within-group effects of MICT. (C) Between-group effects of HIIT and MICT.
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FIGURE 5. Forest plot for changes in BMI. (A) Within-group effects of HIIT. (B) Within-group effects of MICT. (C) Between-group effects of HIIT and MICT.



Table 2. Summary of the meta-analysis.
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Glucose Metabolism

Four studies assessed the effects of HIIT and MICT on glycemic control, as measured by fasting glucose (n = 4), fasting insulin (n = 3), and HOMA-IR (n = 3). The meta-analysis showed significantly reduced values for fasting glucose (MD = −0.445 mmol/L, 95% CI: −0.834 to −0.0.056, p = 0.025) in the HIIT group relative to the baseline values. The meta-analysis also showed that MICT had no significant effects based on the fasting glucose, fasting insulin, or HOMA-IR values. In the between-group comparison, the pooled results from the meta-analysis showed that HIIT elicited a higher change trend for fasting glucose (MD = −0.479 mmol/L), fasting insulin (SMD = −0.694), and HOMA-IR (SMD = −0.554); however, none of the changes in the effect values were significant (Table 2).



Lipid Metabolism

Six studies reported the effects of HIIT and MICT on blood lipids, as measured by TC (n = 6), HDL-c (n = 5), LDL-c (n = 5), and TG (n = 6). As the heterogeneity was large in all the comparisons (I2 = 95.8% for TC, I2 = 98.6% for HDL-c, I2 = 98.3% for LDL-c, and I2 = 89.6% for TG in HIIT vs. the baseline; I2 = 97.2% for TC, I2 = 92.9% for HDL-c, and I2 = 91.9% for LDL-c in MICT vs. the baseline), no evidence was derived from the pooled results for the effects of TC, HDL-c, LDL-c, or TG. MICT was determined to have no effects on TC, HDL-c, and TG relative to the baseline values. The change in HIIT was not significant; that is, no significant effects on the change in HIIT were found in any of the measures, unlike the change in MICT (Table 2).



Blood Pressure

Four studies reported the effects of HIIT on SBP and DBP and compared them with the effects of MICT. We found positive effects of HIIT and MICT on blood pressure. In terms of SBP, we found a positive effect of HIIT (MD = −3.994 mmHg, 95% CI: −6.942 to −1.045, p = 0.003) and MICT (MD = −3.089 mmHg, 95% CI: −5.679 to −0.498, p = 0.019). In terms of DBP, we also found a positive effect of HIIT (MD = −3.087 mmHg, 95% CI: −4.083 to −2.092, p = 0.0001) and MICT (MD = −2.481 mmHg, 95% CI: −3.551 to −1.410, p = 0.0001). The two groups did not differ significantly; no significant difference was established by the meta-analysis for the change in blood pressure between the HIIT and MICT interventions (HIIT, MD = −1.208 mmHg, 95% CI: −2.603 to 0.186, p = 0.089; MICT, MD = 1.213 mmHg, 95% CI: −2.597 to 5.023, p = 0.533; Figures 6, 7).


[image: Figure 6]
FIGURE 6. Forest plot for changes in SBP. (A) Within-group effects of HIIT. (B) Within-group effects of MICT. (C) Between-group effects of HIIT and MICT.



[image: Figure 7]
FIGURE 7. Forest plot for changes in DBP. (A) Within-group effects of HIIT. (B) Within-group effects of MICT. (C) Between-group effects of HIIT and MICT.




Cardiorespiratory Fitness

Four studies reported the effects of HIIT on VO2peak and compared them with the effects of MICT. The meta-analysis showed that both HIIT and MICT could significantly improve VO2peak (HIIT, MD = 4.17 mL/kg/min, 95% CI: 3.191 to 5.163, p = 0.0001; MICT, MD = 1.704 mL/kg/min, 95% CI: 0.279 to 3.130, p = 0.019). The pooled results of the meta-analysis also revealed that HIIT had a more positive effect on VO2peak than MICT (MD = 2.497 mL/kg/min, 95% CI: 1.151 to 3.843, p = 0.0001; Figure 8).


[image: Figure 8]
FIGURE 8. Forest plot for changes in VO2peak. (A) Within-group effects of HIIT. (B) Within-group effects of MICT on body weight. (C) Between-group effects of HIIT and MICT.





Subgroup Analysis

Subgroup analysis was conducted based on the HIIT training parameters of the training session time, duration, and interval protocol. The subgroup analysis results revealed that duration was a key parameter associated with cardiorespiratory fitness improvement. HIIT programs of ≥8 weeks showed positive effects on VO2peak (SMD = 0.805, 95% CI: 0.334 to 1.276, p = 0.001) compared with MICT. However, HIIT programs of <8 weeks did not show any positive effects on VO2peak (SMD = 0.276, 95% CI: −0.346 to 0.904, p = 0.381). Furthermore, long-interval HIIT programs seemed to more effectively improve VO2peak (SMD = 0.691, 95% CI: 0.290 to 1.092, p = 0.006) than short-interval HIIT programs. HIIT also demonstrated positive effects on VO2peak (SMD = 0.468, 95% CI: 0.040 to 0.897, p = 0.006) and LDL-c (SMD = −0.777, 95% CI: −1.456 to −0.098, p = 0.028), which were greater than the effects of MICT (Table 3).


Table 3. Subgroup analysis for the change in cardiometabolic risk factors in HIIT and MICT.
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DISCUSSION

This meta-analysis is the first study to systematically compare the effectiveness of HIIT and MICT on cardiometabolic risk factors and cardiorespiratory fitness in childhood obesity. The results showed that HIIIT and MICT were effective interventions in reducing cardiometabolic risk through body weight, BMI, SBP, and DBP reduction. However, no significant differences were noted in these effects in the comparison between the HIIT and MICT interventions. Furthermore, the meta-analysis revealed that the post-intervention change in VO2peak was significantly greater following HIIT than following MICT at the same training session. With no significant adverse events reported, these findings indicated that HIIT is an appropriate and alternative training modality to MICT for reducing cardiometabolic risk in childhood obesity.

We found meaningful reductions from pre- to post-intervention of −5.45 and −4.604 kg in body weight and −1.661 and −2.366 kg/m2 in BMI in the HIIT and MICT groups, respectively, with no difference in the change in body weight or BMI in the pooled results and subgroup analysis. Therefore, our results confirmed that both HIIT and MICT improved body composition to a similar extent in childhood obesity. These findings were consistent with those reported by Keating et al. (2017), whose meta-analysis combined 31 studies involving 873 participants and demonstrated that both HIIT and MICT are equally beneficial for eliciting a small reduction in body fat when a similar time commitment or energy expenditure is used in young adults and adults who are overweight or obese. A recent meta-analysis conducted by Wewege et al. (2017) also found that HIIT and MICT induce a similar magnitude of change in body fat and WC in overweight and obese adults. Given the magnitude and statistics of the effect sizes associated with the training session time, duration, and interval protocol, subgroup analysis was conducted to explore whether different HIIT training parameters cause changes in body composition compared with MICT. The subgroup analysis demonstrated that none of the body composition measures in any subgroup elicited greater changes in HIIT than in MICT. These findings suggested that HIIT may be an effective alternative to MICT, achieving equivalent levels of body composition improvement. Moreover, although there was no difference in body composition improvement between the HIIT and MICT interventions, the physiological nature of HIIT and MICT differed. First, moderate-intensity exercise may involve elevated rates of burning of fat as a substrate, with a sustained high release of free fatty acids (FFAs) and subsequent oxidation of FFAs, whereas high-intensity exercise may be associated with the increased secretion of catecholamine and growth hormone, which could improve the rates of adipose lipolysis (Jensen, 2003; Trapp et al., 2007; van Hall, 2015). Second, high-intensity exercise elicits high excess post-exercise oxygen consumption, which promotes a substrate shift that favors fat utilization during the recovery period (Saris and Schrauwen, 2004; Islam et al., 2018). The findings of Treuth et al. (1996); Saris and Schrauwen (2004) supported this inference, demonstrating that high-intensity exercise and moderate-intensity exercise are similar for fat consumption within 24 h after exercise. These factors might explain why HIIT could achieve similar effects on body composition as MICT in obese children and adolescents.

Our studies indicated that both HIIT and MICT led to a small but significant reduction in SBP and DBP, which may have a positive effect on preventing hypertension in childhood obesity. The potential for blood pressure reduction is low, which may be related to the fact that our study did not include work based on hypertension. The absence of a significant difference in blood pressure reduction between HIIT and MICT was similar to the findings of previous systematic reviews and meta-analyses, indicating that HIIT and MICT could provide a similar decrease in SBP and DBP in adults with pre- to established hypertension (Costa et al., 2018). Campbell et al. (2019) also demonstrated that a HIIT-induced blood pressure reduction was comparable with that of MICT in adults; people who were overweight or obese were more responsive in terms of blood pressure reduction than people with a normal weight. All of these findings suggested that the effects of HIIT and MICT on blood pressure reduction were comparable; our study proved that those effects also exist in childhood obesity. The mechanism of HIIT in blood pressure reduction may be related to nitric oxide (NO). Previous research demonstrated that high-intensity exercise can increase the blood flow velocity, resulting in increased NO production by vascular endothelial cells, further vasodilation of blood vessels, and lowered blood pressure (Ghardashi Afousi et al., 2018; Izadi et al., 2018). Furthermore, HIIT could increase the shear stress of the vascular endothelium, reduce sympathetic nerve activity and peripheral blood vessel resistance, and lower blood pressure (Nishida et al., 1992; Halliwill, 2001; Green et al., 2004; Pal et al., 2013; Sawyer et al., 2016).

Unfortunately, our study failed to provide sufficient evidence to confirm the effects of HIIT and MICT on glucose metabolism and lipid metabolism, even if an improvement was observed in both interventions. These findings were inconsistent with the results of previous studies, which found that MICT and HIIT, when implemented in early life, are effective in lowering the relative weight of adipose tissue and improving glucose metabolism, thereby reverting or preventing metabolic alterations (Marcinko et al., 2015; de Lade et al., 2018). Recent studies have found that a large proportion of individuals do not respond (non-responders) or respond adversely to exercise in terms of glycemic control (Atkinson and Batterham, 2015; Bohm et al., 2016). Some variables, such as exercise dose and other phenomena like genetics and gut microbiota, have been identified as the causes of response heterogeneity. We attempted to use subgroups to analyze the effects of different HIIT training parameters on glucose metabolism and lipid metabolism, but no significant changes were found. Recent studies indicated that the dysbiosis of gut microbiota plays a critical role in response to exercise; moreover, HIIT-induced alterations in the gut microbiota are correlated closely with improvements in glucose homeostasis and insulin sensitivity, and participants who do not respond to HIIT are characterized by increased production of metabolically detrimental compounds (Bouter et al., 2017; Liu Y. et al., 2019). However, research on gut microbiota in obese adolescents remains limited. Therefore, the mechanism of the gut microbiota in improving glycemic and lipid metabolism in non-response children with obesity should be further explored by high-quality studies.

Notably, a significant improvement from pre- to post-intervention of 4.17 and 1.704 mL/kg/min for VO2peak was found in both of the HIIT and MICT interventions, with greater improvement observed in the HIIT intervention than in MICT. Therefore, both HIIT and MICT could effectively improve cardiorespiratory fitness in obese children and adolescents. From a clinical perspective, the improvement of cardiorespiratory fitness in childhood is associated with enhanced cardiometabolic health in later life. Schmidt et al. (2016) showed that low cardiorespiratory fitness in childhood is a significant independent predictor of metabolic syndrome (MS) in early adulthood; obese children with low cardiorespiratory fitness who increase their relative fitness by adulthood present substantially reduced risk of MS compared with those who maintain low fitness. Moreover, Lahoz-Garcia et al. (2018) demonstrated that cardiorespiratory fitness is a partial mediator of the relationship of energy and macronutrient intake with obesity. Previous studies have revealed that cardiorespiratory fitness as a mediator could reduce the rate of cardiovascular disease-induced mortality by 15% for every one metabolic equivalent in adults. All of these findings suggest the importance of improving cardiorespiratory fitness in obese children and adolescents for cardiometabolic risk reduction. Our meta-analysis demonstrated that HIIT improved cardiorespiratory fitness compared with MICT for the first time in obese children and adolescents; these results were in accordance with previous systematic reviews that investigated the effect of HIIT vs. MICT on VO2peak in patients with heart failure (Gomes Neto et al., 2018) and type 2 diabetes (Liu et al., 2019b). Although the effects of HIIT on cardiorespiratory fitness have been confirmed in a variety of individuals, findings on cardiorespiratory fitness improvement compared with MICT are inconsistent. A recent meta-analysis conducted by Gomes-Neto et al. (2017) showed that HIIT is superior to MICT on VO2peak gain in patients with heart failure, whereas this advantage disappears in comparison with an isocaloric MICT protocol. Moreover, the meta-analysis of Milanovic et al. (2015) demonstrated that both HIIT and endurance training can elicit a large improvement in VO2max in healthy adults aged 18–45 years and that HIIT has a small beneficial effect on VO2max compared with endurance training. Given the magnitude and effect sizes associated with the training session time, duration, and interval protocol, we conducted a subgroup analysis to explore whether different HIIT training parameters cause changes in cardiometabolic health compared with those of MICT. Subgroup analysis indicated that the duration was a moderator for VO2peak, with larger effects evident in studies of ≥8 weeks compared with those with a <8-week duration. These findings were partially consistent with Hannan et al.'s meta-analysis, which found that patients with coronary artery disease who engaged in HIIT intervention for ≤6 weeks did not experience significant changes compared with MICT intervention, while 7–12 weeks may be a reasonable duration for the largest improvement in cardiorespiratory fitness (Hannan et al., 2018). The underlying physiological mechanisms that may explain why HIIT elicited a greater improvement than MICT are not fully understood. Several physiological adaptations may partially explain the potential mechanism, which involves central adaption and peripheral adaptation. HIIT-induced central adaptation primarily increased the ejection volume due to the increased pre-load, decreased afterload, and cardiac enlargement (Nottin et al., 2002). Meanwhile, peripheral adaptation may be related to skeletal muscle remodeling, which primarily improves capillary and mitochondrial density and increases skeletal muscle oxidative capacity, as reflected by the maximal activity and protein content of mitochondrial enzymes (Gibala et al., 2012; Montero et al., 2015; Lundby and Jacobs, 2016).

The current study is the first meta-analysis of RCTs to evaluate the difference between the effects of HIIT and of MICT on cardiometabolic risk factors among children and adolescents with obesity. To ensure the robustness of our results, we investigated whether several HIIT training parameters (including the training session time, total training duration, and length of interval) affect the final results/pooled results. However, this study had several limitations that possibly affected the interpretation of our results. First, although we searched the relevant studies as thoroughly as possible, the small number of available RCTs limited the number of studies in the subgroups and prevented further meta-regression analysis to investigate the dose-response relationship between HIIT and cardiometabolic risk improvement. Second, the difference in the measurements of glucose metabolism and lipid metabolism of the included studies possibly led to the high heterogeneity, which may partly explain the non-significant improvement in both the HIIT and MICT groups. Third, the puberty of subjects may be an important factor affecting the results. Given that only three of the included studies evaluated the pubertal growth of subjects, we were unable to further explore the impact of the puberty stage on the cardiometabolic risk improvement between HIIT and MICT. Fourth, most of the included studies lacked information on whether HIIT and MICT have the same workload and attendance rates, which may adversely affect our pooled results. Despite these limitations, this meta-analysis provided a comprehensive analysis of all of the included studies to compare the effects of HIIT vs. MICT on cardiometabolic risk and cardiorespiratory fitness in children and adolescents with obesity. Further studies with large samples and a high-quality methodology are needed to compare the effects of HIIT and MICT on glucose metabolism and lipid metabolism, determine the optimal HIIT protocol, and optimize the combination of training and intervals for maximum health benefits in children and adolescents with obesity.

In conclusion, the present meta-analysis supports the positive effects of HIIT on cardiorespiratory fitness and suggests that HIIT and MICT have similar effects on body composition and blood pressure in childhood obesity. These findings indicate that HIIT can be implemented in the management of childhood obesity as an alternative training modality to MICT to maintain cardiometabolic health.
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Objective: To examine the acute and chronic effects of structured exercise on glucose outcomes assessed by continuous glucose monitors in adults with type 2 diabetes.

Methods: PubMed, Medline, EMBASE were searched up to January 2020 to identify studies prescribing structured exercise interventions with continuous glucose monitoring outcomes in adults with type 2 diabetes. Randomized controlled trials, crossover trials, and studies with pre- and post-designs were eligible. Short-term studies were defined as having exercise interventions lasting ≤2 weeks. Longer-term studies were defined as >2 weeks.

Results: A total of 28 studies were included. Of these, 23 studies were short-term exercise interventions. For all short-term studies, the same participants completed a control condition as well as at least one exercise condition. Compared to the control condition, exercise decreased the primary outcome of mean 24-h glucose concentrations in short-term studies (−0.5 mmol/L, [−0.7, −0.3]; p < 0.001). In longer-term studies, mean 24-h glucose was not significantly reduced compared to control (−0.9 mmol/L [−2.2, 0.3], p = 0.14) but was reduced compared to pre-exercise values (−0.5 mmol/L, [−0.7 to −0.2] p < 0.001). The amount of time spent in hyperglycemia and indices of glycemic variability, but not fasting glucose, also improved following short-term exercise. Among the shorter-term studies, subgroup, and regression analyses suggested that the timing of exercise and sex of participants explained some of the heterogeneity among trials.

Conclusion: Both acute and chronic exercise can improve 24-h glucose profiles in adults with type 2 diabetes. The timing of exercise and sex of participants are among the factors that may explain part of the heterogeneity in acute glycemic improvements following exercise.

Keywords: exercise, type 2 diabetes, systematic review, meta-analysis, continuous glucose monitoring


INTRODUCTION

Meta-analyses have repeatedly confirmed that, on average, regular exercise training causes meaningful improvements in glycemic control in people with type 2 diabetes (T2D) (1, 2). These meta-analyses typically included glycated hemoglobin (A1C) as a primary outcome and showed a high degree of heterogeneity among trials (2). A1C reflects the average glucose concentrations over the last 2–3 months. However, A1C does not provide information on what aspect of glycemic control has been improved (i.e., two people with very different daily glucose profiles can have the same A1C) and does not allow direct comparisons between short-term and longer-term responses to exercise. A better understanding of how exercise affects shorter-term indicators of glycemic control could help better understand how exercise affects longer-term indicators of glycemic control, as well as the heterogenous responses to exercise.

Continuous glucose monitors (CGM) can measure interstitial glucose concentrations at frequent intervals over several days. In addition to mean daily glucose concentration, CGM permit measures such as glucose concentrations over specific periods (e.g., post-prandial periods), the amount of time within specific glucose ranges (e.g., below 3.9 mmol/L), or other outcomes such as glucose variability, which can be associated with oxidative stress (3) and potentially other diabetes-related complications (4).

In 2013, members of our team published the first meta-analysis on the effects of exercise on CGM outcomes based on eight short-term studies and three longer-term studies (5). Synthesis of results from short-term studies revealed that exercise reduced outcomes such as mean 24-h glucose and time spent in hyperglycemia but did not affect other outcomes such as fasting glucose. Due to the low number of studies, we had limited our subgroup comparisons to aerobic vs. resistance exercise. Since then, the number of exercise and CGM studies in T2D has increased rapidly.

Therefore, the purpose of this meta-analysis was to provide an updated systematic review of the effects of exercise on CGM outcomes in T2D. Given the heterogeneity identified in previous meta-analyses, we explored differences among the short-term trials with pre-specified and novel subgroup comparisons, as well as meta-regression analyses, to examine the impact of factors such as exercise timing, dietary standardization, medications, type of CGM, sex, and baseline glycemic control.



METHODS


Search Strategy

On January 9 of 2020, a literature search of EMBASE, PubMed, and Medline were performed using terms relating to exercise, T2D and CGM. Search results were combined into a bibliographic software (Endnotes X6, Thomson Reuters, Toronto, Canada) and duplicates were eliminated using an automated feature. Details of the literature search strategy are available in Supplementary Table 1.

Two reviewers independently read titles and abstracts. Any record that was deemed to meet the inclusion criteria was selected for a full-text review (i.e., agreement between reviewers was not required at this stage). Two reviewers then reviewed all selected full-text articles for eligibility and any disagreement was resolved through discussion with a third reviewer.



Study Selection

Eligibility was determined according to the following inclusion criteria:

• Population: Only studies with data from adults with T2D were eligible. Studies were not eligible if data were combined for people with and without diabetes, or with people above and below 18 years of age.

• Intervention: Both short-term (i.e., ≤2 weeks) and longer-term studies (>2 weeks) were included if they examined the effects of structured exercise interventions defined in terms of frequency, intensity, type, and duration. Interventions that encouraged participants to become more active without providing structured prescriptions or monitoring (e.g., direct supervision or logs) were not eligible. Since developing this criterion for our previous meta-analysis (5) several studies examined the effects of breaking up sedentary time with exercise. These studies were not included to facilitate comparisons with our previous meta-analysis and because they often involved restricting activities during the control condition (e.g., prolonged sitting). In such studies, it was unclear if differences between conditions were due to the activity itself or the impact of prolonged sitting in the control condition.

• Comparison: A non-exercise control condition was required for comparison to the exercise condition. Both randomized and non-randomized (e.g., pre vs. post) comparisons were eligible, as were trials that employed parallel or crossover designs. Studies comparing combined exercise and dietary interventions to a control condition not receiving the dietary intervention were not eligible.

• Outcome: Studies were required to provide data from CGM or “Flash” glucose monitoring over a day (i.e., approximately 24 h) from both the exercise and control conditions. Mean 24-h glucose was considered the primary outcome of interest.



Data Extraction

Two reviewers extracted the following CGM outcomes in duplicate: mean 24-h glucose, time in hyperglycemia, time in hypoglycemia, time in range, post-prandial glucose, fasting glucose, nocturnal glucose, and glucose variability. Recent international consensus statements (6) suggest values of 3.9–10.0 mmol/L for time in range, but we also extracted data from articles who had similar definitions but slightly different cutoffs (e.g., 4.0 instead of 3.9 mmol/L, or 9.0 instead of 10.0 mmol/L). Indicators of glucose variability included mean amplitude of glucose excursions (MAGE), continuous overall net glycemic action (CONGA), or standard deviation (SD). Participant characteristics and details of the interventions were extracted by a single reviewer and verified by a second reviewer. Participant characteristics included age, sex, body mass index (BMI), duration of diabetes, menopausal status, the type of CGM, and type of glucose lowering medication they were treated with, and A1C. Characteristics of the exercise intervention included the type of exercise, the frequency and duration of exercise sessions, as well as the intensity. We noted if meals were provided as a means of standardizing diet between the exercise and control conditions and categorized groups into: all meals provided, meals partially provided, or no meals provided. The timing of exercise in relation to meals was categorized as fasting, after breakfast, afternoon (i.e., before dinner), or evening (i.e., after dinner).

Several data transformations were made before combining data from trials. Glucose concentrations in mg/dL were converted and presented as mmol/L by dividing by 18. Since CGM measures are provided in constant time intervals (e.g., 5 min), the area under the curve data was converted to mean glucose by dividing the total area by the amount of time. The percent time in hyper- or hypoglycemia was transformed into minutes by multiplying the percentage by the total amount of time.

Based on our previous meta-analysis (5), we expected participants in the short-term studies to complete both the exercise and control conditions (e.g., crossover trials) even if some would not be in randomized order. The primary analyses for these studies were based on the within-person difference in glucose concentrations. In instances where the SD or standard error (SE) of the change was not reported, it was estimated from p-values as described in section 7.7.3.3 of the Cochrane Handbook (7). In cases where information was displayed in a figure, mean difference and SD was estimated using plot digitizer software (Plot Digitizer Version 2.1 ©Joseph Huwaldt). In infrequent cases, we were unable to estimate the SE of the change from any of the above methods. In such cases, we used the correlation coefficient between exercise and control values that we calculated from other studies to estimate the SE of the change as described in section 16.1.3.2 of the Cochrane Handbook (7).



Risk of Bias

Two authors independently performed risk of bias assessment. Risk of bias was assessed using a domain-based evaluation, in which seven specific domains were addressed: (1) sequence generation, (2) allocation concealment, (3) blinding of participants and personnel, (4) blinding of outcome assessment, (5) incomplete outcome data, (6) selective outcome reporting, and (7) other bias. A judgement of “low risk,” “high risk,” and “unclear risk” of bias was assigned for each study, according to the criteria in the Cochrane Collaboration's Risk of Bias Tool; section 8.5 in the Cochrane Handbook (7). These criteria had been updated since our previous review (5). For example, describing a trial as randomized was no longer sufficient to be categorized as “low risk” for “sequence generation”; the authors were required to describe an appropriate method for randomization.



Statistical Analysis

Statistical analyses were performed using Review Manager Software (Revman 5.3, Cochrane Collaboration, Copenhagen Denmark). For all shorter-term studies, participants completed both conditions (crossover trials or pre- and post-designs). For these trials, the mean difference (MD) and the within participant SE of this difference were pooled using the generic inverse variance method to calculate a weighted mean difference (WMD).

For the longer-term trials that randomly assigned participants to either exercise vs. control conditions, the primary analyses considered mean differences between conditions which was pooled using a random effects model. When a control condition was compared to multiple exercise conditions, the sample size of the control condition was divided by the number of comparisons. Three of the five longer-term trials did not include a control condition. Therefore, secondary analysis compared pre- vs. post-exercise data from all longer-term trials using the generic inverse variance method.

Heterogeneity was examined through the chi-square test and also presented using the I2 statistic, which describes the percentage of the variability that is due to heterogeneity rather than chance (7). When the I2 was above 40%, heterogeneity was explored with subgroup and meta-regression analyses. As in previous meta-analyses (5, 8), subgroups were pre-defined according to type of exercise (i.e., aerobic, vs. high-intensity interval training, vs. resistance). As suggested in the study by Rees et al. (9), other factors such as exercise timing, and dietary intervention may have influenced the results and were therefore included in subgroup analyses. Lastly factors such as the type of CGM (real time vs. blinded vs. intermittently scanned) and the type of glucose lowering medications taken by participants were added during the review process. Meta-regression analyses included the proportion of participants who were female, A1C, and glucose concentrations from the control condition as predictors. For all the short-term studies, the same participants completed the control and exercise conditions.




RESULTS


Description of Studies

The literature search retrieved 657 records (see PRISMA Trial Flow diagram in Figure 1). After duplicates were removed, 435 records were reviewed. Fifty-four full text articles were screened and 26 were excluded for the following reasons:

• Population. Studies that were not exclusively conducted in adults with T2D (10–14) were excluded. Of these, the study by Newton and White (12) was included in our first meta-analyses, but excluded this time because the age range was from 14 to 20 years old.

• Intervention. Studies were excluded when they had co-interventions, such as changes in medication or insulin (15, 16), which influenced the changes caused by exercise. There was also one study in three records (17–19) examining the effect of Yoga, but it was excluded since we were unable to extract sufficient detail on the structure of exercise component, or control for any effect of the breathing exercise or meditation components of the intervention. Two studies examined the effect of breaking up sedentary time (20, 21) with several short bouts of activity. The control condition in these studies involved restricting movement by sitting from 8 to 14 h (20, 21). It therefore became difficult to know how much of the difference between the activity and control conditions was due to the physical activity itself or the prolonged sedentary behavior, which was likely greater than in free-living conditions. The study by Blankenship et al. (22) included a continuous walking condition and another activity condition with 12 breaks in sedentary time. However, the control condition asked participants to maintain their habitual physical activity behavior and we therefore chose to include the control vs. walking comparison.

• Comparison. Studies that did not include a non-exercise control condition were excluded (23–29). Of these trials, the one by Bacchi et al. (25) had been included in the qualitative synthesis of our 2013 systematic review. We excluded it in the present analysis because the control condition started 24 h after the exercise condition and we could not rule out that the effect of exercise did not persist beyond 24 h. In the study by Godkin et al. (30), the effect of a single bout of exercise was compared to control after the first session of exercise and after a session of exercise performed after 6 weeks of exercise training. We only included the effects of the first session of exercise since this was more comparable to the other included studies.

• Outcomes. Some studies did not have usable CGM data (31, 32) or presented data which was available from the same population as another included study (33– 37). For example, Little et al. (34) included the same participants as the study by Gillen et al. (38). These articles were different in that Gillen et al. examined participants after one bout of exercise while Little et al. examined participants after six bouts of exercise. Another difference was that Little et al. assessed glycemic control starting ~48 h after the last training bout; a period that was inconsistent with the rest of the short-term studies. To favor homogeneity among studies only the results from Gillen et al. was included. The study from Savikj et al. (39) provided data from week 1 and week 2 of training but we only included the data from week 1.


[image: Figure 1]
FIGURE 1. PRISMA study flow diagram.


Table 1 includes characteristics of the 23 eligible short-term studies. A total of 373 participants were included. The majority of these participants were males (264 males vs. 109 females). Many of the studies included multiple exercise groups for a total of 40 exercise groups. There were a variety of exercise prescriptions, with studies prescribing low, moderate, and high-intensity aerobic exercise, including different forms of high-intensity interval training (HIIT). The timing in relation to meals varied among studies but was reported in all but 2 studies. Eleven studies provided all of the meals to the participants throughout the 24-h period, 6 studies provided some meals but not all, and 6 studies did not provide any meals. In the studies that did not provide meals, or partially provided meals, participants were often asked to maintain similar dietary intakes across conditions. Of the 23 short-term studies, one study used an intermittently scanned CGM (Freestyle Libre, Abbott). Three studies used the Guardian or MiniMed (Medtronic) CGM which provided real-time data to participants. Five studies used GlucoDay S (A. Menarini Diagnostics) CGM, which has the capability of showing real time glucose concentrations but was likely blinded. An additional 12 studies used iPro (Medtronic) CGM technology, which are blinded to participants and researchers until the data is download after removal of the sensor. An additional three studies did not specify the type of Medtronic CGM but provided enough detail to suggest that the data were also examined retrospective and not available in real-time.


Table 1. Characteristics of included short-term (≤2 weeks) studies.
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Twenty of the 23 short-term studies provided some information on the type of medication. Of the 373 participants from the 23 short-term trials, we were able to determine that the most common medications were: metformin (taken by at least 70% of participants), sulfonylureas (taken by at least 17% of participants), insulin (taken by at least 11% of participants), and DPP4 inhibitors (taken by at least 10% of participants). Other classes of medications were each taken by ≤5% of the participants. Menopausal status was reported in 6 of the 15 short-term studies that included women. In these 6 studies, almost all participants were postmenopausal (a total of only 3 women were not).

Table 2 describes the five eligible longer-term studies. Interventions ranged from 8 to 16 weeks in duration. A total of 99 participants (57 males and 42 females) were included in 9 different exercise interventions, but only 15 participants in two separate control groups (60, 62). Francois et al. (59) had three separate groups performing the same HIIT training protocol, but we only included one of these groups in our analyses because the others received a skimmed-milk supplement or a macronutrient matched control beverage, making it unclear what effects were due to the exercise or supplements. Consequently, we only included the HIIT group that received the flavored water placebo from Francois et al. (59). Of the five longer-term studies, two used the blinded iPro CGM, two used the Guardian CGM and one used a MiniMed system that also included a portable monitor (all from Medtronic).


Table 2. Characteristics of longer-term (>2 weeks) exercise studies.
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Effect of Short-Term Exercise ( ≤ 2 Weeks) on Glucose Concentrations

Among the 23 short-term studies, 22 reported 24-h glucose concentrations. Several studies had multiple exercise conditions, which led to a total of 39 exercise groups included in the overall analyses. Compared to control, exercise reduced 24-h glucose concentrations by 0.5 mmol/L, 95% CI [−0.7 to −0.3] (p < 0.001, see complete details in Figure 2). However, there was a high degree of heterogeneity among trials (Chi2 = 140.8, p < 0.001); I2 = 73%). This heterogeneity was only partially reduced (Chi2 = 76.1, p < 0.001, I2 = 51%) after removing a visual outlier [i.e., the group performing resistance training at 40% of their 1-repetition maximum from Cruz et al. (40)].


[image: Figure 2]
FIGURE 2. Mean 24-h glucose concentrations in short-term (≤2 weeks) studies. CI, confidence interval; SE, standard error; 1RM, one repetition maximum; HIIT, high-intensity interval training; REHIT, reduced exertion high intensity interval training.


Due to the significant heterogeneity among studies, analysis was performed by dividing studies into subgroups according to the timing of exercise, type of exercise, dietary control, and type of CGM (see Table 3). Of these subgroups, only the exercise timing analyses identified heterogeneity among subgroups (p < 0.001). There were significant reductions in mean 24-h glucose when exercise was performed in the fasted state (−0.7 mmol/L [−1.1, −0.2], p = 0.004) and in the morning (−0.6 mmol/L [−0.9, −0.4], p < 0.001) but not in the afternoon (−0.1 mmol/L [−0.2, 0.1], p = 0.54). Heterogeneity remained elevated in the morning subgroup but was reduced from I2 = 75% to I2 = 38% when the outlier from Cruz et al. (40) was removed.


Table 3. Subgroup analyses for changes in mean 24-h glucose in short-term (≤2 weeks) studies.
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Meta-regression was performed to predict changes in 24-h glucose concentrations following exercise with other variables such as 24-h glucose concentrations in the control condition, baseline A1C, age, BMI, or the percentage of female participants. Greater mean 24-h glucose concentration in the control condition predicted a greater decrease in 24-h glucose concentrations following exercise (r = −0.61, p < 0.001), as shown in Figure 3. Note that the same participants completed both the control and exercise conditions (i.e., repeated measures). When mean 24-h glucose from the control condition was replaced by A1C as an indicator of glycemic control, the relationship was in the same direction (r = −0.33, p = 0.04). The proportion of females within a study was not associated with improvements in 24-h glucose (r = −0.10, p = 0.55), but when the aforementioned outlier was removed the correlation became positive and statistically significant (r = 0.39, p = 0.016) suggesting that studies with a greater proportion of females observed smaller improvements in mean 24-h glucose.
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FIGURE 3. Meta-regression to predict changes in mean 24-h glucose concentrations following exercise according to: (A) mean 24-h glucose concentrations in the control condition, and (B) percentage of females. The correlation coefficients were changed to r = −0.53 (p < 0.001) and r = 0.39 (p = 0.016), respectively, after removing the potential outlier with the largest decrease in mean 24-h glucose.


A greater proportion of participants treated with sulfonylureas within a study was associated with greater reductions in mean 24-h glucose following exercise (r = −0.34, p = 0.04). Use of other medications, including metformin (r = 0.20, p = 0.25), were not significantly associated with changes in 24-h glucose concentrations. Other variables such as exercise duration, age and BMI were not associated with changes in 24-h glucose concentration when examined among all studies or only among studies prescribing continuous aerobic exercise (all p > 0.30).

Change in secondary glycemic outcomes are summarized in Table 4. Time spent in hyperglycemia was analyzed from 16 studies, which included 30 exercise vs. control comparisons. There was a significant reduction in the daily time spent in hyperglycemia (−94 min [−115, −72], I2 = 53%). The subgroup differences reflected the findings from the 24-h glucose concentrations but are not presented as some of the subgroups were much smaller (e.g., only a single study). Indices of glycemic variability were reported in 11 studies with a total of 18 subgroups. Many different measures (e.g., MAGE, SD, and CONGA) were reported in the individual studies. MAGE was the most frequently reported index of glycemia variability and was available in all but two subgroups. MAGE was reduced by −0.41 [−0.63, −0.20] (Chi2 = 19.65, p = 0.19; I2 = 24%). On the other hand, fasting glucose and time in hypoglycemia were not significantly affected by exercise.


Table 4. Analyses of secondary outcomes.
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Effect of Longer-Term (>2 Weeks) Exercise Training on Glucose Concentrations

Four of the studies started post-training CGM measures 48–72 h after the last bout of exercise and described the post-intervention measurements within 1 week of the last bout of exercise. There was no baseline difference in mean 24-h glucose concentrations between exercise and non-exercise control groups (−0.1 mmol/L [−1.5, 1.3], p = 0.87, I2 = 0%; Figure 4A). When the post-intervention results were pooled, mean 24-h glucose concentration was not significantly lower in the exercise groups compared with the control groups (−0.9 mmol/L [−2.2, 0.3] p = 0.14, I2 = 0%; Figure 4B). However, only 4 exercise conditions were included in this exercise vs. control comparison with a total of 49 participants in the exercise groups and 15 in the control groups.


[image: Figure 4]
FIGURE 4. Mean 24-h glucose concentrations in longer-term (>2 weeks) studies. (A) Exercise vs. control pre-intervention, (B) exercise vs. control post-intervention. CI, confidence interval; SE, standard error; 1RM, one repetition maximum; HIIT, high-intensity interval training.


Secondary analysis of the pre- and post-exercise comparisons resulted in the inclusion of 9 longer-term exercise conditions with a total of 115 participants. Compared to pre-exercise values, post-exercise 24-h mean glucose concentrations significantly decreased (−0.5 mmol/L [−0.7, −0.2], p < 0.0002, I2 = 1%; Figure 5). Subgroup analyses, regression analyses, and examination of other outcomes were not performed due to the low number of available comparisons.
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FIGURE 5. Mean 24-h glucose concentrations in longer-term (>2 weeks) studies pre- vs. post-exercise. CI, confidence interval; SE, standard error; 1RM, one repetition maximum; HIIT, high-intensity interval training; REHIT, reduced exertion high intensity interval training.




Risk of Bias

Summaries according to the Cochrane Collaboration Risk of Bias tool are provided in Supplementary Figures 1, 2 for short and longer-term studies, respectively. Most of the included studies described their intervention as randomized but did not describe the methods of randomization, resulting in the categorization of “unknown” risk of bias on this criterion. Some of the trials that were described as randomized trials were actually categorized as “high” risk of bias because the randomization only affected the multiple exercise conditions and control condition always took place before exercise. When we performed subgroup analyses among the short-term studies to compare the “low” or “unknown” to “high” risk of biases on the random sequence generation criteria there was no difference between these types of studies on 24-h glucose concentrations (−0.5 mmol/L [−0.6, −0.3] vs. −0.4 mmol/L [−0.9, 0.1], respectively; see Table 3). As expected in exercise trials, blinding of participants to the exercise intervention is not feasible.

Funnel plots were also generated to examine the potential for publication bias. For the primary outcome of mean 24-h glucose concentrations, funnel plots are provided in Supplementary Figures 3, 4 for short and longer-term studies, respectively. Visual inspection of the funnel plots did not reveal any asymmetries, with the exception of the outlier from Cruz et al. (40) which found a comparatively large 2.8 mmol/L decrease in one of their short-term exercise groups. However, this group also had average size SE, which would not be expected in a typical publication bias scenario where studies with the largest SE tend to show more beneficial effects.




DISCUSSION

The present systematic review and meta-analyses confirms our previous findings that exercise reduces mean 24-h glucose and time spent in hyperglycemia (5), but also builds on this 2013 work in several ways:

1. The number of eligible short-term studies reporting the effects of exercise on CGM outcomes in T2D has approximately tripled (from 8 to 23 studies; or from 116 to 373 participants).

2. The greater number of short-term studies allowed for hypothesis generating subgroup and meta-regression analyses, which helped explain the heterogeneous responses among trials (e.g., the effects of exercise timing, sex, and glycemic control).

3. There were a sufficient number of trials to include outcomes that were not previously considered; including glycemic variability in short-term studies and mean 24-h glucose in longer-term studies.

The improvement in mean 24-h glucose concentrations following short-term exercise was 0.8 mmol/L in our 2013 meta-analyses and 0.5 mmol/L in the current one. These means were outside of each other's 95% confidence intervals. The differences may be due to the higher variability among trials in our current review as reflected in the higher I2-value (i.e., 3 vs. 73%) and the addition of recent studies in which glucose concentrations were unchanged following exercise [e.g., Rees et al. (9)].

As in our previous meta-analysis (5), exercise did not affect fasting glucose (−0.2 mmol/L [−0.4, 0.1], p = 0.14). It is possible that this would have reached statistical significance had fasting glucose been reported in more short-term studies. Nonetheless, it may be that exercise has a greater impact on postprandial glucose, which is more strongly linked to muscle insulin resistance, whereas fasting glucose is believed to be more strongly associated with hepatic insulin resistance (63, 64). Longer-term studies have shown reductions in fasting glucose with exercise (65), but it is difficult to know to what extent this was due to weight loss.

To better understand the heterogeneity among short-term trials, we conducted a series of subgroup meta-regression analyses. It is important to note that since participants were not randomly assigned to the subgroups, we cannot determine if it was a causal relationship. In addition, some variables in our subgroup and meta-regression analyses were not pre-specified. Consequently, results from our subgroup analyses should be interpreted with caution and confirmed by randomized trials. In our meta-regression analyses, the strongest predictor of greater improvements in glycemic control was the mean 24-h glucose concentrations from the control condition, suggesting that participants with elevated glucose concentrations had greater reductions following exercise. Although this may seem intuitive, it is potentially affected by a regression to the mean artifact [as previously reviewed by Sheppard (66)]. However, the association between baseline A1C and changes in mean 24-h glucose following exercise was in the same direction (r = −0.33, p = 0.03). Sex, but not age or BMI, was associated with changes in mean 24-h glucose. Studies that had a higher proportion of males were associated with greater reductions in mean 24-h glucose. Our meta-analysis does not permit us to identify the reasons why males may have responded more favorably compared to females. However, a greater effect of exercise on insulin sensitivity (67) and post-exercise glucose metabolism (68) has been previously observed in males compared to females. The reasons for these differences are not well-known, but may be related to differences in substrate oxidation during exercise and recovery (69). Of note, only 3 women were not postmenopausal among the 6 studies that reported menopausal status. Consequently, it is possible that the results are not generalizable to women before menopause.

However, we cannot rule out that the association with sex was caused by other confounders and we noted very high heterogeneity among the studies that only included males (see left side of Figure 3B). The association observed between the proportion of females and changes in mean 24-h glucose following exercise was only observed after removing of a potential outlier. Indeed, the study by Cruz et al. (40) was the only study that included only female participants (n = 12). They compared a single bout of exercise performed at 80 vs. 40% of the participants individualized one-repetition maximum (i.e., the heaviest weight that could be lifted once for each of 7 exercises). Resistance training was performed with a circuit in which each exercise was performed 3 times. While exercise at 80% increased mean 24-h glucose by 0.2 mmol/L, exercise at 40% reduced it by 2.8 mmol/L. To put this in perspective, this reduction is more than 5 times as much as the mean reduction in our meta-analyses and nearly twice as much as the next largest reduction among the 39 exercise conditions. The authors suggest that the greater counterregulatory hormone responses with the greater resistance exercise intensity may have contributed to the differences between conditions. It is also noteworthy that the participants in the Cruz et al. study were also the ones with the highest mean 24-h glucose during the control condition and therefore had the potential for greater reductions without experiencing hypoglycemia.

The timing of exercise was associated with some of the variance among short-term studies. Again, in our subgroup analyses, most participants were not randomly assigned to different exercise timing and therefore causality cannot be inferred. However, five studies directly compared two similar amounts of exercise performed at different times of the day (39, 43, 54, 56, 70). The results from Savikj et al. (39) contradict the findings from our meta-analyses and suggest exercise performed in the morning was less effective than afternoon exercise. However, this study involved HIIT training whereas most of the studies in our meta-analyses did not. They also offered a snack after morning exercise only. If changes in the timing of exercise can be found to consistently affect glycemic responses, this could be encouraging for people with T2D who could use such strategies to get more benefits from the same amount of exercise. The decision to perform subgroup analyses based on exercise timing in relation to meals was a priori as a consequence of our findings in the study by Rees et al. (9), which used afternoon exercise. However, we were unsure of the exact subgroups that would be available (e.g., we expected to have evening/post-dinner exercise subgroups?) and divided our subgroups in a way to have multiple studies in each subgroup.

The reasons why fasting (i.e., before breakfast) exercise would lead to significant and consistent reductions in mean 24-h glucose, while afternoon exercise did not, are not well-understood. One potential explanation could be that, in the absence of exogenous fuels, fasting exercise must rely to a greater extent on endogenous fuels (e.g., intramuscular lipids and glycogen) and that these changes may favor an increase in insulin sensitivity. The first two longer-term training studies comparing fasting exercise to postprandial exercise in T2D have been recently published (71, 72). These longer-terms studies did not support a more favorable effect of fasting exercise compared to postprandial exercise. However, the postprandial exercise was performed shortly after breakfast (not in the afternoon) in both of these studies (71, 72). It is currently difficult to understand to what extent the effects of fasting exercise are due to fasting itself or to the time of day (i.e., diurnal variations). To further complicate matters, in people with T2D, many glucose lowering medications are taken with meals and we found an association with the use of sulfonylurea within a study in changes in 24-hr glucose following exercise vs. control, but not for other categories of medication.

Interpretation of differences among subgroups is based on comparing results from different exercise conditions that did not benefit from randomization, therefore subgroup comparisons may be affected by several confounding variables and should be confirmed by randomized trials. Several studies included in our meta-analysis did directly compare the effect of different exercise intensities. Some compared continuous exercise to different forms of higher intensity interval training (45, 49, 54, 73), one compared low vs. moderate intensity continuous exercise (48), and one compared different intensities of resistance exercise (40). As in the subgroup analyses from our meta-analysis, no clear pattern emerged when examining these studies individually. However, a previous meta-analysis of longer-term studies with head-to-head comparison of exercise of different intensities suggested that higher intensity exercise led to greater declines A1C (8). Another difference was that the trials in the earlier meta-analysis had similar or greater energy expenditures in the high intensity groups compared to the lower intensity groups from the same trial. Likewise, the aerobic vs. resistance training comparison in the short-term trials may not reflect longer term adaptations. The mechanisms leading to improvements in glycemic control following continuous aerobic, HIIT and resistance training may be different, and are beyond the scope of our meta-analysis.

Methodological aspects unrelated to exercise, such as the type of CGM (real-time vs. blinded vs. intermittently scanned) as well as the level of dietary control (i.e., the provision of meals), did not significantly explain the heterogeneity among trials in regards to changes in mean 24-h glucose. However, the absence of significant subgroup differences may be due to the presence of other confounders as there was high heterogeneity within many different subgroups. The type of CGM or the degree of dietary control may influence compensatory behaviors from participants (e.g., eating more if glucose is known to be low).

Glycemic variability may be independently associated with cardiovascular disease (74). When examining the change across all short-term studies, we observed a consistent and statistically significant reduction in MAGE. However, within each individual study the 95% confidence interval would often overlap with zero, suggesting that individual studies were often underpowered to detect differences. There were several indices of glycemic variability. Although these indices differ in their calculations, they were highly related to each other. For example, correlation coefficients were all above 0.85 among MAGE, CONGA, and SD (75).

There were fewer longer-term studies identified and only two with randomization to a non-exercise control condition. The pre- vs. post-analyses led to different conclusions than the randomized exercise vs. control comparison. The pre- vs. post-comparison had a smaller mean difference but reached statistical significance, in part due to the greater number of participants but also because of the increased statistical power within participant analyses. Interestingly, the weighted mean difference in the pre- and post-analyses was similar to the weighted mean difference found in the acute studies (i.e., 0.5 mmol/L). Based on conversions between A1C and estimated average glucose (76), such a reductions could correspond to a 0.3 percentage point reduction in A1C, which is lower than previous meta-analyses of exercise trials with A1C as a primary outcome (1, 2). This is not surprising given that the post-training CGM measures typically started at least 48-h after the last bout of exercise to minimize the acute effect from this last bout. Therefore, we would expect the weekly average glucose to be lower in these participants who prescribed exercise three times per week or more. Weight loss in longer-term exercise trials may mediate some of the improvements in glycemic control. For eight of the nine longer-term exercise conditions, changes in body weight were ≤1 kg. Consequently, we believe that most of the changes were observed in the absence of meaningful weight loss.

The main limitation of this meta-analysis is the high heterogeneity among the shorter-term studies and that we were only partially successful at explaining the heterogeneity. Consequently, interpreting the overall effects should be done with caution. Based on our findings, it is unlikely that exercise increases blood glucose; it is more likely that the heterogeneity is in the degree of the positive to no effects. The apparent heterogeneity may in fact be in part a result of the analytical approach that we chose. Indeed, the within participant mean change and SE used in the generic inverse method approach, leads to much narrower confidence internals than if we compared the mean glucose from the exercise vs. control using the between participant standard deviation in each condition. When the latter approach is used, the weighted mean difference remained similar (0.4 mmol/L [−0.70, −0.20]) but the heterogeneity is greatly reduced (Chi2 = 24.5, p = 0.96), I2 = 0%) since the mean difference found in each study has wider confidence intervals. The heterogeneity may also be caused my methodological issues. Several CGM devices require multiple calibrations per day and errors in calibration values can have a meaningful impact on 24-h outcomes. In addition, investigators often have to make difficult decisions on how to treat missing CGM values. Lastly, another limitation is the low number of longer-term studies and we would caution against inferring that chronic exercise training no more effective than shorter-term exercise due to the timing of the CGM measures in the longer-term studies.

In conclusion, both short-term and long-term exercise can reduce mean 24-h glucose concentrations. Short-term exercise also reduces other CGM-derived outcomes such as glycemic variability, while additional longer-term studies are needed to examine such outcomes. The glycemic response to short-term exercise can be variable, and exploratory analyses suggests that the heterogeneity among studies might in part be explained by the extent to which glycaemia is impaired on non-exercise days, or factors such as the timing of exercise and the sex of participants.
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Metformin and exercise independently improve glycemic control. Metformin traditionally is considered to reduce hepatic glucose production, while exercise training is thought to stimulate skeletal muscle glucose disposal. Collectively, combining treatments would lead to the anticipation for additive glucose regulatory effects. Herein, we discuss recent literature suggesting that metformin may inhibit, enhance or have no effect on exercise mediated benefits toward glucose regulation, with particular emphasis on insulin sensitivity. Importantly, we address issues surrounding the impact of metformin on exercise induced glycemic benefit across multiple insulin sensitive tissues (e.g., skeletal muscle, liver, adipose, vasculature, and the brain) in effort to illuminate potential sources of inter-individual glycemic variation. Therefore, the review identifies gaps in knowledge that require attention in order to optimize medical approaches that improve care of people with elevated blood glucose levels and are at risk of cardiovascular disease.
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INTRODUCTION

Nearly 34.2 million individuals in the U.S. have type 2 diabetes, and ~88 million men and women have prediabetes (1). Perhaps more concerningly is the observation that new cases of type 2 diabetes have increased significantly among U.S. youth, particularly non-Hispanic black people (1). This is clinically concerning because people with hyperglycemia are at greatly elevated risk for not only retinopathy, nephropathy, renal disease, but also cardiovascular disease (CVD). Blood glucose regulation is considered to be a complex balance between endogenous glucose production and peripheral glucose uptake. Insulin resistance of organs regulating these processes is considered to a be a primary defect. In particular, insulin resistance contributes to compensatory hyperinsulinemia via taxation on the pancreatic beta-cells to secrete insulin. Over time, however, the beta-cells begin to “fail” and cannot compensate for the ambient levels of systemic insulin resistance resulting in severe hyperglycemia. Therefore, targeting insulin resistance is a reasonable approach to the prevention, treatment, and management of type 2 diabetes.

Although randomized clinical trials show the efficacy of exercise to treat type 2 diabetes (2) as well as prevent the progression from prediabetes to type 2 diabetes (3, 4), there is large inter-individual heterogeneity in response to conventional exercise aerobic (up to 5 d/wk at 60–85% HRmax) and strength (up to 2 d/wk at 60–80% 1-repetition max). Moreover, the optimal dose of exercise to improve glycemic control remains to be elucidated (5–7), and exercise adherence remains low. Patients with prediabetes and/or type 2 diabetes often exhibit multiple pathophysiological abnormalities that contribute to the approximate 20% lower aerobic capacity compared to those without dysglycemia (8). These include: mitochondrial dysfunction, poor muscle perfusion, and low cardiac function in addition to declines in pancreatic insulin secretion and sensitivity. Together, these are mechanisms contributing to decreased oxidative capacity and may help explain barriers to starting exercise interventions (9). Subsequently, many individuals may require pharmacological therapy to manage blood glucose concentrations. The American Diabetes Association suggests that in addition to lifestyle modification, metformin be considered the “first-line” pharmacological treatment to manage blood glucose in those with type 2 diabetes as well as those with prediabetes and at least 1 CVD risk factor (e.g., hypertension, elevated triacylglycerol, low HDL, etc.) (10). Not surprisingly, metformin is the most widely used prescription drug to treat hyperglycemia in adults with type 2 diabetes (11). In addition, metformin has gained interest in cancer prevention/treatment (12) as well as lifespan within aging (13). This highlights that metformin is a multi-faceted drug with health effects. Despite the widespread popularity of metformin, the interaction with exercise has received little attention. If anything, the overarching thought is that recommending exercise plus metformin will enhance glycemic control, and be better than either intervention alone. Herein, we highlight recent data describing whether co-prescribing metformin with exercise blunts, enhances, or has negligible effects on glucose regulation for ultimate CVD risk reduction. In this review, we focus on the multiple tissues (i.e., skeletal muscle, liver, adipose, vasculature, and brain) that metformin may affect during exercise training to influence cardiometabolic health (Figure 1). Lastly, we hypothesize that combining metformin with exercise may induce cellular processes that regulate metabolic adaptation in relation to glycemia.
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FIGURE 1. Summary of exercise and/or metformin interactions. Exercise lowers blood glucose mainly through increases in AMPK production in most organs excluding the brain, where production is decreased; and the vasculature, where adaptations are largely driven by nitric oxide (NO) (A). Metformin alone also improves glycemic control through similar mechanisms, primarily by decreasing hepatic glucose production. Metformin also decreases reactive oxygen species (ROS) production which is suspected to improve tissue glycemic control as well as memory and cognitive function in the brain (B). The combination of metformin with exercise has blunted effects on skeletal muscle glucose uptake and visceral adiposity. The effects of metformin with exercise on the liver, vasculature, and brain are still largely unknown (C). We hypothesize that the combination of metformin and exercise are not necessarily additive in terms of glycemic control. Metformin blunts the beneficial adaptations that are typically seen with aerobic and/or resistance training in skeletal muscle tissue. VO2max, maximal oxygen consumption; FFM, fat-free mass; AMPK, adenosine monophosphate kinase; IHTG, intrahepatic triglycerides; FFA, free fatty acids; NO, nitic oxide.




IMPACT OF METFORMIN ON EXERCISE MEDIATED GLYCEMIC CONTROL

Regulation of blood glucose is a tightly controlled process through “cross-talk” of pancreatic insulin secretion and insulin action on several tissues, including but not limited to: skeletal muscle, liver, adipose tissue, vasculature, and the brain. Fasting plasma glucose is maintained by endogenous (principally hepatic) glucose production, as glucose disposal by skeletal muscle and adipose tissue is minimal (14). Following mixed-meal absorption, insulin levels rise in response to carbohydrate (and to smaller extents protein) to reduce liver glucose production and lipolysis as well as stimulate blood flow to skeletal muscle for glucose uptake (15). Moreover, insulin acts on the brain to provide additional regulation of endogenous glucose production as well as inhibit additional food intake (16). Thus, considering treatments that impact liver and/or skeletal muscle glucose metabolism should, in theory, lead to enhanced glycemic control.

Current exercise prescription advised by the American College of Sports Medicine and the American Diabetes Association for men and women with prediabetes or T2D is to perform either 150 min/week or more of moderate intensity or 75 min/week of vigorous intensity aerobic exercise. The Look AHEAD study is a landmark clinical trial that reported a ≥ 7% reduction in weight loss through a nutrition intervention in combination with ≥175 min exercise/wk, reduced CVD risk by ~0.7%/yr (17), although more work is needed to understand the utility of lifestyle treatment for vasculature related events/mortality. Exercise can consist of either aerobic or resistance form, although the combination may result in the best HbA1c reductions (2). While there is still much debate as to whether exercise intensity is critical for glycemic control (18), we and others have shown either no effect (19) or that moderate intensity may have slightly better effects (20). Regardless, more recent work has suggested “exercise snacks” may be a novel approach to combat post-prandial hyperglycemia, and further work examining time of day to exercise is warranted (18).

Metformin predominantly reduces circulating glucose by lowering hepatic glucose production (11, 21), although it has also been reported to increase peripheral insulin sensitivity in some but not all work (22, 23). In the landmark U.S. diabetes prevention program, metformin was shown to decrease the incidence of T2D by 31% (1,700 mg/d) in adults with impaired glucose compared with 58% following lifestyle modification (7% weight loss and 150 min/wk of physical activity) (4). Although these findings suggest lifestyle was better than metformin alone, the Indian Diabetes Prevention Program (IDDP) observed that both regular physical activity (recommended >30 min/d) and metformin (500 mg/d) reduced the progression of impaired glucose tolerance to T2D in native Asian Indians (24).

Exercise and metformin both increase 5-adenosine monophosphate kinase (AMPK). This is important because AMPK is one of the several mechanisms by which each therapy act to suppress hepatic glucose output and increase insulin-stimulated glucose disposal (11, 23). As a result, it would be fair to expect a greater benefit to glycemic control since two of the major organs regulating blood glucose would be impacted compared with either treatment alone. However, the literature on co-prescribing lifestyle modification with metformin on blood glucose is equivocal (Table 1). Indeed, some (25) have shown that lifestyle modification plus metformin resulted in more weight loss than lifestyle modification alone, and the weight loss was associated with lower 2-h circulating glucose levels. This is somewhat consistent with recent work by Erickson et al. (26) showing that post-meal exercise and metformin resulted in the lowest peak post-prandial glucose excursion compared with either treatment alone in people with hyperglycemia. Furthermore, Ortega et al. sought to test the effects of combining metformin with exercise on free-living glycemic control in individuals with prediabetes or T2D (27). The results of this later work demonstrated that high intensity interval exercise in combination with metformin therapy lowered interstitial fluid glucose to a greater extent than exercise alone. Interestingly, others have suggested that in people with T2D treated with metformin that timing exercise 30 to 60 min following drug ingestion may impact plasma glucose and insulin to a greater extent than exercising 90 min after ingestion (28). The Diabetes Aerobic and Resistance Exercise (DARE) trial, however, showed that people with T2D on metformin plus lifestyle modification had similar HbA1c improvements when compared with individuals on lifestyle modification only (29). This is consistent with the IDDP since it was shown that the combination therapy of metformin and lifestyle modification had equivalent effects to reduce the progression from prediabetes to T2D (24). Notwithstanding this, a retrospective analysis of the Look AHEAD study demonstrated that people with type 2 diabetes treated with metformin prior to and during intensive lifestyle therapy had smaller improvements in fasting plasma glucose and HbA1c compared with those undergoing lifestyle therapy only (30). Further, the work by Boulé et al. (31) tested the effect of metformin on glycemic control in response to a single bout of submaximal aerobic exercise at ~33, 67, and 79% of VO2peak and resistance exercise (i.e., leg extension and flexion) in individuals with T2D. Their results implied that metformin blunted reductions in post-prandial blood glucose concentrations during a standardized meal. Together, most (26, 27) but not all (24, 31) studies showing an additive effect of metformin plus exercise studied individuals who were already prescribed metformin. In contrast, we showed previously (32) that 12 weeks of metformin plus exercise training prospectively in naïve users had no effect on fasting plasma glucose in adults with prediabetes. This is consistent with newer work (33, 34) whereby in normoglycemic insulin-resistant adults, fasting or postprandial glucose levels did not appear to be negatively affected by metformin. Somewhat surprisingly, however, is the observation that no randomized clinical trial has been designed to date to test the effectiveness of exercise plus metformin on glycemic control. Given that some work shows opposing (31), additive (26, 27), or null findings (32–34), it is reasonable to suggest that metformin contributes to inter-individual glycemic response differences (Table 1).


Table 1. Summary of clinical trials examining the impact of metformin in combination with exercise on glycemic control compared to exercise alone.
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EFFECT OF METFORMIN ON EXERCISE-MEDIATED SKELETAL MUSCLE INSULIN SENSITIZING EFFECTS

Exercise improves glycemic control through both skeletal muscle insulin-dependent and insulin-independent mechanisms (35). Subsequently, contraction mediated mechanisms favoring glucose uptake last for ~3–6 h following a single bout of exercise. In time, insulin-sensitizing effects take over to explain improved glucose control (36). Habitual exercise (i.e., lifestyle change) is recommended to reduce T2D risk in part by maintaining skeletal muscle glucose disposal.

Metformin is suggested to stimulate skeletal muscle glucose uptake and oxidation (37). Moreover, metformin has been shown to lower intramuscular triglyceride content and bioactive acyl-chain bioactive lipids (38, 39) through in part elevations in fat oxidation. Together, these observations indicate that metformin has effects on skeletal muscle energy metabolism that favor glucose homeostasis.

Because metformin is advised as a first-line pharmacological agent, we conducted a double-blind, randomized control trial to test the effect of exercise training with and without metformin on insulin sensitivity in people with prediabetes (32). For 12 weeks, individuals were randomized to either: placebo, metformin, exercise training with placebo, or exercise training with metformin. All people were provided metformin at 2,000 mg/d or a placebo, while those randomized to exercise underwent a progressive aerobic and resistance training program at 70% of their individual heart rate peak and 1-repetition max, respectively. Insulin sensitivity was determined about 28 h post-exercise via the euglycemic-hyperinsulinemic clamp with glucose isotope tracers. Tracers were utilized to determine the effects of metformin on skeletal muscle insulin sensitivity as well as hepatic glucose production. The primary results showed that metformin blunted exercise mediated increases in insulin-stimulated skeletal muscle glucose uptake by ~30%, suggesting that metformin diminishes both single and repeated bouts of exercise benefit on glucose metabolism (23, 31, 32). Although to date no follow up studies have been conducted using stable isotopes to understand skeletal muscle insulin-stimulated glucose disposal, recent work has tested the effect of metformin on aerobic or resistance exercise skeletal muscle cellular adaptation (33, 34). The results of these studies collectively show that metformin opposes skeletal muscle mitochondrial adaptations as well as inhibits fat-free mass accretion (see below Cell Mechanisms for further discussion), which were directly correlated with attenuated gains in aerobic fitness as well as strength. Together, these findings highlight that blunted fitness adaptation may relate to the reduced skeletal muscle insulin sensitivity response. In either case, this smaller gain in insulin sensitivity following the combination of exercise and metformin treatment does not apparently lead to stark blood glucose elevations (23, 31, 32). Further work is warranted to better understand how the combination of drug-exercise therapies contributes to glycemic control across exercise doses, particularly in people with T2D. For instance, recent work demonstrated that metformin increased carbohydrate utilization during high intensity interval exercise in insulin resistant adults when compared to exercise alone (27). This may be of clinical relevance since carbohydrate use during exercise was related to insulin sensitivity as measured by the intravenous glucose tolerance test. The findings of Ortega et al. (27) also suggest that exercise intensity may interact with metformin to positively influence insulin-stimulated glucose uptake when compared with moderate intensity exercise (31, 40). Whether exercise intensity interacts with metformin to affect skeletal muscle insulin sensitivity in clinical populations remains to be tested to help understand if muscle is the primary driver of glycemic variation responses.



EFFECT OF METFORMIN ON EXERCISE-MEDIATED LIVER INSULIN SENSITIZING EFFECTS

Hepatic glucose production results from gluconeogenesis and/or glycogenolysis, and people with impaired fasting glucose display elevated hepatic glucose production (25, 41), or inappropriately normal levels given the prevailing hyperinsulinemia (40). Indeed, people at risk for or with T2D, in particular, have impaired responses to insulin (42). This highlights that the liver becomes insulin resistant and plays roles in both fasting and fed states. While fasting glucose (and insulin) may serve as a proxy for hepatic glucose production, and study of hepatokines, liver fat, or liver enzymes (43) may provide indirect estimates of hepatic function, use of stable isotopes along with hyperinsulinemic-clamps represent ideal methodologies to depict the role of the liver on glycemic control.

The exercise impact on hepatic glucose production is generally positive. One to seven days of aerobic exercise has been shown in people with T2D to increase hepatic insulin sensitivity (44, 45). Exercise training studies of ~12 weeks have also demonstrated favorable effects on hepatic insulin sensitivity (46), with at least some of the effect being related to improved hepatokines (i.e., fetuin-A) (46). However, it is worth noting that others have suggested that re-feeding calories expended from exercise negates these liver insulin-sensitizing benefits of exercise in adults with excess weight/insulin resistance (47). It cannot be ruled out though that discrepancies between short-term training studies may relate to exercise intensity, as higher intensity exercise activates AMPK in hepatocytes (48). As a result, it seems that energy deficit, at least partially, created by exercise is an important mechanism improving hepatic insulin sensitivity.

Metformin improves hepatic insulin sensitivity. The mechanism by which metformin lowers hepatic glucose production is mainly thought to be through activation of AMPK and reduction in gluconeogenic enzymes (49), although some suggest antagonism of glucagon may be important (50). In addition, metformin is considered to increase fat oxidation in hepatocytes, thereby reducing the potential delirious effects of lipids on insulin signaling (51). Recent work has suggested that metformin may benefit conditions of hepatic steatosis. In particular, although metformin-induced similar reductions in the hepatic triglyceride content of Otsuka Long-Evans Tokushima Fatty (OLETF) rats under caloric restriction, compared to caloric restriction alone, the combined treatment lowered hepatic-derived inflammation more (52). Additionally, metformin augmented the benefits of caloric restriction on lowering post-prandial circulating glucose in rodents, suggesting that metformin may impact the liver during energy deficit reduce diabetes and non-alcoholic fatty liver disease risk (52). This observation of greater glycemic benefit was in parallel to greater beta-oxidation and mitochondrial mitophagy (i.e., BNIP3).

To date, we are aware of only one study in humans that has systematically tested the effect of combining metformin with exercise on hepatic glucose production (32). In this study, we showed that 12 weeks of metformin, exercise, or the combination of therapies maintained hepatic glucose production as measured by stable isotopes despite reductions in fasting plasma insulin. This highlights that all treatments improved hepatic insulin sensitivity in middle-aged adults with prediabetes. Thus, it would seem the liver is unlikely to explain glycemic variation post-exercise. Further work in humans is required to understand, nevertheless, how exercise and metformin interact to affect hepatic function given that fatty liver disease is prominent in people with obesity and T2D, and fatty liver disease plays a critical role in the development of CVD.



INFLUENCE OF METFORMIN AND EXERCISE ADIPOSE TISSUE INSULIN ACTION

Adipose tissue is the primary supplier of plasma free fatty acids (FFA). FFAs provide energy to working tissues, including skeletal muscle and liver primarily during fasting states. In response to mixed meals (i.e., carbohydrate, protein, and fat), insulin suppresses lipolysis due to a feedback loop with the pancreas (53), and lowers circulating FFA to enable insulin action on the peripheral for glycemic control. However, when adipose tissue becomes resistant to the action of insulin, FFA concentrations rise in circulation and play an important role in the development of insulin resistance (54). In fact, the release of FFAs from adipose tissue contributes, not only to declines in skeletal muscle and hepatic insulin sensitivity but also to endothelial dysfunction and reduced β-cell function in obesity, prediabetes, and T2D (55–57). The reason FFAs contribute to this multi-tissue insulin resistance is beyond the scope of this review, but likely relates to elevated plasma FFA concentrations being linked with reduced mitochondrial function and metabolic flexibility (58), Therefore, it would be reasonable to expect aerobic exercise interventions designed to improve oxidative capacity to not only protect against FFA-induced insulin resistance but also improve adipose insulin action.

Exercise confers several benefits to adipose tissue that include reductions in not only total fat mass but also visceral adiposity (59). A consequence of this improved body fat mass has been proposed to decrease circulating FFAs as well as inflammatory mediators referred to as adipokines. Indeed, we have shown that changes in circulating FFAs following moderate intensity training are directly related to improved peripheral insulin sensitivity (32) and short-term interval or continuous exercise increases adipose insulin sensitivity in adults with prediabetes (19). While reductions in body fat following exercise training may be a key explanation for reducing circulating FFAs (60) in relation to improved peripheral insulin sensitivity and CVD risk reduction, fat loss is not required for improved adipocyte function. In fact, we recently showed that energy deficit, but not fat mass reduction, is important for improving adipokine profiles during caloric restriction (61). Moreover, Heiston et al. demonstrated that just 2 weeks of aerobic interval or continuous exercise increased adiponectin and lowered leptin prior to clinically meaningful weight loss or reductions in fat mass in older adults with prediabetes (62). Regardless, prior work (63) showed that hepatic insulin sensitivity was increased more following exercise training with a hypocaloric diet than when compared with a eucaloric diet during lipid-infusion. This suggests that in addition to exercise, calorie restriction may protect the liver from obesity-driven insulin resistance more so than training alone, despite comparable peripheral insulin sensitivity (64). Taken together, exercise, with or without caloric restriction, is an effective treatment for improving adipose tissue function.

Metformin is known to induce weight loss in adults with obesity, prediabetes, and T2D (65). Metformin reduces circulating FFA in part through inhibiting lipolysis (66). In fact, in murine adipocytes, metformin activated AMPK and blunted ANP as well as catecholamine-stimulated lipolysis (67, 68). Interestingly, elevated and/or blunted reductions in circulating FFAs have been reported after metformin plus exercise treatment during rest, exercise, or insulin-stimulated conditions compared to exercise alone (23, 31, 32, 69). While recent work suggests that oral metformin administration does not impact subcutaneous adipose tissue lipolysis during submaximal exercise in young lean men (70), it remains possible that in clinical populations alterations in either adipose lipolysis or reduced clearance as well as esterification may contribute to higher plasma FFAs. In either case, the elevated FFAs have been correlated attenuated gains in insulin sensitivity following metformin plus exercise therapy (23, 32). This may be clinically important as intrahepatic fat accumulation was lowered more after a diet and exercise than when lifestyle therapy was combined with metformin in obese adolescents (71). The blunted improvement in hepatic steatosis in these adolescents is consistent with the view that elevated FFAs from adipose tissue travel through the portal vein to the liver for increasing hepatic lipid storage. Collectively, this work highlights that adipose-derived metabolism may play a role in CVD risk following the co-prescription of metformin and exercise.



INFLUENCE OF METFORMIN AND EXERCISE VASCULATURE FUNCTION

Insulin promotes vasodilation in large conduit arteries and resistance arterioles as well as microvasculature perfusion (72). Conduit and resistance arteries are important for the delivery of nutrients and oxygen to metabolically active tissues, whereas the microvasculature provides a critical role in the exchange of these substances. In turn, adequate insulin-stimulated blood flow and endothelial function are essential for glucose regulation. However, during periods of physical inactivity and/or nutrient excess, hyperinsulinemia develops and has been related to elevated endothelin-1 (ET-1) mediated vasoconstriction. This impaired glucose delivery may not only increase risk for T2D but also contribute to endothelial dysfunction through lower nitric oxide bioavailability. Interestingly, people with insulin resistance have been noted to have normal fasting vascular function, but impaired conduit or microvascular insulin action (73). This demonstrates that mechanisms underlying disease states may be unique in the fasted vs. insulin-stimulated state.

Habitual physical activity elevated insulin-mediated skeletal muscle glucose disposal and limb blood flow (65, 74). The dose at which exercise impacts vascular insulin sensitivity, however, is less clear. Although recent work suggests that interval exercise improves flow-mediated dilation (FMD), which measures large conduit arteries, more than continuous exercise in sedentary people (11, 12, 75) not all studies agree (76). Interestingly, we recently studied the effect of interval vs. continuous exercise on fasting and post-prandial arterial stiffness as well as endothelial function as measured by FMD in older adults with prediabetes (77, 78). We found that 2 weeks of high intensity interval or moderate continuous exercise reduced post-prandial arterial stiffness but had no overall effect on fasting or post-prandial FMD. Nonetheless, when examination of responder compared with non-responder analysis was performed, it was shown that continuous exercise elicited a 57% response rate to raise FMD compared with only 42% with interval exercise (78). This latter finding is consistent with work showing that either a single bout or short-term exercise training at moderate continuous intensity can promote vasodilation after glucose-induced insulin stimulation in adults with and without T2D (79–82). Therefore, exercise appears to exert unique effects on the vasculature in fasted compared with fed (or insulin-stimulated) states based on the intensity at which exercise is performed in clinical populations. While these studies tested vascular function under a glucose load, no study to date has investigated the effect of lipid infusion on endothelial function before or during insulin-stimulation following training. However, aerobic fitness has been directly correlated with the preservation of insulin-stimulated microcirculatory function in healthy young adults (83). Moreover, in healthy inactive young adults, 12 weeks of interval exercise was shown to increase brachial artery conduit artery function more so than continuous training alone during a high fat meal (84). Together, fitness mediated mechanisms may be important for opposing FFA-induced vs. glucose-induced skeletal muscle vascular insulin resistance.

Metformin improves brachial artery FMD in people with type 1 diabetes (85) and polycystic ovarian syndrome (86). Moreover, metformin treatment for 4 weeks increases forearm blood flow and glucose uptake following a 75 g glucose load in people with T2D (87). Interestingly, this improvement in forearm blood flow corresponded with improved glucose tolerance and lower FFA levels, suggesting lower gluco-lipid toxicity may contribute to improved endothelial function. Given that insulin-mediated glucose uptake is more closely associated with microvascular blood flow than total flow (88), it is important to understand the role of metformin on microvasculature function. To date, no data exist in humans studying the impact of metformin on microcirculatory function. Recently, Bradley et al. though showed that 2 weeks of metformin treatment improved microvascular responses during a euglycemic-hyperinsulinemic clamp in the muscle of high-fat fed rat (89). In particular, metformin lowered body weight and FFAs as well as improved insulin-stimulated muscle Akt phosphorylation, which confirms improved insulin signaling. Although there was no change in muscle AMPK phosphorylation, these findings suggest that metformin impacts nutrient exchange with skeletal muscle for glucose uptake. This is consistent with the notion that metformin increases eNOS phosphorylation in cultured endothelial cells (90). While work in human microvasculature insulin sensitivity awaits further investigation, metformin appears to have a direct effect on vasculature insulin action in skeletal muscle.

Traditionally, chronic exercise reduces CVD risk by decreasing blood pressure, triglycerides (TG), and inflammation (91). Metformin is not only used to treat T2D but also it is suggested to lower CVD risk (11). Indeed, the UK Prospective Diabetes Study (UKPDS) was a multi-center trial demonstrating that using pharmacological agents like metformin reduced HbA1c by ~11% over 10 years as well as lowered microvasculature endpoints (e.g., retinal photocoagulation) (10, 92, 93). However, there are few data from randomized trials examining if metformin alters the vasculature adaptation to exercise. From our observations of blunted insulin sensitivity following the combined treatment (32), we studied the impact metformin would have on exercise-mediated improvements in CVD risk factors (i.e., blood pressure, inflammation, and blood lipids) (94). Interestingly, metformin or exercise training monotherapies lowered systolic blood pressure and C-reactive protein (CRP) by ~7–8 and 20–25%, respectively, in people with prediabetes. When metformin and exercise were combined though, blunted reductions in systolic blood pressure and CRP were observed. These data were in line with others reporting that combining metformin with a low-fat diet and increase physical activity program had no further improvement in blood pressure (54). Furthermore, our observations were confirmed in obese insulin resistant adolescents whereby the metformin plus lifestyle modification blunted reductions in CRP as well as fibrinogen (71). Taken together, the metformin plus exercise therapy has strong clinical potential to oppose the reversal of chronic disease, including hypertension and metabolic syndrome. Further work is required for elucidating the vascularture mechanism(s) (e.g., FMD or angiogenesis) by which metformin interacts with exercise to lower or prevent CVD risk in people at risk for T2D.



METFORMIN AND EXERCISE ON BRAIN INSULIN SENSITIVITY

Insulin impacts the central nervous system by regulating hepatic glucose production, food intake and adipose metabolism, vasodilation/vasoconstriction of blood vessels as well as pancreatic insulin secretion and skeletal muscle insulin sensitivity (95, 96). Although these effects of insulin are clearly important for systemic glucose control, more recent work highlights that insulin also impacts memory, mood, and cognition (97, 98). Interestingly, Williams et al. (99) demonstrated direct effects of insulin on memory using intravenous insulin administration via a hyperinsulinemic-euglycemic clamp in 12 healthy older adults. In particular, this improvement in memory was related to increased blood oxygen level-dependent (BOLD) signaling as measured by functional MRI (fMRI) during the clamp (99). Furthermore, improved memory was best in those individuals with the highest systemic insulin sensitivity. This suggests that declines in insulin sensitivity may contribute to brain pathology in the hypothalamus (95). Not surprisingly, this may relate to cognitive decline (100), cerebral atrophy (101) as well as low brain blood flow and metabolism across aging (102). Additionally, this altered brain insulin action may be a key pathological factor in regulating glycemic control in individuals with obesity, T2D, aging, and Alzheimer's disease (103, 104).

During exercise brain glucose uptake declines in an intensity-based manner (105). This is likely the result of increased substrate availability (e.g., lactate) that allows glucose to be used by other tissues, such as skeletal muscle and red blood cells, for energy production. Conversely, aerobic interval exercise (4 x 4 min > 90% VO2peak) for 3 d/wk combined with moderate intensity exercise (70% VO2peak) for 2d/wk training has been demonstrated to increase basal glucose uptake in brain regions critical to cognitive function in young and older adults (106). Interestingly, the latter findings were observed in the parietal-temporal and caudate regions, which are linked to Alzheimer's disease. In either case, there remains limited data in humans with obesity or T2D confirming the effects of exercise on brain insulin sensitivity in relation to glucose metabolism. It was shown that lifestyle modification inducing weight loss, including increased physical activity and low-fat diet, increased brain insulin sensitivity in people with obesity as assessed by intranasal insulin spray (107). Moreover, Honkala et al. (108) demonstrated in sedentary middle-aged adults with insulin resistance sprint interval training for 2 weeks lowered insulin-stimulated glucose uptake in the temporal cortex, cingulate gyrus, cerebellum as well as global regions when compared with moderate continuous training. This intensity-based effect was observed despite both exercise intensities raising whole-body insulin sensitivity. This later finding of discordance with brain and periphery insulin action following high intensity exercise on tissue-specific glucose uptake, is consistent with the observation that people with increased brain glucose uptake in response to insulin have decreased insulin-stimulated skeletal muscle glucose disposal (108). Because exercise is known to increase skeletal muscle insulin sensitivity, it is paramount to understand the role exercise dose on affecting insulin-mediated brain glucose metabolism. Recently, wheel running in obese rats with T2D indicated that exercise was capable of improving insulin-stimulated posterior cerebral artery vasodilation in association with nitric oxide and reduced ET-1 signaling (109). Moreover, Ruegsegger et al. reported that exercise improved brain insulin sensitivity of rodents fed a high-fat diet (110). The mechanism by which exercise increased brain insulin sensitivity appears related to increased ATP and reduced ROS generation by mitochondria. Additional work is warranted to understand this brain-skeletal muscle “cross-talk” in order to better understand glycemic control responses to exercise.

Metformin has been suggested as a potential treatment for cognitive impairment (111). Because metformin has been shown to promote peripheral insulin sensitivity, it would be reasonable to expect an impact on the brain. A recent pilot trial was conducted whereby metformin was administered in patients with Alzheimer's disease (112). It was reported that metformin was linked to improved learning, memory, and attention in individuals with mild cognitive impairment. The reason metformin may improve this cognitive function in humans remains to be elucidated, but work in high-fat-fed rodents suggests that increased brain insulin sensitivity, as well as cerebral and hippocampal mitochondrial function, may play a role (113). In addition, metformin is capable of crossing the blood-brain barrier and regulating tau phosphorylation in mouse models, thereby minimizing risk for Alzheimer's disease (114).

To date, no studies have examined how metformin in combination with exercise affects brain regulation of glycemic control. This may be important given the collective body of literature demonstrates that metformin attenuates skeletal muscle insulin sensitivity (23, 32, 54), and skeletal muscle is a key tissue proposed to secrete myokines that affect brain function and cognition (115). Further work in this area is warranted to provide an improved understanding of how exercise and/or metformin benefit not only glycemic control but also reduce T2D and dementia risk in aging adults.



CELLULAR MECHANISM BY WHICH METFORMIN IMPACTS EXERCISE ADAPTATION

Most agree that exercise or metformin therapy alone confer favorable effects on cellular pathways that regulate glycemic control across tissues for T2D and CVD risk reduction. The major concern at hand is the notion that 1 + 1 = 2 when considering exercise and metformin for cardiometabolic health. It now appears clear that the mechanism(s) by which exercise and metformin act to affect health interact on some yet to be determined pathway(s) that influences adaptation.

Aerobic fitness (i.e., VO2peak) is related to reduced risk for developing T2D independent of age and family diabetes history (76). Not surprisingly, elevations in VO2peak have been implicated in metabolic adaptations (e.g., mitochondrial biogenesis, oxidative enzymes) that are strongly associated with elevated insulin sensitivity (91). A reason metformin could constrain gains in aerobic fitness relates to the observation that metformin partially inhibits Complex 1 of the mitochondrial electron transport system (116). In turn, we examined the impact metformin has on VO2peak 10 weeks of exercise training in individuals with prediabetes (69). Exercise training alone significantly enhanced VO2peak by nearly 20%, while metformin plus exercise only increased by ~10%. This attenuated aerobic fitness adaptation has public health relevance since the combined treatment resulted in people exercising at a higher percentage of their post-training VO2peak of roughly 5% and consequently, people reported a higher perception of effort (via the Borg Scale) (69). This observation is consistent with new work highlighting that even acute administration of metformin raised perceptions of effort during exercise (117). Interestingly, new work highlights in older adults that 12 weeks of metformin treatment blunted the improvement in aerobic fitness by ~50% (33), which is consistent with our work in middle-aged adults with prediabetes (32). The implication of these findings is important as an increased perception of effort could lead to possibly a decrease in either long-term exercise adherence and/or changes in non-exercise physical activity behavior, thereby independently or collectively negatively influencing cardiometabolic health. However, it is worth acknowledging that not all studies confirm that metformin decreases VO2peak. In fact, some have shown metformin to raise exercise tolerance in people with coronary artery disease (118).

A possible reason metformin interacts with exercise-mediated skeletal muscle adaptation relates to lowering mitochondrial ROS generation (119). We previously hypothesized that skeletal muscle contraction induced ROS generation is an important mediator of glucose and insulin metabolism adaptation, in part based on literature showing anti-oxidants blunt exercise health benefit (120). Newer literature supports this idea suggesting that blunting NADPH oxidase 2 (NOX2)-mediated ROS, which is responsible for GLUT-4 translocation, blunts glucose uptake during muscle contraction in both human and mouse models (121). But, because metformin counters ROS signaling (119) in muscle, it is possible that the post-exercise cellular signals important for mitochondrial capacity (e.g., PGC-1a), blood flow (e.g., nitric oxide mediated endothelial function), glucose uptake (GLUT-4 translocation), as well as brain glucose metabolism that contribute to multi-organ insulin sensitivity, are blunted. This hypothesis was somewhat supported by prior work, whereby Sharoff et al. showed that metformin blunted the rise in AMPK activity during the immediate post-exercise period in insulin resistant adults, and this skeletal muscle observation directly correlated with attenuated insulin sensitivity (23). However, new work suggests that acute metformin treatment for 4 days did not affect AMPK activity during exercise in skeletal muscle or adipose tissue of lean healthy men. However, a novel observation was that metformin concentrations were detected in skeletal muscle, and it was proposed that longer duration (e.g., 5 days vs. 12 weeks) may be needed to elicit change in AMPK and/or mitochondrial content (117). We recognize though that not all studies support the action of metformin to reduce complex I of the mitochondria and impact indirectly AMPK, and this is an area of much debate (122). Indeed, recent work highlights that metformin may impede both the malate-aspartate as well as the glycerol-phosphate shuttle, thereby together increasing the cytosolic NADH:NAD+ ratio and allosterically inhibiting energetic processes that would support tissue function (49). Interestingly, it was proposed that metformin may impact immune function in older adults following resistance training, and alleviate inflammatory mediated processes that may hinder muscle accretion in response to resistance exercise (34). This is consistent with the notion that metformin promotes polarization from M1 pro-inflammatory macrophages to M2 anti-inflammatory macrophages (49) as well as induces autophagy to attenuate Th2 immune cell activation and inflammation (123). However, the results of the recent MASTERS trial showed no effect of metformin on resistance training-induced inflammation in skeletal muscle, despite the observation that lean body mass gains were blunted in relation to strength following the combined therapy compared with resistance exercise training alone. This was shown to parallel AMPK activation as well as inhibition of p70S6K1 phosphorylation (an immediate target of mTOR) (34). An additional or alternative explanation for the blunted muscle accretion post-training in the latter study may result from newer work showing that metformin reduces skeletal muscle autophagy and/or cell proliferation in C2C12 myotubes (124, 125), although data in humans following exercise training is unknown. Taken together, with possible influences of gastrointestinal adaptations with metformin of gut microbiota, bile acids, and/or GLP-1 (65), additional work is required to understand the exact cellular mechanisms by which metformin interacts with exercise across tissues for optimization of glycemic control. In fact, it is important to acknowledge that there are no suggestions for altered fasting glucose or liver insulin action in response to exercise plus metformin. Moreover, although elevated FFA levels have been detected following the combined therapy, no studies have been specifically designed to understand adipose insulin sensitivity following exercise plus metformin treatment. Nor has there been work examining the interaction of exercise and metformin on vasculature or brain insulin sensitivity to understand the importance of blood delivery and neural control of glucose metabolism. At this time, skeletal muscle appears to be a primary tissue regulating blood glucose, and additional cellular work is warranted to understand if these combined therapies lead to over-taxation of bioenergetic pathways that result in mal-adaptation. This may be particularly important since new work suggests that exercise may alter the pharmacokinetics and increase the bio-availability of metformin in circulation (126).



CLINICAL CONSIDERATIONS AND CONCLUSIONS

Developing precise exercise programs for maximal glycemic control remains to be identified. The collective literature suggests that, if anything, metformin attenuates the effects of exercise at improving insulin sensitivity at the level of skeletal muscle. Moreover, alterations in blood glucose, hypertension as well as inflammation have been noted. While no study to date has shown blood glucose to worsen as reflected by higher blood glucose concentrations relative to the start of the combined treatment, the literature highlights that there are either null, additive, or blunted effects on glycemia. The reason for this variability is not entirely clear but may relate to studies whereby people are habitual vs. naive metformin users or the outcome of interest. In either case, it is clear the magnitude of benefit will vary based on what tissue or outcome is of interest. Systemic studies determining the benefit of different exercise doses as well as risk factors of people (age, hypertension, dementia, T2D, etc.) co-prescribed metformin would enable individualized treatments that favor glycemic control. For instance, to date a basic biologic question is whether men or women respond differently to exercise plus metformin therapy based on underlying differences in aerobic fitness as well as muscle mass/fiber composition. Further, these gains in aerobic fitness and muscle mass are not only relevant to aging men and women with or without chronic disease, but also children and adolescents. It is well accepted that peak fitness/bone/muscle occur near the 3rd decade of life. But the effect of prescribing metformin with exercise in children and adolescents have on the rate of gain in these fitness outcomes is largely unknown in boys and girls. With emerging literature suggesting that off label or prophylactic use of metformin may be effective for weight management and obesity prevention in adolescents (54, 71, 127) more children may be provided metformin and recommended to exercise. This raises potential concern toward altered maturation growth rates and cardiometabolic risk during youth as well as then for later in life health risk compared with youth advised to exercise only with proper nutrition (54, 71). Thus, health care providers should be aware of these potential interactions to strike balance between current disease risk with long-term well-being. We also recognize that people are not often prescribed only one medication, and further work is warranted to tease out the effects of multiple pharmacological agents or even dietary supplements (e.g., metformin with GLP-1 agonists, SGLT-2 inhibitors, statins, antioxidants, etc.) in combination with exercise to gain a better understanding on glucose metabolism. However, it is important to acknowledge that recent work has suggested that other glycemic medications, including GLP-1 agonists and SGLT-2 inhibitors, have been shown to interact with exercise (128–130). This highlights the potential for medications to interfere or add with exercise-mediated glycemic benefit. Thus, there is potential for people to be at risk for developing T2D or cardiovascular abnormalities when co-prescribed treatments compared with those treated with exercise alone over time. Large-randomized clinical trials are critically needed to determine the effects combining exercise, with or without diet, and medications for improved evidenced-based practice.
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Type 2 diabetes (T2D) is a metabolic disease characterized by obesity, insulin resistance, and the dysfunction of several key glucoregulatory organs. Among these organs, impaired liver function is recognized as one of the earliest contributors to impaired whole-body glucose homeostasis, with well-characterized hepatic insulin resistance resulting in elevated rates of hepatic glucose production (HGP) and fasting hyperglycemia. One portion of this review will provide an overview of how HGP is regulated during the fasted state in healthy humans and how this process becomes dysregulated in patients with T2D. Less well-appreciated is the liver's role in post-prandial glucose metabolism, where it takes up and metabolizes one-third of orally ingested glucose. An abundance of literature has shown that the process of hepatic glucose uptake is impaired in patients with T2D, thereby contributing to glucose intolerance. A second portion of this review will outline how hepatic glucose uptake is regulated during the post-prandial state, and how it becomes dysfunctional in patients with T2D. Finally, it is well-known that exercise training has an insulin-sensitizing effect on the liver, which contributes to improved whole-body glucose metabolism in patients with T2D, thereby making it a cornerstone in the management of the disease. To this end, the impact of exercise on hepatic glucose metabolism will be thoroughly discussed, referencing key findings in the literature. At the same time, sources of heterogeneity that contribute to inconsistent findings in the field will be pointed out, as will important topics for future investigation.
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INTRODUCTION

In the United States, type 2 diabetes (T2D) impacts the lives of ~10% of the population (1) by increasing their risk of developing severe health complications associated with micro- and macro-vascular disease. Some risk factors for the development of T2D are non-modifiable, such as age, gender and race (where increasing age, male gender, and Hispanic- and African-American race increase the risk for developing T2D). However, the presence of modifiable risk factors, such as obesity and leading a sedentary lifestyle, can hasten the development of the disease and its debilitating complications. Type 2 diabetes is insidious in nature, but its clinical manifestations are well-known, ranging from elevated plasma insulin and/or slightly elevated glycemia initially (pre-diabetes), to overt diabetes characterized by fasting glucose levels ≥126 mg/dl or glucose levels >199 mg/dl 2 h after a 75-gram oral glucose challenge. While the etiology of T2D is often complex and multi-factorial, it is almost universally characterized by whole-body insulin resistance and the dysregulation of a number of key glucoregulatory organs (2). Among these organs, impaired function of the liver is one of the earliest contributors to impaired blood glucose homeostasis in patients with T2D due to its central role in regulating blood sugar levels during fasting and in response to glucose ingestion. It is for these reasons that it continues to be one of the most thoroughly investigated organs as we develop therapies for T2D.

As recent as the mid-nineteenth century, it was accepted that humans could not make their own metabolic substrates to fuel life. This dogma was finally rejected through the pioneering work of Claude Bernard who, among others, discovered that one of the liver's most important responsibilities is to make glucose and release it into the blood during fasting [for review see reference (3)]. Since that time, the scientific community has worked earnestly to understand the liver's role in the regulation of blood glucose homeostasis, which can vary on a daily basis from eating a meal rich in carbohydrate, where glucose is taken up by the liver and stored as glycogen, to intense exercise, where the liver needs to make glucose at an accelerated rate and release it into the blood to maintain euglycemia. As our knowledge of how the liver responds to such stimuli has greatly expanded over the years, so too has our understanding of the pathology of type 2 diabetes, which is characterized by impaired hepatic regulation of blood glucose homeostasis. Two focal points of this review will be to (1) outline the liver's role in the regulation of blood glucose homeostasis during fasting and feeding and; (2) describe how impaired hepatic responses to these physiological conditions contribute to T2D. Fortunately, ample evidence tells us that exercise can improve hepatic glucose metabolism in patients with T2D, which is undoubtedly part of why it has become a cornerstone of the disease's management. Accordingly, the main emphasis of this review will be to discuss the positive impact that exercise has on liver glucose metabolism in this population. While doing so, studies that directly measured hepatic glucose metabolism (e.g., A-V sampling and isotopic dilution studies) will be highlighted, with a reliance on human subject studies, and periodic references to more mechanistic studies using large and small animal models when necessary.



REGULATION OF HEPATIC GLUCOSE PRODUCTION DURING FASTING

Endogenous glucose production (EGP) includes all of the glucose released into the blood per unit of time, no matter the tissue of origin. In order for any organ to contribute to EGP, two things are required. The first is the capability to enzymatically produce the precursor of glucose, glucose-6-phosphate (G6P), which occurs primarily through two pathways. The most easily accessed source of G6P in the liver is the breakdown of glycogen stores by enzymes (e.g., glycogen phosphorylase and debranching enzyme) through a process called glycogenolysis. The second source of G6P comes from the synthesis of six-carbon G6P by enzymatically combining pairs of three-carbon metabolites (e.g., lactate, glycerol, amino acids, and TCA cycle intermediates) through a process called gluconeogenesis. Once G6P is produced, though, there is no mechanism whereby it can exit most tissues, because it is not a substrate for the glucose transporter proteins (Glut). For this reason, the second requirement to contribute to EGP is the presence of the enzyme glucose-6-phosphatase (G6Pase). G6Pase is found in the endoplasmic reticulum of primarily hepatic and renal cells, and dephosphorylates G6P to make free glucose. This glucose can then move freely out of the cell and into the blood via membrane-indigenous Glut proteins such as Glut-2 (not to be confused with sodium-glucose transporters involved in glucose reabsorption in renal tubules). The liver and kidney are the only two organs that express G6Pase in appreciable amounts, thereby making them the only organs that contribute to EGP. While renal glucose production accounts for ~10% of total EGP, the kidney utilizes as much glucose as it produces, resulting in a net contribution to EGP of zero (4–7). In contrast, the liver accounts for 90% of fasting EGP and undergoes much larger fluctuations in glucose metabolism throughout the course of a day. For example, during high intensity exercise, it is not uncommon for the liver to produce glucose at a rate of 6 mg/kg/min or more to maintain euglycemia in the face of increased metabolic demands of working muscle (8, 9). On the other hand, after the ingestion of carbohydrate, the liver transitions from a glucose production mode, to one that takes up glucose at a rate of ~4–6 mg/kg/min (10, 11). Fasting overnight or in between meals falls near the middle of this metabolic demand continuum, requiring the liver to produce glucose at the modest rate of ~2.2 mg/kg/min so the rest of the body's glucose needs can be met (12, 13). This unparalleled level of metabolic flexibility makes the liver ideally suited to sit at the crossroads of normal blood glucose homeostasis, and why impairments in its function are considered a “canary in the coalmine” for T2D development.

During periods of modest fasting which, for the purposes of this review refers to periods between normally spaced meals, healthy humans are remarkably adept at maintaining their blood glucose at a very stable level of ~90 mg/dL. While the absence of change may seem unremarkable, it is no small achievement, requiring coordination among multiple glucoregulatory organs. Of the organs purported to regulate fasting blood glucose homeostasis (2), the pancreas and liver interact most closely, precisely matching hepatic glucose production (HGP) with systemic glucose utilization such that euglycemia and normal brain function [which accounts for over one half of fasting glucose utilization (14–17); Figure 1] can be sustained. In healthy humans, this is achieved by subtle, minute to minute changes in the levels of insulin and glucagon at the liver. For example, it is known that when insulin secretion rises in response to a meal, HGP is markedly suppressed, resulting in a conservation of carbon as glucose enters the blood from the small intestine (18). Likewise, increased secretion of glucagon, such as occurs during exercise, can markedly stimulate HGP, preventing a fall in blood glucose as its utilization by skeletal muscle is greatly enhanced (19). While these are extreme challenges to blood glucose homeostasis, their fundamental principles also hold true during the fasting state, when fluctuations in hormones and HGP are less apparent. A good illustration of this comes from the work of Flattem et al. who, in dogs, used a hepatic glycogen phosphorylase inhibitor to modestly reduce endogenous HGP and thereby reduce plasma glucose, or increase glucose entry by intravenous (IV) glucose infusion so as to increase the glucose level (20). The changes in insulin and glucagon that accompanied these fluctuations in blood glucose were carefully assessed by sampling from the animals' hepatic portal vein, which is the vessel that delivers islet hormones to the liver first, followed by their delivery to the rest of the body via venous blood. Sampling from the hepatic portal vein is of particular importance to the accurate measurement of insulin at the liver, because insulin extraction by the liver is ~50–60% in healthy individuals (21), making hepatic portal vein blood insulin levels 2–3 times higher than what is seen by the rest of the body's tissues. Results revealed that the secretion of insulin and glucagon paralleled increases or decreases in plasma glucose levels, respectively, even with a change in glucose of only 10 mg/dL. In fact, the glucose-induced rise in insulin secretion was hardly subtle, with a 50% increase in insulin levels detected in the hepatic portal vein; a change that was undetectable in venous blood (due to hepatic insulin extraction). Notably, an equal fall in glucose inhibited insulin secretion and reduced hepatic portal vein insulin concentrations by ~50%. At the same time, the rise in glucose had little effect on glucagon, but its fall increased glucagon levels in the hepatic portal vein by 50%. These innovative studies sum up perfectly the widely accepted model of how blood glucose homeostasis is normally regulated during fasting; namely that euglycemia is maintained by plasma glucose-induced minute-to-minute changes in insulin and glucagon secretion which, in turn, modify HGP so that it equals the rate of whole-body glucose utilization.
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FIGURE 1. The regulation of fasting blood glucose homeostasis. Subtle changes in fasting glucose levels (FG) entering the pancreas regulate the release of the islet hormones insulin (INS) and glucagon (GGN). In turn, these hormones control the rate of hepatic glucose production (HGP), making HGP equal to the rate at which all other tissues of the body utilize glucose, thereby preserving fasting glucose levels at a steady state. CNS, central nervous system; WBC, white blood cells; RBC, red blood cells.




DYSREGULATION OF FASTING HEPATIC GLUCOSE PRODUCTION IN T2D

One criterion for the diagnosis of T2D is a fasting glucose level of 126 mg/dL (7 mmol/L) or higher (22). Previous studies have shown a close association between HGP and elevated fasting glucose, thereby making the former an early contributor to metabolic dysregulation (23). In healthy humans, fasting HGP is ~2.2 mg/kg/min, with one-half of this glucose coming from glycogenolysis and the other half from gluconeogenesis (12, 13). In people who are obese but do not have T2D, chronically elevated insulin secretion allows for the needed suppression of fasting HGP to maintain normal fasting glucose levels, despite the presence of hepatic insulin resistance (24). Predictably, however, as insulin resistance progresses, even hyperinsulinemia is unable to adequately suppress HGP, causing hyperglycemia and T2D. Not to be outdone, hyperglucagonemia is often present in T2D and has also received consideration as a sine qua non of elevated fasting HGP in T2D because of its role in the liver to stimulate HGP and signal in opposition to insulin (25).

Given that hepatic glycogenolysis is more responsive to insulin and glucagon than gluconeogenesis in vivo (26, 27), it would stand to reason that an elevation in its rate would be a focal point in the pathology of T2D. Interestingly, however, while some have ascribed the increase in EGP observed in patients with T2D to an increase in G6P production via both metabolic pathways (12), others have observed that increased gluconeogenesis is the primary contributor to elevated EGP (13, 28). The mechanism responsible for increased gluconeogenesis in T2D remains controversial. On the one hand, gluconeogenesis could be enhanced in T2D patients as a result of insulin resistance-induced increases in PEPCK expression. In support of this, Satapati et al. reported that the knockdown of PEPCK, to 40% of normal, protected high-fat fed mice from elevated EGP and the contribution of gluconeogenesis to EGP (29). However, this manipulation of PEPCK also lowered G6Pase expression in the liver, making their relative contributions to the reduction in EGP unclear. On the other hand, Burgess et al. observed that when PEPCK protein was reduced to as little as 30% of normal, gluconeogenesis was not impacted. This led the authors to conclude that the enzyme has a low control coefficient on gluconeogenesis, and that substrate flux is more tightly linked with gluconeogenesis (30). These latter results were further corroborated by Ramnanan et al. who, in dogs, also observed that changes in gluconeogenic substrate flux are not closely tethered to hepatic PEPCK levels, but rather substrate availability (31). In either event, it should be noted that the most proximal cause of elevated HGP is the relative activities of the rate limiting enzymes for HGP; glucokinase (GK) and G6Pase. Because the expression of both enzymes are reciprocally regulated by insulin and glucagon [where insulin increases and decreases GK and G6Pase expression, respectively, and glucagon does the opposite (32)], insulin resistance or hyperglucagonemia can impact the relative activities of these enzymes, favoring the production of glucose over G6P in the liver. Accordingly, this last step of HGP is known to be dysregulated in T2D, thereby leading to excessive HGP (33–35), and making it an important contributor to the etiology of T2D.

A consistent positive energy balance and lack of physical activity are lifestyle factors that track closely with the rise in obesity and T2D, resulting in ectopic fat accumulation and insulin resistance in tissues such as skeletal muscle and liver. Non-alcoholic fatty liver disease (NAFLD) is a common chronic condition that can be caused by excess fat accumulation in the liver (36). NAFLD is a spectrum of diseases, including steatohepatitis which can progress to fibrosis, and potentially more serious liver diseases like cirrhosis and hepatocarcinomas (37, 38), and is estimated to be present in 25–30% of the general population in the United States (39, 40). While NAFLD can be present in normal weight individuals, its prevalence in patients with T2D is closely associated with obesity and increasing BMI (41), with the prevalence among those with T2D being estimated to be as high as 50–60% (37, 41). While consideration of the numerous cellular pathways by which ectopic liver lipid accumulation can contribute to hepatic insulin resistance is beyond the scope of this review, they are thoroughly discussed by Petersen and Shulman (42).



IMPACT OF EXERCISE ON FASTING HEPATIC GLUCOSE METABOLISM

Nearly four decades have passed since Bogardus et al. first (to our knowledge) reported that 12 weeks of lifestyle intervention could lower fasting EGP and improve hepatic insulin sensitivity in patients with T2D (43). Since then, considerable effort has gone into improving our understanding of how regular exercise confers its beneficial effects on hepatic glucose metabolism during the fasting state and in response to oral glucose, contributing to the adoption of regular exercise training as a cornerstone in the treatment of T2D.

In 1984, Bogardus et al. demonstrated the beneficial effect of lifestyle intervention on hepatic glucose metabolism in patients with T2D (43). The results of this study revealed, on the one hand, that exercise-induced weight loss over 12 weeks reduced fasting glucose and insulin, lowered fasting EGP, and improved insulin-mediated suppression of EGP. On the other hand, similar effects on EGP were seen in response to weight loss alone, thereby suggesting that exercise was of no additional benefit to hepatic glucose metabolism. The absence of a no-intervention control group, or a group that performed exercise without weight loss complicated the data interpretation, leaving the question of the independent effect of exercise on hepatic glucose metabolism unanswered. But since then, numerous additional investigations have been conducted, showing the positive impact exercise training per se, has on hepatic glucose metabolism, even in the absence of weight loss (Figure 2).
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FIGURE 2. Effect of exercise training on hepatic glucose production in type 2 diabetes. Obesity and/or inactivity are known to be risk factors for the development of type 2 diabetes (T2D). T2D is associated with increased intrahepatic lipid content (IHL) and resultant insulin resistance, which increases fasting hepatic glucose production (HGP). Increased hepatic glucagon action is also a key contributor to excessive HGP in patients with T2D. Exercise training is known to diminish IHL and hepatic insulin resistance in patients with T2D, thereby enhancing insulin mediated suppression of HGP. However, the metabolic pathway(s) impacted by this enhanced suppression is not yet known. Also unknown is the impact of exercise training on glucagon-mediated HGP in patients with T2D. GNG, gluconeogenesis; GLY, glycogenolysis; GK, glucokinase; G6Pase, glucose-6-phosphatase.



Hepatic Responses to Aerobic Exercise in People Without T2D

Some of the earlier studies in the field examined the effect of exercise on hepatic glucose metabolism in lean, healthy, non-T2D subjects. In one cross-sectional study, Rodnick et al. (44) observed that healthy, physically trained men had lower rates of EGP at each of two insulin concentrations (10 and 50 μU/ml) compared to untrained counterparts. To the contrary, however, Segal et al. noted that in response to 12 weeks of cycling for 4 h/week at 70% VO2 max, fasting EGP was not lowered in lean male control subjects, nor was insulin-induced suppression of EGP enhanced (45). While the 12-week training duration may not have been sufficient to bring about the metabolic benefit that lifetime exercise adherence does, it is also plausible that exercise training in healthy adults would not reasonably be expected to alter liver function that is normal to begin with. In contrast, it is known that hepatic insulin resistance is frequently present in people with obesity (non-T2D). While fasting EGP is not usually elevated in this population, this can be ascribed to increased insulin secretion required to suppress EGP such that hyperglycemia does not occur. Meex et al. (46) showed that 12 weeks of cycling (2x/week for 30 min at 55% of workload max, plus 1x/week of resistance training) by non-T2D subjects with obesity lowered fasting insulin and glucose without impacting EGP, and improved the suppression of EGP in response to hyperinsulinemia. Similar results were published by Shojaee-Moradie et al. (47), who showed that after only 6 weeks of exercise (≥3x/week for 20 min at 60–85% VO2 max), insulin-mediated suppression of EGP was improved in a similar population, although no changes in glucose or insulin were seen during fasting. Notably, beneficial alterations in hepatic glucose metabolism as a result of the exercise training in the above-mentioned studies (46, 47) were obtained in the absence of weight loss. In summary, while the effect of exercise training on fasting hepatic glucose metabolism is likely to be negligible in healthy humans, it can clearly be of therapeutic value in people with obesity by improving insulin sensitivity, thereby correcting modest derangements in hepatic glucose metabolism that accompany pre-diabetes.



Hepatic Responses to Aerobic Exercise in People With T2D

It is also clear that regular aerobic exercise training can improve hepatic glucose metabolism in patients with T2D, although the manifestation of this improvement can vary. In addition to the previously noted results by Bogardus et al. (43), Segal et al. (45) observed that fasting HGP was lower in patients with T2D after 12 weeks of aerobic exercise training (4x/week, 1 h/day, 70% VO2 max) without weight loss. On the other hand, most other studies in patients with T2D that used aerobic exercise training durations of 6 weeks or more report that fasting EGP does not change (46, 48–50), even those that incorporate significant weight loss into their study design (48, 49). The reason for this discrepancy is not entirely clear, but this is not to say that subjects with T2D from these latter studies did not demonstrate improved hepatic function as a result of exercise training. In fact, all but one of these studies [which was the only one that showed a lowering of fasting EGP (45)], utilizing an exercise training duration >6 weeks showed that after training, the suppression of EGP by insulin was improved (43, 46, 48–50). Thus, although the manifestations may differ slightly between studies, it is clear that sufficient training durations result in improved hepatic glucose metabolism in patients with T2D, with the most common effect being enhanced suppression of EGP by physiological levels of insulin.

To better understand the nuances about exercise that contribute to improved hepatic glucose metabolism, creative study designs have been employed. For example, it is important to know if the length of a training program is responsible for improved liver function, or if this is a function of the last exercise bout the previous day. Vendelbo et al. (51) did not observe any change in fasting EGP or improved insulin-mediated suppression of EGP 4 h after a single bout of exercise in healthy men (1 h cycling at 65% VO2 peak). In contrast, Devlin et al. (52) showed that a single bout of exhaustive, high intensity interval exercise can lower fasting plasma glucose values in subjects with T2D. Moreover, this reduction was accompanied by a 20% decrease in fasting EGP the morning after exercise, as well as enhanced suppression of EGP in response to hyperinsulinemia. While the latter study suggests that improved hepatic glucose metabolism after a single bout of exercise is on par with a 12-week training program, caution should also be applied to the interpretation of this robust response. First, the subjects were not fed after the exercise bout that took place the evening prior, thereby making it possible that the lengthy fast duration after exercise (~12 h) contributed to improved hepatic insulin sensitivity. Second, the exercise bout was exhaustive, which has been shown to reduce the hepatic energy charge in rodents compared to non-exhaustive exercise (53), and most likely had a greater impact on hepatic glucose metabolism than a non-exhaustive bout would have. To our knowledge, these are the only studies that have examined the effect of a single bout of endurance exercise on hepatic glucose metabolism in people with T2D, highlighting the need for future studies to address this question.

Another important question relates to the independent effect of exercise training on hepatic glucose metabolism in patients with T2D. An example of how this can be done, is through the use of a 7-day training protocol, which can improve whole body insulin sensitivity (54), but in the absence of additional insulin-sensitizing metabolic changes that can accompany exercise training (e.g., weight loss). In one such study (55), it was observed that 7-days of aerobic exercise training in patients with T2D (50 min/day at 70% of VO2 max) did not lower fasting EGP, nor did it improve insulin mediated suppression of EGP when the expended calories from exercise were replaced with additional food. To the contrary, Kirwan et al. (56) observed that a similar 7-day exercise program (60 min/day at 70% of VO2 max), where calories expended during exercise were not replaced, resulted in lower fasting EGP and improved suppression of EGP by insulin. In a study that appears to reconcile these contrasting results, Black et al. (57) observed that in response to 6-days of aerobic exercise consisting of treadmill walking (60–65% of estimated VO2 peak for ~60–65 min per day), not replacing the calories expended through exercise (~500 kcal/session) led to improved hepatic function in the form of greater suppression of EGP in response to an IV infusion of glucose, while replacing the expended calories negated this response. To the extent that the different outcomes are regulated similarly (e.g., hyperinsulinemia-induced suppression of EGP and IV glucose-induced suppression of EGP) these studies allow us to infer that in the absence of weight loss and increased aerobic power, a modest, acute energy deficit is required for short term aerobic exercise training to improve hepatic glucose metabolism in patients with T2D.

Consistent with the observation that short-term exercise-induced energy deficits can improve hepatic glucose metabolism in T2D, weight loss can also have a beneficial effect. Bogardus et al. (43) and Coker et al. (49) both showed that weight loss can improve hepatic glucose metabolism in patients with T2D, while Petersen et al. (58) also observed that a body weight loss of 8 kg lowered fasting glucose and insulin concentrations in patients with T2D, in addition to lowering fasting EGP and improving insulin-mediated suppression of EGP. Similar results were presented by Viljanen et al. (59), who showed that a 6-week weight loss program (where 11 kg were lost) in subjects with obesity, lowered fasting EGP. In the latter two studies, it was also observed that hepatic fat content was lowered by 60–80%, thereby giving credence to the hypothesis that lowering liver fat can markedly improve hepatic insulin sensitivity.

As the studies above highlighted, weight loss (58, 59) can significantly reduce intrahepatic lipid content (IHL). Not surprisingly, aerobic exercise training has also been shown to reduce IHL in both patients with T2D and non-diabetic individuals with obesity. A 3 month aerobic exercise intervention (60 min/session at 60–75% VO2 peak 3x/week) significantly reduced visceral adipose tissue (VAT) and IHL in adolescents with obesity (60) and 4 weeks of aerobic exercise training (30–45 min/session at 50–70% VO2 peak 3x/week) decreased VAT and hepatic TG concentration in men and women who were obese (61). Importantly, changes in IHL content in both studies were achieved in the absence of body weight loss, suggesting an independent effect of exercise in these populations. Likewise, in a study in which patients with T2D and NAFLD were randomized to either an aerobic (60–65% of heart rate reserve) or resistance (70–80% of 1 repetition maximum) exercise training program (3x/week; 60 min/session for 4 months), hepatic fat content was markedly reduced (62). Notably, hepatic fat was decreased comparably with both types of exercise and although dietary intake was not altered and the reduction in BMI was minimal, the decrease in hepatic fat was remarkable (ranging from −26 to −33% from baseline). Given the well-known relationship between IHL and hepatic insulin resistance, the reversal of ectopic hepatic fat accumulation is likely to be a key mechanism by which exercise training exerts its therapeutic effect on hepatic glucose metabolism.



Hepatic Responses to Resistance Training

While the effect of resistance training on peripheral insulin sensitivity has been extensively studied, showing improved insulin action (63–66), much less is known about its effects on the liver. van der Heijden et al. showed that both aerobic (67) and resistance (68) exercise training improves hepatic insulin sensitivity in adolescents with obesity. In the latter study, it was shown that 12 weeks of strength training (2x/week, 1 h/day, progressive training ranging from ~50% to ~80–85% 3RM, 2–3 sets, 8–20 repetitions) increased lean body mass and strength, without having a significant impact on overall body weight, body fat, or peripheral insulin sensitivity (68). Interestingly, the authors did observe improved hepatic glucose metabolism in response to training, in the form of a significant reduction in fasting EGP. Moreover, it was also noted that this reduction was accounted for entirely by reduced glycogenolysis, with rates of fasting gluconeogenesis remaining stable over time. Improvements in hepatic insulin action have also been found in response to progressive resistance training in various older-adult populations. Honka et al. showed that 4 months of resistance training (3x/week, moderate intensity) in elderly women improved the suppression of EGP by 28% under insulin-stimulated conditions, despite no change in hepatic fat content (69). On the other hand, Croymans et al. (70) found in sedentary, young men with obesity, that while 12 weeks of resistance training (3x/week, 1 h/day, moderate intensity) increased lean body mass, relative strength and skeletal muscle insulin sensitivity, there was no improvement in the hepatic insulin resistance index. A difference in methodology could explain the discrepancy in findings as the latter study calculated hepatic insulin resistance from glucose and insulin data taken during the first 30 min of an oral glucose tolerance test (OGTT), while the former employed the isotopic dilution technique to measure EGP. Thus, resistance training appears to be efficacious in improving hepatic glucose metabolism in certain special populations (e.g., obese, elderly, and children). At this time, we are not aware of any studies that have examined its impact on hepatic glucose metabolism in patients with T2D, but there is reason to believe that it could be efficacious. In addition to the previously described study showing that resistance training can reduce IHL in patients with T2D (62), Pereira et al. (71) showed similar results in rodents. In that study, it was shown that a high fat diet, combined with 14 weeks of strength training, significantly reduced hepatic TG content and improved hepatic insulin sensitivity despite no changes in body mass or adiposity. Notably, resistance training also protected these animals from the diet induced increases in lipogenic enzymes such as acetyl-CoA carboxylase and fatty acid synthase. In summary, there have not yet been any studies examining the impact of resistance training on hepatic glucose metabolism in patients with T2D. On the other hand, the evidence that it can benefit other populations warrants future studies on this topic. If it does confer an additional benefit on hepatic glucose metabolism in T2D, resistance training could be used in conjunction with aerobic exercise training and/or different medications to maximize the therapeutic benefit of exercise. Moreover, many individuals with T2D may prefer resistance over aerobic exercise training, especially when obesity is a comorbidity, which could have the added benefit of improving compliance.



Hepatic Responses to Glucagon After Aerobic Exercise Training

The assessment of how exercise training improves hepatic glucose metabolism in people with T2D almost invariably centers around how processes like EGP are regulated during the fasting state and in response to hyperinsulinemia. However, this assumes that alterations in glucagon action do not change over the same period. In fact, there are only a handful of studies that have looked at the interaction between exercise training and glucagon action in the liver, the majority of which were performed in rodents. In the only study of its kind in humans, Drouin et al. (72) performed a cross sectional study using trained and untrained male subjects. The metabolic studies were initiated with a pancreatic clamp (the use of somatostatin to inhibit endogenous insulin and glucagon secretion), accompanied by IV-delivered hyperinsulinemia (65 ± 12 and 82 ± 11 pmol/L in trained and untrained, respectively; p = NS), and the plasma glucose level was maintained at euglycemia by an IV infusion of dextrose (4.9 mmol/L in both groups). After a 2-h equilibration period under these conditions, an infusion of glucagon (1.5 ng/kg/min) was added and metabolic responses were monitored. In response to hyperglucagonemia, EGP was twice as high in trained individuals, leading to a markedly higher plasma glucose level. In follow up studies (73), the same group demonstrated that when perfused with glucagon, the livers of trained rats had greater glucose output compared to those that were untrained. Another important observation was that the nutritional status (fed vs. fasted), and thus liver glycogen availability, made no difference between groups. This suggests that trained rats had greater glucose output in response to glucagon whether it was after a short fast (when glucagon-induced mobilization of liver glycogen is the primary source of HGP) or a more prolonged fast (when liver glycogen is nearly depleted, leaving gluconeogenesis as the predominant pathway). Similar results have been shown to occur in rats in response to a single bout of exercise (74) and, from a mechanistic basis, this increase in hepatic glucagon sensitivity has been ascribed to an increase in the density of glucagon receptors on the liver after training (75). When considering this from the perspective of health and metabolic dysregulation in patients with T2D, the benefit of training-induced sensitization of the liver to glucagon is not obvious. One possibility, as the authors hypothesized, is that this enhances the capability to rapidly stimulate HGP at the outset of exercise, thereby improving performance. Nevertheless, if exercise training has the same glucagon-sensitizing effect in patients with T2D, then it would be antagonistic to the responses to insulin, thereby making gains in insulin action even greater than what is currently believed. Like resistance training, we are not aware of any studies that have examined how regular exercise training impacts hepatic glucagon action in patients with T2D, which is unfortunate given the increasingly prominent recognition that hyperglucagonemia is being given in the causation of fasting hyperglycemia (25).

In summary, because of its importance in the regulation of whole-body glucose metabolism, the study of hepatic responses to insulin sensitizing exercise training should remain a priority in the scientific community. On the one hand, it is clear that regular aerobic exercise training improves hepatic glucose metabolism in patients with T2D, as long as the structure includes sufficient frequency (≥4 days/week), intensity (≥50–60% of VO2 max) and duration (≥6 weeks). On the other hand, important questions linger, such as the mechanism of action by which exercise training improves hepatic glucose metabolism (e.g., effects of IHL levels and glucagon action) and the impact that other exercise modalities (e.g., resistance training) have on the liver. In addition, it will be important to identify sources of heterogeneity in hepatic responses to exercise training, as these can potentially be exploited to maximize exercise's therapeutic potential. Currently, factors such as study design (e.g., training duration length) and methodologies (e.g., what hepatic responses are being measured) are the most obvious contributors to response heterogeneity, but underappreciated sources include weight loss and/or acute energy balance status, both of which are capable of improving hepatic insulin sensitivity independent of exercise. In spite of these confounding factors, the evidence that exercise training with or without weight loss can have a positive impact on hepatic glucose metabolism in patients with obesity and T2D is consistent and overwhelming, thereby cementing its recognition as an important contributor to exercise-induced improvements in whole body glucose metabolism.




REGULATION OF HEPATIC GLUCOSE METABOLISM IN RESPONSE TO GLUCOSE INGESTION

During the post-prandial state, which for the purpose of this review means in response to ingestion of a modest glucose load, the liver shifts from producing glucose at a rate of ~2.2 mg/kg/min, to glucose uptake at a rate of ~4–6 mg/kg/min, with ~70% of this being stored as glycogen for later use during fasting (76–78). This shift is accomplished by the interaction of hyperinsulinemia with a pair of important metabolic cues from incoming glucose which, when present at the same time, maximize hepatic glucose uptake, and glycogen synthesis (Figure 3).
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FIGURE 3. After ingestion, glucose is absorbed into the hepatic portal vein (PV) from the intestine (1). One third of the glucose in the PV is taken up by the liver, after which the remaining fraction is delivered to other tissues of the body by arterial blood. Hepatic glucose uptake is regulated by three factors. The first (1) is an increase in the glucose load to the liver as a result of intestinal glucose absorption-induced hyperglycemia. The second (2) is a negative arterial-PV glucose gradient generated by the absorption of glucose from the intestine into the PV, thereby making its glucose levels higher than that of arterial blood. The third (3) is hyperinsulinemia that occurs as a result of hyperglycemia-induced insulin secretion by islet β-cells. The presence of all three of these signals is required to maximize hepatic glucose uptake. INS, insulin.


Under euglycemic clamp conditions (95 mg/dL), raising the plasma insulin level to 125 μU/mL via an intravenous (IV) infusion of the hormone, leads to a marked increase in skeletal muscle glucose uptake (accounting for ~85% of whole-body glucose utilization) and very little glucose uptake by the liver [~5% (79)]. However, under these metabolic conditions, hyperinsulinemia is the only significant post-prandial metabolic cue present, while important glycemic changes that accompany glucose ingestion are absent (80). One such glycemic cue is hyperglycemia per se, which increases the glucose load to the liver, resulting in greater transport of glucose into hepatocytes. While hyperglycemia and hyperinsulinemia are each capable of suppressing HGP, neither can stimulate liver glucose uptake by itself (11, 81). On the other hand, when both are present simultaneously, they are able to stimulate net hepatic glucose uptake to a limited extent [~2 mg/kg/min (11, 82)]. The second glycemic cue required to maximize post-prandial rates of hepatic glucose uptake is a negative glucose gradient between the arterial blood and that of the hepatic portal vein (83, 84) which occurs when glucose is being absorbed into the body from the intestine. This neurally mediated “feeding signal” works synergistically with hyperglycemia and hyperinsulinemia such that hepatic glucose uptake reaches a post-prandial rate of ~4–6 mg/kg/min [Figure 3; (10, 11)]. By juxtaposing this rate of hepatic glucose uptake with the suppression of the pre-meal HGP (~2.2 mg/kg/min), the net change in hepatic glucose metabolism in response to glucose ingestion is actually ~6–8 mg/kg/min, putting it on par with skeletal muscle, where each organ is responsible for taking up approximately one-third of ingested glucose (85–92).

At the cellular level, glucokinase (GK) is the rate limiting enzyme for hepatic glucose uptake and glycogen synthesis. Given its high Km for glucose (8–10 mM) compared to muscle hexokinase-1 (0.1 mM), GK is ideally suited to respond to physiological changes in the plasma glucose level (93). Compared to the concentration dependent inward diffusion of glucose through Glut2 in hepatocytes, the activation of GK is much more complex. GK expression is directly regulated by insulin, thereby making protein levels their lowest toward the end of a fasting period (93), with the remaining GK bound to its regulatory protein (GKRP) in the nucleus of hepatocytes (94). This sequestration allows G6Pase activity and the production of glucose to proceed unhindered between meals so euglycemia can be preserved. However, when glucose is being absorbed from the small intestine after a meal, the transition of the liver to glucose uptake is facilitated by an insulin-induced and neurally triggered increase in GK expression, and a release of existing GK from GKRP in the nucleus, allowing it to translocate out to the cytosol where it can phosphorylate incoming glucose (95, 96). Once the incoming glucose is phosphorylated, ~70% is stored as glycogen for later use during fasting and the remaining fraction proceeds through the glycolytic pathway and is either oxidized (~10%) or released as lactate (~20%) (76–78).



DYSREGULATION OF POST-PRANDIAL HEPATIC GLUCOSE METABOLISM IN T2D

A second criterion for the diagnosis of T2D is a plasma glucose level >199 mg/dL 2 h after an oral glucose challenge (22). In mammals, the liver has two sources of blood; the hepatic artery, which accounts for ~20% of total flow, and the hepatic portal vein, which accounts for the remaining 80%. In animal models, such as the dog, net hepatic glucose balance can be easily calculated using the Fick principle. In the human, catheterization of the hepatic portal vein is not permitted for research purposes, leading to an inability to directly measure net hepatic glucose uptake. Instead, arterial—hepatic vein sampling is used to measure net splanchnic glucose balance (NSGB). The primary limitation of this method is that NSGB is influenced by any glucose produced by or taken up by the intestines and spleen. Nevertheless, glucose utilization by these tissues is known to be low and not impacted by insulin. The use of such techniques has led to ample evidence that splanchnic glucose uptake (SGU) and hepatic glycogen synthesis are impaired in patients with T2D [Figure 4; (86, 97–100)].
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FIGURE 4. Effect of exercise training on hepatic glucose uptake in type 2 diabetes. Obesity and/or inactivity are known to be risk factors for the development of type 2 diabetes (T2D). T2D is associated with increased intrahepatic lipid content (IHL), which decreases post-prandial hepatic glucose uptake, thereby contributing to glucose intolerance. Decreased muscle glucose uptake in patients with T2D is also an important contributor to glucose intolerance in T2D. Exercise training is known to increase muscle glucose uptake in patients with T2D. At the same time, exercise is known to reduce IHL, although the impact of this reduction on hepatic glucose uptake remains controversial and requires further investigation.


In a particularly comprehensive study, Krssak et al. recruited patients with obesity and T2D to study their hepatic responses to a mixed meal and hyperglycemic/ hyperinsulinemia (97). It was demonstrated that hepatic glycogen synthesis was 45% lower in patients with T2D compared to lean controls in response to either a mixed meal test or hyperglycemic-hyperinsulinemia. Given that liver glucose uptake and glycogen synthesis correspond well with one another (78), it is not surprising that a number of studies have demonstrated diminished SGU in patients with T2D. In a series of particularly elegant studies, Basu et al. showed that SGU was lower in patients with T2D during hyperglycemic/hyperinsulinemic conditions and in response to intraduodenal glucose infusions compared to non-diabetic controls (99). To more closely examine hepatic glycogen metabolism in these studies, they used a 14C-galactose tracer to show that UDP-glucose flux is also lower in patients with T2D, pointing toward diminished GK activity as the cause of reduced SGU (98). While further exploring the mechanistic basis for reductions in SGU associated with T2D, Coate et al. observed that diet induced glucose intolerance impairs net hepatic glucose uptake and lowers liver glycogen synthesis in dogs (101–105). Moreover, the stimulatory effect of the feeding signal generated by a negative arterial-portal vein glucose gradient on net hepatic glucose uptake was completely ablated (102, 105). At the cellular level, this reduction in glucose uptake was associated with diminished GK protein and activity, which is also consistent with significant hepatic insulin resistance (101, 103, 104). These results are in agreement with the previously described human data (98, 99), demonstrating that post-prandial GK activity is impaired in patients with T2D.



IMPACT OF EXERCISE ON POST-PRANDIAL HEPATIC GLUCOSE METABOLISM


Hepatic Responses to Aerobic Exercise in People Without T2D

Compared to our knowledge of how regular exercise training can improve hepatic insulin sensitivity during fasting, relatively little is known about how exercise impacts hepatic glucose metabolism during the post-prandial state. Maehlum et al. (106) used arterial and hepatic vein sampling in healthy young men to examine splanchnic glucose metabolism in response to a 100 gram oral glucose load ingested either 15 min or 14–15 h after a single session of exercise to exhaustion (cycling at 70% VO2 max). Results of that study demonstrated that prior exercise, no matter the timing interval, doubled splanchnic glucose output compared to non-exercise controls. Furthermore, the authors also observed that this increase in glucose escape to the periphery accounted for up to 66% of muscle glycogen repletion. Although it is tempting to ascribe the increase in splanchnic glucose output to a reduction in hepatic glucose uptake, alternate explanations (e.g., increased intestinal absorption of glucose or incomplete glucose absorption) prevent a clear interpretation of these data. Similar results were published by Rose et al. (107), who observed that splanchnic glucose output was 30% greater in endurance trained healthy men 30 min after exercise and that this is associated with enhanced whole-body glucose utilization. Together, these data suggest that in healthy people, more of the ingested glucose escapes the splanchnic bed in favor of delivery to peripheral tissues during the post-exercise recovery period.

The disposition of an oral glucose load after exercise was looked at more closely in elegant canine studies conducted by Wasserman and colleagues. Hamilton et al. (108) observed that an intraduodenal glucose infusion (8 mg/kg/min) after 150 min of moderate intensity exercise resulted in higher arterial glucose levels due to enhanced intestinal glucose absorption. However, it was also observed that net hepatic glucose uptake was unchanged after exercise, thereby suggesting that it is the increase in intestinal absorption that increases glucose delivery to the periphery after exercise, not a decrease in the rate of hepatic glucose uptake. These data, along with those of Rose et al. (107) and Maehlum et al. (106), suggest that the rate of hepatic glucose uptake after exercise in young males and healthy canines is not diminished; in fact, it is unchanged. Instead, it is the accelerated intestinal absorption of glucose after exercise that facilitates the escape of more glucose from the splanchnic bed, where it is metabolized in the periphery by primarily skeletal muscle.



Hepatic Responses to Aerobic Exercise in People With T2D

Given that hepatic insulin sensitivity is known to be enhanced after exercise training in T2D, it stands to reason that impaired SGU seen in this population would also be improved as a result of lifestyle modification. However, to date, only a handful of studies have been conducted which relate to this topic. Kawamori et al. (109) studied six patients with T2D twice; once 3 h after having performed a single bout of cycle ergometer exercise (90% of measured anaerobic threshold for a total of 200 kcal) and another after having remained sedentary. In response to the exercise bout, it was reported that the percent of the ingested glucose disposed of by the splanchnic bed doubled from 23.4 to 50.5%, thereby supporting the notion that a single bout of insulin-sensitizing exercise can improve SGU in patients with T2D. In another study, but of longer duration (2 weeks), Tamura et al. (88) had two groups of non-obese (BMI of ~27 kg/m2) patients with T2D undergo caloric restriction resulting in weight loss, with one of the two groups also performing regular exercise (2–3 sessions per day of 30 min walking at 50–60% of VO2 max, 5–6 days per week). The data from these experiments show that intrahepatic lipid content was lowered by ~25–30% in both groups and that the loss was not different between them. Then, in a secondary analysis, they measured SGU in a total of six subjects, three from each group (where the data from the two groups were combined, instead of analyzing them separately). The results showed that the percent of the oral glucose taken up by the splanchnic tissues increased from 38 to 50% within the collapsed group. In a more recent study, Gregory et al. (50) studied the effect of 15 weeks of aerobic exercise training without weight loss (70% VO2 max, 4–5 days/week, 50 min/day) on SGU in patients with T2D. In addition to observing that insulin-mediated suppression of EGP was improved in the same group of patients after exercise training, it was reported that SGU in response to a 75-gram oral glucose load decreased from 23 grams to 9 grams. Of interest, however, was that the increment in muscle glucose uptake after exercise (22 grams), more than made up for the 14-gram reduction in SGU, thereby leading to a net improvement in whole body glucose metabolism. At this time, the limited number of studies on the topic of exercise and SGU makes it difficult to draw definitive conclusions. However, discrepancies in results may be attributable to the exercise performed (e.g., mode, duration, intensity, etc.), and/or weight loss effects, thereby highlighting the need for future studies to better understand the effect of exercise training on SGU.

In summary, while there are a number of comprehensive studies that have examined the impact of exercise on oral glucose disposition in healthy human subjects and animals, we know relatively little about the responses of patients with T2D. At the current time, it appears that weight loss and/or reduced IHL may improve diminished SGU in this population, whereas exercise training in the absence of weight loss has not been shown to increase SGU in healthy subjects or patients with T2D. Given the liver's prominence in whole-body glucose tolerance and the known dysregulation of this process in T2D, more attention should be placed on discovering the way in which exercise training impacts post-prandial hepatic glucose metabolism. Most notably, it would be of particular benefit to know the individual and interactive effects of exercise training and weight loss on SGU. Thereafter, the study of variables such as exercise intensity and resistance training should be considered. The low number of relevant studies in the field at this time also contributes to the heterogeneity of responses, making it difficult to make side by side comparisons. Adding to this heterogeneity is the considerable between-study methodological differences (e.g., weight loss, exercise intensity, training duration, low sample size, etc.), which also contributes to differing responses. Moving forward, it will be important to minimize these methodological differences until the key tenets of SGU that are impacted by exercise training in T2D patients are distilled. Such knowledge can then be used to optimize individual treatment strategies for these people.




CONCLUSION

Nearly 40 years ago, it was shown for the first time that impaired hepatic glucose metabolism in patients with T2D can be improved by regular exercise training. Since that time, our knowledge about how this is achieved has greatly expanded from studies ranging from rodents to the human. Despite these developments, fundamental questions remain about how exercise impacts liver glucose metabolism, such as the interaction between lowered IHL and hepatic responses to insulin, the way in which the antagonistic relationship between insulin and glucagon on hepatic glucose metabolism is affected, hepatic responses to different exercise stimuli (e.g., resistance training, intensity-dependent effects) and the nature of the benefit of exercise training on SGU. Furthering our knowledge in this field could lead to the emergence of novel treatment strategies and reduce the negative impact of debilitating vascular complications on the lives of patients with T2D.
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Post Meal Exercise May Lead to Transient Hypoglycemia Irrespective of Glycemic Status in Humans
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During exercise, there is coordination between various hormonal systems to ensure glucoregulation. This study examined if hypoglycemia occurs during moderate-intensity exercise in non-obese and obese individuals with and without type 2 diabetes (T2D). Eighteen non-obese, 18 obese, and 10 obese with T2D completed 2 study days that included a meal at 1,800 h followed by rest (NOEX) or exercise (PMEX; 45 min/55% of VO2 max 2 h post meal). Glucose, insulin, and glucagon concentrations were measured throughout this 5.5 h period. Subjects with T2D had elevated glucose responses to the meal on both study days, compared to non-obese and obese subjects (P < 0.05). During evening exercise (PMEX), subjects with T2D had a greater drop in glucose concentration (−98.4 ± 13.3 mg/dL) compared to obese (−44.8 ± 7.1 mg/dL) and non-obese (−39.3 ± 6.1 mg/dL; P < 0.01) subjects. Glucose levels decreased more so in females than males in both conditions (P < 0.01). Nadir glucose levels <70 mg/dL were observed in 33 subjects during NOEX and 39 subjects during PMEX. Obese males had a larger exercise-induced insulin drop than obese females (P = 0.01). During PMEX, peak glucagon concentrations were elevated compared to NOEX (P < 0.001). Male participants with T2D had an increased glucagon response during NOEX and PMEX compared to females (P < 0.01). In conclusion, in individuals with varying glucose tolerance, there is a dramatic drop in glucose levels during moderate-intensity exercise, despite appropriate insulin concentrations prior to exercise, and glucagon levels rising during exercise. Moderate-intensity exercise can result in low glucose concentrations (<60 mg/dL), and yet many of these individuals will be asymptomatic.
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INTRODUCTION

During exercise, as carbohydrate utilization increases and muscle glycogen stores begin to decline, potentially blood glucose levels can begin to drop. Low blood glucose levels can result in dizziness, confusion, nausea, headache, blurred vision, etc., all of which could impact exercise performance. Mammals, however, have evolved to prevent a precipitous decline in glucose concentrations via the counterregulatory hormones to keep the levels in a very tight range during rest and exercise (1).

If hypoglycemia does occur during exercise, it manifests when intense exercise is initiated shortly after the consumption of a high carbohydrate food or during prolonged exercise as fuel sources become depleted (2, 3). In the 1970's and 80's, considerable research was conducted examining the effects of exercise on glucose levels, particularly in prolonged exercise. Much of this work (4–6) focused on the impact of the pre-exercise meal prior to prolonged exercise to prevent hypoglycemia in moderate to well-trained individuals. Additionally, many of these studies were conducted following a 6–12 h fast, and studied effects of feeding 15–90 min before exercise. Few people, however, truly fast prior to exercise resulting in a postprandial state when initiating exercise. Early literature suggests that there is a risk of rebound hypoglycemia if exercise follows the meal too closely. Recently, Kondo et al. (6) demonstrated that transient hypoglycemia after pre-exercise carbohydrate ingestion (30 min prior) occurred in 7/16 subjects with values below 72 mg/dL, and 3 subjects were below 54 mg/dL. Moreover, they noted that individuals with an enhanced insulin response to the pre-exercise meal tended to be more prone to transient hypoglycemia in the fasted state.

Much of the previous work (5, 6) has shown hypoglycemia in well-trained individuals, usually in males, and in response to prolonged exercise. It is unclear if untrained individuals experience hypoglycemia, or if hypoglycemia is impacted by metabolic health. This project examined if hypoglycemia occurs during moderate-intensity exercise in the evening in non-obese and obese individuals with and without type 2 diabetes (T2D). Previous work by our group (7) showed that resistance exercise 45 min post dinner meal reduced glucose in T2Ds but had a rebound glucose response following exercise. Delaying an exercise session until after the dinner meal may provide an optimal time to improve glycemia prior to bedtime. We hypothesized that non-obese and obese individuals without T2D would have better counterregulatory control and thus would have tighter glucose control.



METHODS


Subjects

Eighteen non-obese, 18 obese, and 10 obese+T2D, males and females (25–65 yrs. of age) were recruited and signed an informed consent approved by the University of Missouri Institutional Review Board. Body mass index (BMI) was between 30 and 45 kg/m2 for obese subjects and <25 kg/m2 for non-obese subjects. Subjects were weight stable for at least the prior 6 months, and non-smokers. All subjects also had a screening oral glucose tolerance test (OGTT). Non-obese subjects had fasting glucose <100 mg/dL and a 2 h glucose level <140 mg/dL. Subjects also had a screening exercise stress test. Women on oral contraceptives were tested in the pill phase. Pregnant women were excluded.

The T2D subjects were either diagnosed as T2D by their physician or documented fasting glucose levels >110 mg/dL for 5 of 7 days (8). Diabetic participants withheld medications for glucose control the night prior to and during the study day.



Experimental Design

This study is part of a larger project in progress (clinicaltrials.gov, #NCT03019510). Following initial screening, subjects completed two study nights in a counter-balanced design; (1) no exercise (NOEX), and (2) evening exercise−2 h post dinner (PMEX). Study day arrival was ~1,700 h and standardized dinner meal consumption began at 1,800 h. Blood sampling was initiated from ~1,740 h until 0700 h, however this paper will focus on the first 5 h of sampling. On an exercise day, subjects exercised for 45 min at ~55% VO2 peak on the treadmill.



Screening Day: Anthropometrics and Questionnaires

Height, weight, and waist circumference were measured. Fat mass, fat-free mass, and percent body fat were assessed using a Bod Pod (Life Measurements, Concord, CA) or DEXA (Horizon A, Hologic, Marlborough, MA). All subjects had a screening OGTT, and hematocrit (Hct) was measured. Further, questionnaires were completed on the screening day to determine their inclusion in the study, and included a health inventory (9) and sleep apnea (Berlin questionnaire) (10).

All subjects completed a peak oxygen consumption test (VO2 peak) on a treadmill. Prior to starting the test, electrodes were placed for EKG and heart rate measurements during the test. The ventilation, and percent oxygen and carbon dioxide were measured by True One 240 Metabolic Measurement Cart; ParvoMedics (Sandy, UT) and VO2 was calculated. The test began with 2 min of very slow walking (2 mph). Speed and incline of the treadmill were increased every 2 min until the subject reached volitional exhaustion (11). Following the exercise test, subjects actively cooled down and were monitored for 5–10 min until HR and BP returned to near baseline.



Study Day

The evening prior to the study night, subjects were provided with a dinner meal (~600 kcal; 56.1% Carbohydrate, 21.5% Fat, and 22.4% Protein) as well as breakfast, snack, and lunch for the study day (Table 1). Subjects consumed the breakfast at ~0700 h and lunch at 1,200 h. Subjects then fasted, except for water for the remainder of the day. There was no exercise or alcohol consumption for the 24 h prior to the study day.


Table 1. Subject characteristics and meal composition for the non-obese, obese, and type 2 diabetic subjects.
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At 1,630 h, subjects reported to the lab ~5 h fasted. An intravenous catheter was placed into a forearm vein. Baseline blood samples began at ~1,740 h. At 1,800 h, subjects consumed a mixed meal providing 10 kcal/kg of body weight with 1 gram/kg of carbohydrate (target macronutrient composition: 40% Carbohydrate, 35% Fat, 25% Protein; Actual kcal and macronutrients for each group listed in Table 1). Carbohydrates were capped at 90 grams for 7 obese and 6 T2D subjects, except for 5 obese and 1 T2D who received >90 grams of carbohydrate prior to the decision to cap the total amount of carbohydrates for participants due to gastrointestinal distress. Following the meal, subjects sat quietly until bedtime. In the PMEX condition, subjects exercised at 55% of VO2 peak for 45 min on the treadmill at 2,000 h. Blood samples were collected at the following time points: −20, 0, 5, 10, 15, 20, 30, 40, 50, 60, and then every 15 min until the completion of the study. Blood was collected in EDTA tubes with and without DPP-IV inhibitor and aprotinin, placed on ice, centrifuged, aliquoted, and stored at −80°C until analysis. Blood samples were analyzed for glucose (YSI 2300 STAT PLUS, YSI Incorporated, Yellow Springs, OH), and insulin and glucagon concentrations (Human Metabolic Hormone Panel, Milliplex, Millipore Sigma), as well as other hormones not reported here. There was a minimum of 3 weeks between study days.



Statistics and Data Analysis

For this study, we have defined low blood glucose as 70 mg/dL according to the American Diabetes Association (12, 13), but also examined the data below 50 and 60 mg/dL. Calculations were made for the Insulinogenic Index [insulin (30–0 min)/glucose (30–0 min)] and Matsuda Index (14). Baseline characteristics were analyzed by one-way ANOVA for statistical differences between groups. Repeated measure ANOVA (RMANOVA) tested interactions between study days (NOEX, PMEX), with a between-subject factor group (non-obese, obese, obese+T2D) and sex (Male, Female). Responses to the meal over time were tested with RMANOVA with study day by time (25 time points between −20 and 300 min) with a between-subject factors of group and sex. Post-hoc analysis were performed with a one-way ANOVA and Tukey comparison to explore group differences within dependent variables. Significance set at P < 0.05, and data are presented as mean ± SEM.




RESULTS

By design, the non-obese group was significantly lighter, had a lower percent body fat, and a lower BMI than the obese subjects with and without T2D (P < 0.05) (Table 1). The mean age for all subjects was 46.3 ± 2.1 yrs. Fasting glucose levels were in the normal range for both the non-obese and obese subjects. The non-obese subjects were more aerobically fit than the obese subjects with and without T2D (P < 0.05, Table 1), yet were still considered sedentary.


Glucose

Baseline glucose levels (~1,800 h) were similar between study days, but the individuals with T2D (99.4±6.6 mg/dL) had higher baseline glucose levels than the obese and non-obese subjects (79.8 ± 5.4 mg/dL; 76.6 ± 4.0 mg/dL, respectively, group effect: P < 0.05). The meal responses revealed a study day by time by group interaction (P < 0.001), such that during NOEX, glucose concentrations were elevated for T2D compared to non-obese adults from time −20 min until 15 min post meal consumption (P < 0.05), and from 30 to 300 min (P < 0.05) compared to both non-obese and obese subjects (Figure 1A). During PMEX in individuals with T2D, glucose concentrations were elevated compared to the obese and non-obese groups at all time points (P < 0.05, Figure 1C).
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FIGURE 1. Glucose responses to a dinner meal in non-obese and obese individuals with and without type 2 diabetes (T2D) on a study day (A) with no post dinner exercise or a study day (C) with exercise (PMEX- 45 min, at 55%VO2 max). Individual glucose values at time point 120 and time point 165 in each group on the NOEX day (B) or PMEX day (D). Mean ± SE.


Peak glucose responses to the meal were similar between study days, but individuals with T2D had peak values of 248.5 ± 11.1 mg/dL, which was significantly greater than both obese and non-obese individuals (164.8 ± 8.7 mg/dL; 170.6 ± 8.2 mg/dL, respectively, P < 0.001). The time of the glucose peak was not different between study days or groups.

Glucose concentrations 2 h post meal consumption (start time of PMEX) were elevated during NOEX (145.9 ± 6.5 mg/dL) compared to PMEX (134.1 ± 6.7 mg/dL; P = 0.01, Figures 1B,D). Subjects with T2D had higher glucose concentrations (191.2 ± 12.7 mg/dL) at time 120 than both obese (122.6 ± 5.0 mg/dL) and non-obese subjects (106.2 ± 9.5 mg/dL; P < 0.001). Glucose concentrations at the start of exercise had a study day by group interaction (P < 0.01). Post-hoc analysis revealed that subjects with T2D had a greater drop in glucose concentration during PMEX (−94.8 ± 13.3 mg/dL) compared to both obese (−44.8 ± 7.1 mg/dL; P < 0.01) and non-obese (−39.3 ± 8.7 mg/dL; P < 0.01) subjects. Further examination of the change in glucose levels from the beginning to the end of exercise showed a trend for a study day by group by gender interaction (P = 0.08), where significant differences were observed by gender (P < 0.01). From time 120 to 165, glucose levels decreased more so in females than males in both conditions (NOEX, −55.0 ± 4.1 vs. −29.5 ± 6.8 mg/dL, P < 0.01; PMEX, −66.0 ± 6.3 vs. −38.9 ± 10.4 mg/dL, P = 0.03). Additionally, females with T2D had a larger drop in glucose levels from time 120 to 165 than males in both conditions (NOEX, −66.8 ± 7.8 vs. −23.5 ± 15.5 mg/dL, respectively, P = 0.02; PMEX, −109.9 ± 11.9 vs. −34.5 ± 23.7 mg/dL, respectively, P < 0.01).

The blood glucose nadir was different between study day and groups, with a nadir of 80.1 ± 5.0 mg/dL in subjects with T2D, 60.2 ± 4.0 mg/dL in obese subjects, and 53.3±3.7 mg/dL in non-obese subjects; T2D had a higher nadir than both other groups (P < 0.01, Figures 1B,D). However, hypoglycemia (<70 mg/dL) was prevalent amongst all study days for at least some individuals in all groups. During NOEX, 17 non-obese, 12 obese, and 4 T2D experienced hypoglycemia, while during PMEX, 17 non-obese, 17 obese, and 5 T2D experienced hypoglycemia. Collectively, 25 participants (15 Non-obese, 10 obese, and 2 obese+T2D) experienced hypoglycemia throughout both conditions. More severe hypoglycemia 60 mg/dL (and 50 mg/dL) was also noted in our subjects: during NOEX, 12 (3) non-obese, 7 (2) obese, and 2 (0) obese+T2D; during PMEX 16 (14) non-obese, 14 (6) obese, and 4 (1) obese+T2D. Only 2 obese+T2D were symptomatic, and this occurred at glucose levels above 70 mg/dL.



Insulin

Baseline insulin concentrations had a main effect of study day (P < 0.05), where NOEX was elevated compared to PMEX (P = 0.001). Insulin responses to the dinner meal had a study day by time by group interaction (P < 0.001), and post-hoc analysis revealed that individuals with T2D had elevated insulin concentrations compared to non-obese participants during NOEX from 135 to 225 min post meal consumption (P < 0.05). During NOEX, obese participants were elevated compared to non-obese at times 60, 75, and 135 (P < 0.05, Figure 2A). During PMEX, insulin concentrations in obese individuals were elevated compared to non-obese participants from 20 to 120 min post meal, and insulin concentrations in subjects with T2D were elevated compared to non-obese subjects at times 120, 195, 210, 225, and 240 (Figure 2C). Five hours after the dinner meal, insulin concentrations were similar between all groups in all conditions.


[image: Figure 2]
FIGURE 2. Insulin responses to a dinner meal in non-obese and obese individuals with and without type 2 diabetes (T2D) on a study day (A) with no post dinner exercise or a study day (C) with exercise (PMEX- 45 min, at 55%VO2 max). Individual glucose values at time point 120 and time point 165 in each group on the NOEX day (B) or PMEX day (D). Mean ± SE.


Peak insulin responses to the dinner meal were not different between study day, but non-obese participants had lower peak insulin concentrations (95.9 ± 21.9 μU/mL) compared to obese (187.2 ± 23.3 μU/mL; P < 0.01) and lower than T2D (183.8 ± 28.5 μU/mL; P = 0.02, Figure 2B). Time of peak insulin was not different between study days or groups.

Two hours post meal, insulin concentrations were not different by study day, but insulin concentrations were lower in non-obese subjects (70.6 ± 20.1 μU/mL) compared to both other groups (obese 145.5 ± 21.4μU/mL, P = 0.02; T2D 153.7 ± 26.3 μU/mL, P = 0.02). The change in insulin levels from the beginning of exercise (time 120) to the end of exercise (time 165) had a study day by group interaction (P = 0.03), such that non-obese individuals (39.2 ± 8.1 μU/mL) had less of a drop during PMEX compared to T2D (109.7 ± 30.1 μU/mL; P < 0.05) and tended to have less of a drop compared to obese (102.3 ± 22.6 μU/mL; P = 0.06). The insulin response to exercise had a gender by group interaction (P < 0.05), where obese males had a larger drop in insulin compared to obese females (160.8 ± 30.1 vs. 69.9 ± 14.5 μU/mL; P < 0.01). Nadir insulin concentrations were different by study day (P < 0.001) but not between subject group (Figures 2B,D). Participants experienced the lowest insulin concentrations during PMEX (18.8 ± 3.1 μU/mL) compared to NOEX (23.6 ± 3.4 μU/mL, P < 0.001).



Insulin Sensitivity

Matsuda calculations were different between study day (P < 0.05) and group (P < 0.01). Non-obese participants had a higher Matsuda index than participants with T2D (7.8 ± 1.2 vs. 1.9 ± 1.5, respectively; P < 0.01); obese participants had a Matsuda index (5.3 ± 1.2) that was similar to the T2D. No gender differences were noted for the Matsuda index.

Insulinogenic index to the dinner meal was not different between study days but was significantly different between groups. Obese subject's insulinogenic index (1.6 ± 0.2) was highest compared to all other groups (non-obese, 0.6 ± 0.2; T2D, 0.5 ± 0.3; P < 0.01). We found no relationship between insulin sensitivity (Matsuda and insulin index) and the change in glucose levels during exercise, but the glucose nadir and insulin nadir during PMEX was negatively correlated with the Matsuda Index (r = −0.331, P < 0.05 and r = −0.476, P < 0.001, respectively).

The insulinogenic index was negatively correlated with the exercise-induced change in glucose on both study days (NOEX, r = −0.362, P < 0.05; PMEX, r = −0.399, P < 0.01) and positively with exercise-induced changes in insulin on both study days (NOEX, r = 0.586, P = 0.001; PMEX, r = 0.394, P < 0.03).



Glucagon

Baseline glucagon concentrations were different by study day (P < 0.05), with higher levels on the NOEX study day (53.4 ± 5.3 ng/L) compared to PMEX (47.7 ± 5.6 ng/L; P < 0.01). A group by gender interaction was shown for baseline glucagon concentrations (P < 0.05), where T2D males had higher concentrations compared to females (98.8 ± 22.7 ng/L vs. 40.4 ± 11.3 ng/L; P < 0.05). Although the response to the dinner meal had a study day by time interaction (P < 0.001), with NOEX having elevated glucagon levels compared to PMEX at times 0, 5, 10, 40, and 60, but lower than PMEX at times 150, 165, 180, 195, and 210 (P < 0.05 for all time points, Figures 3A,C). Glucagon concentrations were similar after 5 h. During PMEX, peak glucagon concentrations were elevated (180.1 ± 13.0 ng/L) compared to NOEX (126.2 ± 9.8 ng/L; P < 0.001). A gender by group interaction was also seen for peak glucagon concentrations with T2D males having higher peak values than females (257.5 ± 42.5 ng/L vs. 123.4 ± 21.2 ng/L; P < 0.01). The time of peak glucagon concentrations occurred earlier with PMEX (183.8 ± 5.6 min) than the NOEX condition (239.8 ± 5.4 min, P < 0.001) (Figures 3B,D). Additionally, obese males peak later than females (237.5 ± 12.9 min vs. 208.1 ± 6.5 min; gender by group interaction, P < 0.05).
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FIGURE 3. Glucagon responses to a dinner meal in non-obese and obese individuals with and without type 2 diabetes (T2D) on a study day (A) with no post dinner exercise or a study day (C) with exercise (PMEX- 45 min, at 55%VO2 max). Individual glucose values at time point 120 and time point 165 in each group on the NOEX day (B) or PMEX day (D). Mean ± SE.


Two hours post meal consumption, no differences in glucagon concentrations were observed by study days. In response to PMEX (time 120 to 165), glucagon levels increased by 95.2 ± 11.5 ng/L compared to NOEX at 22.3 ± 3.6 ng/L, P < 0.001. There was a study day by group by gender interaction (P = 0.02), such that male participants with T2D had an increased glucagon response during NOEX and PMEX compared to females (NOEX, 46.0 ± 15.5 vs. 8.2 ± 7.8 ng/L, P = 0.04; PMEX, 228.2 ± 45.0 vs. 50.4 ± 22.5 ng/L, P = 0.001).




DISCUSSION

This is one of the first studies to examine the occurrence of moderate-intensity exercise related hypoglycemia in untrained individuals following a dinner meal. We demonstrate here that in a group of relatively sedentary individuals, a dinner meal itself resulted in low glucose levels ~2 h post dinner, and in many individuals, there was a further exercise-induced decline, increasing the likelihood of hypoglycemia. This occurred in light of the fact that insulin concentrations were not exceedingly high prior to exercise, and glucagon levels were rising. Additionally, this large drop in glucose levels occurred in all subjects despite very different metabolic profiles. Upon completion of exercise, glucose concentrations in all subjects rebounded back to normoglycemic levels, an appropriate counterregulatory response. Further females with T2D experienced a larger drop in glucose levels with moderate-intensity exercise than seen in men.

It is well-known that exercise results in a dramatic increase in glucose turnover, which is a function of increased muscle utilization and increased production by the liver (15, 16), and this occurs in an intensity-dependent manner. If glucose production fails to stay abreast of the pace of glucose uptake, blood glucose concentrations fall. Changes in the hormonal milieu occur, with a fall in insulin levels, and increased catecholamines and glucagon levels in an effort to maintain blood glucose levels. An early study (17) showed that hypoglycemia occurs in moderately active men during prolonged exercise with an exaggerated rise in plasma epinephrine. Simultaneously others (18) have noted that maintaining glucoregulation during moderate-intensity exercise can result in decrements in insulin, increments in glucagon, or both may occur, particularly if catecholamine release is not adequate. Adrenergic means are primarily involved in the prevention of hypoglycemia during exercise. Although we did not measure catecholamines, our subjects showed appropriate hormonal responses during PMEX with a 67% decrease in insulin levels and ~3.8-fold increase in glucagon levels. Despite an appropriate hormonal response in our subjects, glucose levels declined considerably in most individuals. This is in agreement with an early study (19) that also showed decreases in glucose levels with low intensity walking and similarly demonstrated a 4-fold increase in glucagon levels. We had anticipated that the non-obese and obese subjects would not display the same degree of hypoglycemia as individuals with T2D, because we hypothesized they would have better counterregulatory control, due to their enhanced metabolic flexibility.

Surprisingly almost all of our non-obese and obese subjects had glucose levels below 70 mg/dL during moderate-intensity exercise, as well as 50% of the individuals with T2D. Even more noteworthy is that ~89% of the non-obese had glucose concentrations below 60 mg/dL, with 11 of them with low values on both study days, and 14 individuals with values below 50 mg/dL during exercise. Likewise, 39% of the obese subjects had glucose values below 60 mg/dL on the NOEX condition, and 78% on the PMEX condition. In individuals with T2D, 20% had glucose values below 60 mg/dL during NOEX, but 40% went below 60 mg/dL during PMEX. These low glucose levels have been reported before (4) but in response to prolonged exercise. Surprisingly only on two occasions did subjects become symptomatic, and in both conditions, this occurred in individuals with T2D in the absence of true hypoglycemia. This suggests that during exercise, there is not a distinct threshold for hypoglycemia and symptoms (20), and despite low circulating glucose levels, the brain must be sensing adequate glucose levels (20).

The susceptibility to hypoglycemia may be linked to the degree of insulin sensitivity of the individual. We found that insulin sensitivity (Matsuda) correlated modestly negative with the change in insulin during exercise. Further, we found no relationship between insulin sensitivity (Matsuda and insulin index) and the change in glucose levels during exercise, but the glucose nadir and insulin nadir during PMEX was negatively correlated the Matsuda Index indicating that the more insulin sensitive an individual was, the lower the glucose and insulin concentration went during exercise. This alludes that more insulin sensitive individuals may be more prone to these low glucose concentrations and remain asymptomatic despite very low glucose levels across adults of various glycemic control. It should also be considered that the lack of relationship with Matsuda may be due to the fact that insulin is not necessary for glucose disposal during exercise. However, Jentjens et al. found no relationship between hypoglycemia and insulin sensitivity (21). Recently, Kondo et al. (6) showed a transient exercise-induced hypoglycemia (at min 15 of exercise) in those individuals who were fasted overnight and ingested carbohydrates 30 min prior to exercise. These individuals had higher insulin concentrations at the start of exercise when compared to their counterparts that did not display hypoglycemia. Kuipers et al. (3) suggested that the occurrence of hypoglycemia may be due to a combination of enhanced insulin sensitivity, the quantity of glucose ingested, and low sympathetic activity.

Most of the previous reports on hypoglycemia have primarily focused on men. Earlier research has reported that blood glucose levels decline to a greater extent in premenopausal women than in men during prolonged fasting (22). Here we found that females demonstrated a greater drop in glucose levels 2–2.5 h post meal regardless of exercise. The females with T2D decreased glucose levels by 30.7% while the men decreased by 19.9% during rest and even larger decrease with exercise, 51.8% for females, and 32.0% for men. The smaller decrease in men may be attributed to a greater response in glucagon concentrations, thus maintaining their blood glucose levels. In response to exercise, T2D men had 4.5-fold higher glucagon responses during exercise compared to female T2D, with an even larger fold increase (5.6-fold) during the same time period but with rest. Potentially women with T2D may be more susceptible to hypoglycemia as glucose substantially drops 2 h after an evening meal without a compensatory glucagon response.

Human studies have shown circadian rhythms for glucose tolerance and energy metabolism, displaying enhanced glucose/meal tolerance in the morning over the nighttime hours (23). Much of the prior research examining transient hypoglycemia follows a 10 h overnight fast or with a small meal prior to exercise. Due to the circadian variations in glucose tolerance/insulin sensitivity, it may be possible that post dinner exercise may lower glucose levels more dramatically than seen in the morning hours. We have previously shown that glucose integrated area under the curve was reduced by ~18% when exercise preceded the dinner meal, while it decreased by ~30% when exercise was after the dinner meal (7). Considerably more research needs to be conducted examining the effect of exercise timing during the day, particularly in individuals with insulin resistance and/or impaired fasting glucose levels.

Most studies have focused on exercise-induced hypoglycemia in the early morning period after prolonged fasting or having a small pre-exercise meal (3, 5, 6, 21). Further, much of this research only studied young healthy men, thus a strength of this project is that both men and women were included, subjects were sedentary to moderately active, and female participants were both pre- and post-menopausal. An additional strength of this study is the large sample size, which included individuals with varying degrees of insulin sensitivity. A limitation of this study is that unlike previous work, this study only examined the glucose response beyond the evening meal and did not compare to a similar meal earlier in the day, thus it is unclear if we would have seen the same degree of hypoglycemia following a breakfast meal. However, we do not think this could explain our higher incidence of hypoglycemia as Van Cauter et al. (24) reported declines in the glucose tolerance from morning to evening in healthy individuals.

In conclusion, moderate-intensity post-meal exercise in the evening results in transient hypoglycemia in many individuals across a spectrum of glycemic status. More work needs to be conducted examining exercise at different times of the day to establish if the same phenomena is occurring in the morning or early afternoon.
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Exercise-induced hypoglycemia has primarily been investigated by the effects on performance by examining meal timing, quantity of carbohydrate, and fasting vs. fed states, in an attempt to establish the best protocol to minimize hypoglycemia. What is unclear is whether moderate-intensity exercise causes hypoglycemia, and is it related to metabolic health, such as insulin sensitivity. In this study, 46 non-obese, obese and obese+type 2 diabetes (T2D) men and women completed two conditions: (1) in the evening, following a dinner meal over 5 h (NOEX) and (2) preforming 45 min of moderate-intensity exercise 2 h post dinner meal (PMEX). We observed a similar glucose, insulin, and glucagon response to the meal on both occasions, with obese+T2D having the highest glucose responses. Glucose levels 70 mg/dL was prevalent in the evenings of both conditions, with 33 subjects during NOEX and 39 during PMEX. Severe hypoglycemia (50 mg/dL) was also seen, with 5 subjects during NOEX and 21 during PMEX (all but on 2 occasions were asymptomatic). The postmeal glucose decline was greater in females than males. In conclusion, a dinner meal can result in low glucose levels but moderate-intensity exercise can cause hypoglycemia in some individuals, which is usually asymptomatic.
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Weight loss induced by decreased energy intake (diet) or exercise generally has favorable effects on insulin sensitivity and cardiometabolic risk. The variation in these responses to diet-induced weight loss with or without exercise, particularly in older obese adults, is less clear. The objectives of our study were to (1) examine the effect of weight loss with or without exercise on the variability of responses in insulin sensitivity and cardiometabolic risk factors and (2) to explore whether baseline phenotypic characteristics are associated with response. Sedentary older obese (BMI 36.3 ± 5.0 kg/m2) adults (68.6 ± 4.7 years) were randomized to one of 3 groups: health education control (HED); diet-induced weight loss (WL); or weight loss and exercise (WL + EX) for 6 months. Composite Z-scores were calculated for changes in insulin sensitivity (C_IS: rate of glucose disposal/insulin at steady state during hyperinsulinemic euglycemic clamp, HOMA-IR, and HbA1C) and cardiometabolic risk (C_CMR: waist circumference, triglycerides, and fasting glucose). Baseline measures included body composition (MRI), cardiorespiratory fitness, in vivo mitochondrial function (ATPmax; P-MRS), and muscle fiber type. WL + EX groups had a greater proportion of High Responders in both C_IS and C_CMR compared to HED and WL only (all p < 0.05). Pre-intervention measures of insulin (r = 0.60) and HOMA-IR (r = 0.56) were associated with change in insulin sensitivity (C_IS) in the WL group (p < 0.05). Pre-intervention measures of glucose (r = 0.55), triglycerides (r = 0.53), and VLDL (r = 0.53) were associated with change in cardiometabolic risk (C_CMR) in the WL group (p < 0.05), whereas triglycerides (r = 0.59) and VLDL (r = 0.59) were associated with C_CMR (all p < 0.05) in WL + EX. Thus, the addition of exercise to diet-induced weight loss increases the proportion of older obese adults who improve insulin sensitivity and cardiometabolic risk. Additionally, individuals with poorer metabolic status are more likely to experience greater improvements in cardiometabolic risk during weight loss with or without exercise.

Keywords: individual variability, weight loss, exercise, insulin sensitivity, response, cardiometabolic risk, older adults


INTRODUCTION

Aging is associated with increased adiposity, insulin resistance and a higher prevalence of cardiometabolic disease (1). Current evidence suggests that weight loss induced by decreased energy intake or increased energy expenditure improves insulin sensitivity and cardiometabolic risk factors in older adults (2). While limited data exists on the effect of diet-induced weight loss alone on individual variability in cardiometabolic and glycemic control outcomes, several groups have observed substantial heterogeneity in individual responses to exercise-induced weight loss with or without dietary changes. The first observations of interindividual variability in glycemic control indices following exercise stem from the HERITAGE Family Study, wherein ~600 healthy sedentary individuals completed a 20-week supervised training intervention (3). Although there were statistically significant increases with training in insulin sensitivity measured by intravenous glucose tolerance test (IVGTT) at the group level, the authors noted that ~42% of participants showed no change or an adverse response. Similar response variation in HOMA-IR (4), HbA1C, fasting glucose, and 2-h oral glucose tolerance test (OGTT) glucose (5) was observed after both high intensity interval training (4) and continuous aerobic exercise (5). An important limitation of the preceding study designs is lack of a time-matched control group which abrogates the ability to account for response variation due to technical error and/or biological fluctuations (6, 7). Additionally, whether diet-induced weight loss with or without exercise differentially improves response variation in glycemic control and cardiometabolic risk is unknown, albeit potentially important for clinicians providing personalized lifestyle counsel.

While there is little doubt that response variation to exercise interventions exists, the characteristics that distinguish those who do and do not respond favorably are unclear. Multiple observations have suggested that baseline glycemic control is a key factor that predicts the magnitude of an individual's response for glycemic control outcomes. Evidence from a 3 month aerobic exercise training intervention in older obese adults illustrated an inverse relationship between baseline fasting glucose and change in fasting glucose (8), suggesting that those with higher baseline glycemia had a blunted response to exercise. Similarly, following a 3–4 month exercise training intervention in 105 individuals with prediabetes or type 2 diabetes mellitus (T2DM), Solomon et al. (5) observed a non-linear U-shaped relationship between baseline HbA1c and change in HbA1C, postulating that individuals with relatively controlled hyperglycemia respond well to training, while individuals with poor glycemic control have blunted improvements or even deteriorations. However, not all findings are consistent with the aforementioned results. Recent findings wherein 285 participants aged 18–75 years participated in a 12-week lifestyle intervention including both dietary and exercise guidance suggested that those who experienced greater improvement in glucose tolerance presented with higher baseline weight, visceral fat, fasting glucose, and triglyceride concentration compared to those who did not respond (9). Thus, it is unclear whether and how baseline phenotypes influence insulin sensitivity responses to diet and exercise-induced weight loss, and response likely depends on multiple factors.

Several gaps in our current knowledge exist concerning response variation in weight loss: (1) examination of the independent (and potentially additive) effect of exercise, particularly in higher risk older obese adults; (2) the use of a control group to examine technical and/or biological changes; and (3) a more wholistic classification of the clinically meaningful outcome that includes a cluster of interrelated responses. Thus, the objectives of our study are 2-fold: (1) to examine the effect of weight loss with or without exercise on the range of responses in insulin sensitivity and cardiometabolic risk factors in a vulnerable older obese population at risk for chronic disease; (2) to perform a comprehensive assessment of the relationships between baseline clinical, metabolic, and skeletal muscle traits and changes in response to weight loss with or without exercise. We conducted a randomized controlled trial to examine the effect of energy restriction-induced weight loss with or without exercise on insulin sensitivity and skeletal muscle function in older obese adults, providing a unique opportunity to address these aims. We hypothesize that the addition of exercise to diet-induced weight loss will increase the number of individuals who respond favorably to intervention, based on improvements in insulin sensitivity and cardiometabolic risk. Our findings may provide mechanistic and clinical insight into response variation to weight loss interventions in this vulnerable population.



MATERIALS AND METHODS


Participants

The participants included in this analysis were a subset of participants enrolled in a larger RCT (unpublished; NCT number: NCT02230839). We conducted a single site, 6-month randomized controlled trial with a parallel group design between 2012 and 2017. The trial operations began at the University of Pittsburgh and subsequently moved to AdventHealth Translational Research Institute (AH TRI) upon re-appointment of the Primary Investigator. Eighty-six older (60–80 years of age), sedentary (≤ 1 continuous exercise session/week) men and women with obesity (BMI ≥ 30 kg/m2) were randomized into one of three treatments: Control (HED; health education); energy restriction-induced weight loss (WL; 10% weight loss), and weight loss with exercise (WL + EX; progressive, moderate intensity supervised exercise sessions). All participants provided informed consent prior to participation and the protocols used in the original investigation and this secondary analysis were approved by both University of Pittsburgh Research Ethics Board and Institutional Review Board of AdventHealth. Participants from the original trial were excluded if they did not have both pre- and post- outcome data (n = 25) which resulted in a study sample of 61 participants: HED, n = 20; WL, n = 21; WL + EX, n = 20.


Health Education (HED) Group

Participants randomized to the HED group received bi-weekly in-person general health education group sessions for the 6-month study duration, including informational seminars on medication and type 2 diabetes management. Each session lasted ~1 h. However, they were not given specific exercise or dietary education/prescription.



Energy Restriction-Induced Weight Loss (WL) Group

The goal of the WL intervention was to produce a weight loss of 10% of baseline body weight. Using the Harris-Benedict equation corrected for the activity factor, a reduction of 500–1,000 kcal/day based on baseline body weight was prescribed in addition to a low-fat (<30% of kilocalories from fat) diet. Participants met individually with the Registered Dietitian and/or designated staff weekly to record body weight and receive dietary prescription (~1 h). To eliminate the confounding effects of acute caloric restriction on insulin sensitivity, the dietitian aimed to keep participant weights stable during the last 2 weeks of intervention.



Weight Loss and Exercise (WL + EX) Group

Participants completed a progressive 6-month exercise training program, 4–5 days per week, 45 min per session (180 min per week) consisting of mostly walking (both outside and on an indoor treadmill) and the option to include stationary cycling, elliptical and rowing machines. All indoor exercise was supervised by a trained monitor; aerobic exercise performed outdoors was not supervised. Beginning at week 8, participants also performed 2, non-consecutive resistance exercise sessions per week, 30 min per session, focused on major muscle groups using resistance exercise machines. Aerobic exercise was performed at 50–80% HRreserve. The resistance exercises were performed at the highest weight the participant could achieve for the given number of reps (10–12) with proper form. When the participant reached 3 × 12 reps, we increased the weight and reduced the reps. Blood pressure and heart rate were measured for participant safety prior to each exercise session, in addition to weekly body weight. Participants in the WL + EX group also met with the Registered Dietitian and/or designated staff and received the same dietary instruction as the WL group.




Outcomes
 
Body Composition

Weight and height were measured pre- and post- intervention, and BMI was calculated. Waist circumference was measured using the Gulick II tape measure directly on the skin. Fat mass and fat-free mass were determined by dual-energy X-ray absorptiometry (DXA) using a GE Lunar (GE Healthcare, UK).

Additionally, abdominal and thigh adipose tissue (AT) and muscle volume was measured by MRI at baseline and following treatment on a 3 Tesla magnet (Philips Acheiva) at AH TRI. The MRI scan was performed at the mid-point of the femur to quantify thigh muscle cross-sectional area, subcutaneous, and intermuscular AT (IMAT). For abdominal AT images, high resolution axial images were taken of the entire abdomen to quantify abdominal subcutaneous and visceral AT volume. Resultant images were analyzed using Analyze 11.0 (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN) to segment AT and muscle depots and measure volume.



Cardiorespiratory Fitness and in vivo Mitochondrial Function

A VO2max graded exercise test was performed by an exercise physiologist on the cycle ergometer using open circuit indirect calorimetry. Following a standardized warm-up, participants exercised at a moderate intensity with the workload (resistance) increased gradually until they reached volitional fatigue.

In vivo muscle mitochondrial function (ATPmax) was calculated using the PCR recovery time constant (τ) and the PCr level in oxygenated muscle at rest in the vastus lateralis using phosphorus (31P) magnetic resonance spectroscopy on the 3-T magnet as previously described (10).



Insulin Sensitivity

Insulin sensitivity was measured using the hyperinsulinemic-euglycemic clamp. Participants arrived at the research facility prior to the clamp procedure, consumed a standard American meal, and stayed overnight in the metabolic ward. After an overnight fast, an intravenous catheter was placed in the antecubital vein for subsequent insulin and glucose infusions and for stable isotope infusions to measure insulin sensitivity. A primed constant infusion of [6,6-2H2] ran throughout the clamp procedure. An additional catheter was placed in the heated hand vein in the contralateral arm to attain arterialized blood samples for blood glucose determination and for [6,6-2H2] glucose enrichment during the insulin and glucose infusions. After a 2.5-h baseline period, an insulin infusion was started and continued for 4 h @ 40 mU/m2-min. Glucose was measured at 5-min intervals and maintained at 90 mg/dl. A 2 ml blood sample was collected at 0, 30, 60, 100, 110, and 120 min as well as every 10 min during the last 30 min of the clamp for GCMS determination of [6,6-2H2] glucose enrichment. Insulin and FFA samples were also drawn at multiple time points throughout the clamp. Skeletal muscle insulin sensitivity (Rd/Insulin) was assessed as the rate of glucose disposal (mg/min) accounting for insulin during steady state. Hepatic insulin sensitivity was assessed as the suppression of endogenous glucose production (EGP) during steady state using the glucose enrichment data.



Blood Analyses

Lipid profiles (total cholesterol, HDL, LDL, VLDL, and triglycerides) and HbA1C were measured by a fasting blood draw and analyzed in the clinical chemistry laboratory at AH TRI using standard assays. Insulin resistance was also quantified using HOMA-IR = fasting plasma insulin (mU/L)*fasting plasma glucose (mg/dL)/405.



Muscle Biopsy

During fasting conditions and following 30–45 min after the start of the glucose clamp, a percutaneous muscle biopsy of the vastus lateralis was performed using previously published methods (11). A biopsy sample was taken 10–15 cm above the knee under local anesthesia with a 5-mm Bergstrom needle and suction. A portion of the tissue was prepared for immunohistochemistry.

Histochemical analyses were performed on serial sections using established methods in our laboratory (12). Briefly, muscle was placed vertically in mounting medium on cork and frozen in isopentane cooled with liquid nitrogen. Biopsy samples were sectioned (10 um) using a cryotome and fixed prior to staining. Sections were incubated in a primary antibody cocktail at 4°C overnight [BA-F8 (type I; IgG2b; 1:50); 6H1 (type IIX; IgM; 1:50); and SC-71 (type IIA; IgG1; 1:50)]. All antibodies were obtained from the University of Iowa Hybridoma Bank. Subsequently, slides were incubated in secondary antibody cocktail consisting of DyLight 405 (IgG2b; 1:500), Alexa Fluor 555 (IgM; 1:500), and Alexa Fluor 488 (IgG1; 1:500). AlexaFluor 647-conjugated wheat germ agglutinin (WGA) was used to stain glycoconjugate (N-acetylglucosamine and N-acetylneuraminic acid) residues. Digital images (4X magnification) of one section per skeletal muscle biopsy were captured using a Nikon eclipse Ti microscope (Nikon Technologies, California) and image analysis was performed using NIS elements software 4.20.01.




Statistical Analysis

One-way ANOVAs were performed to evaluate baseline differences between groups. In cases where the assumption of normality (assessed using the Shapiro Wilk test) was not met, baseline comparisons between groups for these specific variables were performed using the non-parametric Kruskal Wallis test.

Two composite scores (C_Score) were developed to assess changes in insulin sensitivity measures and cardiometabolic risk factors using the average of standardized z scores. C_Scores for both outcomes were calculated using the following equation:

[image: image]

The C_Score for insulin sensitivity (C_IS) comprises the % change in Rd/Insulin from the clamp (x = % change), % change in HOMA-IR [x = –(% change)] and change in HbA1C [x = –(% change)]. The C_Score for cardiometabolic risk (C_CMR) comprises the % change in waist circumference [x = –(% change)], % change in triglycerides [x = –(% change)], and % change in fasting glucose [x = –(% change)]. The median of the composite scores was used to categorize participants as either “Low Responders” or “High Responders,” where High Responders had C_Score ≥ the median C_Score and conversely, Low Responders had C_Score < the median C_Score.

One-way ANOVAs were performed to assess between-group differences for C_IS and C_CMR. When a significant difference for the overall model was detected, a Tukey's post-hoc test for multiple comparisons was performed. To determine the effects of HED, WL and WL + EX on the proportion of individuals who were classified as “High Responder” and “Low Responder,” a 2 × 3 contingency table was generated, and group proportions were compared using the chi-square test. Because the WL and WL + EX groups were not matched for weight change, a one-way ANOVA was performed to assess between-group differences in weight change adjusted for baseline body weight. Additionally, regression analyses were run to assess the relationship between change in body weight and the composite scores, collapsed across the WL and WL + EX groups. Relationships between baseline values of participant characteristics and intervention-induced changes reflected by C_Scores were determined using Pearson correlation coefficients in both the WL and WL + EX groups. Statistical analysis was completed using GraphPad Prism version 8.1.2 for Windows (GraphPad Software, San Diego, California USA) and IBM SPSS Statistics for Macintosh, Version 25 (Armonk, NY:IBM Corp).




RESULTS

Participant baseline characteristics and ranges of percent change following intervention are summarized in Table 1. There were no significant differences in baseline characteristics between the HED, WL, and WL + EX groups.


Table 1. Baseline participant characteristics (mean ± SD) and range of change following intervention (%).

[image: Table 1]

To ensure that the C_Scores were capturing a favorable change in insulin sensitivity and cardiometabolic risk, respectively, simple correlations between the C_Score and each of its components were assessed. C_IS was significantly correlated with an increase in Rd/Insulin (r = 0.66, p < 0.0001), and a decrease in HOMA-IR (r = −0.82, p < 0.0001) and HbA1C (r = −0.62, p < 0.05). C_CMR was significantly correlated with a decrease in waist circumference (r = −0.65, p < 0.0001), fasting glucose (r = −0.68, p < 0.0001), and fasting triglycerides (r = −0.56, p < 0.001). Individual responses for each component of the C_Scores are illustrated in Supplementary Figures 1, 2.

Between group comparisons for C_IS and C_CMR in addition to individual responses are shown in Figures 1, 2. The WL + EX group had a greater mean C_IS compared to both the WL and HED groups (p < 0.05, Figure 1A). The WL + EX group also had a greater mean C_CMR compared to the HED group (p < 0.05, Figure 2A), but not the WL group.


[image: Figure 1]
FIGURE 1. Group differences [(A); mean C_IS and SD] and heterogeneity in individual response (B) for C_IS. *Significantly different from HED; #Significantly different from WL.



[image: Figure 2]
FIGURE 2. Group differences [(A); mean C_CMR and SD] and heterogeneity in individual response (B) for C_CMR. *Significantly different from HED.


For C_IS, the WL and WL + EX groups had a greater proportion of High Responders (HR) compared to the HED group (HR proportions: HED = 32%, WL = 46%, WL + EX = 83%). In addition, the WL + EX group had a greater proportion of High Responders compared to the WL only group (X2 = 8.54, p = 0.014; Figure 1B). Similarly, for C_CMR, the WL + EX group had a greater proportion of High Responders compared to both the WL and HED groups (HR proportions: HED = 39%, WL = 40%, WL + EX = 74%) (X2 = 6.12, p < 0.05; Figure 2B). The WL and WL + EX groups differed in body weight change (WL vs. WL + EX: −7.1 ± 4.6 kg vs. −10.6 ± 4.9 kg; p < 0.05). C_IS (r = −0.42; p < 0.05), but not C_CMR (p > 0.05), was significantly associated with weight change.

Associations between C_Scores and baseline characteristics, including body composition, clinical laboratory measures, aerobic fitness, insulin sensitivity, and fiber type are summarized in Table 2. For change in insulin sensitivity (C_IS), pre-intervention measures of insulin (r = 0.60) and HOMA-IR (r = 0.56) were positively associated with C_IS in the WL group only (p < 0.05). For change in cardiometabolic risk (C_CMR) glucose (r = 0.55), triglycerides (r = 0.53), and VLDL (r = 0.53) were positively associated with C_CMR in the WL only group (all p < 0.05). In the WL + EX group, baseline triglycerides (r = 0.59) and VLDL (r = 0.59) were positively associated with C_CMR (all p < 0.05).


Table 2. Associations between baseline characteristics and C_Scores.
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DISCUSSION

Recent focus on the application of personalized lifestyle-based medicine in the last decade has stimulated an exponential increase in observations related to response heterogeneity. However, several questions remain including the relative effect of different types of lifestyle-based prescriptions (exercise and/or diet) on interindividual variability, particularly in vulnerable populations such as older obese adults. In the present study, our primary findings indicate that the addition of exercise to energy restriction-induced weight loss improves the proportion of High Responders for glycemic control and cardiometabolic risk compared to weight loss alone and a time-matched control group. Our findings have novel implications for enhancing our understanding of the impact of lifestyle interventions on the variability of important clinical variables in older obese adults that may support future efforts to tailor lifestyle interventions to the individual and optimize treatment outcomes.

To our knowledge no prior studies have assessed the independent contributions of weight loss with or without exercise to the response heterogeneity in insulin sensitivity and cardiometabolic risk, particularly in the older obese population. Additionally, in prior analyses that examine variability, studies have typically been small, and the majority lack a control group, precluding the ability to assess intervention-independent effects on response (4, 5, 13). The current trial includes a time-matched control group that allows assessment of intervention responses beyond both technical error and day-to-day biological fluctuations (6, 7). Using this approach, we observed that exercise combined with energy intake restriction-induced weight loss is a superior approach for improving the proportion of individuals who achieve a favorable response for both insulin sensitivity and cardiometabolic risk compared to weight loss alone or no intervention. While others have suggested a similar mean group response to exercise vs. diet-induced weight loss in men for several clinical outcomes (14–17), our findings suggest that more individuals will achieve a greater response magnitude to intervention with the combination of diet-induced weight loss and exercise compared to diet alone. Taken together, our novel findings reinforce and provide support for the inclusion of regular exercise in addition to dietary recommendations to improve the likelihood that an individual responds favorably to treatment.

We completed a comprehensive assessment of relationships between baseline traits and response for glycemic control and cardiometabolic risk, including clinical laboratory outcomes, MRI-derived body composition, aerobic fitness, muscle and hepatic insulin sensitivity, and immunohistochemical analysis of fiber type and capillary density. Overall, while pre-intervention traits were differentially associated with insulin sensitivity and cardiometabolic risk response, in both WL and WL + EX groups a more favorable response to intervention was associated with a higher risk clinical phenotype at baseline. Specifically, in both intervention groups, higher baseline triglycerides and VLDL-cholesterol were associated with greater improvement in cardiometabolic risk while higher plasma insulin and HOMA-IR were associated with increased insulin sensitivity. Consistent with our findings are those from a 12-week diet and exercise intervention in individuals aged 18–75 years who were at risk for type 2 diabetes (9), wherein High Responders for glucose AUC assessed by 2-h OGTT had higher baseline weight, visceral AT, fasting glucose, 2-h OGTT glucose, and triglycerides and lower HDL-cholesterol compared to those who experienced an adverse response or attenuated response to the intervention. However, our findings also contradict many others who observed blunted responses to exercise interventions associated with metabolically unhealthy outcome levels at baseline (4, 5, 18–20). Several factors may explain the discrepant findings, including differences in sample demographics and disease diagnosis, duration of disease, medication use, dissimilar outcome variables, correlation vs. categorical response analysis, intervention characteristics, etc. Thus, further investigation is warranted to evaluate whether response heterogeneity and predictors of response differ across population subtypes and lifestyle modifications to move closer to personalized lifestyle medicine that optimizes changes in clinical outcomes based on individual characteristics.

Numerous mechanisms have been highlighted as potential contributors to an individual's response to lifestyle intervention (21, 22). Prior work from our group demonstrated that skeletal muscle DNA methylation and RNA expression patterns reflective of elevations in antioxidant defense, insulin signaling, and mitochondrial metabolism were present in Non-Responders based on changes in PCR recovery rate (i.e., in vivo muscle mitochondrial function) and insulin sensitivity following a 10-week aerobic exercise intervention (23). These molecular characteristics of Non-Responders correlated with higher baseline insulin sensitivity and muscle mitochondrial function in vivo (23). Taken together, these mechanistic findings support the interpretation of our observations that indicate a higher metabolic burden and less healthy skeletal muscle phenotype allows for a greater window of opportunity for improvement. Thus, factors across a range of molecular and metabolic outcomes (genetics, epigenetics, metabolism, physiology, etc.) likely play a role in an individual's response to intervention and should be further exploited in future studies (24).

Given growing interest in the study of individual responses and its implications for personalized exercise and diet prescription, it is important to consider the clinical relevance and interpretation of our findings. This notion is complicated by the range of important health outcomes under interrogation that do not necessarily change in concert. The use of Z-scores to reflect the concurrent change in a collection of predefined outcomes is not a novel concept (25–28). However, we extend this application to the study of interindividual variability. Compared to the interventions described above that focus on a singular outcome, the use of Z-scores appears to reduce the proportion of individuals who respond poorly or do not respond to intervention (24). Classifying an individual as a “non-responder” based on change in a singular outcome without consideration for equally meaningful changes in other outcomes may discourage these individuals from implementing positive exercise and dietary habits into their habitual routines. Furthermore, the use of Z-scores for predefined clusters of variables reduces the biological variability of each component (Supplementary Figures 1, 2), thus reducing the “noise” and more robustly capturing the response to the intervention itself (29). Thus, in this field of response heterogeneity, it may be helpful to consolidate related outcomes to provide an integrative assessment of physiological responses and improve clinical applications and inferences.

There are limitations in our study that should be considered. For some outcome variables, the sample size may not be adequate to assess associations between baseline phenotype and response to WL or WL + EX. This is particularly true for measures of skeletal muscle fiber type and MRI-derived AT. While these are simple associations and do not imply causation, our findings do prompt future work with appropriately powered trials to combine data from molecular, metabolic, physiological and clinical measures to assess predictors of response to weight loss with and without exercise. Our participants reflected a range in diabetes status, from no diabetes to frank type 2 diabetes and thus, differed in medication use. Recent interest in the interaction effects of exercise and medication use on response across a range of outcomes has revealed inconsistent findings. Observations in a large sample (n = 225) of men and women with type 2 diabetes suggest that metformin had no effect on HbA1C reduction following aerobic exercise training (30). Contrary to these findings, in both older adults (31) and those with prediabetes (32), the increase in whole-body insulin sensitivity following 12 weeks of aerobic exercise training was attenuated in those taking metformin concurrently. Similar discrepancies are seen with the interaction between statin use and exercise, where evidence from obese elderly males suggests no impact of statins on the beneficial effects of 12 weeks of exercise (33), whereas the addition of statins blunted the increase in cardiorespiratory fitness and citrate synthase activity in overweight or obese adults (34). Thus, just as individuals respond differently to exercise training, the interaction of his/her medication use with exercise may also differ. Taken together, factors associated with medication use (e.g., length of use, sex differences, disease status) may introduce variability in the response to exercise training for cardiometabolic risk and glycemic control. The WL and WL + EX groups were not matched for weight loss and we did not include an EX only group; thus, it is uncertain whether the improved response with exercise is a result of differences in energy balance or exercise per se. Additionally, we do not have adherence and compliance records for all participants; both may impact response variability. Future work carefully accounting for energy balance is warranted in order to definitively make these conclusions.

In conclusion, the addition of exercise to energy restriction-induced weight loss improves the number of older obese adults who achieve improvement in insulin sensitivity and cardiometabolic risk. Additionally, individuals with poorer metabolic status at baseline are more likely to experience greater improvements in clinical outcomes with these lifestyle interventions. Our data contributes novel findings with regards to individual response variation to lifestyle interventions, moving us closer to identifying predictors of response and tailoring lifestyle-based treatments to the individual.
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Background

Exercise improves glycemic control but the magnitude, and in some cases, the direction of this effect is variable. Ambient hyperglycemia has been implicated in this exercise response heterogeneity. The current study investigated whether pre-exercise hyperglycemia directly impacts the effect of exercise on glycemic control.



Methods

Twelve healthy normal glucose-tolerant males completed four trials in a randomized, crossover design. Each trial consisted of 24-h pre-intervention monitoring, a 7-h intervention, and 24-h post-intervention monitoring. Glycemic control was measured throughout the study by continuous glucose monitoring. The four interventions were no exercise (CON) or 45 min of cycling exercise (70%HRmax) preceded by 3.5 h of either normoglycemia (NG-Ex), steady-state hyperglycemia induced by constant glucose infusion (HG-Ex) or fluctuating glycemia induced by repeated glucose bolus infusions (FG-Ex).



Results

Physical activity and diet were similar between trials, and energy expenditure during exercise was matched between exercise trials (all P > 0.05). Mean glucose during the 3.5 h ± infusion period was higher in HG-Ex (mean ± SEM; 7.2 ± 0.4 mmol/L) and FG-Ex (7.3 ± 0.3 mmol/L) compared to CON (4.8 ± 0.2 mmol/L) and NG-Ex (5.0 ± 0.2 mmol/L) trials (P < 0.01). Glycemic variability was greatest in FG-Ex (P < 0.01). Following the interventions, the postprandial glucose response (iAUC) was reduced by exercise in NG-Ex compared to CON (321.1 ± 38.6 vs. 445.5 ± 49.7 mmol/L.8h, P < 0.05, d=0.81). This benefit was blunted when exercise was preceded by steady-state (HG-Ex, 425.3 ± 45.7 mmol/L.8h) and fluctuating (FG-Ex, 465.5 ± 39.3 mmol/L.8h) hyperglycemia (both P > 0.05 vs. CON).



Conclusion

Pre-exercise hyperglycemia blunted the glucoregulatory benefits of acute exercise upon postprandial glucose response, suggesting that exposure to hyperglycemia contributes to exercise response heterogeneity.



Clinical Trial Registration

ClinicalTrials.gov, identifier NCT03284216.
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Introduction

The worldwide prevalence of type 2 diabetes mellitus (T2DM) continues to rise, meaning increasing proportions of the global population are at risk of or living with a range of serious microvascular and macrovascular complications (1–3). Consequently, the economic cost of managing T2DM continues to rise and places an increasing burden on healthcare systems. Optimizing interventions to improve glycemic control remains a clinical necessity.

The level of glycemia, and particularly postprandial glucose exposure (4–6), has been implicated with the aforementioned diabetic complications, as well as being predictive of a worsening glycated haemoglobin (HbA1c) level in non-diabetic individuals (7). Therefore, reducing postprandial glucose exposure is particularly important for the prevention and long-term management of glycemic control in individuals with or at risk of T2DM. Exercise training exerts potent glucoregulatory effects in those with and at risk of developing T2DM. For example, exercise training reduces HbA1c and fasting blood glucose (8, 9) as well as increases peripheral insulin sensitivity (10–12) and β-cell insulin secretory function (13, 14). A single exercise bout also potently increases glucose uptake, insulin sensitivity (15) and β-cell insulin secretory function (16) in the hours to days following each exercise bout. Similarly, and of particular relevance to the current study, reduced (i.e., improved) postprandial glucose response is also among the glucoregulatory effects of a single exercise bout (17–21). Many of these benefits are gained by individuals with and without T2DM, but the transient nature of benefits means exercise must be repeated regularly to preserve metabolic health. Accordingly, regular exercise forms the cornerstone in the prevention and management of hyperglycemia-related conditions, including T2DM (22).

While the potent glucoregulatory effects of exercise are unequivocal, the magnitude and direction of change following both acute exercise (16, 23, 24) and exercise training (25, 26) in hyperglycemic individuals vary considerably. Isolating factors contributing to this exercise response heterogeneity is vital to optimizing the glucoregulatory effects of exercise in this population and have been discussed in several recent reviews (27–30). In free-living environments, factors such as diet and exercise characteristics/adherence and exercise-medication interactions (31, 32) likely contribute to variability in this setting (30). Interestingly, evidence from recent well-controlled studies, where free-living sources of heterogeneity (e.g., exercise-drug interaction, exercise adherence, diet) are controlled, implicates the degree of hyperglycemia as one possible contributor to heterogeneity following single exercise bouts as well as exercise training (27, 28, 30). That said, equivocal conclusions have been made in studies to date, with both blunted (16, 33–35) and potentiated (23, 24) exercise-induced glucoregulatory benefits associated with higher baseline fasting plasma glucose and/or HbA1c. Furthermore, the evidence to date is also largely correlational, meaning that the direct effect of hyperglycemia on exercise-mediated improvements in glycemic control remains to be tested experimentally. Accordingly, the current study investigated the impact of pre-exercise hyperglycemia on the response to a single exercise bout in healthy normal glucose-tolerant participants. It was hypothesized that pre-exercise hyperglycemia would blunt the glucoregulatory effects of acute exercise.



Materials and Methods


Participants

Healthy, recreationally active males with normal glucose tolerance (n = 12; Table 1) were recruited from the local community to participate in the current study. Potential participants underwent an initial screening visit to determine their eligibility for the study. Individuals were excluded from participation if they smoked, had a BMI >30 kg/m2, and/or had a history of cancer, haematological, pulmonary, cardiac, hepatic, renal, metabolic, or gastrointestinal diseases. All participants provided written informed consent before participation. The CONSORT diagram in Supplemental Figure S1 shows an overview of the recruitment/screening/inclusion decisions. Formal sample size calculations were made using G*Power Version 3.1.7 (36). Ethical approval was obtained through the West Midlands - South Birmingham Research Ethics Committee (16/WM/0242) and sponsored by the University of Birmingham Research Governance. The study is registered at ClinicalTrials.gov (NCT03284216).


Table 1 | Participant characteristics.





Screening and Habitual Monitoring

All participants completed a general health questionnaire, as well as had their body composition (height, weight, BMI, waist circumference) and HbA1c analyzed to confirm eligibility for the current study. Subsequently, participants performed a maximal incremental exercise test on a cycle ergometer (Lode Excalibur, Groningen, The Netherlands) to determine their maximum workload capacity (Wmax), maximal oxygen consumption (V̇O2max), and maximal heart rate (HRmax). After 5-min warm-up at 50 W, the workload was increased by 25 W/min until exhaustion. Oxygen consumption was assessed continuously during exercise via indirect calorimetry (Vyntus CPX, Jaeger, CareFusion, Germany), with heart rate (Polar Wearlink, Polar Electro Oy, Kempele, Finland), and ratings of perceived exertion (RPE; 6–20 Borg scale) monitored throughout. Following screening, participants completed 7 days of habitual monitoring, during which accelerometry (Actigraph wGT3X-BT, Pensacola, FL) and diet logs were used to assess habitual physical activity and diet, respectively.



Study Design

Participants completed four experimental trials in a randomized, crossover design with trials separated by ~1 week, during which time participants were instructed to maintain habitual physical activity and diet. Each trial consisted of a 24-h pre-trial monitoring period, a 7-h experimental intervention period, and a 24-h post-trial monitoring period (Figure 1). The four 7-h interventions were completed in a randomized order (determined using http://www.randomization.com/) and were: normoglycemia, no exercise (CON), normoglycemia plus exercise (NG-Ex), steady-state hyperglycemia plus exercise (HG-Ex), and fluctuating glycemia plus exercise (FG-Ex).




Figure 1 | Schematic overview of the study design. Pre-trial monitoring involving physical activity () and CGM-derived glycemic control () began 24 h before each experimental trial. During experimental trials, participants were exposed to differing glycemic profiles followed by 45 min of rest () or exercise (). Post-trial glycemic control was assessed under strict dietary control () but otherwise free-living conditions. A full description is provided in the text.





Pre-Trial Standardization and Monitoring Period

In the afternoon of day 0, participants reported to the laboratory for insertion of the continuous glucose monitoring (CGM) glucose sensor (Dexcom G5 mobile, Camberley, UK) into the abdominal subcutaneous adipose tissue, and to receive an accelerometer and diet records. Data was not collected on this day; instead, the purpose of this visit was to allow time for CGM calibration (which required ~2–3 h) in preparation for data collection to commence on day 1. The CGM was calibrated twice daily using a glucose meter (Contour Next One, Ascensia Diabetes Care UK, Berkshire, UK) on fingertip capillary blood samples. Participants were provided with detailed written instructions, including refraining from strenuous physical activity and the consumption of alcohol and caffeine from day 0 to day 3, inclusive.

On day 1 (24-h pre-trial), diet record (food type, amount and time of ingestion), accelerometry-derived physical activity, and CGM data collection commenced and continued until 24-h post-exercise (i.e., days 1–3, inclusive). Participants consumed a self-selected diet before trial 1 and then replicated this chosen diet on day 1 of subsequent trials. Similarly, participants were instructed to replicate as closely as possible activity patterns (e.g., mode of transportation) during the 24 h before each trial. This approach to pre-trial standardization is similar to other studies assessing the acute effects of exercise on glucose metabolism (37–39). Repeated verbal and written reminders of the importance of adhering to these standardizations were provided throughout.



Experimental Trials

On day 2, participants reported to the laboratory at 08:00, after an overnight fast (≥10 h, except water). Bodyweight, height, and waist circumference were measured by standard procedures, and bilateral antecubital venous lines were placed for glucose infusion and blood sampling. The four trials were identical except for the pre-exercise glycemic intervention and the rest vs. exercise conditions. Specifically, after baseline measurements, one of four 3.5-h pre-exercise glycemic interventions commenced: CON (no infusion); NG-Ex (no infusion); HG-Ex, a constant glucose infusion of 1.2 g/kg for 3.5 h (5.71 mg/kg/min); and FG-Ex, a total of 1.2 g/kg of glucose infused over 3.5 h but divided into 8 equal boluses every 30 min (0.15 g/kg per bolus, infused over 3.5 min at 42.86 mg/kg/min). Glucose (20% w/v glucose monohydrate; Baxter FKB0213B) infusion was administered using a volumetric infusion system (Infusomat Space pump, B. Braun Medical Ltd, Sheffield, UK). Heart rate, blood pressure, oxygen saturation, and body temperature were measured throughout to monitor participant safety and well-being; no within- or between-trial differences were found (data not shown). Sixty minutes after cessation of the respective glycemic intervention (to allow for normalization of glucose levels), participants completed either a 45-min rest period (CON; remain seated) or a 45-min exercise bout (NG-Ex, HG-Ex, and FG-Ex; stationary cycling at 70% HRmax). Indirect calorimetry, heart rate and power output were measured continuously throughout the exercise/rest period. The end of the 45-min ± exercise period marked the start of the 24-h post-trial monitoring period.



Post-Trial Standardization and Monitoring Period

For the remainder of day 2 until ~15:00 on day 3 (i.e., the 24-h post-exercise period), CGM, accelerometry, and diet record monitoring continued in free-living conditions. During this time, participants were instructed to minimise any unnecessary physical activity (e.g., walking around at home was permitted but structured exercise was not) and to eat only the standardized meals provided.

The standardized 24-h diet consisted of four meals ingested at predetermined time points (lunch at 15:00, dinner at 19:00, breakfast at 07:00, lunch at 12:00). The first meal (lunch) was consumed after 30-min seated rest following the cessation of the ± exercise period, after which participants were free to leave the laboratory. The standardized 24-h diet provided 2467.6 ± 4.6 kcals and consisted of a mixed macronutrient composition (54.9 ± 0.1% of energy from carbohydrates, 31.6 ± 0.1% from fat, and 13.5 ± 0.1% from protein). Participants were instructed to consume meals within a 20-min timeframe and recorded the exact meal ingestion start and end times to allow specific data to be extracted from CGM data files. This approach ensured that the dietary intake (food type, amount and timing) was standardized within-subjects across all four trials; an important approach frequently adopted when using CGM to evaluate exercise-induced changes in measures of glycemic control in free-living settings (20, 21, 38, 40–43). In the afternoon of day 3 (≥24 h following exercise cessation), participants reported to the laboratory for removal of CGM, accelerometer and collection of diet records and activity logs, marking the end of the trial.

It should be noted that no additional calories were provided to replace those expended during exercise in the exercise trials (NG-Ex, HG-Ex, FG-Ex) compared to CON (Table 3), or to account for extra calories gained from glucose infusions in HG-Ex and FG-Ex (83.5 ± 2.8 g of glucose infused, equating to 333.8 ± 11.2 kcals). Resultant energy balance induced by experimental interventions (i.e., crudely calculated as kcal gained during infusion minus kcal expended during exercise) is as follows: CON = 61.7 ± 3.6 kcals deficit; NG-Ex = 326.1 ± 18.8 kcals deficit; HG-Ex = 10.9 ± 20.5 kcals surplus; FG-Ex = 9.8 ± 17.7 kcals surplus). Although caloric imbalances between trials may be a confounder (44), accounting for imbalances between trials with the provision of food, for example, would result in differences in macronutrient provision between trials, which in itself would also be a confounding variable. Therefore, the meals were kept constant across all conditions.



Blood Sample Analyses

HbA1c was measured in capillary blood samples during the screening visit (HemoCue HbA1c 501, Radiometer, Copenhagen, Denmark). Venous blood samples were collected in pre-chilled EDTA-coated tubes and centrifuged at 2,000 g for 15 min at 4°C, with resulting plasma samples stored at −80°C until analysis. Plasma insulin (DINS00), plasma IL-6 (HS600C), and plasma CRP (DCRP00) concentrations were determined using solid-phase sandwich ELISAs (Quantikine, Biotechne, R&D). Plasma glucose concentrations were measured using a HemoCue Glucose 201+ analyzer (Radiometer, Copenhagen, Denmark).



Calculations

Diet records were analyzed using the UK food database within MyFitnessPal (Under Armour, Baltimore, MD). The 24-h pre-trial glucose and physical activity data were derived from CGM and Actigraph data, respectively, from 08:00 on the day before the trial to 08:00 on the day of the trial. The 24-h post-trial glucose and physical activity data were derived from CGM and Actigraph data, respectively, from the end of exercise until 24-h later. CGM-derived measures of glucose exposure (mean glucose and incremental area under the curve, iAUC) and glycemic variability (standard deviation and coefficient of variation, CV%) were calculated following clinical guidelines (45). The 24-h prevalence of hyperglycemia (time spent above 8 mmol/L) and hypoglycemia (time below 4 mmol/L) were also calculated.

Postprandial glucose control was defined as the iAUC above pre-meal glucose level (average of 30-min pre-meal) over the 2-h postprandial period for four individual meals (lunch, 15:00; dinner, 19:00; breakfast, 07:00; snack, 12:00). Total postprandial glucose iAUC was also calculated as the summation of iAUCs from all four meal periods. Such approach has been used frequently when assessing the effects of exercise on postprandial glucose outside of the laboratory (18, 20, 21). Post-absorptive insulin sensitivity was estimated using the homeostasis model assessment (HOMA-IR) (46). Whole-body substrate oxidation rates were calculated from V̇O2 and V̇CO2 at rest (47) and during exercise (48).



Statistical Analysis

Either one- or two-way repeated-measures ANOVA were used where appropriate, and in the case of significant interaction effects, pairwise comparisons were made with Bonferroni corrections. Effect sizes for post hoc pairwise comparisons were calculated using Cohen’s d and are presented in the figure legends. All analyses were performed in GraphPad Prism 7.0 (La Jolla, CA) with a value of P < 0.05 considered to be statistically significant. Data are presented as mean ± SEM.




Results


Participant Characteristics and Pre-Trial Standardization

Table 1 presents characteristics and habitual physical activity levels of participants recruited to complete the study. Table 2 confirms adherence to pre-trial diet and activity standardizations, showing no between-trial differences in dietary intake, physical activity or CGM-derived glycemic control collected during 24-h pre-trial. There were also no significant changes in body composition (body mass, BMI and waist circumference) between trials (P > 0.05, data not shown).


Table 2 | Physical activity, dietary intake and free-living CGM variables measured for 24 h before each experimental trial.





Blood Biochemistry During the Experimental Trials

Figure 2A shows that the glucose infusion protocol successfully induced three distinct glycemic profiles: normoglycemic (CON and NG-Ex) and two different hyperglycemic conditions (HG-Ex and FG-Ex). Mean glucose concentration (Figure 2B) and glucose iAUC (Figure 2C) during the 3.5 h ± infusion period were significantly higher during HG-Ex and FG-Ex compared to CON and NG-Ex (all comparisons P < 0.05), with no differences between CON and NG-Ex (P > 0.05). Figure 2D confirms that the FG-Ex trial had an unstable and fluctuating glucose profile, since CV%, a measure of glycemic variability, was significantly higher than in all other trials (all comparisons P < 0.05).




Figure 2 | Glucose control during conditions of ± glucose infusion and ± exercise. (A) Time course for glucose concentration (mmol/L) during each experimental trial. (B) The mean glucose concentration (mmol/L) during each 3.5 h ± infusion period. *P < 0.05 (HG-Ex, d = 2.38; FG-Ex, d = 4.02) vs. CON. †P < 0.05 (HG-Ex, d = 2.17; FG-Ex, d = 3.83) vs. NG-Ex. (C) Glucose iAUC during each 3.5 h ± infusion period. *P < 0.05 (HG-Ex, d = 2.47; FG-Ex, d = 4.40) vs. CON. †P < 0.05 (HG-Ex, d = 2.70; FG-Ex, d = 4.94) vs. NG-Ex. (D) Glycemic variability (coefficient of variation; %CV) during each 3.5 h ± infusion period. *P < 0.05 (HG-Ex, d = 3.35; FG-Ex, d = 12.05) vs. CON. †P < 0.05 (HG-Ex, d = 3.38; FG-Ex, d = 11.45) vs. NG-Ex. §P < 0.05 (FG-Ex, d = 4.84) vs. HG-Ex.



Figure 3A shows that plasma insulin concentrations were significantly increased post-infusion vs. pre-infusion in both HG-Ex and FG-Ex (both P < 0.0001 vs. respective baseline), but not NG-Ex and CON (P > 0.05). Post-infusion values in HG-Ex and FG-Ex were also significantly higher than time-matched values in NG-Ex and CON (P < 0.0001 vs. time-matched values). There was no significant interaction effect of experimental treatments upon plasma IL-6 (Figure 3B) or plasma CRP (Figure 3C) concentrations (P > 0.05).




Figure 3 | Time course for changes in plasma insulin, IL-6, and CRP. (A) Time course for plasma insulin (pmol/L) during each experimental trial. *P < 0.0001 (HG-Ex, d = 1.24; FG-Ex, d = 2.18) vs. time-matched CON; †P < 0.0001 (HG-Ex, d = 1.26; FG-Ex, d = 2.20) vs. time-matched NG-Ex; +P < 0.0001 (HG-Ex, d = 1.07; FG-Ex, d = 2.09) vs. pre-infusion. (B) Time course for IL-6 concentration (pg/mL) during each experimental trial. (C) Time course for CRP (mg/L) during each experimental trial.





Physiological Responses to Exercise During the Trials

The exercise/rest period lasted 44.6 ± 0.4 min and characteristics of these periods are shown in Table 3. Heart rate, power output, V̇O2, work done, and energy expenditure were similar between the three exercise trials (P > 0.05) and significantly higher than during the resting trial (P < 0.05). RER was significantly higher during the three exercise trials vs. CON (P < 0.05; Table 3), and also significantly higher in HG-Ex and FG-Ex compared to NG-Ex (P < 0.05; Table 3). Furthermore, carbohydrate oxidation rates during exercise/rest were significantly higher in all three exercise trials (NG-Ex, HG-Ex, and FG-Ex) compared to CON (P < 0.05), with rates during HG-Ex and FG-Ex also significantly higher than NG-Ex (P < 0.05; Figure 4A). Fat oxidation rates during exercise in NG-Ex were significantly higher than all other trials (P < 0.05), with no further between-condition differences (P > 0.05; Figure 4B).


Table 3 | Physiological responses to acute exercise intervention.






Figure 4 | Rates of substrate oxidation during exercise. (A) Carbohydrate oxidation rates during the 45-min ± exercise period within the four experimental trials. *P < 0.05 (NG-Ex, d = 6.85; HG-Ex, d = 7.06; FG-Ex, d = 5.18) vs. CON. †P < 0.05 (HG-Ex, d = 0.96; FG-Ex, d = 0.84) vs. NG-Ex. (B) Fat oxidation rates during the 45-min ± exercise period within the four experimental trials. *P < 0.05 (NG-Ex, d = 1.81) vs. CON. †P < 0.05 (HG-Ex, d = 0.90; FG-Ex, d = 0.89) vs. NG-Ex.





Post-Trial Standardization

Table 4 confirms that both dietary intake and physical activity levels during the 24-h post-trial period were similar between trials (P > 0.05).


Table 4 | Physical activity, dietary intake, and free-living CGM variables measured for 24 h following each experimental trial.





Post-Trial 24-h Glycemic Control

There were no significant between-condition differences in 24-h glucose exposure (i.e., mean 24-h glucose concentrations) during the post-exercise period (P > 0.05; Table 4). Since the regulatory mechanisms (e.g., changes in glucose uptake and insulin sensitivity) of exercise-induced glucoregulatory benefits follow time-dependent profiles (15), the 24-h post-exercise period was broken down to discreet periods, namely: 0–6, 0–12, 0–18, 6–12, 6–18, 6–24, 12–18, 12–24, and 18–24 h. However, there were no significant between-condition differences in mean glucose during these periods (P > 0.05). Measures of 24-h glycemic variability, namely, SD and %CV, were not significantly affected by the experimental conditions (Table 4, both P > 0.05). Similarly, there were no significant between-condition differences in the 24-h prevalence of hyperglycemia or hypoglycemia (both P > 0.05; data not shown).



Post-Trial Postprandial Glycemic Control

There were no significant between-condition differences in mean glucose or glucose iAUC in the 2-h postprandial period following the four meals provided when analyzed per meal (P > 0.05). However, as presented in Figure 5, total postprandial glucose response, measured as the sum of post-meal glucose iAUC, was significantly reduced by exercise in NG-Ex compared to CON (321.1 ± 38.6 mmol/L.8h vs. 445.5 ± 49.7 mmol/L.8h, P < 0.05). However, such benefits were blunted when exercise was preceded by steady-state hyperglycemia (425.3 ± 45.7 mmol/L.8h) and fluctuating glycemia (465.5 ± 39.3 mmol/L.8h) in HG-Ex and FG-Ex, respectively (both P > 0.05 vs. CON).




Figure 5 | The effects of the four interventions on total postprandial glucose iAUC. Total postprandial glucose response (the sum of post-meal glucose iAUC across four standardized meals) was measured using CGM following four experimental trials. *P < 0.05 (NG-Ex, d = 0.81) vs. CON.






Discussion

The current study is the first to experimentally investigate the direct effect of hyperglycemia on exercise-induced benefits in glucose control. The findings demonstrate that pre-exercise hyperglycemia blunts the exercise-induced improvement in postprandial glucose response following a single exercise bout in healthy normal glucose-tolerant individuals.

Excessive postprandial glucose exposure contributes to the worsening of HbA1c in non-diabetic individuals (7), as well as exacerbating the risk of developing diabetic complications and premature mortality (4, 6). Accordingly, reducing postprandial glucose is a prime therapeutic target in the prevention and management of hyperglycemia-related conditions, such as T2DM. In this study, when exercise was preceded by normoglycemia, total postprandial glucose iAUC was significantly reduced compared to the non-exercise CON condition (d = 0.81; Figure 5). While reference ranges for CGM-derived treatment targets are constantly being refined (45, 49), a reference range for what constitutes a clinically important exercise-induced change in a CGM-derived variable does not currently exist. Nevertheless, the improved postprandial glucose response in the current study is in agreement with previous research also demonstrating the potency of exercise in improving this specific CGM-derived measure of glycemic control (18, 20, 21). However, this beneficial effect was blunted when the same individuals were exposed to steady-state hyperglycemia or fluctuating glycemia before exercise (Figure 5). This is the first experimental evidence demonstrating a direct effect of pre-exercise hyperglycemia upon the potency of exercise to induce glucoregulatory benefits. The findings, therefore, support that hyperglycemia contributes to the inter-individual heterogeneity of the metabolic response to exercise.

The magnitude and profile of an individual’s postprandial glucose response are determined by multiple factors. These include meal characteristics such as caloric content and macronutrient composition, but also the nutrient-induced gastrointestinal responses, tissue glucose uptake, insulin sensitivity, pancreatic β-cell insulin secretory function, glucose effectiveness, and hepatic and renal glucose handling (50–53), all of which are regulated by exercise. Therefore, the exercise-induced enhancement in postprandial glucose control seen in the NG-Ex trial is likely attributable to coordinated exercise-mediated enhancements in any of the above factors. As a corollary, if pre-exercise hyperglycemia impairs any of these adaptive processes, this would feasibly blunt exercise-induced improvements in postprandial glucose response. This notion is supported by evidence demonstrating that chronic hyperglycemia is associated with smaller exercise-induced improvements in peripheral insulin sensitivity, which in turn was linked with blunted exercise-induced improvements in postprandial glucose response (54).

Furthermore, hyperglycemia impairs skeletal muscle cell insulin sensitivity (55–58), pancreatic β-cell insulin secretory capacity (59, 60), and endothelial cell function (61, 62) within in vitro experimental models. Likewise, skeletal muscle (63, 64) and hepatic (65) insulin sensitivity, insulin secretory capacity (63), and vascular function (66) are impaired by exposure to experimental hyperglycemia in vivo, even in healthy individuals with normal glucose tolerance. Such hyperglycemia-induced impairments could also explain the elevated postprandial glucose response following the HG-Ex and FG-Ex trials.

Impaired function of key glucoregulatory tissues, including muscle, liver, and the endocrine pancreas, may also contribute indirectly to poorer postprandial glucose response following HG-Ex and FG-Ex since the impaired function of these tissues at baseline has also been associated with poorer outcomes following exercise. For example, blunted exercise-induced improvements in insulin sensitivity have been documented in individuals with higher baseline insulin resistance (54), and poorer contraction-induced improvements in glucose metabolism and insulin sensitivity has been found in primary myotubes from insulin resistant (e.g., obese and/or T2DM) vs. healthy donors (67, 68). Similarly, poorer baseline pancreatic β-cell function is predictive of poorer exercise responsiveness (33). Collectively, in this study, pre-exercise hyperglycemia may have impaired the function of glucoregulatory tissues (muscle, pancreas, etc.) while also blunting their ability to respond to exercise.

Markers of inflammation and oxidative stress are elevated in T2DM and are increased by experimental hyperglycemia (66). Since excessive levels of inflammation and oxidative stress can impair exercise adaptations (69), pre-exercise hyperglycemia-induced inflammation and oxidative stress may influence exercise-induced benefits. However, we found no significant interaction effect in two markers of systemic inflammation (IL-6 and CRP; Figure 3) suggesting that inflammation may not explain our findings. That said, tissue inflammation was not examined and these outcomes may be different in a patient population. Alternatively, pre-exercise hyperglycemia appeared to promote carbohydrate utilization (Figure 4A) and suppress fat utilization (Figure 4B) during exercise compared to exercise under normoglycemic conditions despite matched exercise stimuli (Table 3). Such alterations in substrate use during exercise may contribute to altered glucoregulation during the post-exercise period.

In contrast to the exercise-induced improvements in postprandial glucose, there were no significant effects of exercise upon mean 24-h glucose concentration, glucose SD or glucose CV%. This contradicts the improvements in 24-h glycemic control seen in hyperglycemic participants (20, 38, 40, 70). The smaller margin for improvement in the normal glucose-tolerant participants in the current study (HbA1c = 5.4 ± 0.1%) compared to the aforementioned studies in hyperglycemic individuals may contribute to this discrepancy. Interestingly, there were also no significant effects of HG-Ex or FG-Ex on these markers of 24-h glycemic control compared to either normoglycemic condition, highlighting that the ability of healthy humans to regulate glucose homeostasis under a challenge from distinctly different stimuli (i.e., exercise and hyperglycemia) is remarkably well-preserved.

Given the aim of the current study to investigate possible contributing factors to response heterogeneity in glycemic improvements following exercise, it would be remiss to not discuss variability in outcomes. Inter-individual heterogeneity showed that 9, 7, and 7 out of 12 individuals showed a decrease in 24-h mean glucose, glucose SD, and glucose CV%, respectively, following exercise. This variability in responses likely contributes to the lack of significance seen for these outcomes. A further anecdotal observation is that pre-exercise hyperglycemia in HG-Ex and FG-Ex reduced the participants’ enjoyment during exercise when compared to NG-Ex. This is important because reduced enjoyment during exercise could feasibly impact exercise adherence in a free-living setting.

In the present study, healthy, recreationally active, non-diabetic individuals were exposed to blood glucose profiles similar to those seen in T2DM (i.e., elevated and unstable) for 3.5 h. It is important to note that the short-term, acute nature of this likely represents a different metabolic and physiological challenge compared to the chronic state of hyperglycemia and/or glycemic instability in T2DM. Nevertheless, the approach used enabled us to isolate the effect of acute hyperglycemia from other symptoms or comorbidities of T2DM (e.g., chronic low-grade inflammation, dyslipidaemia, impaired insulin sensitivity and/or secretion, etc.), while also avoiding changes in circulating incretin hormones (e.g., GLP-1) otherwise induced by oral glucose ingestion (71), thus justifying the study design used. That said, since pancreatic clamp conditions were not employed during glucose infusion in the current study, the possibility that increased plasma insulin in hyperglycemic (HG-Ex and FG-Ex) vs. normoglycemic (NG-Ex and CON) conditions (Figure 3A) contributed to the responses seen cannot be excluded. Additionally, short-term hyperglycemia, such as during a 2-h hyperglycemic clamp, reduces plasma glucagon concentration, and suppresses endogenous glucose production in healthy individuals (63), and such effects may contribute to responses observed in the current study. Furthermore, since exercise in the current study is acute and of moderate-intensity, whether exercise within training regimes and/or of greater intensity elicits the same outcomes remains to be determined. Future studies should also aim to quantify the long-term impact of changes in CGM-derived outcomes on the risk of developing hyperglycemia-related conditions/complications.

Using glucose infusion to induce hyperglycemia introduced caloric and carbohydrate imbalances between trials. Specifically, there was an energy deficit in CON (−61.7 ± 3.6 kcals) and NG-Ex (−326.1 ± 18.8 kcals) and a slight energy surplus in HG-Ex (+10.9 ± 20.5 kcals) and FG-Ex (+9.8 ± 17.7 kcals). Similarly, while more carbohydrate was oxidized during exercise within the infusion trials compared to NG-Ex (Figure 4A), this difference does not account for the amount of glucose infused during HG-Ex and FG-Ex. While the thermic effect of glucose infusion itself, which increases resting energy expenditure (by ~5%–11%) (72–74) and carbohydrate oxidation (75), may attenuate these between-trial imbalances to some extent, the possibility that they contributed to findings cannot be excluded. Excess glucose may have increased liver (76) and skeletal muscle (64) glycogen storage which may impact the capacity for postprandial glucose disposal during the post-exercise period in the infusion trials only. That said, while glucose infusion to maintain glucose concentrations at +2.5 mmol/L above fasting for 3 days doubled muscle glycogen (64), the short-term, acute nature of infusion in the current study (3.5 h) is unlikely to induce such a stark increase. Additionally, moderate-intensity exercise still reduces muscle glycogen under conditions of experimental hyperglycemia (via glucose infusion) (77) and when pre-exercise muscle glycogen is elevated (78). Furthermore, post-exercise glycogen storage is not solely reliant on changes at the muscle itself, but also splanchnic bed responses that increase the rate of oral glucose appearance in the circulation (79).

Compensating for the aforementioned imbalances with altered food provision without several additional control trials would introduce other confounding variables (e.g., differences in macronutrient provision), meaning that imbalance of some form is somewhat inevitable. Therefore, in line with many studies evaluating the effects of exercise vs. rest (20, 21, 38) or normo- vs. hyperglycemia (63, 64) upon glucose metabolism, compensation of these caloric and carbohydrate imbalances were not included, with the meals kept constant across all conditions. Moreover, this should not detract from the significance of the findings since the exercise-induced improvements in the function of key glucoregulatory tissues (e.g., muscle, pancreas, liver, gastrointestinal tract, etc.) that contribute to improved postprandial glucose result from more than simply an energy and glycogen deficit.

A key methodological strength of the current study is the balance between having strict control of pre-trial and post-trial standardization, glycemic interventions, exercise interventions, and dietary control, while monitoring clinically relevant outcomes (i.e., CGM-derived glycemic control) in an otherwise free-living, ecologically-valid setting. Additionally, unlike some previous exercise vs. control studies using CGM-derived outcomes (18, 70, 80), trial order was randomized to minimise the risk of bias. The consumption of the same controlled diet and the same physical activity levels across all 24-h post-trial periods increases the confidence that observed effects upon postprandial glucose are likely attributable to differences in the experimental treatments (i.e., ± glucose infusion, ± exercise) during the respective trials.

In the context of ecological validity, this study implicates a direct inhibitory effect of pre-exercise hyperglycemia upon exercise-induced improvements in postprandial glucose control. Therefore, it could be speculated that reducing hyperglycemia before exercise and/or coinciding exercise sessions with periods of improved glucose control (i.e., lower, more stable levels) may be a necessary strategy for optimizing the therapeutic effects of exercise in individuals with hyperglycemia-related conditions, such as T2DM. Hyperglycemia-lowering medication, dietary interventions, or optimizing exercise-meal timing may provide viable options in this regard—that said, both diet and medication have themselves been implicated in variable exercise responsiveness (27, 30). Therefore, an individualized approach to glucose management will likely be best and more work in that area is required. Future work must also resolve how the findings translate to longer-term exercise training interventions in patients with T2DM before extrapolation to disease management. That said, large portions of the worldwide population are non-diabetic meaning these results hold clinical significance in the context of disease prevention.

In conclusion, this study provides the first experimental evidence that pre-exercise hyperglycemia can blunt the glucoregulatory benefits of acute exercise, suggesting that hyperglycemia contributes to exercise response heterogeneity. Resolving hyperglycemia before exercise and/or coinciding exercise sessions with periods of improved glucose control may, therefore, be vital for maximizing the therapeutic effects of exercise in individuals with and at risk of hyperglycemia-related conditions, such as T2DM.
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International charities and health care organizations advocate regular physical activity for health benefit in people with type 1 diabetes. Clinical expert and international diabetes organizations’ position statements support the management of good glycemia during acute physical exercise by adjusting exogenous insulin and/or carbohydrate intake. Yet research has detailed, and patients frequently report, variable blood glucose responses following both the same physical exercise session and insulin to carbohydrate alteration. One important source of this variability is insulin delivery to the circulation. With modern insulin analogs, it is important to understand how different insulins, their delivery methods, and inherent physiological factors, influence the reproducibility of insulin absorption from the injection site into circulation. Furthermore, contrary to the adaptive pancreatic response to exercise in the person without diabetes, the physiological and metabolic shifts with exercise may increase circulating insulin concentrations that may contribute to exercise-related hyperinsulinemia and consequent hypoglycemia. Thus, a furthered understanding of factors underpinning insulin delivery may offer more confidence for healthcare professionals and patients when looking to improve management of glycemia around exercise.
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Introduction

People with type 1 diabetes (T1D) are required to administer exogenous insulin via multiple daily insulin (MDI) regimen or automated pump therapy. For both delivery methods, insulin is administered into adipose tissue that lies beneath the dermal layers of the skin and above the musculoskeletal compartment. Upon entering this subcutaneous layer, the injected insulin forms a depot, where it is at its highest concentration in the interstitium. Insulin spreads in the subcutaneous layer, following the path of least resistance around adipocytes and along loose connective tissue, towards the capillary system (1) (Figure 1). Separating the interstitium and the capillary lumen is the vascular endothelium which is poorly penetrated by hexameric insulin—the typical state in which it is stored. Insulin molecules must dissociate into smaller monomer units to move across the capillary endothelium and enter the circulation. The rate at which insulin molecules can move from the initial depot to being physiologically available in the bloodstream determines the insulin’s profile of metabolic activity.




Figure 1 | The pathway of subcutaneously administered exogenous insulin. Insulin is injected/released from formulation in the insulin pen/pump cartridge into the subcutaneous tissue. The insulin oligomers disassociate into monomer units before translocating across the capillary endothelium into blood circulation. Insulin circulates before binding to an insulin receptor to facilitate glucose uptake into the cell (e.g. into the myocyte). Factors at rest, acute exercise, and chronic exercise which affect each stage are listed along the row beside each illustrated stage of the pathway. Insulin diffusion in the subcutaneous layer is adapted with permission from digital images of insulin depot formation 15 to 30 s after bolus injection into porcine subcutaneous tissue; authored by Jockel et al. (1). Image is not to scale for illustration purposes. Created using Servier Medical Art (https://smart.servier.com/); Sevier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.



It is of clinical concern when the same insulin regimen exhibits a varied glucose-lowering effect for the patient injecting insulin. Intraindividual variability in an insulin’s absorption compromises the patient’s ability to predict blood glucose concentrations, thereby increasing the risk of fluctuations outside the physiologic range (i.e. ≤3.9 - ≥10.0 mmol.L−1) (2). This is especially pertinent to the individual with T1D who is engaging in structured exercise or spontaneous bouts of physical activity. The response to acute exercise induces significant changes in physiological systems which have the potential to alter the environment in which exogenous insulin is administered into, affecting its absorption kinetics and subsequent circulatory appearance. To aid in reproducing good glucose control, and mitigate the risk of exercise-induced hypoglycemia, it is important to be aware of the effects of exercise on the rate of insulin absorption (from injection depot into circulation).

This review aims to (i) inform the reader of relevant factors that influence insulin absorption at rest and (ii) critique the research investigating exercise effects on insulin absorption, providing an evidence-based explanation of the underlying mechanisms, where possible.



Exogenous Insulin

At concentrations necessary for subcutaneous injection, human insulin self-associates into hexamer crystals which are too large to pass through capillary fenestrae and reach circulation. The significant time required to allow the hexamers in the subcutis to dissociate to monomer units, that are small enough to diffuse into the capillary lumen, results in serum insulin concentrations out of sync with post-absorption blood glucose concentrations. The development of genetic engineering in recombinant DNA technology enabled modifications of insulin’s molecular structure that influence its pharmacokinetic properties. Initial modifications focused on inverting (LysB28-ProB29: insulin lispro) (3) and substituting (ProB28 ➔ AspB28: insulin aspart) (4) the amino acid sequence to weaken the van der Waals forces and hydrogen bonds shared at the C-termini B-chains at the dimer interface to decrease self-association, while avoiding alterations of the insulin receptor binding sites of insulin. Development of long-acting insulin has been based on acylation and pH-dependent subcutaneous precipitation (5). Further to structural modifications, excipients can be added to (or removed from) marketed formulations to effect pharmacokinetics. For example, insulin fiasp includes the excipient niacinamide to induce local vasodilation and counter-act the aggregating effect of Zn2+ (6), which promotes faster absorption. Improvements in insulin absorption have also been demonstrated in protease (that prevent enzymatic degradation of insulin) (7) and hyaluronidase (that cleaves hyaluronate polymers at injection site) (8) excipients; however, these are yet to appear in marketed formulations. Table 1 summarizes different exogenous insulins’ chemical composition and their consequent pharmacokinetic properties.


Table 1 | Synopsis of the pharmacokinetic properties of exogenous insulin.





Physical and Physiological Factors Affecting the Delivery of Insulin


Subcutaneous Tissue

The subcutaneous tissue consists primarily of adipocytes and an extracellular matrix made up of connective tissue and interstitial fluid, which present barriers of different resistances to insulin in its pathway to the vascular system (28). The impedance of insulin movement upon injection is subject to factors influencing the status of the subcutis, namely, the tissue type (injection depth), adipose tissue layer thickness, and temperature (Figure 1).



Injection Depth

Several studies demonstrate the importance of subcutaneous injection in tempering, and reducing the variation of, the pharmacokinetic/pharmacodynamic profiles of injected insulin compared to intramuscular injection at rest (29–31). Additionally, the extent to which the subcutaneous and muscular sites of injection are affected by exercise are not identical, which may result in differing rates of insulin absorption in the injection sites during exercise. An exercise-induced increase in insulin absorption was observed after intramuscular injection of 125I-labeled insulin actrapid (human insulin) into the thigh prior to moderate-intensity cycling (intramuscular injection: rest, 0.46 ± 0.08 vs exercise, 1.17 ± 0.14%.min−1; p < 0.001), but not after subcutaneous injection (rest, 0.31 ± 0.05 vs exercise, 0.45 ± 0.09%.min−1; p > 0.05) in people with T1D (32). Consequently, there was a greater exercise-induced fall in blood glucose during intramuscular injection (intramuscular: −4.6 ± 0.4 vs subcutaneous: −2.8 ± 0.7 mmol.L−1; p < 0.05) (32).

Combined with data collected on the thickness of the subcutaneous tissue in patients (33), recent recommendations advocate a transition to shorter needle lengths (such as 4 and 5 mm) to minimize the variability and altered glucodynamic activity of intramuscular injections (34). Further work is needed to determine whether intramuscular injection into the exercising muscle has a different effect on absorption than injection into a non-working muscle.


 Sub-section conclusion:

The effects of intramuscular insulin are more rapid and variable than subcutaneous insulin injections at rest and during exercise.





Subcutaneous Tissue Properties

An inverse relationship exists between subcutaneous thickness and the rate of insulin absorption. In healthy participants, weak-moderate negative correlations exist between subcutaneous fat layer thickness and serum insulin appearance rate (35) and a slower time to peak plasma insulin concentrations in those with a higher body mass index (BMI) (> 23.6 kg.m−2) by 31 min (95% CI 13.7–48.5; p < 0.05) (36). In two separate studies, Vora and colleagues employed similar methodologies, measuring the rate of absorption of 125I-labeled insulin actrapid from different injection sites in healthy participants (37) and those with T1D (38), with otherwise matched characteristics. The results from individuals with T1D suggested a weaker inverse correlation between the rate of absorption of insulin and the degree of adiposity than those without T1D. This prompts the questions ‘what causes this difference?’ and ‘is there a difference between the rate of absorption of exogenous insulin in T1D and healthy individuals?’ The use of a range of rate constants in these studies makes comparison between the two population cohorts difficult and warrants further investigation to answer these questions. Differences in fasted blood flow in abdominal subcutaneous fat tissue may contribute to the impact of tissue thickness in healthy and T1D populations (39), but studies that directly compare the structure and absorption characteristics within adipose tissue are lacking.


 Sub-section conclusion:

Greater subcutaneous adipose tissue layer thickness is associated with a tempered absorption profile of injected insulin.





Local and Ambient Temperature

The effect of temperature on exogenous insulin absorption has been investigated in those with and without T1D. One study investigated insulin absorption in individuals with T1D who injected insulin actrapid 60 min before two 25-min bouts of sitting in a sauna at 85°C (40). Compared to a control day (22°C), participants experienced a 110% greater disappearance of 125I-labeled actrapid from the site of injection during the whole sauna period, corresponding with a significant blood glucose drop of ≥3 mmol.L−1 after the sauna (p < 0.05). Later results from a pilot trial (41) and a randomized controlled trial (42) supported these findings, showing that after administering insulin aspart via pump the time to peak insulin action was faster using a local skin-warming device (40°C) compared to without its use (77 ± 5 vs 111 ± 7 min, respectively; p < 0.001). It is interesting to note here that favorable absorption kinetics have been demonstrated during application of both local and ambient heating, as well as in pump and MDI therapy. Using a long-acting insulin, Bitton and colleagues recently reported a trend of a lower drop in glucose from baseline after 6 h of warming the injection site of insulin glargine U100 (−2.2 ± 0.7 mmol.L−1) compared to a control group (−1.0 ± 0.6 mmol.L−1), yet the difference between the two trials was statistically non-significant (p = 0.11) (43).


 Sub-section conclusion:

Increased ambient temperature or local warming of the injection site accelerates insulin absorption.






The Impact of Acute Physical Exercise on Insulin Absorption

Muscular exercise induces rapid changes in the physiological systems of the person with type 1 diabetes to supply working muscles with oxygen and nutrients. The exercise pressor reflex (i.e. a peripheral neural reflex arising from skeletal muscle contraction) prompts cardiovascular changes, namely: an increase in cardiac output, blood pressure, and a shunting of blood away from the viscera towards the working muscles, aided by increased concentrations of adrenaline, noradrenaline, and cortisol (44, 45). After rapid adaptation to the exercise intensity, sympatho-adrenal activity is well-regulated relative to the power output during sustained aerobic activities. To maintain normoglycemia, pancreatic insulin secretion decreases and glucagon secretion increases to better match hepatic glucose release to the raised muscular glucose uptake (46).

For the individual with T1D, the physiological changes induced by exercise pose a problem for maintaining glucose control. The synergistic effect of relative hyperinsulinemia (from the previous exogenous injection) and exercise-induced insulin-independent pathways cause the uptake of glucose into myocytes to exceed hepatic glucose release and a decline in blood glucose during continuous steady-state exercise (47). What may further exacerbate the imbalance between glucose uptake and glucose input to the circulation is an exercise-induced acceleration of insulin absorption from the injection site into the blood.

Table 2 overviews the randomized controlled trials that have compared the rate of insulin absorption in individuals during acute exercise compared to rest. There is considerable variation in the findings that can be broadly separated into studies investigating short- and intermediate-acting insulins and studies on long-acting insulins. The agreement that basal insulin glargine U100 does not produce a rise in absorption during exercise opposes the findings that bolus insulins, such as actrapid, become significantly elevated (Table 2). Interestingly, it was found that neutral protamine Hagedorn (NPH), an intermediate-acting insulin, was greatly elevated during exercise compared to resting conditions (24); a rise even more marked than those exhibited by some short-acting insulins in the literature (19, 21, 23, 48). This may, in part, be explained by the longer needle length of 12.7 mm being used, likely creating an insulin depot that is closer to the capillary-dense muscle tissue (see 2.1 Needle Length section). In contrast, Kemmer et al. (20) demonstrated no change in insulin absorption rate during continuous exercise using actrapid, a short-acting insulin. It is initially unclear what caused Kemmer and colleagues’ investigation to evidence no change in insulin mobilization during exercise, but it is noteworthy that the methods employed in the study detailed a large (20 U) volume of injected insulin. Larger insulin volumes may result in altered absorption times due to a smaller surface area: volume ratio and slower diffusion rate (49). The reasons for the overall discrepancy between the effects of exercise on short- and intermediate-acting insulin against long-acting insulins are still unclear and warrant further investigation. However, it should be noted that many of the articles included in this review are >30 years old, during which time new insulin analogs have been developed. This is somewhat reflected by the wide use of 125I-labeled insulin disappearance measurements. While there is evidence iodo-radioactively labeling insulin analogs slows absorption kinetics, its use is valid when comparing absorption rates within studies (50).


Table 2 | Randomized controlled trials investigating the effect of exercise compared to rest on insulin absorption in people with type 1 diabetes or healthy individuals.



Increasing exercise workload to a high intensity, such as heavy weightlifting in resistance exercise, is associated with large increases in adrenaline and noradrenaline levels, in addition to high rates of H+ generation and efflux from muscle cells. In people with T1D, elevations in catecholamine concentrations stimulate hepatic glucose release to a degree which exceeds muscular glucose uptake, contributing to an increase in blood glucose that contrasts the decline typically observed at lower intensities. Turner and colleagues conducted two studies from which point-concentrations of plasma insulin can be compared between resistance exercise protocols and a rested control session (26, 27). It can be assumed from these studies that the total insulin measurements obtained reflected glargine concentrations, as participants were c-peptide negative and omitted their prior bolus insulin dose on the morning of the trial. Both studies found no exercise-induced change in insulin concentrations (Table 2). This finding is pertinent to the basal insulin glargine (U100) being measured, as its long-acting profile is dependent on its precipitation at the higher pH (~7.4) of human subcutis compared to marketed formulation (pH ~4.0) (51). Despite a resistance exercise-induced nadir in venous blood pH of ~7.2, the pharmacokinetics of insulin glargine were unaltered compared to control group.


 Sub-section conclusion:

Physical exercise increases the rate of insulin absorption in intermediate-, short-, and rapid-acting insulins but not in older long-acting insulins. There remains a dearth in the literature studying this effect in modern insulins and with exercise modalities other than sub-maximal endurance activities.



The protracted mechanism of action of intermediate- and long-acting insulins is primarily dependent on the slowed movement and delayed dissociation of insulin oligomers into monomeric form to cross the endothelial layer into systemic circulation. Exercise has limited influence on the rate of insulin dissociation, and consequent availability for absorption, as its initial location is confined to the subcutaneous interstitium (48). Hence, the molecular structure of insulin oligomers is the initial rate-limiting factor in its translocation across the capillary membrane, preceding any influence of exercise. Furthermore, the influence of exercise on insulin absorption is likely negatively correlated with the specific insulin analog duration of action (i.e. a lesser effect on long-acting insulins). For example, a bout of exercise lasting for a guideline-recommended time of 30 min (52), overlaps with, and accelerates the rate of absorption during, a greater segment of insulin action in a rapid-acting insulin (e.g. insulin aspart: time until peak onset of action = 31–70 min, time of duration of action = 3–5 h (53)) compared to a long-acting insulin (e.g. insulin degludec: peakless, time of duration of action > 24 h (54)). The more rapid shift to monomer units in short-acting insulins transfers the rate limitation of insulin absorption to other influencing factors, such as blood flow and diffusion distance to the vasculature, which are more readily influenced by acute exercise (55).

The decision to inject into a specific injection site around exercise may be hampered by logistical reasons (e.g. a rugby player removing their pump prior to a match, or an endurance cyclist unable to inject into the thigh during a ride) and also by a lack of knowledge as to any potential effects that are consequent of choosing one location over another. Few studies have compared the use of different injection sites during exercise. One study demonstrated the rate of absorption increased when injecting 125I-labeled actrapid into the exercising limb (thigh) compared to a non-exercising limb (arm) in people with T1D performing bouts of moderate-intensity bicycle exercise (20). However, this increase was only after exercise had ceased. Consistent with this finding, another study reported a greater average increase for the first 60 min of insulin absorption from the thigh (exercise 1.12 ± 0.12 vs rest 0.68 ± 0.15%.min−1; p < 0.05) than from the abdomen (exercise 0.87 ± 0.18 vs rest 0.75 ± 0.17%.min−1; p > 0.05) when healthy participants completed 20 min exercise on a cycle ergometer (19). The results of these studies, however, contrast those of another study using healthy participants in which significantly lower plasma insulin concentrations have been noted following 15 min of cycling after insulin actrapid injection into the thigh compared to the abdomen (25). However, the lack of data on statistical reporting, and the small (n = 4) sample size hinders the interpretation and applicability of this study. There is little data to confirm conclusions pertaining to injecting into the exercising limb and its effect on insulin pharmacokinetics. While injecting insulin into a site local to exercising muscle has been shown to accelerate absorption, injecting into a non-local site may also be subject to increased absorption (22).

The distribution of blood flow to the periphery for the purposes of thermoregulatory heat dissipation has been suggested as the underlying mechanism that explains the influence of temperature (40–43), and exercise (13, 22, 49, 56, 57), on the rise of the rate of insulin absorption. While this may apply to the rested individual, there is debate whether a temperature-induced increase in subcutaneous adipose tissue blood flow can solely account for the elevated rates induced by exercise. Upon starting exercise, blood flow is initially unchanged or shifted away from the skin towards the working muscles until thermoregulatory requirements stimulate the need for increased heat dissipation, due to elevated muscular metabolism, and blood flow to the skin begins to increase (58). As skin blood flow does not increase at the start (or, in hyperthermia, for its full duration (23)) of muscular activity, it is likely other factors contribute to the increased insulin absorption rate, which starts concurrently with the onset of exercise. Indeed, some authors detail an increase in insulin absorption despite no alterations in subcutaneous blood flow (19, 48). As the movement of blood through a section of subcutaneous-based capillary vessel interacts minimally with monomer movement in the interstitial fluid (due to the capillary membrane separating the interstitium and blood compartments), it is likely that blood flow per se does not directly impact the rate of insulin absorption. More probable, the rate-limiting step (after hexamer dissociation) is the ‘access’ insulin monomers have to capillary blood flow, gauged primarily by the diffusion distance from the depot to capillary endothelia. Vasodilation of terminal arterioles in subcutaneous tissue has been demonstrated to increase capillary recruitment, effectively increasing endothelial exchange surface area and potentially reducing monomer diffusion distance (59). However, this phenomenon is not yet fully elucidated in an exercise setting. While the zinc-hexamer association state has been shown to have higher thermic stability than the monomer state (60), to the authors’ best knowledge no studies have investigated the potential effects of temperature, separate to the concomitant effects of blood flow, on insulin absorption in vivo.

Diffusion of insulin into the circulation is dependent on the concentration gradient (i.e. a smaller concentration in the blood than the depot); hence, greater blood flow that transports insulin away from the vasculature, local to the depot, may indirectly promote the diffusion of insulin monomers away from the injection site by enabling a higher concentration gradient (55). Additionally, monomer movement may be influenced by a flushing effect of plasma volume movement into the local interstitium, or a massage effect from the underlying contracting muscle (61, 62). People with T1D should be aware that inter-individual differences may exist when injecting into exercising limbs, alongside the potential for increased rates of absorption.


 Sub-section conclusion:

The exercise-induced increased rate of insulin absorption is likely due to a combination of factors relevant to the changes at injection site during exercise. The dissociation of insulin oligomers into biologically active units remains the initial rate-limiting step.





Conclusion

Insulin absorption rate into circulation is influenced by different factors both at rest and during exercise. Compared to the same individual at rest, the exercise-induced increased appearance of insulin in the blood leads to a greater reduction in blood glucose. This phenomenon is often over-looked by individuals performing spontaneous bouts of activity or planning insulin adjustments around structured exercise. There is some evidence to suggest that the choice of location and depth of injection causes additional variability to absorption rates, whereby injections that are deeper and local to the working muscles are susceptible to even higher rates of insulin absorption. Overall, the cause of the increase in absorption during exercise is likely due to a myriad of factors including capillary recruitment, massage-effect, blood flow, temperature, and flushing effect; however, further studies are required to clarify their relative importance. Furthermore, the studies that have investigated the effects of exercise on absorption are now dated, using insulin types that are becoming increasingly less common among the T1D population. Studies using modern ultra-rapid and ultra-long acting insulins are required to determine whether the exercise-induced increase in the rate of absorption is still applicable. Patients and healthcare providers should be aware that the insulin pharmacokinetics around exercise may differ to resting profiles, enabling proactive avoidance of low blood glucose concentrations.
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Introduction

In general, patients with type 2 diabetes have lower cardiorespiratory fitness levels and perform exercise at lower intensities compared to healthy controls. Since metformin (MET) has been shown to increase the rate of perceived exertion (RPE) during exercise with a fixed intensity, MET per se may reduce self-selected exercise intensity. The aim of this study was to assess the effect of MET on self-selected exercise intensity.



Methods

Healthy males were eligible for this crossover, counterbalanced study with two treatment periods: MET and placebo (PLA), each lasting 17 days. Treatment dose was gradually increased and reached 2 g/day on treatment day 9, and continued at that level for the rest of the treatment period. The two periods were performed in randomized order. Two experimental days (A+B) were conducted on Day 15 (A) and Day 17 (B) of each period, respectively. Day A consisted of an exercise bout with self-selected exercise intensity (equal to RPE = 14–15 on the Borg Scale). Day B consisted of an exercise bout with fixed intensity (70% of VO2peak). Oxygen consumption rate was assessed continuously during both exercise bouts.



Results

Fifteen males (age 23.7 ± 0.6 years, BMI 22.3 ± 2.0, VO2peak 3.5 ± 0.6 L/min) were included in the study. On Day B, RPE was higher in MET compared to PLA (14.8 ± 0.4 vs. 14.0 ± 0.3, P = 0.045). On Day A, no difference in self-selected exercise intensity measured by oxygen consumption rate (PLA 2.33 ± 0.09 L O2/min, MET 2.42 ± 0.10 L O2/min, P = 0.09) was seen between treatment periods.



Conclusions

Self-selected exercise intensity was not reduced by MET in healthy males, despite the fact that MET increased RPE during an exercise bout with fixed intensity.





Keywords: exercise, metformin, rate of perceived exertion, type 2 diabetes, self-selected exercise intensity



Introduction

Physical activity is a cornerstone in the treatment of patients with type 2 diabetes (1). However, most patients with type 2 diabetes are not able to achieve satisfying glycemic control with physical activity alone, which is why pharmacological treatment is often initiated. Metformin is the initial glucose-lowering drug of choice for patients with type 2 diabetes, and most patients are prescribed metformin as a lifelong treatment shortly after the diagnosis (2). Compared to matched, healthy controls, patients with type 2 diabetes have lower cardiorespiratory fitness levels (3) and, perform free-living, unsupervised exercise at lower intensities (4); intensities that are too low to induce robust metabolic improvements (5). The reason for this unclear, but reduced mitochondrial function in skeletal muscle has been suggested as a potential explanation (6). Moreover, and potentially in continuation of this, the rate of perceived exertion (RPE) may play an important role, since patients with type 2 diabetes are known to report higher RPE during exercise with a given intensity, compared to healthy controls (7). Although debatable (8), it has been reported that RPE is associated with blood lactate levels (9), and since metformin treatment has been shown to increase blood lactate levels, heart rate (HR) and RPE in healthy individuals at a given exercise intensity (10), it may be speculated that it is the metformin treatment per se and not the diabetes phenotype, which is responsible for the low self-selected exercise intensity in patients with type 2 diabetes. Therefore, the aim of this study was to assess the effect of metformin on self-selected exercise intensity. We hypothesized that metformin, possibly through an increase in blood lactate and heart rate, would increase RPE, and thereby decrease the self-selected exercise intensity. We chose to test this hypothesis in young, healthy, lean males in order to reduce variance due to heterogeneity in the included population and in order to evaluate the effects of metformin treatment per se, independent of the diabetes phenotype and prior metformin treatment.



Methods

Healthy, lean (BMI<25), low-to moderately physically active (≤150 min of structured physical activity/week), male individuals were eligible for the study. Exclusion criteria were: smoking, daily medication, contraindications to increased levels of physical activity (11), liver cell damage (ALT/AST at least 3 times above upper normal level), prior history of lactic acidosis and eGFR<60 ml/min.

To ensure that all inclusion and no exclusion criteria were met, a screening day was performed. The screening day included a medical examination, recording of medical history, a blood chemistry screen, an ECG and a cardiorespiratory fitness (VO2peak) test on a cycle ergometer (Monark 739E, Varberg, Sweden) using indirect calorimetry (Cosmed Quark, Rome, Italy). The VO2peak test started with a 5-min warm up at 80 Watt (W), after which the load was gradually increased by 20 W every minute until at least one of the following criteria was met: plateau of HR and VO2 with incremental workloads, respiratory exchange ratio > 1.1, or volitional exhaustion, as previously described (12). Written informed consent was obtained from all participants. The study was approved by the ethical committee of the Capital Region of Denmark (H-16032037) and registered at ClinicalTrials.org (NCT02951260).


Study Design and Treatment Periods

Participants fulfilling inclusion criteria were included in a double-blinded, crossover, counterbalanced study with two treatment periods performed in a randomized order. The two treatment periods were identical except for the following treatment:

	PLA: Placebo treatment (17 days)

	MET: Metformin treatment (17 days)



To ensure adherence to the treatment protocol and maintain participant blinding, both metformin (MET) and placebo (PLA) treatments were gradually increased to minimize gastrointestinal discomfort caused by metformin.

	Treatment days 1–4: 500 mg × 2

	Treatment days 4–8: 500 mg + 1000 mg

	Treatment days 9–17: 1000 mg × 2



After completion of the first treatment period (first 17 days of treatment), a 4-day washout period was applied before initiation of the second treatment period.

On day 15 and 17 of each treatment period, participants underwent two experimental days (Experimental day A and B, respectively). Participants were instructed to keep a diet record from day 13 to day 17 in the first treatment period, and subsequently to follow this diet closely during the same days in the 2nd treatment period. Figure 1 shows the study design.




Figure 1 | Study design. Shaded area indicates that diet records were kept from day 13 to 17 in the first treatment period, and subsequently this diet was mirrored from day 13 to 17 in the 2nd treatment period.





Randomization and Blinding

Participants were randomly allocated, using a computer-based algorithm (randomizer.org) to one of two arms, MET or PLA, with an allocation ratio 1:1. The random number sequence was created by an endocrinologist (KBH), not involved in any of the study procedures. The sequence was stored and concealed from other staff and participants in a locked cabinet in a locked office at a geographical location different from the place of the study procedures.

All study personnel and participants were blinded to the allocation throughout the study period, until all participants had completed their last test and all outcomes were computed. The two study medications (visually identical pills) were prepared by a clinical pharmacy (Region Hovedstadens Apotek, Herlev Hospital) and delivered to KBH, who dispensed the medication in identical packages according to the allocation number. Following the allocation, KBH delivered the identical pre-packed medications to the test centre (CFAS) prior to the first test day. After the screening day, participants received the pre-packed medications with instructions on how to administer the pills and how to report serious adverse events (SAE) and adverse events (AE) to KBH. Since known side-effects of metformin, e.g., gastrointestinal pain and nausea, could potentially reveal the treatment allocation, all SAE’s and AE’s were reported to the endocrinologist, who was not involved in the study procedures, in order to maintain blinding. Moreover, the participants were instructed not to share information about any SAE’s and AE’s with the study personnel. A priori, it was decided that the concealment could be revealed upon the endocrinologist’s discretion based on the frequency and severity of SAE’s and AE’s. After completion of the 1st treatment period, participants received the medication for the 2nd treatment period.



Experimental Days

Participants arrived in the laboratory 1 h after having had a standardized breakfast (60 g bun with 20 g cheese (220 kcal: fat 8.8 g, carbohydrates 24.7 g, protein 9.9 g) that was ingested with the morning dose of MET/PLA. Upon arrival, a venous line for blood sampling was placed and 1 h after arrival, a 45-min exercise bout (self-selected intensity on Experimental day A; fixed intensity on Experimental day B) was initiated, see detailed descriptions below. Prior to initiation of the exercise bout, a baseline blood sample was drawn for analyses of blood lactate and glucose (ABL 7 series; Radiometer, Denmark). These analyses were repeated every 15 min during the 45-min exercise bout and results were averaged to provide mean values during the exercise bouts.



Self-Selected Exercise Intensity (Experimental Day A, 15 Days After Treatment Start)

On Experimental day A, participants were instructed to perform a 45-min exercise bout on an cycle ergometer equaling a subjective RPE of 14 to 15 on the Borg Scale (corresponding to “somewhat hard” or “hard”). In order to ensure maintenance of the prespecified RPE, the participants were asked every 5 min (in standardized terms) by the investigator, whether the load should be adjusted. Participants were blinded for the load, which was adjusted by 10 Watts (increased or decreased), if a change was required. In addition to the predefined, standardized 5-min intervals, participants were encouraged to ask the investigator to change the load, if needed, at any time point during the exercise bout. To ensure correct starting intensity, a 15-min warm-up period was completed prior to the actual 45-min exercise bout. During the warm-up period, the load was gradually increased, ensuring that participants would begin the exercise bout at a RPE of 5 to 15.

Three hours after termination of the exercise bout with self-selected exercise intensity, a VO2peak test was performed. This completed Experimental day A.

Indirect calorimetry (Cosmed Quark, Rome, Italy) and HR (Polar RS400) measurements were performed continuously both during the exercise bout and the VO2peak test, using a mask and breath-by-breath measurements and a heart rate strap, respectively. Oxygen consumption rate was used as a proxy measure of exercise intensity during the exercise bout with self-selected exercise intensity. Furthermore, external work (kJ) was calculated by multiplying load (Watt) by time (seconds) spent on each load, divided by 1000.



Fixed Intensity (Experimental Day B, 17 Days After Treatment Start)

On Experimental day B, participants underwent a 45-min exercise bout with fixed intensity at 70% of VO2peak. The correct intensity was calculated from the VO2peak test performed on the screening day. The exercise bout was initiated by a 5-min warm-up period with gradually increasing intensity, ensuring that the participants would begin the exercise bout at 70% of VO2peak. RPE for the entire exercise bout was assessed at the termination. Indirect calorimetry and HR measurements were performed continuously during the exercise bout, analogue to Experimental day A.



Outcomes and Sample Size

The primary outcome was differences between MET and PLA in self-selected exercise intensity, measured as oxygen consumption rate (L O2/min). Secondary outcomes included differences in RPE, mean blood lactate levels and HR levels during the 45-min exercise bout with fixed intensity.

No studies have, to our knowledge, investigated the effects of metformin on self-selected exercise intensity. The impact of short-term metformin treatment on RPE, blood lactate and HR has been investigated in various studies (10, 13, 14). These studies have each included between 9 and 17 participants. In general, metformin treatment has been found to robustly increase RPE, blood lactate, and HR. Based on these studies, and a pragmatic assumption that these variables would directly affect self-selected exercise intensity, we included 15 participants in the current study.



Statistical Methods

Normality was assessed by D’Agostino-Pearson, Shapiro-Wilk, Kolmogorov-Smirnov test. All variables were normal-distributed. Therefore, between-treatment period variables were compared using Student´s paired t-test. All statistical analyses were performed by Prism version 8 (GraphPad, Canada). Statistical significance was accepted with P<0.05 (2-sided). Values are presented as mean ± SEM, baseline characteristics as mean ± SD.




Results

Fifteen young, lean, healthy males were included and completed the study (Table 1). Seven individuals started with the PLA treatment period, whereas eight started with the MET treatment period (Figure 2). No difference in body weight was seen between treatment periods at Experimental day 17 (PLA 75.5 ± 9.8 kg, MET 75.2 ± 9.7 kg, P = 0.9).


Table 1 | Baseline characteristics.






Figure 2 | Flowchart.



Study procedures took place from October 2016 to April 2017. All data were collected at the Centre for Physical Activity Research, Rigshospitalet, Copenhagen, Denmark.


Exercise Bout With Fixed Intensity

RPE was significantly higher in MET compared to PLA in the exercise bout with fixed intensity (P = 0.045). Furthermore, a tendency towards higher blood lactate levels was seen during MET compared to PLA (P = 0.06). Besides that, no differences were observed between PLA and MET for any variables in the exercise bout with fixed intensity (Table 2).


Table 2 | Exercise bout with fixed intensity.





Exercise Bout With Self-Selected Exercise Intensity

During the exercise bout with self-selected exercise intensity, no significant differences between treatment periods were observed in either oxygen consumption rate (PLA 2.33 ± 0.09 L O2/min, MET 2.42 ± 0.10 L O2/min, P = 0.09) (Figures 3A, B), mean Watt (PLA 154 ± 6, MET 159 ± 6, P = 0.3), external work (PLA 398 ± 19 kJ, MET 415 ± 21 kJ, P = 0.07) (Figures 3C, D), RER (PLA 0.90 ± 0.01, MET 0.90 ± 0.01, P = 0.8), HR (PLA 154 ± 4 bpm, MET 159 ± 4 bpm, P = 0.1), blood glucose (PLA 5.1 ± 0.1 mmol/L, MET 4.9 ± 0.1 mmol/L, P = 0.2), or blood lactate (PLA 3.2 ± 0.5 mmol/L MET 3.6 ± 0.4 mmol/L, P = 0.2).




Figure 3 | Oxygen consumption rate and external work during an exercise bout with self-selected exercise intensity. Panel (A) mean oxygen consumption rate (L/min) during an exercise bout with self-selected intensity. Panel (B) individual oxygen consumption rates (L/min) during an exercise bout with self-selected intensity. Panel (C) mean external work (kJ) during an exercise bout with self-selected exercise intensity. Panel (D) individual values of external work (kJ) during an exercise bout with self-selected exercise intensity. Values are presented as means ± SEM. P-values were calculated from student´s paired t test.



Likewise, no differences between treatment periods were seen in VO2peak (PLA 3.5 ± 0.1, MET 3.5 ± 0.1, P = 0.5).




Discussion

The main finding of this study is that self-selected exercise intensity was not reduced by metformin treatment, despite the fact that metformin treatment significantly increased RPE during the exercise bout with fixed intensity. Instead, we found a tendency towards a higher self-selected exercise intensity with metformin treatment (P = 0.09).

There are several potential explanations for this unexpected and apparently contradictory result. An obvious speculation is that self-selected exercise intensity is not affected by RPE. In the literature, however, it is well established that RPE and work intensity are linearly and closely associated (15–17).

Another potential explanation for the findings could be that the RPE assessment was inaccurate and/or imprecise. In this context, Morgan et al. demonstrated that RPE has a considerable intra-individual day-to-day variation (18). In continuation of this, RPE is a subjective variable, which may be affected by a variety of factors. As such, various psychological traits may play a role in the perceptual procession of information related to muscular work and thereby RPE (18).

Taking this into account, it may be speculated that the exercise bout with self-selected intensity, where the participants were asked to keep the exercise intensity corresponding to 14 to 15 on the Borg scale, resulted in large noise-to-signal in the oxygen consumption rate. This could be the case, regardless of the great effort that was put into standardizing the exercise bouts to reduce the impact of confounding factors, potentially affecting RPE. The same problem might have been expected in a reverted version during the exercise bout with fixed intensity, but here it may be argued that the RPE was less influenced by external factors, since RPE was assessed after the exercise bout, in resting conditions, which gave the participants time to carefully consider their answer. Nonetheless, the RPE results must be interpreted cautiously. In continuation of this and despite causality has been debated, RPE and lactate have been shown to be linearly associated (19), and metformin-induced increases in RPE and blood lactate have been reported to be associated (20). In the present study, during the exercise bout with fixed intensity, a tendency towards higher blood lactate was seen in MET compared to PLA (P = 0.06), which may support differences in RPE between MET and PLA in the fixed-intensity exercise bout. However, the fact that numerical differences in lactate (and HR) between MET and PLA were comparable between Experimental day A and B speaks against this association between lactate (and HR) and RPE.

When working with a subjective variable such as RPE, another important speculation is whether the order of the treatment periods might have affected the outcomes. To circumvent this, the study was counterbalanced. Moreover, a two-way (treatment*treatment order) repeated-measures ANOVA demonstrated that the treatment order had not influenced the primary outcome (P = 0.2 for interaction). Hence, we do not believe that this affected the interpretation of the findings.

Finally, it may be questioned whether a statistically significant difference of 0.8 RPE points on the 6–20 Borg scale is too low to have any clinical relevance, including an effect on self-selected exercise intensity. In this context, it is important that the effects found of metformin on RPE in the current study are in line with previous observations (10, 13). Furthermore, the fact that not only “no difference”, but a tendency towards a higher self-selected exercise intensity with metformin treatment was observed, makes the results convincing, and suggests that clinicians can prescribe metformin without worrying whether self-selected exercise intensity may be negatively affected.

It has been suggested that metformin treatment may reduce mitochondrial respiration and therefore cardiorespiratory fitness per se (21), although data are conflicting (22). In this situation, the increased RPE in MET during exercise with fixed intensity could potentially be explained by a lower cardiorespiratory fitness level. However, based on the results from the present study, in which no difference was observed in VO2peak between treatments, nothing points towards inhibition of mitochondrial respiration to be the explanation for the increased RPE.


Limitations

A potential limitation is that the study was performed in healthy individuals instead of patients with type 2 diabetes. However, to our knowledge, there are no indications that the effect of metformin on RPE, lactate and HR should be different in patients with type 2 diabetes than in healthy individuals (23). Nonetheless, if patients with type 2 diabetes had been included, a larger difference in blood lactate between treatments might have been observed, since patients with type 2 diabetes typically have higher blood lactate levels than non-diabetic individuals (24), and since metformin inhibits lactate uptake by the liver. Following this, it may be speculated that more robust differences in blood lactate between treatments would have influenced self-selected exercise intensity.

Another limitation of the present study is the small number of participants, which may lead to both type 1 and type 2 statistical errors. Moreover, the inclusion of only males limits the external validity of the study results.



Conclusion

In conclusion, this study has shown that RPE is increased by metformin treatment but that this does not lead to lower self-selected exercise intensity in male subjects with normal glucose tolerance. Thus, the clinical importance of the increased RPE during exercise seen with metformin treatment remains unclear.
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Skeletal muscle (SM) tissue has been repetitively shown to play a major role in whole-body glucose homeostasis and overall metabolic health. Hence, SM hypertrophy through resistance training (RT) has been suggested to be favorable to glucose homeostasis in different populations, from young healthy to type 2 diabetic (T2D) individuals. While RT has been shown to contribute to improved metabolic health, including insulin sensitivity surrogates, in multiple studies, a universal understanding of a mechanistic explanation is currently lacking. Furthermore, exercised-improved glucose homeostasis and quantitative changes of SM mass have been hypothesized to be concurrent but not necessarily causally associated. With a straightforward focus on exercise interventions, this narrative review aims to highlight the current level of evidence of the impact of SM hypertrophy on glucose homeostasis, as well various mechanisms that are likely to explain those effects. These mechanistic insights could provide a strengthened rationale for future research assessing alternative RT strategies to the current classical modalities, such as low-load, high repetition RT or high-volume circuit-style RT, in metabolically impaired populations.
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INTRODUCTION

Skeletal muscle (SM) is the most important component of fat-free mass (FFM) and plays a key role in overall metabolic health. SM accounts for up to 80% of whole-body glucose consumption under insulin-stimulated conditions (DeFronzo and Tripathy, 2009; Honka et al., 2018) and is thought to contribute to as much as 25% of basal metabolic rate (Dulloo et al., 2012). Furthermore, the existing body of research on components of total daily energy expenditure supports a robust correlation between total FFM and resting energy expenditure (Tam et al., 1999; Illner et al., 2000; Blanc et al., 2004). The onset of insulin resistance (IR) at the SM level have been suggested to initiate the development of IR, which if not managed could lead consecutively to glucose intolerance and then type 2 diabetes (T2D) (Petersen and Shulman, 2002; Roden and Shulman, 2019), a multifactorial metabolic and endocrine disease with high individual and public health consequences (Rosenquist and Fox, 2009). Supporting the role of SM in cardiometabolic health, multiple observational have repetitively demonstrated an association between low relative FFM and cardiometabolic complications (Srikanthan and Karlamangla, 2011; Lee et al., 2018; Zhang et al., 2018). In older individuals, sarcopenia as defined by musculoskeletal decline (Cooper et al., 2012) has shown itself to be associated with altered glucose homeostasis (Yang et al., 2017; Shou et al., 2020) as well as autonomy and overall quality of life (Tsekoura et al., 2017).

Exercise, by inherently enhancing SM metabolism and function, has proven itself to be incredibly efficient for whole-body glucose homeostasis management and overall cardiometabolic health (Umpierre et al., 2011; Bird and Hawley, 2017). Likewise, the exercise physiology community also agrees on the importance of maintaining an optimal degree of SM tissue mass for exercise capacity and overall autonomy (Yang, 2014). Results from seminal studies investigating the impact of resistance training (RT) and concurrent quantitative changes of SM mass on whole-body glucose homeostasis suggested an interplay between SM hypertrophy and SM glucose disposal rates (Yki Jarvinen and Koivisto, 1983; Miller et al., 1984; Eriksson et al., 1997, 1998). These studies, which have been frequently replicated since, have contributed to the hypothesis that RT targeting SM hypertrophy could be as efficient as aerobic exercise performed alone for improving SM insulin sensitivity (IS) (Dela and Kjaer, 2006; Pesta et al., 2017; DiMenna and Arad, 2018). Additionally, according to the role of SM glycogen synthesis in IS through Akt signaling (Russell, 2010; Kleinert et al., 2013; Yang, 2014), it could be inferred that increasing total SM mass will lead to a greater storage capacity (Shepherd et al., 2014). Collectively, it has been suggested that exercising toward SM hypertrophy (or maintenance of it in a context of weight loss) can therefore protect against metabolic syndrome and other metabolic diseases related to energy surplus (Ravussin and Bogardus, 1990; Wood et al., 2012).

However, difficult they are to identify, a certain number of studies have postulated a divergence between SM hypertrophy per se, and intrinsic changes in SM IS or have pointed out a lack of clarity around the mechanisms involved (Holten et al., 2004; Bird and Hawley, 2017; Pesta et al., 2017). Furthermore, the relationship between relative or absolute FFM and glucose homeostasis is inconsistent across studies (Gippini et al., 2002; Goulet et al., 2007; Glouzon et al., 2015; Perreault et al., 2016; Stuart et al., 2017). Amongst these studies, Brochu et al. (2008) have shown in non-diabetic postmenopausal women matched for fat mass that those displaying a larger FFM had higher fasting insulin and glucose compared to those with lower FFM (Brochu et al., 2008). Furthermore, the results of Glouzon et al. (2015) show that following a 6-month mixed-exercise intervention, overweight to obese women who had lost FFM had better improvement in HOMA-IR compared to women who had gained muscle mass, independently of visceral adipose tissue and fat mass percentage (Glouzon et al., 2015). Although it is impossible to infer a causal relationship, or lack thereof, between SM hypertrophy and glucose homeostasis improvements, these results are favorable to the idea that exercise-induced muscle metabolic changes in favor of IS and SM hypertrophy might be independent. A recent systematic literature review addressing the comprehensive effects of physical activity on IS conducted by Bird and Hawley (2017) stated the mechanisms that underpin the effects of SM mass quantitative changes on IS are not fully understood, given the disparity in the current body of research on RT and glucose homeostasis in humans (Bird and Hawley, 2017).

Given the plausible independence between SM hypertrophy and whole-body glucose homeostasis improvements, a closer look at the disparities in different populations and at the mechanistic insights behind these discrepancies is warranted. The current review will attempt to identify some of the mechanisms that could be involved with a specific and narrow focus on exercise intervention studies. Hence, the first section will highlight the present level of evidence supporting SM hypertrophy as a way to enhance whole-body glucose homeostasis as. The second and third sections will review some of the plausible mechanistic explanations of the relationship between quantitative changes of SM mass and IS.



NARRATIVE LITERATURE REVIEW


Glucose Homeostasis, Exercise, and Skeletal Muscle Hypertrophy: Previous and Current State-of-the-Art

Miller et al. (1984) pioneered the research domain of exercise-induced SM hypertrophy and concurrent improvement in IS by demonstrating a significant association between RT-induced SM mass increases and a lower insulin area under the curve during a glucose tolerance test in 10 inactive, but otherwise healthy, male college students following a 10-week intervention. A decade later, the same group (Miller et al., 1994) reported similar results in a sample of 11 men in their fifties and early sixties. The 16-week intervention led to an improvement in IS, measured with the gold standard euglycemic-hyperinsulinaemic clamp, together with a concomitant 1.2 kg average SM increase. Another seminal study that has shaped the field is the one by Eriksson et al. (1997) who reported conclusions comparable to those of Miller et al. Their results support a strong and negative association (r = –0.73; p < 0.05) between increased SM mass and HbA1c in middle-aged men and women diagnosed with T2D in response to 3 months of circuit-style RT (Eriksson et al., 1997). Since, a growing body of evidence support circuit-style RT as an effective training modality to enhance metabolic health components, such as whole-body glucose homeostasis (Kolahdouzi et al., 2019) body composition and physical fitness (Kim et al., 2018) and pro-inflammatory cytokine profile (Kolahdouzi et al., 2019). One clear advantage of such a training protocol is its similarity to aerobic exercise from the perspective of the broad continuum of the energy systems, according to its ability to induce an elevated cardiovascular response (Gotshalk et al., 2004).

Given the irrefutable relevance of increasing peripheral IS in prediabetic and T2D populations, a large number of studies have conducted exercise trials in those populations in an attempt to identify the optimal RT exercise prescription (Praet and Van Loon, 2009). Cuff et al. (2003), compared the impact of 16 weeks of either AT alone, RT alone or a combination of the two on hyperinsulinemic-euglycemic clamp-derived IS and CT-scan derived SM cross-sectional area in a sample of 28 postmenopausal women with T2D (Cuff et al., 2003). Changes in SM cross-sectional area, as well as SM normal density (therefore fat-free tissue) were both strongly correlated with changes in glucose uptake during the IS assessment. Cauza et al. (2009) robustly investigated the impact of a 4-month RT intervention in untrained men and women who fulfilled diagnosis criteria for T2D (Cauza et al., 2009). CT-scan derived muscle cross-sectional area showed significant increases in quadriceps size after the intervention. Furthermore, there were significant improvements in HbA1C and fasting blood glucose, lowered body fat percentage higher lower-limb strength. Unfortunately, none of these outcomes were significantly correlated with increases in quadriceps cross-sectional area. Findings in line with those of Cauza et al. (2009) have been replicated more than once and are not atypical. Mavros et al. (2013) compared two RT protocols – low intensity without load increase and high intensity with progressive load increase – in a cohort of older adults with T2D (Mavros et al., 2013). Their results revealed that, in the high-intensity group, changes in SM mass were significantly and inversely correlated with HOMA2-IR. Conversely, in the low intensity group, there was no such association. In addition, in the high-intensity group, only participants who had an increase in SM mass had a HbA1c reduction. Surprisingly, participants in the low intensity group whom SM mass increased did not show improvements in any glycemic control outcomes. In T2D individuals, SM quantitative changes in response to RT do not always occur and are presumably unpredictable despite the application of a proper training stimulus according to population studies. A systematic review conducted by Gordon et al. (2009) looking at RT as a metabolic health enhancing tool for individuals with T2D has concluded that the minority of studies analyzed (2 amidst the 24 listed papers) reported significant increases in SM as well as inconsistent improvements in SM intrinsic insulin signaling between trials (Gordon et al., 2009). Nonetheless, the aforementioned review strongly supports a favorable effect of RT on whole-body glycemic control, IS and SM strength in people with T2D, again displaying a discrepancy between SM improvements in IS and whole-body glucose homeostasis in response to RT. In sum, one plausible explanation of a higher efficiency of one exercise protocol over another might be total training load, i.e., the combined effect of intensity and volume, irrespective of the effect on SM quantity.

The association between increases in SM and glucose homeostasis may also be highly relative to inter-population variability. Table 1 provides a brief overview of highly cited studies investigating FFM quantitative changes and glucose homeostasis in response to either resistance or mixed training intervention, or a comparison of the two, in different population studies. Aside from a few exceptions (Cuff et al., 2003; Bucci et al., 2016), studies that report concurrent improvements in SM mass and IS or its surrogates are often conducted in either young male adults (Roberts et al., 2013; Cocks et al., 2014; Shepherd et al., 2014) or adolescents (Shaibi et al., 2006; Van Der Heijden et al., 2010; Lee et al., 2012). Amongst others, areas where counter-intuitive results have been found include post-menopausal women and women with PCOS. For instance, Kogure et al. (2016), using a 16-week RT intervention, showed a positive association between HOMA-IR and SM mass in middle-aged women with and without polycystic ovary syndrome (PCOS), both at baseline and after the intervention, suggesting worsening glucose homeostasis with increased SM mass (Kogure et al., 2016). Furthermore, the results of Glouzon et al. (2015) show that following a 6-month mixed-exercise intervention, overweight to obese women who had lost FFM had better improvement in HOMA-IR compared to women who had gained muscle mass, independently of visceral adipose tissue and fat mass percentage (Glouzon et al., 2015). Even more, the authors found a positive correlation between exercise-induced changes in SM mass index [lean body mass(kg)/height(m2)] and HOMA-IR after the intervention. Interestingly, the association was even stronger after controlling for visceral fat and relative fat mass (% of total body weight) changes. Indeed, women and men differ not only in physical attributes but also in their SM substrates metabolism (Ansdell et al., 2020). Accumulating evidence suggests a higher intrinsic IS in women’s SM, given a higher relative proportion of type I SM fibers with greater capillary density and fatty acid oxidation rates, as well as higher anti-inflammatory adipokine activity (mainly leptin and adiponectin) (Lundsgaard and Kiens, 2014). Indeed, these different metabolic features are thought to be in part driven by enhanced SM estrogen signaling (Ikeda et al., 2019) and adipose tissue partitioning (Mancuso and Bouchard, 2019). In contrast, Bucci et al. (2016) observed a significant effect of a 4-month RT program on MRI-derived SM mass and thigh muscle glucose uptake assessed with positron emission tomography (18F-FDG) in older frail women offspring of normal weight/lean or overweight/obese mothers (Bucci et al., 2016). Furthermore, there was a significant and positive correlation between increases in glucose uptake and increases in absolute SM mass. While indices of SM quality, such as absolute and relative strength, were not measured in the latter study, these results might suggest that increasing SM in the context of frailty, or pathological losses of SM such as sarcopenia may improve glucose homeostasis, as it has been suggested before (Lexell, 1995; Volpi et al., 2004; Phu et al., 2015).


TABLE 1. Summary of studies that has investigated fat-free mass quantitative changes and glucose homeostasis in response to either resistance or mixed training intervention or a comparison.
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In weight loss trials, a great deal of attention is directed toward the importance of SM mass maintenance in order to counter any loss in resting metabolic rate and therefore, energy expenditure. It is hypothesized that the reduced energy expenditure due to reduced SM mass will contribute to weight regain and deterioration of body composition, a phenomenon coined fat overshooting. However, this fat overshooting phenomenon appears to be attenuated in obese individuals (Jacquet et al., 2020; Dulloo, 2021) and, accordingly, the risk of developing T2D (Zou et al., 2020) or cardiovascular diseases (Zou et al., 2019) does not appear to be greater with weight cycling in initially obese individuals. This discrepancy between normal weight and overweight to obese individuals could be attributable to the “less essential FFM” theory, which was suggested by Marks and Rippe (1996) as an explanation to the observed benefits of decreasing total FFM after weight loss in severely obese individuals (Marks and Rippe, 1996). The foundation of their theory was that a certain proportion of the high SM mass of obese individuals is “functionally inessential” due to a lessened relative quality. They also speculated that a high SM mass was associated with a lower density tissue in obese individuals, impaired strength-to-size ratio as well as a lower mitochondrial density and capillarization. Taken together, these factors compromised SM work capacity. Considering those speculations, although SM is a functional physiological reserve in many circumstances, more does not necessarily mean better. This may suggest a “ceiling effect” at a certain level of SM, wherein adding muscle mass does not provide further metabolic advantage. In line with this, a study from Ghachem et al. (2019) has identified a cut-off point of appendicular muscle mass index [7.02 muscle mass (kg)/height (m)2] in sedentary older women above which IS is significantly reduced(Ghachem et al., 2019). Fukushima et al. (2016) using a 6-month mixed-exercise and nutritional intervention in 92 middle-aged obese women found that fasting insulin and glucose decreased in those whose SM mass index (kg/m2) also decreased over the course of the intervention (Fukushima et al., 2016). Leon et al. (2013) also illustrated this point in 132 middle-aged women who participated in a 6-month diet and exercise program (Leon et al., 2013). Before the intervention, the authors noted that appendicular SM mass was proportional to the level of obesity and was also proportionally related to fasting insulin levels. Interestingly, changes in appendicular SM mass were moderately correlated (r = 0.337) to changes in fasting insulin after the intervention. In a large intervention study, Amankwaah et al. (2019) investigated the contribution of body composition changes to improvements in cardiometabolic health following a 9-month mixed exercise intervention (RT twice a week and AT once a week) in obese (BMI 30.0 ± 2.7 kg/m2) middle-aged men (n = 69) and women (n = 83) (Amankwaah et al., 2019). Unexpectedly, SM hypertrophy did not contribute to improvements in glucose homeostasis. Furthermore, the authors mentioned that the relationship between changes in SM mass and some cardiometabolic indices (HDL-Cholesterol and IS index) was inconsistent across different expressions of SM mass. On one hand, the relationship was significant when SM mass changes were expressed as a percentage of total body weight, while it was not the case when changes were expressed relatively to baseline (%) SM mass or in absolute values (kg). This suggests that the observed changes in cardiometabolic health indices were predicted by changes in fat mass rather than quantitative changes in SM.

Given the paucity of findings with regards to the implications of SM hypertrophy in response to exercise in different populations and study design, the exercise physiology community would likely benefit from a more in-depth understanding of the mechanisms involved in such adaptations, as well as their implications. Herein, we thus suggest moving the debate forward by examining if and how the presence or the absence of SM hypertrophy influences glucose delivery and utilization in response to exercise interventions. The reader is directed toward Table 2, which provides a brief overview of studies simultaneously reporting insulin-sensitizing SM metabolic properties, FFM quantitative changes and glucose homeostasis parameters changes in the context of exercise interventions.


TABLE 2. Summary of studies reporting insulin-sensitizing skeletal muscle metabolic properties, fat-free mass quantitative changes, and glucose homeostasis parameters.
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Skeletal Muscle Hypertrophy, Microvascularization and Glucose Homeostasis – Barrier or Enhancer?

Adequate perfusion is critical for efficient glucose delivery toward SM tissue. For instance, both the architecture of the microvasculature and its adaptability to vasodilation cues orchestrate glucose delivery from the circulation to the cytoplasm (Schalkwijk and Stehouwer, 2005; Sjøberg et al., 2017). Under those circumstances, the endothelium acts as the main “gate-keeper” for glucose delivery (Richey, 2013). The sophisticated network of mechanisms behind insulin-stimulated vasodilation and recruitment of the vasculature being beyond the scope of the current review, readers are directed toward other excellent reviews for a more extensive discussion of these topics (Cocks and Wagenmakers, 2016; Lenasi and Klonizakis, 2016; Olver and Laughlin, 2016).

Capillary rarefication applies a physical barrier to adequate substrate flow toward SM tissue and is consequently an early indicator of SM-IR (Lillioja et al., 1987). Conversely, exercise-induced increases in capillary density allows for enlargement of the diffusible surface area, which promotes greater IS at the SM level (Akerstrom et al., 2014; Prior et al., 2015). In response to chronic AT, SM capillarity indexes (i.e., capillary ultrastructure, capillary density, capillary-to-fiber ratio, etc.) and IS have been found to both increase in a positive and linear fashion (Prior et al., 2014; Cocks et al., 2016; Mortensen et al., 2019). On another hand, collective evidence on vascular adaptations to exercise suggests a plausible relationship between total SM mass, SM fiber-type characterization and capillary density indexes. Interestingly, the impact of SM hypertrophy per se on SM capillary architecture has only been explored by a few trials. In those studies, individuals with lower total SM mass had distinct characterizations of SM fiber type (Trappe et al., 1995). For example, capillary density has been found to be significantly higher in endurance athletes compared to age-matched powerlifting athletes with substantially higher SM mass (Tesch et al., 1984). In a previous study, Green et al. (1999) demonstrated a parallel increase in the number of capillaries in contact with each fiber type and SM fibers area after a 12-week high intensity RT regimen in young college students (Green et al., 1999). More recently, Holloway et al. (2018) investigated the temporal response of SM angiogenesis during RT-induced SM hypertrophy in a sample of 36 young men (Holloway et al., 2018). Not only did they see significant hypertrophy of type I and type II muscle fibers, but they also measured a concomitant increase in capillary-to-fiber ratio in type I muscle fibers. The findings from this study suggest SM hypertrophy may not be a limiting factor for SM angiogenesis in type I muscle fibers. Noteworthy, these conclusions were not supported by an association between the observed changes in fiber size and capillarization indexes. In the same line, interesting results from Snijders et al. (2017) demonstrated that baseline SM capillarity was a strong driver of SM hypertrophy and increases in satellite cell content after a RT intervention in healthy older men (Snijders et al., 2017). Contrasting with the results of Holloway et al. (2018), the intervention did not elicit any increase in capillary density, neither in type I nor type II muscle fibers, although SM hypertrophy was present. By the same token, a recent study of Moro et al. (2019) has shown that baseline SM capillarization was a strong driver of SM hypertrophy following RT in older adults (Moro et al., 2019). Overall, those findings suggest that improving SM perfusion capacity for glucose, insulin and other growth factors transport may be paramount to SM hypertrophy. The other side of the coin of these findings is that improving muscle quality first, by improving capillarity, could be the most efficient strategy regardless of the ultimate goal being SM hypertrophy, enhanced glucose homeostasis, or both.

Even though the aforementioned findings revealed important insights on how microvascular adaptations may influence SM mass quantitative changes, few investigations showed a comprehensive assessment of the implications for IS. Yet, only a few trials and reviews have previously shed light on potential hypotheses. A study by Cocks et al. (2014) examined the effects of a short-term RT intervention on SM capillary architecture indexes in a sample of eight sedentary young men (Cocks et al., 2014). They found no significant differences in either capillary contacts or number of capillaries per fiber after the intervention, although participants saw significant improvement in post absortive glucose tolerance. Previously, a review by Deschenes and Kraemer (2002) reported that RT-induced SM adaptation generally resulted in a reduction in relative capillarization when SM hypertrophy also occurs (Deschenes and Kraemer, 2002). However, according to a later review from Harris (2005) this interpretation is highly conditional to the ways in which muscle capillarity is expressed (Harris, 2005). When assessing capillarization as a matter of capillary contacts, hence the number of capillaries per myofiber, it rather seems that RT has a positive impact. It is generally accepted that these adaptations are the direct consequence of an elevated local oxygen (O2) demand from the SM – that is greater oxidative phosphorylation (OXPHOS) rates (Guyton et al., 2010, Chapter 7). These observations are in favor of the superiority of circuit-type RT above low-rep/high load RT for improving IS-related SM properties. Likely, the ideal RT prescription for improving microvascular function and SM-IS has not been identified yet (Olver and Laughlin, 2016).

In all likelihood, there exist an important interplay between SM angiogenesis and the mitochondrial biogenesis transcription factors. Irrefutably, PGC-1α transcription is likely one of the main drivers of mitochondrial biogenesis (Tiraby and Langin, 2005) and has been shown to play a significant role in microvascular reactivity and adaptations, through eNOS phosphorylation and vascular endothelial growth factor (VEGF) transcription pathways (Arany et al., 2008; Chinsomboon et al., 2009; Baldelli et al., 2014). Moreover, PGC-1α transcription has been shown to reflect Hypoxia Inducible Factor-1α (HIF-1α) activity, hence SM local O2 demand (Gorski and De Bock, 2019). Indeed, endurance exercise generates continuous blood flow elevation toward SM for adequate O2 and substrate delivery (Andersen and Saltin, 1985). As a response, the capillary network surface increases in order to enlarge the perfusion surface available. These adaptations seem highly dependent on PGC-1α transcription (Arany et al., 2008). As high-load, low-rep or hypertrophy-driven RT generally elicits short duration muscle contractions and an intermittent elevation of blood flow comparatively to AT, it may be an insufficient physiological stimulus to promote PGC-1α-driven angiogenesis. By the same token, results from Mortensen et al. (2019) suggested that improved vasodilator and insulin signaling mostly occur in SM undergoing a significant exercise volume (i.e., duration of stimuli application) (Mortensen et al., 2019). In their recent review, Olver and Laughlin (2016) provided in-depth analysis of the impact of different exercise modes on microvascular dysfunction in T2D (Olver and Laughlin, 2016) and stated that:

[exercise] program that engages the most skeletal muscle and the most muscle fibers within each skeletal muscle (i.e., greatest increase in fiber recruitment from rest to exercise), given that the stimulus is applied for a sufficient duration of time, will generate the most widespread adaptations, leading to improvements in microvascular function and insulin sensitivity.

Such a statement reinforces the hypothesis that RT solely centered on SM hypertrophy may not be the most appropriate stimulus for microvascular adaptations and SM IS. A unique study of Hansen et al. (2012) provided important insights on the respective impact of endurance-type RT and hypertrophy-focused RT regimens (Hansen et al., 2012). In short, they compared the two exercise modalities with regards to their effect on glucose metabolism in a sample of 18 older men and women with impaired glucose tolerance. Their results revealed that both exercise modalities had positive effects on baseline IS, but the endurance-type modality had an additional effect on pancreas’s beta-cell function.

As pointed out earlier, another important feature of efficient glucose delivery is the endothelium’s vasodilation capacity in response to either elevated insulin levels or a high metabolic demand induced by SM contraction (Cocks and Wagenmakers, 2016). In insulin resistant states, capillary blood volume and flow do not increase normally in response to insulin, which is likely to contribute to abnormal glucose homeostasis (Lenasi and Klonizakis, 2016). To date, the exact effect of SM hypertrophy on the SM microvasculature response to vasodilation physiological cues remains unclear, although RT has been found to exert significant benefits (Olver and Laughlin, 2016). Using an ultrasound method, Cohen et al. (2008) reported improvements in vasodilation of the forearm skin microvasculature in elderly T2D patients after a 14-month RT period (Cohen et al., 2008). Another recent study from Russell et al. (2017) using a 6-week RT protocol in T2D patients also showed significant improvements in muscle microvascular blood flow and a concomitant significant improvement in IS (Russell et al., 2017). Changes in fasting blood glucose, HbA1c and glucose area under the curve during an oral glucose tolerance test were all induced by a higher microvascular blood flow (adjusted for percent SM, body mass index, brachial blood flow and mean arterial pressure). Importantly, these changes were accompanied by a 44% increase in relative strength and an average of 1.3 kg SM gain. It is therefore legitimate to debate which one of those two improvements is more related to enhanced glucose homeostasis, relative strength being an important feature of muscle quality (Barbat-Artigas et al., 2013).

Additionally, the heterogeneity of blood flow distribution between muscle fiber types is likely to play an important role in the insulin-mediated vasoreactivity. Heinonen et al. (2015) reviewed this topic and reported a study by Behnke et al. (2011) that established that muscle fibers with lower oxidative potential, or known as type II fibers, are also prone to high adrenergic stimulation (Behnke et al., 2011; Heinonen et al., 2015). Thus, it is likely that these SM fibers display less upregulation of vasodilation mediated by endothelial factors, as well as an elevated α-adrenergic-mediated vasoconstriction, compared to type I fibers. Previous data suggested that obese (Krotkiewski et al., 1990), first-degree relatives (Nyholm et al., 1997), and T2D (Mårin et al., 1994) individuals might have a higher proportion of type II muscle fibers and second, usually hypertrophy-driven RT exercise has been hypothesized to mostly target type II muscle fibers (Folland and Williams, 2007; Netreba et al., 2013; Grgic and Schoenfeld, 2018). Admittedly, one could hypothesize that targeting SM hypertrophy might not be ideal in order to improve SM mechanisms of IS.



New Insights in Mitochondrial Adaptations in Skeletal Muscle Hypertrophy

Amongst the vast array of insulin-sensitizing adaptations from chronic exercises, enhanced oxidative capacity is one of the most regarded. Indeed, a high SM mitochondrial density has been relentlessly highlighted as a univocal feature of SM-IS (Gouspillou et al., 2014; Roden and Shulman, 2019; Houzelle et al., 2020). Conversely, mitochondrial dysfunction has been related to loss of SM mass (Gouspillou et al., 2010) Furthermore, peripheral OXPHOS capacity is positively associated with an efficient glucose metabolism (Rimbert et al., 2004). In brief, elevated peripheral oxidative capacity is thought to be one of the strongest predictors of whole-body-IS in virtue of a higher total substrate utilization (Bruce et al., 2003). A recent study of Zampino et al. (2020) highlighted the influence of SM OXPHOS activity on resting metabolic rate, independently of total FFM, which suggests that intrinsic SM OXPHOS capacity is a stronger driver of energy expenditure than SM quantity (Zampino et al., 2020). Nonetheless, whether exercise-induced SM hypertrophy leads to significant mitochondrial adaptations with regards to improved IS remains unclear. A comprehensive study of St-Jean-Pelletier et al. (2017) has found a significant association between SM mitochondrial content and thigh lean mass and CSA, as well as lower body strength, in a pooled sample of young and older/sedentary or active men. Interestingly, they also found to significant relationship between mitochondrial and lipid content (St-Jean-Pelletier et al., 2017). Sparks et al. (2013) investigated the influence of either AT, RT or their adjunction (ATRT) matched for time in older individuals with T2D and found that ATRT has the most impact on mitochondrial content and substrate oxidation (Sparks et al., 2013). Interestingly, participants in the ATRT group displayed no significant changes in SM mass. This observation echoes Olver and Laughlin’s (2016) suggestion that with regards to exercise adaptations related to SM-IS, the combination of the two exercise modalities is more efficient than one of the two in isolation (Olver and Laughlin, 2016). According to the authors, this could be explained by a broader recruitment of the musculoskeletal system and potentially, a greater total exercise workload. Recently, Parry et al. (2020) reviewed the equivocal character of SM mitochondrial adaptations in response to RT regimens. In short, the authors proposed a novel theory, the “mitochondrial dilution” model, wherein SM hypertrophy without an equivalent rate of concurrent mitochondrial biogenesis leads to a decrease in relative mitochondrial content and ultimately, lowered or unchanged total oxidative capacity and mitochondrial respiration (Parry et al., 2020). Although the contribution of SM mitochondrial dilution on IS needs further investigations, one could hypothesize that since lower mitochondrial activity is a well-known feature of IR (Petersen et al., 2004), such a dilution could lead to a decrease in relative SM IS (Petersen et al., 2004). The authors also recommend examining how high-repetition/low-load or “aerobic-like” training, versus high-load/low-repetition or “hypertrophy-driven” training modulates markers of mitochondrial biogenesis. In line with those speculations, a study from Burd et al. (2010) has demonstrated that acute low-load, high volume RT, in terms of absolute number of repetitions has a greater impact on mitochondrial protein synthesis, compared to high-load – low volume RT (Burd et al., 2010).

A reduced turnover rate of intramuscular triglycerides (IMTG) is also a hallmark of SM-IR (Petersen et al., 2004; Roden and Shulman, 2019) and is thought to be the consequence of a low oxidative capacity (Consitt et al., 2009). Conversely, an elevated IMTG turnover rate is associated with greater SM-IS, irrespective of the magnitude of IMTG pools (Goodpaster et al., 2001). Although the relevance of both aerobic and resistance exercises is no longer to be proven regarding enhanced IMTG metabolism, it remains unknown whether quantitative changes in SM play a role in those molecular adaptations. However, it is generally accepted that hypertrophied SM contains proportionally more type IIA and IIB than type I fibers (Karp, 2001). Nonetheless, these types of muscle fibers are thought to display a lower oxidative capacity (Henriksson and Reitman, 1976). A study of Shepherd et al. (2014) provided insightful observation to this issue by revealing that RT has the ability to increase IMTG breakdown in type II fibers (Shepherd et al., 2014). In short, their results demonstrated an increase in lipid droplet-associated proteins 2 and 5 (PLIN2 and PLIN5) covering lipid droplets, as well as an increase in intramuscular triglyceride utilization during a 1-h moderate intensity cycling session after a 6-week RT protocol in lean, healthy young men. Furthermore, there was an increase in the expression of cytochrome oxidase (COX; a marker of SM oxidative capacity) in both type I and II fibers. There was also a slight increase in total SM mass. But most importantly, all adaptations occurred in both type I and type II muscle fibers. In sum, the current body of evidence suggests that even if the importance of AT and RT in glucose metabolism is no longer to be proven regarding IMTG metabolism, it has yet to be confirmed whether quantitative changes in SM mass further drives those adaptations in other populations, such as individuals with metabolic impairments.



A Perspective Approach on the Optimal Strategy

Body weight management and exercise are amongst the most promising strategies to improve and maintain overall metabolic health (Tuomilehto et al., 2001). However, it is still unclear if the current focus on SM hypertrophy, or the prevention of SM losses during weight loss trials is appropriate amongst all populations. In contrast, studies aiming at increasing muscle quality, regardless of quantity, are currently scarce (Barbat-Artigas et al., 2013). This can be achieved with low-load-high repetition RT, which is an overlooked exercise modality in metabolically impaired populations. Further studies that will seek to determine the real contribution of quantitative changes of SM on glucose homeostasis in populations who would benefit from an optimal exercise prescription for this purpose, such as prediabetic, T2D or metabolically impaired individuals, are highly warranted.



CONCLUSION

Regular exercise, be it AT or RT, has repetitively been associated with improved IS through various mechanisms. However, the mechanisms underlying a relationship between SM hypertrophy and whole-body glucose homeostasis have not been demonstrated without doubt. A fundamental mechanism that could contribute to IS improvements is greater SM capillarity (i.e., greater perfusion surface) and its vasodilator response. The associated increase in blood-flow and diffusion surface for O2 support improved SM OXPHOS capacity and intramuscular lipid turnover. We argue that RT protocols both involving a high O2 demand and aiming to improve muscle function have the highest potential to induce SM adaptations in favor to an improved IS. With this in mind, SM hypertrophy ability to equivocally improve whole-body glucose homeostasis might be re-evaluated in specific populations. Moreover, in virtue of better known intersex- and age- related physiological differences in response to acute and chronic exercise (Lundsgaard and Kiens, 2014; Hughes et al., 2015; Snijders et al., 2017; Ansdell et al., 2020), specific recommendations are warranted. Finally, while RT is a highly relevant and proven strategy to prevent T2D (Bird and Hawley, 2017; Pesta et al., 2017), future investigation should seek to determine which modality of RT would maximize such benefits and verify if RT, through improvements of SM quality, can substantially increase IS independently of SM mass changes.
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HIT micT
Morissey etal.  France RCT  HIIT: mean age was 15014 Training at 90-95% HRyey for  Training at 60-70% BW; BMI; BF 0
(2018) years, mean BMI was 120-150s, with arecovery  HRpax, 40-60min (%); SBP;
350230 kg/m?, four males  interval at 56% HRmax for 90s.  per session, 3timesa  DBP; FG; Fl;
and 12 females, n = 16 4-6 bouts per session, three  week for 12 weeks HOMA-IR;
MICT: mean age was times a week for 12 week TG, TC
15.0 1.6 years, mean BMI
was 34.0 1.0 kg/m?, four
males and nine females,
n=13
Diasetal. (2018) Norwayand RCT  HIT: mean age was 12.4:£1.9  4*4min bouts at 85-95% Training at 60-70% BW; BMI; BF 24
Australia years, 16 males and 17 HRpmax, With an active recovery  HRmax for 44min, three  (%); HDL-c;
females, n = 33 interval at 50-70% HRpax for  times a week for 12
MICT: mean age was 3min, three times a week for  weeks
11.9::2.4 years, 15 males and 12 weeks
17 females, n = 32.
Lazzer etal. (2017) ltaly RCT  HIIT: mean age was 16.80.7 Training at 100% VOzpea for  Training at 70% VOszpea 0
years, 10 males, n =10 40s, interspersed with Smin of for 30 min, 31 min
MICT: mean age was walking at 40% VOzpeak, 37 per session, two
16.12 1.1 years, nine males,  min/session, two sessions per  sessions per day for 3
n=9 day for 3 weeks weeks
Mahgoub and Aly  Egypt RCT  HIIT: mean age was Training at 80% VOgpeac for  Training at 50-60% TC; TG; 0
(2015) 13.66+ 1.1 years, mean BMI  2min, with 1 min restintervals, ~ VOzpea for 30min for 8
was 30.42+1.58 kg/m?, six  30min per session, 8 weeks  weeks HDL-c
males and nine Note: 75% VOzpeak in the first
females, n = 15 4 weeks
MICT: mean age was
13.731.03 years, five males
and 10 females, mean BMI
was 30.18 + 1.67 kg/m?,
n=15
Starkoff et al. USA RCT  HIIT: mean age was 14.9:+1.6  Training at 90-95% HRpy for  Training at 65-70% VOgpeak 7
(2014) years, mean BMI was 2min, with an active recovery  HRmax for 30min, three
86.54:5.4 kg/m?, eight males  interval at 55% HRax for times a week for 6 weeks
and 10 females, n = 18 1min, 10 bouts per session, 3
MICT: mean age was times a week for 6 weeks
145 1.4 years, mean BMI
was 38.7 + 6.7 kg/m?, six
males and 10 females, n = 16
Xiuming (2014)  China RCT  HIIT: mean age was Training 90-95% HRmax for  Training at 80% HRmax  BW; BMI; 0
10.20:0.45 years, mean BMI 1min, and then gradually to  for 30-60min, twicea  SBP; FG;
was 280 1.19 kg/m?, 20 50% HRmac within 1,30min  week for 12 weeks DBP; FI; TC;
males and 10 females, n =30  per session, twice a week for HDL-c;
MICT: mean age was 12 weeks LDL-c; TG;
10.40 £ 1.34 years, mean BMI HOMA-IR
was 28.50 % 1.11 kg/m?, 22
males and eight females,
n=30
Murphy et al. USA RCT  HIIT: mean age was 13.742.0 Training at 80-90% HRmex for  Training at 65% HRmex  BW; BMI; BF 0
(2015) years, two males and five 1min, with an active interval at ~for 30min, three times a ~ (%); SBP;
female,n =7 60% HRmax for 2, 30 min week for 4 weeks. SDP;
MICT: mean age was per session, three times a VOspeak
143412 years, one male and  week for 4 weeks
five females, n = 6
Koubaa et al. Tunisia RCT  HIT: mean age was 1308  Training at 80% VOpmax for  Training at 60-70% BW; BMI; 1
(2013) years, mean BMI was 2min, interspersed with 1min  VOzmay for 30-40min,  TC; HDL-
302436 kg/m?, 14 males,  recovery, three times per week three times per week for  LDL-c; SBP;
n=14 for 12 weeks 12 weeks WC; DBP;
MICT: mean age was TG; VOgpeae
12.94:0.5 years, mean BMI
was 30829 kg/m?, 15
males, n = 15
Corte de Araujo  Brazil RCT Training at 100% peak velocity  Training at 80% HRmax 0

etal. (2012)

HIIT: mean age was 10.7 £0.7
years, mean BMI was
30.8:+3.7 kg/m?, five males
and 10 females, n = 15

MICT: mean age was

10.4 £ 0.9 years, mean BMI
was 20,6+ 4.0 kg/m?, four
males and 11 females, n = 15

for 1 min, with a 3min interval
at 50% peak veloty, twice a
week for 12 weeks

for 30-60 min, twice a
week for 12 weeks

HOMA- IR;
TG:; TC

BW, body weight; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FG, fasting glucose; Fl, fasting insulin; TG, triglyceride;
TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; RCT, randomized controlled tral: HIIT, highvintensity interval training; MICT,
moderate-intensity interval training.
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Exercise methodology

Heality partspants (1 = 8; undefned M) pertored
20 min of moderato-ntensiy contnuous exercise
onding in 170 bom HR) on cycte ergometer

Partcipants wiih TID (v=0; M & 1) porored
10 min bouts separated by § mn est, for 30 mi total
execisng, conieous low-to-modatle itensty
exercise (125 = 5 bpm) on cycle egometer

Paricioents win TID (1= 5; ndafinad MJF) performe
four 10:mi periods vith 400-sec ntevals, o
moderate iensi contiuious exercise(120.+ 10bp)
oncyc ergometer

Partcpants wit type 1 dabotes (0= 14: M 7/F 7)
performsd 30 min,inckxing a  min warn up, of

modeato-intensity contuous exerdso (65-70% age-
predicted maximl heart rata 0n  cy Grgomete)

Partciparts with type 1 dabotes (C-pepid nagaive)
(0= 9:M9/F 0)pertomed trvee 15-min periods, wih
5 est intervals, of moderate-tensity continuous
exercise (3-min v, then 12:m1 3 60%
VOana) 00 Gy ergometer, n ither coid (10°C)ox
warm (30°C) ambient temparatures

Healty particpants (v=7: M 7/F 0) pedormed 60 min
lowt0-moderate-tensity continuous exercss

(5 k™ a1 5° gracient) o teacknil

Hoalthy volueers (1 = & undefinod M) perormed
e 15-mn bouts exercie, separeted by S-mn est
periods, of Gontinuous exercie at ow-to-moderate-
intensty (50% maxinum power capaciy) on a cyce
ergometer

Partcparts with type 1 dabotes (n = 13; M 12F 1)
pertormad 30 min of moderat-tensty contuous.
xercise (65% VO, 0n Gyl exgomeer
Partcipants with type 1 dabetes (1= 8 M7/ 1)
peformad eiher contol es, 1, 2, o 3 sets of
moderalo o high infensty (67 + 3% 1RM) resstanco

Partcpants with type 1 dabetes (1= 8 M7/ 1)
petormed efher control e, 1, 2, o 3 sets of
moderate-to-tigh nensiy (50-70% 1RM)resistance
exercse

Insulin absorption outcome

Increased RIA during exercse 1 leg
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Study

Layne et al.,
2011

Andersen et al.,
2003

Cocks et al.,
2014;
Shepherd et al.,
2014 (shared
sample)

Iglay etal.,
2007

Holten et al.,
2004

Ferrara et al.,
2006

Van Der
Heijden et al.,
2010

Intervention
(Modality)

8-week RT
(progressive
overload)

3 months of
de-training after a
3-month heavy RT

6-week RT focused
on hypertrophy and
strength

(9 exercises, 3 sets
of 12 rep)

IMTG breakdown
during 1-h cycling
~65% VO,peak

12-weeks RT,
3week (8
exercises, 2 sets of
8), coupled with
either low or high
protein diet

6-week, 3/week
(One-leg RT)

10 to 12-week
weight stabilization,
followed by either
AT or RT exercise
for 6 months,

3 days/week.

12 weeks RT,
2/week

(2-3 sets of 8-12
repetitions, 3 sets
of 15-20 during
week 9-12)

Sample

19 sedentary
middle-aged
individuals, with
Mets

(5F/10M) and
control (5F/4M)

7 young (26 £ 1y)
inactive men

13 young
(20 1 years) lean
(avg BMI: 24 + 0.8)
sedentary men

36 older

(622 + 2 years)
men (n = 18) and
women (1 = 18)

10 men with T2D
and 7 healthy
controls

21 Overweight or
obese (avg BMI:
29.9 + 0.7) middle
aged and older
men (§0-79 years)

12 obese (BMI:
353+0.7)
adolescents

FFM and FM
changes

MetS:
+FFM

o FM
Control:

+ FFM (1.3kg)
oM

1 Quadriceps CSA
after detraining

1+ FFM
Y

High-protein group:

+FFM
Low-protein group:
+FFM

Both groups:
+FFM

AT:
+FFM

1 Thigh CSA

| Subcutaneous
M

RT:

+FFM

1 FFM
1 Subcutaneous
M

Glucose
homeostasis

MetS: <
Control:
+ GIR (26%)

<« F-glucose, insuiin,
c-peptide, [insulin]
during clamp

1 Whole-body M during
the last 30min of the
clamp (11 4%)

+GH
+ Matsuda index

1 OGTT glucose and
insulin

Both groups:
~HbATc,
ISl-composite, plasma
glucose, insulin,
C-peptide and
HOMA-IR

Both groups:
1 Leg glucose

clearance

AT:
o F-glucose

o Finsulin

M (480 pmol/m?/min
insulin infusion clamp)
RT:

o F-glucose

o Finsulin

M (480 pmol/m?/min
insulin infusion clamp)
+ Non-oxidative
carbohydrate
metabolism

1 Hepatic I; | glucose
production rate
(SLIVGTT and glucose
tracer infusior)

SM metabolic properties

Mets:
1 GLUT4 expression
+ ATP synthase

+ AMPK expression
Control:

+ ATP synthase

+ GLUT4 expression
+ PGC-1a

+ AMPK expression
< GLUT4 mRNA

< CSmRNA

< HAD mRNA

< GS mRNA

< Capilary density

1 Glycogen content

1 IMTG content and density
intype I and type Il fibers
1 IMTG breakdown during
1-h cycling in type | and
type l fibers

+ COX expression

+ SDH activity

< Capilary density,
capillary contacts,
oNOSSer 177
phosphorylation

Both groups:

o IRS-1, Akt

+ Atypical protein kinase

Both groups:

 GLUT4 content

+ Insulin receptor

+ GS synthase activity
1 GS protein content
TAKT (1/2)

© Oxidative enzymes (CS,
LDH, HAD)

AT:

 GS fractional activity
< CS, P13k, glycogen
content

RT:

1 GS fractional activity
< CS, P13k, glycogen
content

«IMTG content

Association

No association shown.
Higher absolute FFM and
type 2 fiber proportion in
Mets participants pre- and
post-intervention.

No significant correlation
between changes in leg
glucose uptake rates and
changes in muscle mas
Type lIX fiber proportion
increased in the detrained
state.

No association discussed
between FFM changes, SM
metabolic properties
changes and GH.

Significant effect of RT on
FFM and FM, independent
of protein intake.

BC changes were not
correlated with changes in
GH.

No association shown.
Changes in muscle
metabolic properties were
likely to be independent of
leg FFM quantitative
changes.

The effect of insulin on GS
activity was significantly
and 2.5-fold greater in the
AT group.

Neither FFM at baseline
and post-exercise were
correlated with peripheral
and hepatic IS.

Akt, protein kinase B (PKB); AMPK, AMP-activated protein kinase; AT, aerobic training; ATP, adenosine triphosphate; Avg, average; AUC, area under the curve; BMI, body
mass index (kg/m?); BC, body composition; BF; body fat; C, citrate synthase; COX, cytochrome oxidase; CSA, cross-sectional area; eNOS®"177, endothelial nitric oxide
synthase at phosphorylation site 1177; F-glucose, fasting glucose; F-insulin, fasting insulin; FFM, fat-free mass; FFM|, fat-free mass index (kg/m?); FM, fat mass; GIR,
glucose infusion rate; GLUT4, glucose transporter type 4; GS, glycogen synthase; GT, glucose tolerance; GU, glucose uptake; HOMA-IR, homeostatic model assessment
for insulin resistance; HAD, 3-hydroxyacyl-CoA dehydrogenase; IMTG, intramuscular triglycerides; IRS-1, insulin receptor substrate-1; LDH, lactate dehydrogenase; M,
hyperinsulinemic-euglycemic clamp-derived insulin sensitivity; OGTT, oral glucose tolerance test; PGC-Ta, peroxisome proliferator-activated receptor gamma coactivator
T-alpha; Pl 8-k, phosphatidylinositol 3-kinases; REPS, repeitions; RM, maximal repetition; RT, resistance training; SLIVGTT, stable-label iv glucose tolerance test; SM,

skeletal muscle; T2D, Type 2 diabetes.
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Study

Miller et al.,
1984

Miller et al.,
1994

Bucciet al.,
2016

Roberts et al.,
2013

Shaibi et al.,
2006

Dionne et al.,
2004

Lee et al., 2012

Kogure et al.,
2016

Poehlman
et al., 2000

Glouzon et al.,
2015

Amankwaah
etal, 2019

Fukushima
etal, 2016

Cuff et al., 2003

Intervention
(Modality)

Sample

10-week, 3/week
(10 exercises, 3 sets of
8REPS)

16-weeks, 3/week
(14 exercises, 3to 15
REPS)

4-months, three
times/week

=17

Avg age: 72.3 and 71.5 years;
Avg BMI: 26.6 and

27.9.

12 weeks, 3/week

3 sets of 6-8 REPS)

16-week, 2/week
(Multiple sets,

volume, multiple joint
exercises)

6 months, 3/week

(9 exercises targeting

sets of 10 REPS)

3months, 3/week
AT (40-60 min,
50-70% VOzpeak) or
RT (10 whole-body
exercises, 1-2 sets.
8-12 REPS, 60% 1RM)

16 weeks, 3/week
(Strength and
hypertrophy focused)

6-months, 3 days/week 51 Premenopausal (age range
AT (endurance-based) 1835 years; BMI < 26)

or R (target intensity:
80% 1RM)

6-month, 3/week
(Mixed intervention)

9-month, mixed
intervention (RT
2 days/week, RT
1 day/week)

6 months, 3 days/week 92 Obese (BMI: 33.2 + 4.6)
women (avg age
40.9 % 10.4 years)

(Mixed intervention)

16 weeks, RT or mixed ~ 28 postmenopausal women
with T2D (avg age: control:
60 + 2.9; AT+RT: 63.4 + 2.2;
RT: 5 exercises, 2 sets  AT: 59.4 % 1.9)

intervention
(AT: aerobic classes;

of 12 REPS)

10 Young male college students

11 Healthy older (58 + 1 years)
men (BMI =269 % 1.0)

Older frail women offspring of
normal weight/lean mothers
(n=20)and or
overweight/obese mothers

28 Healthy young (avg
(Progressive overload - 21.5 years) men,

from 2 sets of 12-15 10 overweight/obese
(avg BMI 30.9)

11 overweight (Avg BMI 32.5)
adolescent males
moderate intensity/high ~ (Avg 15.1 years)

33 Young (27.8 % 3.5 years)
and 12 old (66.6 + 4.9) women
major muscle groups, 3 (avg BMI: young; 21.9  2.8;
old: 25.4 £ 2.6)

42 Obese adolescents
(avg age: control
AT=15.2,RT = 146)

45 Young (28 5.4 years)
[women with (n = 47) or without
(n=52) PCOS

48 Post-menopausal (avg age
60 + 5.0 years) women

Middle-aged men (1 = 69) and
women (n = 83) with mild
obesity (avg BMI

30.0 £ 2.7 kg/m?)

FFM and FM changes

+FFM
o FM

Y
LFM

< Overall BC
 Quadriceps mass
and adductor longus
mass.

RT group:
1FFM

1 Total FM
1 Trunk FM

RT group:
1 FFM

1 %BF
Control group:
1 FFM
Young:

1 FFM

Old:

1 FFM

LFM

AT group:
LFM

RT group:

1 FFM

LFM

Control group: <>

With PCOS:
+FFM
Without PCOS:

o

AT group:
< FFM and thigh GSA
+ Muscle attenuation
RT group:

+ FFM and thigh GSA
1 Muscle attenuation
1 FFM

1 FFEMI
 Appendicular FFM

Y
LFM

| FFMI
LFM

Both groups:
1 FFM (SM CSA)
1 Low-density SM

Glucose homeostasis

1 OGTT insulin AUC

< F-Glucose and Glucose
OGTT

1 Finsulin and insulin AUC
1 Glucose disposal during
clamp

< F-Glucose and F-insulin
tMuscle GU
 Whole-body IS (OOM
group only)

RT group:
 HbAlc
+ GT (0GTT)

RT group:
118 (FSIGVTT)
Control group:
o

Young:

+ M (+38mg/min)
Old:

oM

AT group:
 GT(0GTT)
S

RT group:

© GT(0GT «
1S

Control group: <>
With PCOS:

+ HOMA-IR
Without PCOS:

-

AT group:
™
RT group:
™

1 F-glucose
© Finsulin
< HOMA-IR

t F-glucose
< HOMA-IR

1 HOMA-IR
1 Fglucose
1 Finsulin

AT

< GIR
Mixed:
1 GIR

Association

Positive association: 1 FFM and |
OGTT insulin

No association: + FFM and § OGTT
glucose

No association shown.

Positive association: 1 GU per kg
and 1 FFM

No association shown.

1S changes independent of BC
changes.

No significant improvement in
young when reported relative to
FFM.

No association shown.

Positive association: FFM and
HOMA-IR in PCOS and control at
baseline and post-intervention.
Changes in FFM (LM/height?) were
independent of changes in
HOMA-IR after the intervention.
When IS was expressed relative to
FFM (mg/kg FEM/min), it improved
significantly only in the AT group.

Baseline:
Positive: 1 FFMI and HOMA-IR
Positive: 1 appendicular FFMI and
HOMA-IR

Post-intervention:

Positive: AFFMI and AHOMA-IR

Increases in FFM did not predict
changes in measured
cardiometabolic health outcomes.
Although the relation between IS
and A FFM was significant when
expressed relative to body weight, it
was not when expressed absolutely
or relative to baseline FFM.
AHOMA-IR was inversely
associated with A%FFM (relative to
weight).

Positive association: 1+ SM CSA
and 1 GIR.

AT, aerobic training; Avg, average; AUC, area under the curve; BMI, body mass index (kg/m?); BC, body composition; CSA, cross-sectional area; F-glucose, fasting
glucose; F-insulin, fasting insulin; FFM, fat-free mass; FFMI, fat-free mass index (kg/m?); FM, fat mass; GIR, glucose infusion rate; GT, glucose tolerance; GU, glucose
uptake; HOMA-IR, homeostatic model assessment for insulin resistance; M, hyperinsulinemic-euglycemic clamp-derived insulin sensitivity; IS, insulin sensitivity; OGTT,
oral glucose tolerance test: REPS, repetitions: RM, maximal repetition: RT, resistance training; SM, skeletal muscle; T2D, type 2 diabetes.
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Characteristic wL
CIis®) C.CMR()
Age ~0.36 ~0.09
Body composition
Weight —027 -032
Body mass index -0.23 -033
Waist circumference —037 —0.27
Abdorninal AT —0.04 -0.16
Abdominal subcutaneous AT 0.12 ~0.69
Abdominal visceral AT -0.12 0.48
Thigh intermuscular AT -0.33 0.51
Clinical measurements
sBP 0.25 0.33
DBP 0.14 0.16
Insulin 0.58* ~021
Glucose 0.26 0.55*
HbA1C -0.17 -0.26
HOMA-IR 057 —0.14
Trighycerides 033 053+
Cholesterol 0.46 0.15
LDL-Cholesterol 045 0.06
HOL-Cholesterol —0.07 —0.27
VLDL-Cholesterol 0.33 0.53*
Plasma free fatty acids 078" 0.08
Aerobic fitness
VOgmax (Vimir) 0.16 0.09
VOzmax (MVKgFFW/min) 0.19 025
ATPmax -0.33 -030
One-step clamp (Values during steady state)
GIR/I -050 -0.15
Suppression of FFA -0.02 0.05
Suppression of EGP ~0.04 0.41
Rate of glucose disposal -0.59* -0.04
Skeletal muscle fiber type
Type | fiber proportion -0.28 0.29
Type lIA fiber proportion -0.03 ~0.11
Type IAVIX fiber proportion 0.44 ~024
Type IIX fiber proportion 0.15 -0.12
Type | CSA 017 035
Type lIA CSA ~0.01 0.16
Type IIVIX CSA -0.42 0.15
Type lIX CSA 002 027
Capillary density 0.24 0.43

WL + EX
CIs() C.CMR(
022 011
-0.16 ~0.19
000 004
-007 0.10
-015 -026
-028 -0.18
008 -030
0.66 0.04
-0.22 -0.26
-050 -039
041 -0.06
0.10 0.36
056 037
031 -0.09
023 0.59*
~0.13 015
-0.19 -007
003 0.16
022 059+
018 007
-0.08 -030
010 -0.06
-0.14 022
-0.44 006
022 -029
032 0.44
-0.60* -0.06
-0.52 0.01
-0.07 032
-0.04 -0.18
064 —0.11
064 0.18
050 -0.15
0.40 -0.10
033 —021
-038 -008

AT, adipose tissue; SBR. systolic biood pressure; DB diastolic blood pressure; HOMA-IR,
Homeostatic Model Assessment of Insulin Resistance; TG, triglycerides; LDL, low-density
lipoproteins; HDL, high-density lipoproteins; VLDL, very low-density lpoproteins; FFA, free
fatty acids; GIRVI, Glucose Infusion Rate/Steady State Insulin; EGF, endogenous glucose
production; CSA, cross-sectional area; WL, weight loss; WLEX, weight loss with exercise;
C_IS, insulin sensitivity composite score; C_CMR, cardiometabolic risk composite score.
*Bold indicates significant association between baseline characteristic value and C_Score

atp < 0.05.
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Where z, =

% is the sample mean of variable i,
5 is the sample standard deviation of

variable i.
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HED

Baseline Range of %
change

n 20
Male:Female 713
Age (yn) 701 +438
Medication use (no. of participants)
Statins 9
Metformin 6
Other Anti-hyperglycemic agents 1
Body composition
Weight (k) 97.8+105 ~7.71068
Body mass index (kg/m?) 35744 ~781055
Fat mass (kg) 4.7 £94 ~1481088
Fat free mass (kg) 536+£59 931059
Waist circumference (cm) 114.9£99 ~10.11066
Abdominal AT (kg) 207 £33 ~14010165
Abdominal subcutaneous AT (kg) 143+26 ~1791059
Abdominal visceral AT (kg) 64418 -2481058.8
Thigh intermuscular AT (kg) 0.38 +0.09 13110424
Clinical measurements
SBP (mmHg) 140 11 ~169t0116
DBP (mmHg) 748 25010262
Insulin (pmol/) 97.9+465 —609t071.1
Glucose (mmol) 60+1.0 28810786
HbAIG (%) 6308 -19t01.7
HOMA-IR 3825 —62.81080.1
GIR/I (mg/kgFFM/min/Insulin) 0.08+0.04 ~53.2t0 100
Triglycerides (mmol/) 1.66 4 0.63 -43410918
Cholesterol (mmol/) 494+098 ~3051060.3
LDL-Cholesterol (mmol) 2.79+085 —44.110100
HDL-Cholesterol (mmol/) 1.38+£0.44 13210436
VLDL-Cholesterol (mmol/) 0.77 £0.29 —4481090
Plasma free fatty acids (mmol/) 0.47 £0.20 -93.1t0885
Aerobic fitness
VOprmax (Umin) 17405 -26210349
VOszmmax (MI/KGFFM/min) 312:£74 27810274
ATPmax 0.46+0.13 —4561091.7
One-step clamp (Values during steady state)
Suppression of FFA (%) 8284259 —904t0 14.1
Suppression of EGP (%) 78,6 +20.8 ~37.9t067.7
Rate of glucose disposal (mg/min/Insulin) 47£21 —46.010236
Skeletal muscle histology
Type | fiber proportion (%) 404%11.4 —27.11047.7
Type IIA fiber proportion (%) 3624135 —4631017.9
Type IAVIX fiber proportion (%) 84£56 711056
Type IIX fiber proportion (%) 147 £131 —12.7 10452
Type | CSA (pm?) 4,365 % 991 ~36.31046.8
Type IIA CSA (wm2) 4,303 + 1,503 —72510 103
Type IA/IX CSA (um2) 3,789 + 1,620 —60.4 10 137
Type IIX CSA (wm?) 3,363+ 1,718 —49.7 o 190
Gapillary density (# capillaries/fioer CSA) 12£05 ~35.71039.2

wL
Baseline Range of %
change
21
714
700+4.6

7

3

2
101.4£203  -17.11013
361£51 1651013
467112 3631059
543£128 901030
116.4 £ 13.6 —16.11020.0
212421 -2061002
127+£26 -19.71t07.6
8431  -2321016.1
0424017  —1481017.9
135415 -20210208
7511 -23310269
1035£688 -5851035.8
55+06 -081002
5904 -1211033
45+85  -63610298
008005  -40510196
154£076  -76610836
4642095  ~2481080.1
2634086  -20.91t0201
1.30 +£0.38 -151051.3
0714035  -77.0t0833
053012 -4241083.1
15+£05  -30910803
278469  -280t0804
0444009  -33510767
935£58  -9261016.8
736116 ~77.610347
47£22  -32410110
41.8£157 -38.51028.9
3274133  -20410232
6.7+£6.2 -10.1t0 11.2
186+£135  -28110283
40824£939  -57.81077.1
3470£848  -3861058.8
358541899 76910405
334041339 63210637
09£04  -85010123

WL +EX
Baseline Range of %
change
20
812
66.8 3.4
102.9 £ 132 —21.0t0 (40
373454 —17.410 ()35
474 %102 —87510 (45
56.1£95 -9.11082
1185+ 143 -16.7t05.4
22762  -284t0t0 ()45
147 £3.9 -28.1t0(-)4.8
80=28 —37.0t04.7
0.48+0.14 -380105.2
135 % 11 ~18.91t0 14.7
73412 ~2331024.1
1007 £556  —54.6-54610
469
61£12 —37.91069
6309 ~29100.1
50+37 —61.61057.1
007 +0.04 18510116
1.80 £0.76 —8121t0 162
476:£098 -43310168
276085 ~62.310525
117 £0.19 -26.0t022.7
083035 ~81510170
056 =022 ~74810216
17£05 ~1831t031.1
308+ 4.6 9210864
056 =023 ~24310 149
90.4 £ 10.0 ~621027.1
60.8£25.2 ~80.61065.5
47£25 -10.2t0 385
389+153 ~27.710366
332120 9210248
69£74 —29.8t0 14.1
206 = 182 ~81.9t0222
45111322 ~36.81046.3
4101£1276  -48.110285
4,088 £2,211 ~7221048.4
3131£1204  —4451028.7
12+06 —49.0t0 122

Range of change (%) = post-intervention — pre-intervention/pre-intervention* 100%, with the exception of HbATC, Suppression of FFA and EGP, and fiber type proportions, in which %

range of change = post-intervention — pre-intervention.

AT, adipose tissue; SBR, systolic blood pressure; DBF, diastolic blood pressure; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; TG, triglycerides; LDL, low-density
lipoproteins; HDL, high-density lipoproteins; VLDL, very low-density lipoproteins; FFA, free fatty acids; GIF/l, Glucose Infusion Rate/Steady State Insulin; EGF, endogenous glucose

production; CSA, cross-sectional area.

Sample size ditfers for the following characteristics.
Fasting Glucose: HED, n =
Abdominal AT, SAT, VAT, thigh IMAT: HED,
GIR/, Fasting Insulin, HOMA-IR: HED, n = 19; WL, n

i WL, n = 20; WL + EX, n= 19,
=12W,n=7;
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Outcome

Time in hyperglycemia
(min)

Time in hypoglycernia
(min)

Glycemic variabilty
(MAGE)

Fasting glucose
(mmol/L)

Min, minutes; MAGE, mean amplitude of glycemic excursions; hyperglycemia,

Number of
subgroups

30

12

16

16

Effect estimate

—94[-115, =72}, p < 0.001
—2[-11,7),p=0.67
~0.41 [~0.63, ~0.20], p < 0.001

~02(-0.4,0.1),p =0.14

Heterogeneity

Chi? = 61.73, p = 0.0004, = 53%
Chi? = 14.81,p = 0.19, P = 26%
Chi? = 19.65,p = 0.19, 2 = 24%

Chi2 = 14.12, p = 0.52, /2 = 0%

typically defined as >10 mmol/L; hypoglycemia, typically defined as <3.9 mmol/L.
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Study details Prescription/Population FPG 2-h HbA1c

Postprandial

Ramachandran et al. (24) Walk or cycle >30 min/d + 1,000 mg/d metformin for ~3 years in PR < during NA
overweight/obese adults OGTT

Sharoff et al. (23) An acute bout of cycle ergometry for 30min @ 65% VO,Peak + P NA A
2-3 weeks of 2,000 mg/d metformin treatment prior in
overweight/obese adults

Love-Osborne et al. (26) Self-chosen life style change + 1,700 mg/d metformin for & - < during NA
months in overweight/obese adolescents OGTT

Erickson et al. (26) Postmeal exercise (6 x 10-min bouts of treadmill walking at 60% NA 1 during NA
VO,Peak) + 1,000-2,000 mg/d metformin in overweight/obese MMTT
adults

Ortega et al. (27) An acute bout of exercise + physician prescribed dose of NA < during NA
metformin in insulin-resistant adults OGTT

Boulé etal. (31) ~33 submaximal exercise bouts lasting 3-15 min @ 67-79% 1 1 during N/A
VO,Peak + 28 d of 2,000 mg/d metformin treatment prior in MMTT
adults with T2D.

Terada and Boulé (30) Nutition intervention/with > 175 min exercise/wk + metformin + NA T
therapy in overweight adults with T2D

Malin et al. (32) 6075 min of moderate-high intensity concurrent training 3 d/wk + P NA A
of 2,000 mg/d metformin administration for 12 weeks in adults
with prediabetes

Konopka et al. (33) 45 min of moderate-high intensity cycle ergometry 3 d/wk + 2,000 o NA -
mg/d metformin for 12 weeks in older adults with prediabetes

Walton et al. (34) PRT + 1,700 mg/d metformin for 14 weeks in healthy older adults - N/A N/A

FPG, fasting plasma glucose; OGTT, oral glucose tolerance test; MMTT, mixed meal tolerance test; N/A, Not applicable because the measurement was either not reported or measured;
1, higher; |, lower; <, no difference.






OPS/images/fendo-11-00495/fendo-11-00495-g005.gif
—— . R
cmes, 0 n =
Winding 2018 (Acrobic) 06 04 —
Winding 2018 (HIIT) 06 03 —-
Toul [95% I = 0.5 [0, 02] p= 00004 hd

Favours Exercise  Favours Control





OPS/images/fendo-11-00495/fendo-11-00495-t001.jpg
Source ()] Age BMI Duration AlC Type of Exercise Exercise Timing of Meals during

MF %) (kg/m?) T2D (yr) (%) exercise intensity duration exercise caM
1. Blankenship (30) 64482 317454 10078 74411 - Walking - “Faster than usual - 1 bout (20, 40, or - Morning Partially provided
etal. (22) 14/16 walking speed” 60min) (80-60min
post-breakfast)
2. Cruzet al. (40) 2 552440  200+54 574387 NR - Resistance - 40% 1RM - 1 bout (40 min) - Morning Partially provided
o012 - Resistance - 80% 1RM - 1 bout (40 min) - Morning
3. Erickson et al. (41) ® 60+107 338103 NR 79+23 - Waking - 50% V0, Peak 1bout @ x 10min) - Morning Al provided
53
4. Figueira et al. (42) (14) 5647 30+4 45 79+£26 - Cycling - 70% Peak HR - 1 bout (40 min) - Morning None provided
5/9 [8.1-59) - Cycing - 70% Peak HRand4 - 1 bout 0minjand - Morning
and Resistance  exercises 65% 1AM 3 sets of 12 reps
5. Gillen et al. (38) (U] 62+3 305+19 >3 month 69+07 - Cycling - 85% max HR - 1bout, 10 x 60s - Morning All Provided
413 intervals (10 min)
6. Godkin et al. (30) @ 211070 315 6+9 65+07 - Starclmbing - HITMeanHR= - 1bout:3 x f:imin - Morning Al provided
52 74£5%0fmaxHR  stairs: walking
7. Haxhiet al. (43) © 528466 802+31  52x43  70£06 - Waking - 50% HAR - 2 bouts (20 min) - Spit beforeand ~ Partially provided
90 - Walking - 50% HRR - 1 bout (40 min) after lunch
- Afternoon
8. Karstoft et al. (44) (10)  603+23  283%11 6£09 63+06 - Waking - Interval @ 54-89% - 1 bout (60min) - Fasting None provided
7 VOzpeai (3:3min)
- Walking = 73% VOzpeak - 1 bout (60 min) - Fasting
9. Karstoft et al. (45) (14 65+2 1810399 9% 1 66+11 - Waking - Interval @54-89% - 10bouts (60min) - Notspecified  Partially provided
11/3 VOzpeak (3:3min)
- Walking - 73%VO2peak - 10 bouts (60 min) - Not specified
10. Lietal. (46) (9) 510112 248%84  57+84 7313 - Waking - 40% HRR - 1 bout (20 min) - Evening Al provided
2217 (post-cinner)
11. Macdonald © 5943 32+14 20£05  84%17 - Cydling - 90% LT - 1 bout (60 min) - Fasted None provided
etal (47) /4 (morning)
12, Manders et al. (48) © 5746 29+30 912 74£12 - Cycling - 35% Wmax - 1 bout (60min) - Morning (1h Al provided
90 - Cyciing - 70% Wimax - 1 bout (30 min) post-breakfast)
13. Metcalfo etal. (49) (1) 5246 207 +8.4 4+3 70£08 - Cycling - REHIT-all out - 1 bout (10min) - Morning (30min Al provided
110 - Cycing - HIT-85% Winax - HIT (10min) post-breakfast)
- Cycing - MICT-50% Wmax - MICT (30min)
14. Mikus et al. (50) (#3)  530£72  841x47 NR 66+06 - Alternating - 60-75% HRR - 7 ays (0 min/day) - Notspecified  None provided
8/5 walk/cycle
15. Myette-Coté (10) 50+96 29547  75%52  66%06 - Walking - 85% VT - 1 bout (S0min) - Morning Partially provided
etal. (51) 5/5
16. Oberlin et al. (52) © 6033  8360= 1.1 NR 63+06 - Aternating - 60% HRR - 1 bout (60 min) - Fasting Al provided
s/4 walk/cycle - (20:20:20min
of walk:cycle:walk)
17. Praet et al. (53) (1) 501+£76 322+40 121£70 76+10 - HITand - HIT: 30:60s @ - 1 bout (45 min) - Morning None provided
10 Resistance 50%Wmax:15W;
- Resistance: 2 sets x
10 reps @ 50% 1RM
18. Rees etal. (9) (63)  644+80 80565 9761 68+07 - Waking - 5.0kmvh, 05% - 1 bout (S0 min) - Afternoon Al provided
20/34 inciine
19. Savikj et al. (39) (1) 60+7 275420 11+10 66+13 - HIIT cycling - 180-350W - 6 x 60:60s intervals - Morning, with None provided
110 - HIT cycling - 180-350W - 6x 60:60s intervals  snack available
- Aftermoon
20, Terada et al. (54) (10) 60+6 30854 6846  T.4x10 - Waking - 55%\VOzp0a - 1 bout (60 min) - Fasting Partially provided
82 - HIIT Walk - 3:1min @ 40:100% - 1 bout (60min) - Fasting
- Walking - 55%VOpeax - 1 bout (60 min) - Morning
- HIIT Walk - 31min40-100% - 1 bout (60min) - Morning
21. VanDiketal.(55)  (15) Insulin Insulin Insuiin Insulin - Cycling - 50% Wimax - 1 bout (45 min) - Morning Al provided
15/0 61+4 207448  185+£85  7.6+12 - Resistance - Ssetsof 10reps - 1 bout (45 min) - Morning
1s) (65-75% 1RM)
15/0 No-Ins No-Ins No-Ins No-ns - Cycling - 50% Wimax - 1 bout (45 min) - Morning
60+4 207+85  65+£39 75108 - Resistance - 5setsof 0reps - 1 bout (45 min) - Morning
(65-75% 1RM)
22. Van Dij et al. (56) (30) 606 31.1+38 8.1 72411 - Cycling - 50% Wimax - 2bouts (80minon2 - Morning Al provided
30/0 days)
- Cycing - 50% Wmax - 1 bout (60min) - Morning
23, VanDiketal.(57)  (20) 61+4 20540 8+4 69£04 - Cycling - ~6.0 METS - 1day(1 x 45min) - Morning Al provided
2010 - Walking (*strolling’)- ~3.0 METS - 1day(3x 15min) - After Each Meal

Date presented as mean = stendard deviation, n, sample size; M, males; F, femeles; yr, years; ATC, glycated hemoglobin; BMI, body mass index; T2D, type 2 diabetes; METS, metabolic equivalent; V03, oxygen consumption; NR, not
reported; HR, heart rate; HAR, heart rate Reserve; VT, ventiatory threshold; LT, lactate threshold; Wimax, peak workioad; REHIT, reduced exertion high intensity interval training; HIT, high intensity interval training; MICT, moderate-intensity
continuous training.

*The Blankenship et al. (22) study also included a condition with breaking sedentary time, which was not included in the meta-analysis.
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Source Group

1. Cauzaetal.(58)  Resistance

Endurance

2. Francois et al. (59)" HIIT (with aerobic and
resistance)

3. Karstoft etal. (60) ~ Control
Walking
Interval Walking

4. Ruffinoetal. (61)  Walking

REHIT

5. Winding etal. (62) Control
Endurance

HIT

N)
M/F

@®)
3/5

@

1/6
(19)
8/11

G
5/3
(12)
8/4
(12)
75
(16)
16/0

@)
5/2
(12)
5
(13)
/6

Age
yn)

56.1+48

60.3+8.2

56+9

571+£85
608476

575+83

86+5

577
58+8

546

BMI
(kg/m?)

299+23

363+ 12.4

336

20.7 £ 5.4
209465

200+45

306+28

28.0+35
27.4£31

28.1£35

Duration
T2D (yr)

9% 11

9+ 11

5+6

4542
62+562

35+24

4x4

7x5
64

84

AlC
(%)

75+1.4

80%1.1

6908

6.4+06
66+0.7

6907

NR

70+12
6609

6808

Duration of
intervention

16 weeks

16 weeks

12 weeks

16 weeks

16 weeks

16 weeks

8 weeks

8 weeks

11 weeks

11 weeks

11 weeks

Frequency
exercise

3/week

3/week

3/week:
2 aerobic,
1 resistance

NA

S/week
S/week
3/week

5/week

NA
3/week

3/week

Length of
exercise

10 exercise

156-30 min

20min (1:1 min
intervals)

NA
60min

60min
(3:3min intervals)
30min

10 min

NA
40min

20min
(1:1 min intervals)

Intensity of Meals during
exercise caM

1-2 sets @ 10-15 None provided
reps
60% VOzmac

Aerobic: 90%HRmax  None provided
Resistance: RPE 5/10

NA None provided
55% of peek EE

70:40% peek EE

40-56% of HRR Al provided

Cycling @ 25 Watt +2
sprints of 10-20s @
0.65 Nmvkg lean mass

NA None provided
50% Wpeak

95:20% Wpeak

Data presented as mean + standard deviation, n, sample size; M, males; F; females; yr, years; A1C, glycated hemoglobin; BMI, body mass index; T2D, type 2 diabetes; min, minutes; EE, energy expenditure; HIT, high-intensity interval
training; REHIT, reduced exertion high intensity interval training; HRmax, maximum heart rate; HRR, heart rate reserve; CGM, continuous glucose monitoring; NR, not reported; RPE, rating of perceived exertion; VOzmax, maximal oxygen
consumption; Wpeak, peak workload. Some participants in the control group we randomized to one of the exercise groups in the Karstoft et al. (60) and Winding et al. (62) studlies.
*Francois et al. (59) also had two other HIIT groups with dietary interventions that are not included in the meta-analysis.
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Subgroup Number of Effect estimate Heterogeneity

subgroups
Overall 39 ~05[-07, —0.3], p < 0.001 Ch? = 140.8, p < 0.001, P = 73%
Exercise timing
Fasting 6 2], chi? p=018,R =35%
Morning 24 .4],p < 0.001 Ch? =910, p < 0.00001 I2 = 75%
Afternoon 3 —-0.1(-02,0.1),p =054 Chi2 = 0.9, p = 0.65, 2 = 0%
None of the above* 6 -0.2[-0.4, -0.1], p = 0.005 Chi2 = .94, R = 0%
Subgroup differences: p < 0.001
Exercise type
Continuous aerobic 24 ~0.4(~0.6, 03], p < 0.001 Ch? =542, p < 0.001, 2 = 58%
HIT/REHIT 9 —0.4[=07, —0.1], p < 0.02 ChP = 158, p = 0.05, P = 49%
Resistance 4 —1.2(-26,08], p=0.11 Chi? =385, p < 0.001, 2 = 92%
Aerobic and resistance 2 ~0.3,[-09,0.2), p = 0.22 Ch? =0.28, p = 0,60, 2 = 0%
Subgroup differences: p = 0.76
Dietary control
No meals provided 10 ~0.2[-05,02],p =029 ChP =195,p < 0.02, 2 =54%
Meals partially provided 11 —-0.7 [-1.3, =0.1], p = 0.01 Chi2 =74.6,p < 0.001, 2 = 87%
Al meals provided 18 —0.5[-0.7, —=0.3], p < 0.001 Chi2 = 43.7, p < 0.001, 2 = 61%
Subgroup differences: p = 0.16
Type of CGM
Real-time 6 ~03(-19,13],p=0.70 Ch? =622, p < 0.001, 2 = 92%
Blinded 31 ~0.5[-06, —0.4], p <0.001 Ch? =58.1,p = 0.002, 2 = 48%
Intermittently scanned 2 [-0.6,0.8),p =0.74 Chi2 .05, R = 73%
Subgroup differences: p = 0.23
Randomization
Low or unclear risk 33 —0.5[-0.6, —0.4], p < 0.001 Chi? = 56.4,p < 0.001, # = 54%
High risk 6 ~0.4[-0.9, 0.1], p < 0.001 Chi2 = 83.3, p < 0.001, # = 87%

Subgroup differences: p = 0.71

Analyses performed according to the generic inverse variance method. From the 22 included studies, several had multiple exercise interventions for a total of 39 subgroups. HIIT,
high-intensity interval training; REHIT, reduced exertion high intensity interval training; CGM, continuous glucose monitor.

*The difference among exercise timing subgroup remained after removing the “none of the above” subgroup, which included exercise interventions for which the timing was not specified
or split over different times of the day.
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Non-obese Obese T2D

N (Male, Female) 18(9,9) 18(5,13) 10(2,8)
Age (years) 457+36 42635 53919
Height (cm) 1686 +21 1680+22 1689+3.4
Weight (k) 606+23  958+40° 963194
BMI (kg/m?) 244+05  838+10° 33918
Body Fat (%) 279+23 443118 42730
Fasting Glucose (mg/dL) 838250 845+ 18 131.9+94
VO peak (mkg/min) 36519 268+ 1.1 287 x17
Breakfast, snack, and lunch

Calories (kcal) 914.7 £ 405 10486+ 70.7 9622 + 96.4
Carbohydrate (%) 52100 56.0 £ 0.1 50.7 £ 0.0
Fat (%) 283+04  209+00 27700
Protein (%) 143+£00  154£00  139%00
Study dinner

Calories (keal) 7186£722 9196+383 7940 + 285
Carbohydrate (%) 87.9+04 404403 36900
Fat (%) 331£01  30+01  323+00
Protein (%) 28706 24605 23100

Mean + SE: 'p < 0.05 different than Non-Ob; Tp < 0.05 different than type 2
diabetic (T2D).
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