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SUMMARY

Slow oxidative muscle, most notably the soleus, is inherently well equipped with
the molecular machinery for regulating blood-borne substrates. However, the
entire human musculature accounts for only �15% of the body’s oxidative meta-
bolism of glucose at the resting energy expenditure, despite being the body’s
largest lean tissue mass. We found the human soleus muscle could raise local
oxidativemetabolism to high levels for hours without fatigue, during a type of so-
leus-dominant activity while sitting, even in unfit volunteers. Muscle biopsies re-
vealed therewasminimal glycogen use.Magnifying the otherwise negligible local
energy expenditure with isolated contractions improved systemic VLDL-triglyc-
eride and glucose homeostasis by a large magnitude, e.g., 52% less postprandial
glucose excursion (�50 mg/dL less between�1 and 2 h) with 60% less hyperinsu-
linemia. Targeting a small oxidative muscle mass (�1% body mass) with local con-
tractile activity is a potent method for improving systemic metabolic regulation
while prolonging the benefits of oxidative metabolism.

INTRODUCTION

By �2010 over half of American adults and 80% of those >65 years old had either prediabetes or diabetes

(Menke et al., 2015; Xia et al., 2022). There is also currently a high prevalence of prolonged sitting between 9

and 11 h/day (Craft et al., 2012; Healy et al., 2015; Matthews et al., 2018; van der Berg et al., 2016) at a low

metabolic rate during seated behaviors (Newton et al., 2013), especially in people who are at high risk for

age-associated metabolic diseases such as metabolic syndrome and type 2 diabetes (van der Berg et al.,

2016). Even in nondiabetics, postprandial glucose concentration in the 60–120 min range of an oral glucose

tolerance test (OGTT) has often been described as one of the strongest independent metabolic risk factors

for chronic disease because of linkages to Alzheimer disease (Kakehi et al., 2018; Ohara et al., 2011), neu-

ropathies (Buysschaert et al., 2015; Papanas et al., 2011), dyslipidemia (DeFronzo and Abdul-Ghani, 2011;

Festa et al., 2004), and cardiovascular conditions (DeFronzo and Abdul-Ghani, 2011; Succurro et al., 2009).

Of concern, glucose tolerance is relatively difficult to improve by a meaningful amount during most ther-

apies, including after substantial amounts of weight loss or exercise (Jansen et al., 2022; King et al.,

1995; Knudsen et al., 2014; Magkos et al., 2016; Rose et al., 2001; Ross et al., 2000, 2015; Slentz et al., 2016).

There is no doubt that inactive muscle fibers require little energy (Dela et al., 2019; Kelley et al., 1994; Rolfe

and Brown, 1997) and that the whole-body oxidative metabolism is low throughout many hours of the day

when sitting with inactive muscles (Newton et al., 2013); this may be one of the most fundamental yet over-

looked issues guiding the way toward discovering metabolic solutions to assist in preventing some age-

associated chronic diseases. During periods of inactivity, skeletal muscle accounts for only �15% of the

whole-body postprandial glucose oxidation in nondiabetic controls of similar age and BMI as in the present

studies (Kelley et al., 1994), despite being the body’s largest lean tissue mass (�21–31 kg in women and

men) (Heymsfield et al., 2022). Consistent with this, multiple studies using the arteriovenous balance

method of the lower limb have calculated that the oxygen consumption (VO2) of inactive muscle is �1–

2 mL/min/kg Dela et al. (2019); Kelley et al. (1994); (Rolfe and Brown, 1997). Therefore, during acute inac-

tivity, the muscle-mass-specific VO2 (in units of mL/min/kg muscle) is even less than the modest value of

�3.0–3.5 mL/min/kg body weight for the basal metabolic rate lying down or during prolonged sitting

throughout the day in a whole room calorimeter (Newton et al., 2013). Thus, contrary to a common notion,

even though skeletal muscle is the body’s largest lean tissue mass, it is unlikely the dominant contributor to
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the oxidative metabolism of either glucose or lipids when sitting at resting energy expenditure. The pre-

vailing perspective (mostly from epidemiology) has been that there is a whole-body metabolic rate

threshold that must be exceeded to induce a robust gain in metabolic health responses. Furthermore,

the specific muscles recruited and types of contractile activity have largely been disregarded in human

research. Taking a step back, we took a more physiological perspective in the current experiments. Herein,

we tested the direct and immediate effects of sustaining a high duration of elevated oxidativemusclemeta-

bolism when sitting. We used 2 guiding principles in our approach.

First and foremost, as described earlier, the energy demand is minimal in resting muscle fibers. Therefore,

mitochondrial oxidative phosphorylation is capped at a relatively low ceiling during inactivity (Dela et al.,

2019; Kelley et al., 1994; Rolfe and Brown, 1997). Related to this, the elevated energy demands and fuel re-

quirements for carbohydrate oxidation quickly come to an end when an exercise bout ends (Horton et al.,

1998; Wasserman et al., 1991). For these reasons, there is a need for understanding the biochemical effects

of sustaining an elevated rate of oxidative metabolism by skeletal muscle, but with a subtle rate of whole-

body energy expenditure.

Second, slow oxidative muscle has multiple intrinsic molecular and phenotypic features favoring

specialization in prolonged contractile activity, in part because of the capacity for using more blood-

borne fuels and hypothetically less glycogen in some physiological conditions; this is supported by an-

imal (Bey and Hamilton, 2003; Cartee et al., 2016; Deshmukh et al., 2021; Halseth et al., 1998; James

et al., 1985; Mackie et al., 1980; McDonough et al., 2005; Terry et al., 2018) and human (Deshmukh

et al., 2021; Gollnick et al., 1974a, 1974b; Jensen et al., 2012; Johnson et al., 1973; Murgia et al.,

2021) studies that have long described the heterogeneous qualities between different fiber types within

a muscle and between different muscles. The soleus has a greater predominance of slow-oxidative fi-

bers (�88% of the soleus mass is type I slow-twitch fibers) than 36 other human muscles that have also

been fiber typed (Johnson et al., 1973). The soleus is a slow-twitch postural muscle that has motor neu-

rons and other features favoring a lower threshold of effort needed to recruit it for more time and in-

tensity than other limb muscles (Hodgson et al., 2005; Monster et al., 1978). Compared with other leg

muscles, highly controlled studies in rodents have found the soleus has a phenotype favoring more up-

take of both plasma TG (Bey and Hamilton, 2003; Mackie et al., 1980) and blood glucose (Halseth et al.,

1998; James et al., 1985). It has distinctive vascular features enhancing delivery of blood-borne fuels

and oxygen (McDonough et al., 2005), relatively high levels of hexokinase II and GLUT4 (Jensen

et al., 2012), and a relatively low concentration of glycolytic enzymes and glycogen phosphorylase

(Gollnick et al., 1974a, 1974b). However, walking can cause rapid rates of glycogen depletion in the so-

leus as in other muscles (Jensen et al., 2012). Therefore, it is far from certain whether there is an effec-

tive physiological approach to capitalize on the phenotype of this slow oxidative muscle to improve

systemic lipid and glucose metabolism.

The scientific challenges and potential impact of developing a method for raising oxidative metabolism

locally by a small tissue is perhaps best understood in light of the already much more established scientific

interest (Chen et al., 2020) in activating another small tissue with an oxidative phenotype, brown adipose

tissue (BAT). The soleus (Bey and Hamilton, 2003; Halseth et al., 1998; James et al., 1985; Jensen et al., 2012;

Mackie et al., 1980; Petersen et al., 2003; Song et al., 1999) and BAT (Chondronikola et al., 2014; McNeill

et al., 2020) are both tissues making up too small a percentage of total body mass to alter energy expen-

diture unless methods are developed to cause an intense local metabolic activation. Yet under some

conditions, both might possibly be equipped with a phenotype favoring exceptional metabolic rates

over prolonged periods of time. The specific questions we posed are analogous to the hurdles already

faced in BAT research; how can people consistently activate tissue specific oxidative metabolism at a

meaningful rate to increase whole-body oxygen consumption and then sustain it for hours at a time?

Even if methods were developed to make that possible, would raising the local metabolic rate by a small

mass of tissue be sufficient to impact systemic metabolic parameters as complex as very-low-density lipo-

protein (VLDL)-TG concentration and postprandial glucose tolerance?

This work was part of an effort to develop a method of muscular contractile activity specifically geared for

sustaining the possible distinct benefits of oxidative metabolism for prolonged periods, instead of sitting

with inactive muscle at a low metabolic rate. The present experiments were designed to test the potential

physiological influence of the human soleus muscle during hours of prolonged contractile activity.
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RESULTS

Overview of participants and experimental approach to raise muscle metabolism

As outlined below and described in more detail in the STAR Methods and supplemental information, par-

ticipants included an equal number of male and female volunteers with a wide range of BMI, age, sedentary

time, and habitual daily steps (Table S1). With regard to free-living sedentary time and activity profiling

(Table S1), the volunteers were representative of the populations we and others studied with objective

wearable tracking devices (Barreira et al., 2016; Matthews et al., 2018; van der Berg et al., 2016). Free-living

activity assessment showed an average of 10.7 G 2.1 h/day sitting time (mean G SD) with a range of 6–14

h/day.

These studies focused on understanding the responses from local contractile activity of slow oxidative mus-

cle when the total energy expenditure was relatively close to resting metabolic rate (�0.5–1.5 kcals/min

above rest, or �1.3–2.0 metabolic equivalents [METs, 1 MET = 3.5 mL oxygen/kg/min]; Figure S1 and Ta-

bles 1 and 2). This was accomplished by developing and testing a special type of isolated plantarflexion

activity targeting the soleus when sitting (Figure S2), to increase the oxygen consumption from local con-

tractile activity as described in the STAR Methods and supplemental information (Figures S3 and S4). For

clarity and brevity, we use the term SPU, or ‘‘soleus push up,’’ for this specific type of plantarflexion because

the relatively high soleus electromyography (EMG) on-time (i.e., soleus activation) coincided with upward

angular motion of the ankle (Figures S2, S4, and S5).

Figure S6 provides a schematic overview to summarize the tests performed in two related experiments,

each examining effects caused by raising the local energy expenditure with this type of soleus dominant

plantarflexion. In the first experiment, we obtained 60 muscle biopsies from the soleus and vastus lateralis

(VL) for measuring glycogen, which led us to determine in the second experiment the effects of sustaining

this type of muscle metabolism in a 13-point OGTT after ingesting a 75-gram glucose load in a diverse

group of 15 men and women.
4

5

6

SPU contractions induce minimal soleus glycogen depletion

Volunteers all responded well to the prolonged contractile activity and did not experience fatigue or other

adverse responses to the prolonged contractile activity, such as cramps, joint pain, or muscle soreness. It is

important to note that volunteers in Experiment I (Table S1) were typically sedentary (verified with an objec-

tive tracking device), and none of them had a high aerobic cardiorespiratory fitness (determined by tread-

mill VO2max or the maximal oxygen consumption test). In Experiment I, the SPU contractions increased the

rate of total body energy expenditure from an average of 0.93G 0.04 METs to 2.03G 0.08 METs during the

acute activity (Table 1). A more detailed analysis of the muscle mass and analysis of the rate of oxygen con-

sumption (VO2) by the working muscle mass is provided in another section below.

Glycogen was measured in the VL on each test day as a control for an inactive muscle during this local ac-

tivity (Table 1). Moreover, when sitting inactive, the average soleus muscle glycogen was steady between

the first and final biopsy (91 versus 90 mmol/kg). Together these findings show there was not significant un-

controlled day-to-day variation, and as expected, glycogen was stable in an inactive muscle during SPU

contractions.

The soleus glycogen concentration was reduced an average of 22 mmol/kg (90 to 68 mmol/kg) because of

the 270 min of SPU contractions, which corresponded to a net rate of glycogen use of 0.080G 0.017 mmol/

kg/min. The more certain rate between the two biopsies on the active day was similarly low at 0.053 G

0.032 mmol/kg/min, but it was not significantly different from 0 (p = 0.130). Glycogen had not reached sta-

tistical significance after 130 min of contractions (p = 0.183). The concentration difference was significant at

270 min (Table 1). However, the net soleus glycogen reduction was equivalent to 4% of the 403 kcals total

AEE (Table 1 and Figure 1). Consistent with that, theoretical calculations show that the high local energy

demand could not have been sustainable for long as a result of the potential energy from soleus glycogen.

Even in the extreme theoretical scenario of 100% glycogen depletion, aerobic combustion of all soleus

glycogen can provide no more than 65 kcals (90 mmol/kg x 1.07 kg soleus x 0.675 kcal/mmol = 65 kcals)

of the actual total 403 kcals or �5 kcals if the glycogen was broken down for nonoxidative glycolytic ATP

production. The lack of a sensation of local fatigue or rising effort over time is consistent with minimal

glycogen depletion.
iScience 25, 104869, September 16, 2022 3
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Table 1. Metabolic rate and glycogen use during local contractile activity with SPU contractions

Experiment I Sedentary control SPU contractions p-value

Energy expenditure during SPU contractions

METs 0.92 G 0.04 2.03 G 0.08 8 3 10�8

AEE (D kcal/min during contractions) — 1.51 G 0.15 4 3 10�6

% increase whole-body energy expenditure during muscle contractions — 124 G 9 3 3 10�7

Muscle glycogen concentration (mmol/kg)

Vastus lateralis at the final biopsy 96 G 6 92 G 6 0.601

Soleus at the first biopsy (130 min contractions) 91 G 5 76 G 5 0.183

Soleus at the final biopsy (270 min contractions) 90 G 5 68 G 5 0.007

% of AEE contributed by soleus glycogen — 4.1 G 1.0 0.003

MeanG SEM. Glycogen contribution to activity energy expenditure (AEE) was based on 3.75 kcal per gram of monomeric glucose units derived from glycogen if

completely oxidized. The soleus mass averaged 1.07 G 0.25 kg (combined mass in both legs) in these 10 participants. The calculation of the % of the total AEE

contributed by soleus glycogen during 270min of contractions was calculated as described in the STARMethods. The full aerobic combustion of 22mmol/kg (90–

68mmol/kg) of glycogen would provide about 16 kcal for the combined 1.07 kg soleus muscles. To determine if the energetics of SPU contractions were different

than when sitting inactive (control), the results were analyzed with paired t tests. To determine the effect of SPU contractions on soleus glycogen, a mixed effects

model with Tukey’s multiple comparison tests was used, because comparisons of control versus contractions were performed at two time points (130 and

270 min). See also Experiment I results in Figures S1 and S8 and Table S2.

ll
OPEN ACCESS

iScience
Article

1

2

3

P

SPU contractions reduce VLDL-TG while raising fat and carbohydrate oxidation

We measured the increase in total body fat and carbohydrate oxidation during the SPU contractions and

compared this to when sitting inactive on the sedentary control test day. Furthermore, we determined if this

method of local contractile activity would decrease VLDL-TG (and the total number of VLDL particles in

plasma). There is strong prior evidence that acute activity/inactivity is a direct determinant of plasma-lipo-

protein-derived TG uptake because of local mechanisms in the microcirculation of muscle, as shown with

radioactive tracer studies in rats (Bey and Hamilton, 2003; Hamilton et al., 1998; Mackie et al., 1980). Fat and

carbohydrate oxidation were increased in each individual during the SPU contractions (Figure S7); this was

when the average respiratory exchange ratio (RER) was 0.78G 0.01 during the inactive test day and 0.80G

0.01 during SPU contractions (not statistically different). SPU contractions caused a significant VLDL-TG

decrease (Figure S8). The triglyceride content (Figure S8) and number of VLDL particles (Figure S8 inset)

within all 3 sizes of VLDL in the circulation were responsive. Most of the TG was contained in the large par-

ticles (Figure S8), even though most of the particles were small (Figure S8 inset).

SPU contractions are a method to induce and maintain a relatively high local rate of oxygen

consumption (VO2/min/kg muscle) during prolonged contractile activity

A fundamental principle in exercise physiology is that a small muscle mass working in isolation can achieve

a higher local oxygen consumption (VO2/min per kg) than when recruiting a large muscle mass (Cardinale

et al., 2019). For example, the VO2 in the whole lower limb musculature in young ultra-endurance athletes

reached almost 200 mL/min/kg during exhaustive cycling in a VO2max test and a significantly greater

maximal local rate of�350 mL/min/kg by the quadriceps during intense isolated leg extensions (Cardinale

et al., 2019). Thus, to better describe the effects of elevated oxidative metabolism on soleus glycogen,

measurements of muscle mass were also obtained in Experiment I. These 10 individuals were also studied

during treadmill exercise because that is a large muscle mass modality requiring compound movements

across all of the joints and muscle groups in the lower limbs. The muscle mass of the entire lower limb

(14.8 G 1.1 kg) was estimated from the appendicular lean mass (minus bone) from dual-energy X-ray ab-

sorptiometry (DEXA) for when comparing energetic calculations described later.

The mass of the soleus and other triceps surae (TS) muscles was directly measured from magnetic reso-

nance imaging (MRI). The soleus was significantly larger than the two gastrocnemius muscles; soleus

1.07G 0.08, lateral gastrocnemius (LG) 0.169 G 0.02, medial gastrocnemius (MG) 0.350 G 0.02 kg. The so-

leus was 1.34% of body weight and 67% of the triceps surae, which was similar to previous MRI results of

apparently healthy men and women (Kolk et al., 2015). The soleus dominated the recruited mass of the

TS muscle group even more when calculated as the product of the anatomical mass and the percentage

recruitment (percent EMGmax); the soleus accounted for�80% of the recruitedmass with SPU contractions
4 iScience 25, 104869, September 16, 2022
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Figure 1. Minimal contribution from soleus glycogen

to the total energy for contractions (the activity

energy expenditure) during prolonged local activity

of the soleus with SPU contractions

Individual results are shown with the mean G SEM. N =

10 in Experiment I. The glycogen contribution was

negligible at both 130 and 270 min and significantly less

than the total energy demand for contractions at both

time points (both p < 0.0001, mixed effects model

followed by Tukey’s multiple comparison tests). See

also Figures S7 and S8, and Table 1 for more details.
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(Figure 2B). The estimated 20% contribution by the gastrocnemius is potentially an overestimate because,

unlike the soleus, the gastrocnemius is a 2-joint muscle crossing the knee and ankle joints. The energetic

contribution from the gastrocnemius is markedly suppressed by bending the knee and thereby demanding

a significantly greater energy contribution from the soleus (Niess et al., 2018; Price et al., 2003). The gastroc-

nemius remains in a flaccid position while the soleus is contracting intensely if the knee is bent during ankle

plantarflexion (Kawakami et al., 1998). The soleus also has a highly pennated architecture favoring greater

amounts of muscular work during plantarflexion than predicted by mass alone, giving it a physiological

cross-sectional area that is exceptionally high (3–8 timesmore thanmost of the 20 other limbmuscles studied)

(Ward et al., 2009). Because of these reasons, the exact contribution by the soleus can be underestimated

by estimates from only the anatomical mass. There are other smaller muscles in the lower leg that might offset

the gastrocnemius estimates. Therefore, �80% of the increased energy demand above rest is the best esti-

mate we have for calculating the local soleus oxidative metabolism of substrates during SPU contractions.

The estimated soleus VO2 during the prolonged SPU contractions averaged 237G 21 mL/min/kg (80% of the

delta VO2 divided by the soleus anatomical mass; Figure 2C). Furthermore, because the soleus accounts for

most of the TS anatomical mass in these individuals (1.07 of the 1.59 kg), the soleus VO2 would only be slightly

reduced to 197G 17mL/min/kg if the oxygen consumption were distributed evenly across the entire TSmuscle

group. The rate of total body energy expenditure duringmoderate walking and SPU contractions was obviously

much less than running (Figure 2C inset). However, the local soleus VO2/kg during SPUs was greater than the

average muscle VO2/kg of the lower limb muscle mass during treadmill exercise (Figure 2C). The estimated

VO2 of the lower limb musculature was 108 G 10 mL/min/kg muscle during the last stage before exhaustion,

assuming 75% of the increase in total body oxygen consumption is in the lower limbs at the end of the VO2max

test (Cardinale et al., 2019). This sameapproach calculated thatmoderate-intensity walking at 3METs consumed

an estimated 30 G 1 mL/min/kg for the lower limb musculature. From this, VO2/kg in the lower limb during

walking is roughly �13% of the soleus VO2/kg during the 4.5 h of SPU contractions.

In summary, the rate of total body energy expenditure from aerobic metabolism (kcals/min calculated from

total body VO2) was by design lower when working the small muscle mass than using a large muscle mass

while briefly running at VO2max (Figure 2C inset). Most importantly, though, these findings demonstrate
iScience 25, 104869, September 16, 2022 5

AGE 5



Figure 2. Whole-body and local oxidative metabolism during SPU contractions when sitting and during treadmill

exercise

(A) SPU contractions approximately doubled whole-body VO2 above the normal resting metabolic rate when sitting (p =

8 3 10�8, paired t test, N = 10).

(B) The relative contribution of the medial gastrocnemius (MG), soleus (SOL), and lateral gastrocnemius (LG) to the

estimated proportion of the recruited mass as determined with MRI and EMG.

(C) The calculated VO2 per kg soleus muscle during SPU contractions as a mode of isolated plantarflexion was compared

with the VO2 per kg of the whole lower limb musculature during walking at a moderate-intensity (p = 0.00001) and high-

intensity treadmill exercise (p = 0.001). Statistics were determined with a mixed effects model followed by Tukey’s

multiple comparison tests. Individual results of 10 untrained/unfit participants with an average VO2max of 30 mL/min/kg

body weight are shown with the mean G SEM. See also Figure S1.
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the human soleus of untrained adults is capable of sustaining a high local rate of oxygen consumption in

parallel with a low amount of glycogen depletion during prolonged contractile activity.
2

SPU contractions improve postprandial glucose tolerance

Table 2 describes the postprandialmetabolic rate after ingesting a 75-gramglucose loadwhen sedentary or at

two levels of SPU contractions. Before beginning contractions, the fasted glucose values were not different

(Table 3). Then, beginning early in the postprandial period and lasting until the final time point of the

180-min test, both levels of contractions resulted in sustained reductions in glucose concentration (Table 3
6 iScience 25, 104869, September 16, 2022
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Table 2. Metabolic rate and carbohydrate oxidation during the 3-h oral glucose tolerance test

Experiment II

Sedentary

control SPU1 SPU2

p-value

SED vs SPU1 SED vs SPU2 SPU1 vs SPU2

METs 0.86 G 0.05 1.31 G 0.07 1.69 G 0.12 5 3 10�8 3 3 10�6 9 3 10�6

AEE (D kcal/min) — 0.60 G 0.05 1.12 G 0.11 2 3 10�8 3 3 10�6 4 3 10�6

Energy exp. (kcal/3 h) 207 G 11 315 G 16 402 G 24 2 3 10�8 4 3 10�6 8 3 10�6

Total AEE (D kcal/3 h) — 108 G 9 (+36 kcal/h) 201 G 19 (+67 kcal/h) 2 3 10�8 3 3 10�6 4 3 10�6

RER (VCO2/VO2) 0.84 G 0.02 0.88 G 0.01 0.90 G 0.02 0.019 0.003 0.112

Total carbohydrate

oxidation (mg/min)

135 G 18 276 G 14 392 G 25 1 3 10�6 4 3 10�6 0.0002

D mg/min above control — 141 G 16 253 G 26 1 3 10�6 5 3 10�6 0.0002

Total in 3 h (g) 24.2 G 3.2 49.7 G 2.5 70.6 G 4.6 1 3 10�6 4 3 10�6 0.0002

D above control (g) — 25.5 G 2.9 (2.1 fold) 45.5 G 4.6 (2.9 fold) 1 3 10�6 5 3 10�6 0.0002

Soleus carbohydrate

oxidation (D mg/min)

— 113 G 13 202 G 21 1 3 10�6 5 3 10�6 0.0002

Mean G SEM. Metabolic rate and carbohydrate oxidation during the postprandial period following the ingestion of 75 g glucose. Each individual performed a

sedentary control and one or both of the levels of local contractile activity. The delta (D) is the difference between sedentary control and activity. Differences

between conditions were determined by a mixed effects model followed by Tukey’s multiple comparison tests. N = 15 for SPU1 effects and N = 10 for SPU2.

See also Experiment II results in Figure S1 and Table S2.
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and Figures S10A and S10B). These effects were evident in both SPU test days. In SPU2, the average glucose

concentration was reduced significantly by 19 mg/dL already at 30 min (Table 3) and trending to decrease

10 mg/dL in SPU1. The largest treatment effect over a 60-min period (averaging 5 consecutive measurements

of each individual) was 50G 6 mg/dL in SPU2. Statistically significant differences lasted until at least 180 min.

The separation in glucose concentration between the sedentary control and activity trials expanded up until

�75–135 min (Table 3); this coincides with about the time frame most commonly studied when relating

glucose to clinically meaningful pathologies (Buysschaert et al., 2015; DeFronzo and Abdul-Ghani, 2011;

Festa et al., 2004; Kakehi et al., 2018; Ohara et al., 2011; Papanas et al., 2011; Succurro et al., 2009).

Significant improvements in the total 3-h glucose incremental area under the curve (iAUC) (Figure 3A) were

found in both men and women, and in younger and older adults, and after segregating the subjects by

other common ways of categorizing participants such as by BMI categories and if they were more or less

habitually active than the average person (Table 4). Some participants in Experiment II had never exercised

regularly in their past. Some others had been competitive athletes. However, all had noticeably more hy-

perglycemia during the acute sitting at a low metabolic rate and improved glucose tolerance by SPU con-

tractions (Figure 3A and Table 4); this demonstrates there is an apparent biochemical robustness in real-

izing the immediate benefits of this type of muscle metabolism. Although we did not observe a trend

between sexes or other groups (Table 4), one should be cautious when interpreting the relative effective-

ness in subcategories until follow-up studies with larger sample sizes are performed.

SPU contractions reduce postprandial hyperinsulinemia and insulin secretion

For the insulin as well as the glucose iAUC (Figures 3C and 3D), the Cohen’s d effect size (ES) was in the

statistical category of ‘‘huge’’ (Sawilowsky, 2009) for both levels of muscle metabolism (SPU1 mean

�41% and 3.8 ES; SPU2 mean �60% and 4.9 ES).

By the 3rd hour, the average insulin concentration differences between the active and inactive state

(Figures S10C and S10D) had expanded further to �50% (SPU1) and �71% (SPU2). These results indicate

a progressively greater percentage effect of contractions over time on insulin, especially when examining

the SPU2 effect. The trend over time indicates the insulin reduction (compared to sedentary control) would

last longer than 3 h had the test been extended (Figures S10C and S10D). Therapies impacting postpran-

dial metabolism are difficult to compare without evaluating both hyperglycemia in tandem with hyperinsu-

linemia because exposure to both impacts glucose uptake by body tissues additively or synergistically.

Thus, in a simple index we computed the average of both glucose and insulin iAUC relative to the SED con-

trol. There was a large magnitude of effect in both SPU levels studied (Figure 3E).
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Table 3. Effect of sustaining local muscle metabolism on glucose concentration at each time point

Time SPU1 effect at each time point SPU2 effect at each time point

minutes

N = 15

Control SPU1 D mg/dL

N = 10

Control SPU2 D mg/dL

0 99 G 2 101 G 2 NS, p = 0.524 99 G 3 102 G 4 NS, p = 0.416

15 132 G 5 123 G 4 NS, p = 0.061 132 G 7 124 G 5 NS, p = 0.427

30 167 G 6 157 G 5 NS, p = 0.092 166 G 7 147 G 7 �19 G 6*

45 190 G 7 167 G 7 �22 G 5** 193 G 6 165 G 7 �28 G 8*

60 201 G 8 169 G 8 �33 G 7*** 206 G 6 163 G 7 �43 G 7***

75 198 G 8 164 G 8 �34 G 8** 207 G 4 159 G 7 �47 G 6****

90 192 G 9 157 G 7 �34 G 7*** 198 G 4 151 G 7 �48 G 8***

105 186 G 10 155 G 6 �31 G 6*** 191 G 4 142 G 6 �49 G 7****yy
120 175 G 9 146 G 6 �29 G 6*** 182 G 5 136 G 5 �46 G 7***yy
135 165 G 10 134 G 8 �31 G 6*** 176 G 6 128 G 5 �48 G 6****yy
150 146 G 11 121 G 8 �25 G 9* 154 G 11 116 G 7 �38 G 8**

165 129 G 11 106 G 7 �24 G 10 137 G 13 103 G 9 �34 G 9**

180 117 G 10 97 G 7 �20 G 7* 121 G 13 92 G 9 �29 G 8**

MeanG SEM. Effects of SPU contractions were determined by a mixed effects model followed by Tukey’s multiple compar-

ison tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus sedentary control; yp < 0.05, yyp < 0.01 for SPU2 versus

SPU1. N = 15 for SPU1 effects and N = 10 for SPU2. The zero time point was always taken when in the overnight fasted state

and sitting inactive before the 3-h 75-g OGTT. See also Figures S10A and S10B for the graphical depiction of the time course

for glucose concentrations for these results in Experiment II.
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From these findings below, the reduction in insulin concentration was likely in part due to reduction in

pancreatic insulin secretion. Overall, the C-peptide response was strongly correlated with the glucose ef-

fects (r = 0.81, p = 0.00003), as were the insulin effects (r = 0.65, p = 0.002). The C-peptide iAUCwas reduced

30G 3% (p = 0.00002) by SPU1 and 44G 6% (p = 0.0003) by SPU2. Thus, there are other systemic responses

of this type of sustained muscle metabolism beyond improved glucose concentration per se.
2

3

4

SPU contractions increase carbohydrate oxidation during the OGTT

We calculated the rate of carbohydrate oxidation during the OGTT in each individual (Figure 4A) from VO2

and RER as summarized in Table 2. The individual results illustrate carbohydrate oxidation when inactive in

the postprandial period and the consistently greater rate during SPU contractions in everyone (Figure 4A).

Fromtheaverages, thecumulativewhole-bodycarbohydrateoxidationwasabout24, 50, and71gramswithin the

3 h after ingesting the 75 g glucose load for the sedentary control, SPU1, and SPU2, respectively (Table 2 and

Figure 4B). This local SPUcontractile activitywas sufficient tomore thandouble carbohydrateoxidation and raise

this source of fuel utilization higher than in the rest of all the tissues in the body combined (Figure 4B). Kelley’s

study (Kelley et al., 1994) of nondiabetic subjects at a similar age and BMI as in the present study directly

measured skeletal muscle carbohydrate oxidation in the whole leg at rest, and the rate bymuscle was estimated

at �0.7 mg/min/kg muscle (Kelley et al., 1994). This rate would be undetectable in a small muscle mass of 1 or

even 2 kg, which would obviously be too small to cause ameasurable influence on the total carbohydrate oxida-

tion when inactive (see the Figure 4B model). This small muscle mass actively increased the rate 141 mg/min by

SPU1; this corresponds to a rate of 113 mg/min by the 1.07 kg soleus, assuming 80% of the increase in carbohy-

drate oxidation was by the local muscle contraction. Therefore, any potential effect of the soleusmuscle pheno-

type on postprandial carbohydrate oxidation would likely be undetectable at rest and would bemagnified sub-

stantially by raising the local energy demand and VO2; this is illustrated in a simple model (Figure 4B) of 3 body

compartments (a small recruitedmusclemass, amuch largerwhole-bodymusclemass, and the rest of the body).

Taken together, these findings clearly demonstrate that the SPU contractions were magnifying the

normally low rate of carbohydrate oxidation by a small mass of muscle, to the point that it becomes

the most dominant tissue for carbohydrate oxidation in the entire body for the 3 h after ingesting

glucose (Figure 4B).
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Figure 3. Sustaining elevated muscle metabolism with soleus contractions is sufficient to cause improved glucose

tolerance and reduced postprandial hyperinsulinemia, with up to a 52%–60% reduction in the blood glucose and

insulin iAUC

See Table 2 for complete results of the energetics for SPU1 (N = 15) and SPU2 (N = 10). Responses reveal a robust soleus

muscle activity-dependent glucose (A) and insulin (B) lowering in each individual during a 3-h 75-g OGTT. Statistical

summary (C and D) of the average iAUC responses from 0 to 180 min. Effect sizes are calculated by Cohen’s d test. SPU1

and SPU2 had effect sizes considered to be ‘‘huge’’ (>2.0) (Sawilowsky, 2009) for both glucose and insulin iAUC.

(E) This index is the average of the glucose iAUC and the insulin iAUC for each individual, expressed relative to when

sitting inactive (SED). Differences between conditions were determined by mixed effects models followed by Tukey’s

multiple comparison tests. Mean G SEM. The actual glucose concentration differences between conditions at each time

point are in Table 3.
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The sustained oxidative muscle metabolism concept: An integrative physiology model for

understanding the impact of contractions on carbohydrate oxidation and glucose tolerance

To reiterate, glucose regulation was improved by sustaining the local rate of oxidative metabolism during a

relatively small increase in total body energy expenditure (Figure S1). Restraining the rate of total body en-

ergy expenditure was a way of minimizing systemic homeostatic disturbances such as an increase in
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Table 4. Three-hour postprandial glucose tolerance (iAUC) after subdividing participants

Characteristics Mean Range N % iAUC

SPU1 Effect

p-value

Interaction

p-value

Females 8 �39.8 G 3.9 0.00002 0.804

Males 7 �38.5 G 3.4 0.00003

Youngest (years) 38 22–51 7 �39.2 G 3.2 0.00002 0.986

Oldest (years) 68 56–82 8 �39.2 G 4.0 0.00002

Lower BMI 23.3 19.7–27.8 8 �37.9 G 3.4 0.00001 0.602

Obese BMI 34.3 29.2–42.9 7 �40.7 G 4.0 0.00005

Lowest habitual sitting time (h/d) 9.0 6.7–10.6 7 �39.4 G 4.5 0.0001 0.939

Highest habitual sitting time (h/d) 12.0 10.9–13.9 8 �39.0 G 3.0 0.000004

Lowest habitual steps (step/day) 4,365 2,061–5,544 8 �37.5 G 3.3 0.000009 0.484

Highest habitual steps (step/day) 7,922 5,828–10,843 7 �41.2 G 4.0 0.00005

Normal fasting glucose (mg/dL) 94 91–99 8 �37.9 G 3.8 0.00002 0.595

Impaired fasting glucose (mg/dL) 108 102–115 7 �40.7 G 3.5 0.00002

The 15 participants were divided according to the above characteristics to compare the% change in the glucose iAUC caused

by SPU1 compared with when sitting inactive in Experiment II. Two-tailed paired t tests were used to determine if the %

change in glucose iAUC caused by SPU1 (versus sedentary control) was significant in each subdivision (bolded column).

The participant characteristic by activity level interaction was determined with a mixed effects model to determine if there

was a difference in the iAUC response to SPU1 within each subdivision pair (far right column). From this analysis, we conclude

that there was no evidence to suggest men were different than women for the glucose response to SPU1 nor were there any

significant characteristic by activity level interactions for the other 5 characteristics. MeanG SEM. See also Experiment II de-

mographics in Table S1.
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catecholamines, which not only increases heart rate but also may be required for high rates of glycogen-

olysis during isolated soleus contractions (Richter et al., 1982). The small heart rate and blood pressure re-

sponses were a clear indication of a negligible systemic neurohumoral stress response to this type of con-

tractile activity. The respective heart rate in SED, SPU1, and SPU2was 73G 6, 79G 8, and 89G 7 beats/min;

systolic blood pressure was 116G 6, 123G 4, and 124G 6mmHg; and diastolic blood pressure was 77G 4,

78 G 4, and 77G 3 mmHg. To put this in perspective, the total body energy demand of 1.3 METs (Table 2)

ensured that the total body rate of energy expenditure was definitely less than the historical 3 METminimal

threshold often historically believed to be required for prevention of prediabetes and diabetes (Colberg

et al., 2016). In fact, it is even below the threshold that behaviorists have used to define nonsedentary

time (>1.5 METs).

But are these low rates of total body energy expenditure and thereby low rates of carbohydrate oxidation

theoretically sufficient to explain the large systemic glucose concentration differences? To address this,

we analyzed the glucose lowering using the simplest possible mathematical model. The delta blood

glucose was 33 mg/dL lower between SPU1 and control at 60 min (Table 3). Thereafter, this concentration

difference between the active and inactive state remained in steady state (Table 3). Therefore, the grams

of glucose accumulated in the blood and the rest of the extracellular distribution volume (Vd) can be

calculated from a mass balanced equation. The Vd pool size is approximately equal to blood volume

and interstitial fluid, or 230 mL/kg body weight (Livesey et al., 1998), which is �186 dL. The Vd accumu-

lated 33 mg/dL less glucose during SPU1 in the first hour. On average, the Vd accumulated glucose at

a 102 mg/min slower rate because of SPU1 contractions (33 mg/dL x 186 dL in 60 min). Therefore, the

observed differences in glucose concentration required a physiological process to slow the rate of

glucose accumulation by at least 102 mg/min. The observed increase in whole-body carbohydrate oxida-

tion caused by SPU1 contractions above sedentary control averaged 141 mg/min (Table 2). The observed

decrease in the insulin concentration during contractions (Figure 3) would obviously tend to attenuate the

blood glucose reductions because of less insulin-dependent glucose uptake in various body tissues.

Finally, the contractile-activity-dependent increase in glucose oxidation by the soleus muscle was calcu-

lated for SPU1 at 113 mg/min (Table 2). In conditions when intramuscular glycogen is not the predominant

fuel for contractile activity, there is less competition with alternative substrates, including blood glucose.

Therefore, from the findings we propose a model in which glucose tolerance can be rapidly improved by a

large magnitude while sustaining a subtle, yet proportionate increase in carbohydrate oxidation, but this
10 iScience 25, 104869, September 16, 2022
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Figure 4. Recruitment during locally intense activation of a small mass dominated by the soleus consistently has

the capability to raise whole-body carbohydrate oxidation above the rest of the body

(A) The rate of carbohydrate oxidation after ingesting a glucose load was consistently increased during both levels of local

contractile activity (see Table 2 for more results). The fasted condition was measured sitting at rest prior to the OGTT, and

SED was the inactive control condition during the OGTT. SPU1 (N = 15) and SPU2 (N = 10). Differences between

conditions were determined by mixed effects models followed by Tukey’s multiple comparison tests.

(B) A model summarizing the influence of a small muscle mass on oxidative metabolism during the 75 g OGTT. Although

contributing a negligible amount to systemic metabolism when not contracting, the energy demand of even a relatively

small muscle mass has the potential to contribute meaningfully to carbohydrate metabolism when contracting with this

single isolated SPU movement. This model is consistent with the findings that the total body skeletal muscle mass at rest

accounts for �15% of the total systemic glucose oxidation in the postprandial period in nondiabetic controls with similar

age and BMI as participants in the present study (Kelley et al., 1994). SPU contractions caused a 2.1- (SPU1) and 2.9-fold

(SPU2) increase in the total body carbohydrate oxidation (Figure 4A). As shown in red bars in Figure 4B, the local

contractile activity was sufficient to raise glucose oxidation above all inactive muscles and other body tissues combined.
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is under specific conditions when the recruited muscle fibers do not rely mostly on intramuscular glycogen

to fuel contractions.
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DISCUSSION

These results indicate that the human soleus muscle is capable of raising, and sustaining for hours, the local

rate of oxidative metabolism to high levels. From a physiological perspective, this kind of contractile activ-

ity was effective at improving systemic metabolic regulation quickly and by a biochemically meaningful

amount to improve glucose regulation (Figure 3), even at the lowest SPU intensity studied (SPU1; Tables 2,

3, and 4 and Figure 3). Furthermore, the high level of endurance of the soleus during SPU contractions pro-

vides a tool for reversing the otherwise slow rate of muscle metabolism during long periods of inactivity

(Dela et al., 2019; Kelley et al., 1994; Rolfe and Brown, 1997). We are unaware of any existing or promising

pharmaceuticals that come close to raising and sustaining whole-body oxidative metabolism at the magni-

tude in the current study (Tables 1 and 2), including drugs that may activate BAT (Loh et al., 2019). A beta-3

agonist given at double the Food and Drug Administration (FDA)-approved dose increased energy expen-

diture in 3 h, but by only an average of �8.5 kcal/h (Loh et al., 2019). By comparison, SPU contractions were

capable of raising the energy demand 10-fold greater (91 kcal/h above control during the 270min of activity

in our first experiment; Table 1), without any evidence of progressive fatigue or other physiological limita-

tions in the unfit individuals studied (Table 1).

We learned that through this method of contractile activity specifically geared for sustaining oxidative

metabolism, only an extra 100–200 mg/min of local carbohydrate oxidation (Table 2) by a small muscle

mass was potent enough to improve glucose regulation by a large amount after ingesting a large glucose

load (Table 3). As described more later, carbohydrate oxidation increases profoundly during the acute mi-

nutes of relatively heavy whole-body exercise. However, there is not compelling evidence to believe that
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either in humans or animal models, carbohydrate oxidation remains elevated by even a small amount in the

hours after ending an acute exercise bout (Horton et al., 1998; Wasserman et al., 1991). There was not an

increase in carbohydrate oxidation after large muscle mass exercise within subgroups of people who had a

significant excess post-exercise oxygen consumption (EPOC) (Horton et al., 1998). This finding of no in-

crease in post-exercise carbohydrate oxidation above sedentary control levels was also demonstrated

when experimentally changing the insulin concentration over a wide range (Wasserman et al., 1991).

There is a competition at the cellular level between various substrates to supply the necessary energy for con-

tractions. During exercise, muscle glycogen is generally the primary carbohydrate to fuel contractions and

often accounts for about 72%–95% of the carbohydrate oxidation when it is available in normal concentrations

(Bergman et al., 1999; Helge et al., 2007; Horowitz et al., 1999); this is observed even with lower intensity ex-

ercises such as cycle ergometry at 20%–30%of VO2max (Gollnick et al., 1974a, 1974b) or quadricep extensions

at 25%of the local VO2peak (Helge et al., 2007). During isolated knee extensions at a local VO2of 190mL/min/

kgmuscle (when roughly comparable to SPU contractions in Figure 2C), the VLmuscle depleted twice asmuch

glycogen in 35 min (Helge et al., 2007) as the soleus did during 270 min of SPU contractions (Table 1); this is

consistent with the possibility that with SPU contractions, the soleusmay in some conditions deplete glycogen

at a rate 10–15 times slower than the VL muscle of the thigh during knee extensions (Helge et al., 2007) or

cycling (Bergman et al., 1999; Gollnick et al., 1974a, 1974b). A thorough review by Sylow and Richter concluded

that blood glucose accounts for only �10%–18% of the energy during the time frame of a typical exercise

session (Sylow et al., 2017). By comparison, these types of large muscle mass exercises (Bergman et al.,

1999) potentially increase the total carbohydrate oxidation more than 10-fold greater than SPU contractions

(Table 2). With cycle ergometry at �5 METs for 1 h, the rate of total carbohydrate oxidation was

�1600 mg/min (Bergman et al., 1999), which was many times greater than SPU contractions could induce;

this is also consistent with the carbohydrate oxidation in another study during 60 min of moderate intensity

cycling combined with glucose ingestion (Horowitz et al., 1999). However, once glycogen is accounted for,

the remaining carbohydrate oxidation due to blood glucose by the entirety of both legs during cycling was

�180 mg/min (Bergman et al., 1999), which was relatively similar to the estimated rate of carbohydrate oxida-

tion by the working soleus muscle during SPU contractions (Table 2). Prior work has suggested that when re-

cruiting a smaller instead of a larger mass of muscle, there may be a shift in the relative reliance on fuels from

glycogen to utilization ofmore lipids (Helge et al., 2007) and/ormore bloodglucose (Richter et al., 1988) to fuel

contractions. A plausible hypothesis is the intrinsic metabolic phenotype of the soleus (Bey and Hamilton,

2003; Gollnick et al., 1974a, 1974b; Halseth et al., 1998; Hodgson et al., 2005; James et al., 1985; Jensen

et al., 2012; Mackie et al., 1980; McDonough et al., 2005; Monster et al., 1978) requires less glycogen to fuel

contractions, especially when there is not epinephrine stimulation (Richter et al., 1982). As described below,

in addition to local muscle glycogen use, there are also systemic processes that tend to offset the ability of

contractions to attenuate postprandial hyperglycemia during and after large muscle mass exercise (Devlin

et al., 1989; Hamilton et al., 1996; Knudsen et al., 2014; Maehlum et al., 1978; Steenberg et al., 2020).

Results from many studies support the concept that it is often difficult to improve postprandial glucose

tolerance. Studies have identified specific mechanistic explanations for why oral glucose tolerance is

generally not improved (Devlin et al., 1989; Hamilton et al., 1996; Knudsen et al., 2014; Maehlum et al.,

1978; Rose et al., 2001) or even made worse (Flockhart et al., 2021; Knudsen et al., 2014; Rose et al.,

2001) in the hours following traditional types of exercise that would rely predominantly on muscle glycogen

as the source of carbohydrate. Those observations include people with normal glucose tolerance (Flock-

hart et al., 2021; Knudsen et al., 2014; Rose et al., 2001) to people with diabetes (Knudsen et al., 2014).

The mechanistic explanations to date include compelling evidence of increased insulin resistance within

the unrecruited muscle fibers after exercise sessions (Devlin et al., 1989; Steenberg et al., 2020), elevated

rates of glucose appearance into the bloodstream (Hamilton et al., 1996; Knudsen et al., 2014; Maehlum

et al., 1978), and also possible impairment of intrinsic mitochondrial function from intense exercise training

(Flockhart et al., 2021). In studying the chronic effects of exercise training, a landmark study reported that

there was a modest 13 mg/dL decrease in the 2-h glucose without a significant improvement in the entire

AUC; this only occurred when doubling the recommended weekly volume of exercise training combined

with a vigorous intensity (7 METs) and nutritional conditions, allowing for a 4.6 cm reduction in waist circum-

ference (Ross et al., 2015). Other carefully controlled studies showed unequivocally no reduction in the 2 h

glucose (or AUC) with progressive weight loss of 5%, 11%, or even 16% (Magkos et al., 2016); this was

confirmed in another large experimental weight loss study after inducing 15% weight loss (Jansen et al.,

2022). Nevertheless, given that carbohydrate oxidation is not elevated after an acute exercise session
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ends, the post-exercise glucose utilization by muscle is apparently restricted to the nonoxidative pathways.

Therefore, as described next, there has been the need to better understand the immediate and direct ef-

fects of contractile activity.

The present study tested the effects of sustaining continuous contractile activity, at two levels of energy

demand, throughout the entire 3-h postprandial period. The contractions were already attenuating

glucose concentration quickly within the first 30 min when glucose was still rising (Table 3). Thereafter,

the glucose improvements continued to increase and remained significantly lower than the sedentary

control level throughout the entire 3-h postprandial time course. Earlier studies also found that activity

involving a large muscle mass (cycle ergometry at 59%–67% HRmax) completed after 45 min of the post-

prandial period transiently blunted the rise in blood glucose and insulin during the contractions (Aadland

and Hostmark, 2008). However, this effect was short-lived and evident only between 30 and 45 min of the

postprandial period, followed by significantly greater hyperglycemia than the inactive sitting trial after

exercise stopped. Similarly, Kanaley’s group (Holmstrup et al., 2014) found that subjects with low glucose

tolerance were able to decrease the hyperglycemia during 60 min of exercise (60%–65% VO2max). After

stopping the exercise, the blood glucose increased above the level when they never exercised, and thus

the total postprandial iAUC was not improved (Holmstrup et al., 2014). Although an intermittent exercise

pattern slightly improved the glucose iAUC compared with the 60 min bolus of exercise, spreading out

the contractile activity with brief breaks did not reduce the glucose iAUC compared with sitting inactive

in their volunteers who had low glucose tolerance as the present participants (Holmstrup et al., 2014).

That said, it is important to understand that as previously emphasized, there are distinct molecular

and physiological processes impacting metabolic regulation with specific inactivity/activity approaches

(Bey and Hamilton, 2003; Hamilton et al., 1998, 2004, 2007, 2014; Zderic and Hamilton, 2012). Here we

have focused on a method of raising slow oxidative muscle metabolism to complement (not replace) ex-

isting approaches.

Prolonged sitting has become ubiquitous across the lifespan (Craft et al., 2012; Healy et al., 2015; Matthews

et al., 2018; van der Berg et al., 2016) and is not significantly less in regular exercisers (Craft et al., 2012). But

it is important to remember that regardless of whether�45min of activity is administered as many separate

brief breaks or as a single daily bolus, it mathematically increases the energy demand for muscular work for

only �5% of the waking day. Thus, currently recommended activity approaches are a not a direct solution

for a high amount of time when skeletal muscle has a low muscle metabolism. A large number of studies

have focused on ‘‘brief breaks’’ from sitting inactive, e.g., 2–5 min activity breaks each half hour or 6 min

once each hour (Henson et al., 2020; Larsen et al., 2015; Loh et al., 2020; Thorsen et al., 2019). What may

be missed is that brief breaks are, by definition, brief amounts of contractile activity and thus only brief pe-

riods to potentially benefit from oxidative metabolism. A systematic review has reported that lifestyle in-

terventions replacing sitting time with standing and/or brief walking breaks have decreased sitting time

on average only 30.4 min/day (Peachey et al., 2020). That said, a promising early study reported that taking

3 brief interruptions each hour to walk at 2 mph (�3 METs) may reduce the blood glucose by approximately

5, 15, and 6 mg/dL at 1, 2, and 3 h respectively, with the average insulin concentration (based on AUC)

reduced by about 12% (Larsen et al., 2015). In a thorough recent study, no differences were observed for

plasma glucose or insulin with any of the 3 patterns of walking breaks to interrupt inactive sitting in men

with abdominal obesity (Thorsen et al., 2019). Henson et al. (2020) summarized results when combining

4 large postprandial lab studies and concluded that the glucose and insulin were not decreased by stand-

ing versus sitting in the postprandial period. Also, the brief walking breaks generally reduced glucose

<10 mg/dL and thus were physiologically small and/or nonsignificant in some large categories of people

(e.g., no statistical influence in males) (Henson et al., 2020). Physiological studies relevant to this found that

muscle glucose uptake appears to have a relatively slow time course at the onset of some types of contrac-

tile activity (Bergman et al., 1999; Horowitz et al., 1999; Mossberg et al., 1993). In studying the time course in

the human lower limb musculature during cycling, there was no increase in glucose uptake in the leg after

either 5 or 15 min of continuous contractions, and significant responses were not evident until after 30 min

(Bergman et al., 1999). Taken together, there is a biochemical basis for the need to develop methods to

understand and benefit biochemically from prolonged contractile activity.

The literature is understandably filled with language about designing programs to ‘‘engage as much skeletal

muscle mass as possible’’ and the necessity of ‘‘a sufficient amount of muscle mass’’ (Ivy et al., 1999; Laughlin,

2016). The findings presented here do not in any way interfere with traditional exercise programs for their own

distinct benefits. There are hundreds of skeletal muscles and many microvascular and metabolic exercise
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training adaptations that are restricted to the recruited muscles (Laughlin, 2016). Thus, it is understandable

that the paradigm for glucose management and other cardiometabolic outcomes has focused less on the

quality of contractile activity than on the quantity of recruited muscle and raising the total metabolic rate to

higher levels for short exercise bouts (e.g., 150 min/week). The Diabetes Prevention Program (DPP) and other

recommendations either implied or explicitly stated that health-enhancing metabolic effects may require an

energy expenditure in the >3MET range (Knowler et al., 2002). The current findings obviously are inconsistent

with the notion that all contractile activity near �1.3 or �1.7 METs is a ‘‘stepping stone’’ to the goal of exer-

cising at >3 METs (Dunstan et al., 2021). All of this points to the ‘‘specificity principle’’ that is a key axiom in

exercise physiology (Hamilton et al., 2007, 2014). Applied here, it means that the phenotype of the muscles

recruited, and the duration of the elevated metabolic rate, will determine the distinct biochemical processes

that regulate the effectiveness of physical activity.

There have more recently been national guidelines proposing that people sit less and/or move more in addi-

tion to traditional methods of exercise (Dunstan et al., 2021). Unfortunately, this advice is still lacking in spe-

cifics about how to reduce sedentary time enough for the most meaningful health gains. The rapid and large

decreases in skeletal muscle TG uptake observed in rodent inactivity physiology studies (Bey and Hamilton,

2003; Hamilton et al., 2007) have been heavily cited by epidemiologists and clinical trials specialists to provide

biological plausibility to understand the observational associations of diseases related to sedentary time.

What has been overlooked is the same publications cited to provide the biological plausibility for why

muscular inactivity is unhealthy also alluded to a potential solution; those studies were primarily based

upon the large local molecular and biochemical responses in the soleus muscle (in rodents) that are depen-

dent on prolonged contractile activity (Bey and Hamilton, 2003; Bey et al., 2003). The present findings provide

evidence that the human soleus muscle has the potential to contribute to systemic metabolic regulation.

Finally, it might prove to be that the most interesting hypothesis raised by these results is that the human

soleus, although only�1% of body weight, can sustain a sufficient metabolic rate for an impressive duration

and improve glucose and lipid metabolism. Others have demonstrated significant beneficial correlations

between the slow-red oxidative fiber type and chronic disease states (Gaster et al., 2001; Hickey et al.,

1995). There has been interest in applying molecular biology techniques to therapeutically enhance the

quality of skeletal muscle by increasing the amount of slow oxidative muscle fibers (Gan et al., 2013). It is

important to note that the results were obtained from adults across the lifespan (22–82 years of age) and

with a wide BMI range and habitual physical activity levels (Table 4). Findings reveal that the human soleus

of these ordinary people was already physiologically capable of producing these responses. Looking back,

studies in the 1870–1880s by Ranvier described the soleus remarkably well as a red muscle with curvy cap-

illaries that is relatively slowly contracting and fatigue resistant, even when the muscle was obtained from

highly sedentary animals such as the domesticated rabbits and cats (Ranvier, 1873, 1880). The SPU method

is specifically geared for sustaining positive effects of prolonging an elevated muscle metabolism for hours

(not minutes), but with a very subtle increase in whole-body energy expenditure while sitting (Figure S1).

This low effort method by a muscle that is naturally geared toward prolonged contractile activity may avoid

the potentially serious deleterious cardiac effects of prolonged endurance training in some people or the

impairment of mitochondrial function after training with excessive exercise intensity (Eijsvogels et al., 2016;

Flockhart et al., 2021). Many other questions will need to be addressed in order to understand the full trans-

lational potential. One understandable viewpoint is that prolonged periods of elevated muscle meta-

bolism is an unrealistic expectation. Another perspective is that it is an opportunity for gaining the distinct

health effects of elevating muscle metabolism by a biochemically meaningful amount.
4

Limitations of the study

(1) This study was not a clinical trial. This was an experimental physiological study, conducted in highly

controlled laboratory conditions. This study also did not test effectiveness of a free-living lifestyle interven-

tion. The underlying distinct cellular stimuli and systemic metabolic responses during this approach for

local muscular exercise have potential to complement other unique types of activity that typically involve

a large muscle mass, different kinds of muscle contractions, and a lower duration of activity. The develop-

ment of the SPU contraction method provides a unique physiological method that has never been tested

before to raise and sustain muscle metabolism (for hours, not minutes). The present study does raisemore

than one translational hypothesis for the field to test. First, this method provides muscle physiologists with

an opportunity to determine the effects of prolonged and locally intense contractile activity onmuscle plas-

ticity and response to high duration stimuli. Second, interdisciplinary clinical trials specialists in related
14 iScience 25, 104869, September 16, 2022
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fields who study diabetes, resting energy expenditure, skeletal muscle, exercise, and sedentary behavior

may find the present results impactful for informing their new research ideas. One should be cautious

when interpreting the relative effectiveness in subcategories until follow-up studies with a large sample

size are performed. The practicality will also depend on implementation in large parts of the population.

The practicality will depend in part on evidence that people are capable of successfully performing SPU

contractions outside of a laboratory without EMG feedback. There is a need to test when this could be in-

tegrated within the lifestyle without disrupting various seated behaviors.

(2) These studies only identified some of the immediate responses to SPU contractions. There is a need to

describe the additional longer-term cumulative effects of an intervention in people living with a higher rate

of muscle metabolism.

(3) Muscle glycogen utilization was not measured in Experiment II (during the glucose tolerance test).

Therefore, we did not test for the interaction of hyperglycemia and SPU contractions on glycogen use

by the soleus. However, it has already been established multiple times that feeding a moderate-to-large

glucose load does not increase the reliance on muscle glycogen to fuel contractions, and more expectedly

sometimes there is a tendency for glucose ingestion to modestly attenuate contraction-induced muscle

glycogen reductions (Akerstrom et al., 2006). Also see Criteria for selection of the metabolic intensity in

Experiment II in the STAR Methods.

(4) Interrogating glucose kinetics with tracers and catheterization of an artery and vein in the legs for A-V

balance measurements would be insightful to further test the model proposed herein. A catheterization

study would also be informative to measure the peak VO2 during SPU contractions. The VO2 measure-

ments we did obtain were always at a submaximal intensity that could be sustained with a low effort in order

to avoid biasing the results when using stabilizer muscles while straining during an intense performance

test.

(5) We cannot discern from the current findings how SPU contractions are impacting either the endogenous

or exogenous (ingested) glucose disposal, the effect of SPU contractions on the rate of appearance of

blood glucose relative to the rate of glucose disappearance, and how the parallel decrease in plasma in-

sulin is attenuating glucose uptake by insulin-dependent tissues (e.g., resting skeletal muscle in the arms

while the leg muscles are doing SPU contractions).

(6) One may find it tempting to generalize the effects we found to other modes and doses of activity. How-

ever, these results were limited to when performing a specialized type of contractile activity. Other types of

‘‘low effort’’ activity do not necessarily activate the soleus muscle metabolism enough to cause the same

magnitude as demonstrated in the present experiments (Gao et al., 2017; Pettit-Mee et al., 2021; Thorp

et al., 2014). Other types of activity may also rely more heavily on muscle glycogen and/or may stimulate

systemic processes that tend to be counteractive to glucose lowering (Helge et al., 2007; Richter et al.,

1988). One well-designed study reported that although standing continuously over a 2-h OGTT can raise

EMG in the large muscles of the lower body, it did not reduce glucose at all compared with sitting inactive

(Gao et al., 2017).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human blood samples This study N/A

Human skeletal muscle biopsies This study N/A

Critical commercial assays

Insulin ELISA Mercodia 10-1113-01

C-peptide ELISA Millipore Sigma EZHCP-20K

Infinity Glucose Hexokinase Reagent Thermo Scientific TR15421

EDTA BD Vacutainer BD 368857

Software and algorithms

EMG Works Delsys Version 4.5

Prism statistics GraphPad Version 8.4.3

Excel Microsoft For Microsoft 365

Other

True One 2400 Parvo Medics N/A

Biopsy needles with suction (5 mm) Micrins INS122-5

Treadmill Sole F85

Trigno EMG system Delsys N/A

Electrogoniometer with two ends connected by composite wire with a series of strain gauges Biometrics SG110

activPAL PAL Technologies Model 3

Blood pressure monitor Omron and Tango HEM-FL31 and M2

3.0T MRI Scanner GE Medical Systems N/A

iDXA GE Healthcare Lunar N/A

1
2

3

4

5

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Dr. Marc Hamilton

(mhamilton7@uh.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Any reasonable request for data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code. Any reasonable request for additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Informed consent was obtained before participation. Research conformed to the standards set by the

Declaration of Helsinki and was approved by the appropriate Institutional Review Boards at the Pennington

Biomedical Research Center and the University of Houston.

There were in total 25 human volunteers in 2 sequential experiments, each using a randomized cross-over

design so that individual participants could serve as their own internal control (Figure S6). Recruitment was

aimed at providing an equal distribution of sexes, with a moderately wide range in age, BMI, sedentary
20 iScience 25, 104869, September 16, 2022
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time, and free-living activity level. The ranges and means for each descriptive characteristic are provided in

Table S1. Details about inclusion/exclusion are included in the Method Details below for each of these

experiments.
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4

5
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METHOD DETAILS

Soleus SPU contractions

Both experiments utilized the same type of isolated plantarflexion that was done when sitting comfortably

in normal chairs. This specific type of plantarflexion depended predominantly on the soleus muscle with

some assistance from the gastrocnemius muscles (Figures S3 and S4). Secondly, unlike isometric plantar-

flexion contractions more commonly studied, this was an isotonic soleus activation that coincided with the

angular motion of the ankle only when the ankle was moving upwards (Figure S4). Thus, to not overgener-

alize from this to other types of plantarflexion and for brevity, the movement is described as an SPU, or ‘‘so-

leus push up’’. See also the introduction of the Results for a summary of the supplemental figures for and

Table 1 describing the participants.

One primary intent was to limit the rise in total body energy expenditure to be well below the lower

threshold of 3 METs defining ‘‘moderate intensity activity’’. To that end, Experiment I tested the SPU con-

tractions corresponding to �2 METs. Experiment II tested SPU contractions at �1.3 and �1.7 METs. The

direct comparison of the whole-body energy expenditure of SPU contractions with treadmill exercise is

described in Figure S1. Additional rationale and methods for testing this metabolic rate are described in

more detail below.

This singular movement by a small mass of muscle was isolated from other muscle groups typically used for

large weight bearing compound movements like walking. The effects of this muscular activity were tested

only while sitting comfortably. The feet were positioned on the floor and under the knees so that the knees

were bent (Figure S2). The starting angle of the ankle was�70–90 degrees (90 degrees defined as when the

tibia and sole of the foot are at a right angle). This type of plantarflexion movement was performed without

adding external resistance beyond the weight of the leg (Figure S2). That avoided the necessity of using a

resistance device while also minimizing potential muscle fatigue and tension-induced strain on soft tissues.

Furthermore, the soleus contribution was accentuated during the seated plantarflexion because the knee

was always bent, such that the metatarsophalangeal joint (MTP joint) in the foot was below the knee. The

MTP joint was bending in concert with the plantarflexion of the ankle joint. When the knee is bent, the so-

leus contributesmore to the work of plantarflexion as the gastrocnemius recruitment and energy demand is

reduced compared to when the limb is straight (Cresswell et al., 1995; Kawakami et al., 1998; Niess et al.,

2018; Price et al., 2003).

Measurement of the soleus EMG provided instantaneous feedback to guide the intensity of soleus contrac-

tions and help teach how to effectively raise the local metabolic rate with this type of contractile activity

(Figure S3). We had no difficulty teaching volunteers in either Experiment I or II how to do the local contrac-

tile activity in generally 1–2 sessions, especially with the assistance of the soleus EMG. Subjects were all

consistently able to learn how to sustain a soleus EMG that is markedly greater than possible when doing

treadmill walking. We found it was productive to instruct participants to focusmostly on raising the range of

motion (ROM) (Figure S5) of the ankle plantarflexion in order to raise the soleus EMG intensity and VO2

(Figure S3B). Raising the rate was a less effective strategy (Figure S5). Notice in the examples of a male

and female in Figure S5, when the ROM was doubled from a low level of 15 degrees to a moderate level

of 30 degrees, the soleus EMG predictably doubled in these 2 volunteers. However, notice also that

when the rate was doubled (from 50 to 100 contractions/min), the soleus EMG increased less than pre-

dicted. Furthermore, we found from experience that it could be counterproductive for volunteers to focus

too much on using the rate as their guide for soleus activation, because raising the rate often caused an

involuntary reduction in the ROM and VO2 response. In summary, we found it effective to provide EMG

feedback while instructing participants to select a moderate ROM in order to comfortably maintain their

desired level.

A developmental study that proved to be instructive in perfecting the methods revealed a close relation-

ship between soleus EMG and the contractile activity VO2 (Figure S3B). In 10 volunteers, the soleus EMG

was incrementally increased in 6–10 min stages while measuring the steady-state VO2 responses within the

last 3 min of each stage. The participants were instructed to begin at what was perceived as a very low ROM.
iScience 25, 104869, September 16, 2022 21
AGE 21



ll
OPEN ACCESS

iScience
Article

1

2

3

4

5

6

7

The steady-state VO2 responses were measured when they raised the soleus EMG to progressively higher

levels. A total of 42 measurements were obtained and the linear relationship between soleus EMG and the

contractile activity VO2 response above sitting inactive is illustrated (Figure S3B).

In summary, both experiments involved testing a subtle elevation in whole body metabolic rate above

resting by contractile activity while sitting, and EMG feedback with direct measurements of oxygen con-

sumption assisted in guiding the activity.

Experiment I

Participants

Volunteers (Table S1) were recruited from a combination of newspaper and other types of advertising to

interest the kind of participants who often avoid participation in a physical activity study. It was explained

that this work may add knowledge about raising metabolic rate throughout much of the day, distinct from

traditional exercises. Exclusion criteria included orthopedic or cardiovascular limitations prohibiting a safe

treadmill VO2 max test, conditions contraindicating biopsies, and an inability to have an MRI.

Protocol and procedures

A total of 60 muscle biopsies were obtained for understanding the soleus glycogen responses of relatively

intense local contractile activity from 10 somewhat unfit/untrained individuals (5 men and 5 women). Each

subject served as their own control, for both an active and an inactive test day (always while sitting). Except

for the activity, the sedentary control test was identical to the active test in all respects including the diet

and activity before the testing. In addition to biopsies on each day, a blood sample was also obtained prior

to the final biopsy for testing the effect of this small muscle mass activity on VLDL-TG concentration. The

purpose of this first experiment was to study substrate metabolism over a prolonged duration of SPU con-

tractions instead of inactive sitting. The habitual free-living sedentary time wasmeasured in the current par-

ticipants as described in detail below (see ActivPAL device). Most people in modern times have at least 7–

8 h per day of sedentary time as determined with objective activity monitors in the USA and other devel-

oped nations (Craft et al., 2012; Healy et al., 2015; Matthews et al., 2018; van der Berg et al., 2016). One

day participants sat inactive for 7–8 h. During the active SPU trial, subjects never sat inactive for more

than 4 min at a time while accumulating 270 min of SPU contractions (Figure S6).

Although these individuals were sedentary, they were instructed not to do any intentional moderate to

vigorous exercise for at least 3 days prior to testing in order to avoid potentially glycogen lowering exer-

cise. In order to help reduce possible variability in glycogen concentration leading into each test day, par-

ticipants walked 30 min on a treadmill at a comfortable 2 mph pace the evening prior to the testing days

(under supervision) and then fed the standardized dinner meal (also under supervision). Standardized

meals were provided for all 3 meals the day prior to testing in addition to the small breakfast on the test

day. The study was timed so that a blood sample for measuring VLDL-TG and then the final biopsy were

obtained about 7–8 h after a small, controlled breakfast (7 kcal/kg, 33% carbohydrate, 14% protein, and

53% fat) which was provided 12–14 h after an overnight fast.

Because these were among the first participants studied with this type of prolonged contractile activity and

they were generally not accustomed to exercise, we asked them repeatedly to tell us if there was any type of

discomfort from the contractions, including cramps, a progressive sense of muscle fatigue, joint pain, etc.

and none of those type of adverse events was ever encountered. After enrolling participants, we incorpo-

rated time for preliminary testing for them to become familiar with the testing procedures, including how to

correctly and reproducibly do the SPUmotion with real time EMG feedback. (Figure S3A). In the preliminary

testing, the participants walked for several minutes on the treadmill and then practiced until they could

confidently sustain an EMG level that was always greater than the soleus EMGwhen walking (typically about

twice the soleus EMG of walking and sometimes more). Experience showed that by raising the ROM, the

soleus EMG could be maintained at a markedly greater level than when instead focusing on increasing the

rate of contractions (Figure S5).

In the preliminary testing and on the actual test days, oxygen consumption (VO2) and carbon dioxide

(VCO2) production were measured at least every 30 min during the SPU contractions. VO2 was always ob-

tained in steady state conditions. Subjects were not allowed to fidget when measuring VO2, under direct

observation by at least 2 study staff at all times, in order to ensure an accurate evaluation of AEE. We
22 iScience 25, 104869, September 16, 2022
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allowed ample time for using the restroom and other breaks from the activity to remain comfortable. Using

the real-time EMG feedback, they maintained the soleus EMG at an individual level determined in the pre-

liminary test day to be above walking, required an energy demand�2METs, and did not cause fatigue. The

contractions with VO2 measurements were done in blocks of time up to �7 min long (longer if there was

instability in VO2 because of a cough or movement), followed by shorter rest intervals to help maintain a

resting position and possibly adjust the angle and setback of the chair or height.

Muscle biopsies

In all, a total of 40 soleus and 20 VL biopsies (150–200 mg) were obtained in 10 participants (2 soleus and 1

VL biopsies on each of the 2 days). Biopsies were taken at the midway and endpoint at the same time on the

2 test days for each individual. The 2 soleus biopsies each day were from different legs to completely avoid

chances of inflammation or other effects of the first biopsy impacting results of the second biopsy. We used

ultrasound to ensure optimal placement of the biopsy needle in the belly of the soleus muscle at the great-

est muscle girth, using a Bergstrom needle with suction. Biopsies were obtained after 130 and 270 min of

the contractile activity (Table 1 and Figure S6 top panel). The VL of the thigh was also biopsied as an inactive

control at only the final time point (after the soleus). The VL biopsy served as an internal control for the

glycogen concentration in a muscle that was not recruited to contract.

VO2 and VCO2 gas exchange with indirect calorimetry

VO2 and VCO2 production were determined using a TrueOne 2400 metabolic system from Parvo Medics.

The gas analyzers and pneumotach were calibrated according to standard manufacturer procedures using

certified calibration gases. Sufficient time to flush out the gas lines and average steady state measurements

was always confirmed. Themeasurement period was extended when it was deemed helpful (such as if there

was a fluctuation in VO2 caused by a cough or when taking additional time to confirm the precision of the

result). We were careful to ensure participants were positioned when sitting completely relaxed to avoid

extraneous movement beyond the intended SPU plantarflexion movement. This included positioning

the chair back rest and height for each individual to optimize a restful position.

Glycogen assay

Muscle glycogen was determined from the measurement of glucose after acid hydrolysis with HCl using a

standard enzymatic technique. Immediately upon taking the biopsy, any connective tissue or blood was

removed and then frozen in liquid nitrogen. Muscle samples were then homogenized and boiled (100�C)
in 1 M HCl for 2 h. After neutralization with NaOH, the resultant glucose concentration was determined

by incubating for 45 min at room temperature with an Infinity Hexokinase reagent (Thermo-Scientific)

that contained hexokinase and G-6-P dehydrogenase. Then the resultant molar concentrations of total glu-

cosyl units were expressed relative to the starting mass of the boiled muscle sample (i.e, mmol glucosyl

units/kg muscle).

Magnetic resonance imaging (MRI) of the soleus anatomical mass

The soleus anatomical mass was determined in these 10 individuals from MRI images of the TS muscle

group in order to calculate the soleus contribution to the recruited muscle mass during plantarflexion. A

3.0T MRI scanner (Excite HD system, GE Medical Systems) obtained images every 1.0 cm of the entire so-

leus, medial and lateral gastrocnemius (MG and LG) muscles for determining the muscle volume and then

calculating the muscle mass assuming a density of 1.04 g/mL (Kim et al., 2002). The relative recruitment of

the soleus muscle and the other 2 TS muscles (MG and LG) was calculated as the product of the anatomical

mass and the percentage of the maximal EMG. Maximal EMG was obtained from the highest EMG in at

least 2 sets of standing heel lifts when standing on a single leg. When doing this, they stood on 1 leg

and did maximal plantarflexion as rapidly and high as possible. The highest 1.5 s RMS signal from a moving

average assessed every 0.01 s was taken as the maximum EMG signal.

Dual-energy X-Ray absorptiometry (DEXA) and VO2max

On a separate day from the two primary test days, DEXA (Lunar iDXA GE Healthcare Lunar) was used to

calculate body fat as well as muscle mass of the entire lower limb. Additionally, an assessment of maximal

oxygen consumption (VO2max) was performed, using an incremental treadmill test to exhaustion. They

began by walking on a level grade for a 5-min warm up, and we progressively increased the speed and

grade. We confirmed VO2max by heart rate and RER responses. The heart rate at maximum averaged
iScience 25, 104869, September 16, 2022 23
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180 beats per minute and the age predicted heart rate was 182 beats per minute. The RER at the end of the

test averaged 1.29, with a range of 1.16–1.51. After the 5-min warm up, the average time to exhaustion was

7.9 min (range of 5–12 min).

VLDL-TG concentration

A blood sample to measure plasma VLDL-TG concentration was obtained from an antecubital vein without

a tourniquet before the final biopsy. EDTA treated blood was placed on ice, centrifuged under refrigera-

tion for 15 min at 1000 3 g, and stored at �80�C. The plasma VLDL-TG was measured by nuclear magnetic

resonance spectroscopy as described previously by our laboratory (Harrison et al., 2012).

Electromyography (EMG)

The raw EMG was collected at 2000 Hz and bandpass filtered (20–450 Hz) with the Trigno EMG system

(Delsys). EMGworks software version 4.5 (Delsys) was used to analyze the EMG and goniometry signals.

The EMG signal was rectified by taking the root mean square (RMS) after subtraction of the mean micro-

volts. In preliminary measurements evaluating ROM (Figures S4 and S5), an ankle strain gauge goniometer

(Biometrics) sampling at 148 Hz was used. One end of the 75–110 mm goniometer was attached superior to

the lateral malleolus and the other block attached to the lateral aspect of the foot.

ActivPAL device for demographic purposes during free-living behavioral monitoring

For demographic purposes of free-living behavior, the ActivPAL device (PAL Technologies) was worn by all

participants in both Experiments I and II. Participants were instructed to wear the device taped to the ante-

rior aspect of the mid-thigh whenever awake (but not in water) for at least 4 days (averaging 10 days) during

typical free-living conditions to capture sitting, standing, and stepping time; wear time was 16.3 G 0.7

h/day over 10.3 G 5.0 days (mean G SD).
5

6

7

Experiment II

The second experiment determined the ability of 2 levels of this type of local contractile activity to impact

postprandial glucose during a 13-point OGTT (N = 15).

Participants

Participants volunteered in part through community outreach at churches and senior centers. For practical

and ethical reasons, a VO2max test was not included in this group because there was no exclusion criterion

for orthopedic and cardiovascular conditions. However, people were excluded if they reported any recent

or planned changes in diet, physical activity, medications, and other potentially confounding lifestyle fac-

tors that could be a risk for adherence. They were also excluded if they had a fasting glucose >125mg/dL or

HbA1c >6.4% (the thresholds for Type 2 diabetes), had physician diagnosed diabetes, or took glucoregu-

latory medications other thanmetformin. Three participants had been takingmetformin for over 1 year. The

free-living sedentary and activity time are in Table S1 and had a relatively wide range. By design, this exper-

iment was inclusive of a relatively diverse group of people, including 7 men and 8 women (Table S1). We

sought out participants who were at some risk for type 2 diabetes (T2D) based on either the participant

(with regards to their own phenotype) or a family member with T2D. These individuals had a HbA1c range

of 4.9–6.1 and fasting glucose between 91-115. Inclusion criteria included the goal of an equal number of

both sexes/gender and adults age across the lifespan (range of 22 – 82 years). There was a fairly well-

balanced proportion of minorities (7 non-Hispanic white, 5 African American, 2 Hispanic, 1 Middle Eastern).

Protocol and procedures

Generally, within one visit we were able to teach each one the proper biomechanical movement for an SPU

contraction. All participants were able to learn how to successfully perform SPU contractions. Fifteen par-

ticipants performed an OGTT while sedentary for 3 h and during at least one activity condition for 3 h. The

75 g OGTTs were performed following a 12–14 h overnight fast. This test was used because it is the stan-

dard for assessing the integrative physiology of glucose regulation and for comparing between studies

(Knudsen et al., 2014; Magkos et al., 2016). The participants either sat inactive (control) or performed seated

SPU contractions throughout the entire 3-h OGTT period using a repeated measures design in which each

subject served as their own control. When recruited, participants were given the option of choosing to

participate in two slightly different levels of this activity (SPU1 and SPU2 in random order). Steady-state
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VO2 and RER measurements were recorded at least once during each of the 3 h (on average 5 times). The

average energy expenditure each hour is provided in Table S2.

In addition to a thorough explanation of study requirements and demonstration of procedures, time was

allotted for ensuring each individual was comfortable with how to weigh and pre-package their food to

maintain a consistent diet the day before each test day. Participants were provided with food scales. If

the participants felt that replicating their diet would be difficult, we purchased and provided them with

food. With this approach, these participants were able to maintain their habitual dietary preferences/

requirements.

Criteria for selection of the metabolic intensity in experiment II

Because this second experiment followed the results of the first experiment, the criteria for the setting the

AEE (MET intensity) was as follows. The methodological aim was for these participants to perform SPU con-

tractions at an AEE intensity less than that used in the prior Experiment I (see Figure S1 and compare Ta-

bles 1 and 2). The first rationale for a lower AEE range was to increase the probability that there would be

the same or less demand for soleus muscle glycogen used to fuel contractions than in the first study. This

avoided the unnecessary subject burden of the added biopsies. Secondly, we aimed to limit the VO2 to

assess glucose tolerance when raising total carbohydrate oxidation by an expected amount of about

100-250 mg/min above the normal sedentary level, with the aim of testing if that range was sufficient to

reduce the blood glucose response. The reason for focusing on this rate of carbohydrate oxidation is

described in more detail in the Results and Discussion.

Primary outcome in experiment II (postprandial hyperglycemia)

This experiment tested the primary hypothesis that sustaining a low AEE (about 0.6 kcals/min and close to one-

half of Experiment I) by SPU contractions would be sufficient to improve postprandial glucose concentration

compared to sitting with inactive muscle at the normal resting metabolic rate. From the 180 min after ingesting

75 g glucose, the postprandial glucose responses were assessed by calculating the incremental area under the

curve (iAUC) using the trapezoid rule. Furthermore, it was important that the absolute glucose concentration

(mg/dL) and the delta glucose concentration were reported at each time point. Given the importance in report-

ing these results relative to sex andage (andother characteristics of interest todifferent fields of researchers), the

average glucose iAUC responses were calculated in categorically different groups.

Method of measuring blood glucose and insulin

Blood during each OGTT was sampled at 13 timepoints in 3 h (in triplicate 10 min before the glucose inges-

tion and every 15 min until 180 min after the glucose ingestion) from a warmed hand. It was tested using a

Contour Next EZ (Bayer) blood glucosemeter. This involved a well-validated approach of skin punctures for

obtaining arterialized glucose excursions during an OGTT (Brouns et al., 2005; Förster et al., 1972; Whiche-

low et al., 1967). Direct comparisons with arterial catheterization have shown that capillary blood from skin

punctures on average agrees closely (within 2–3 mg/dL) during OGTTs with catheterizing an artery (Förster

et al., 1972; Whichelow et al., 1967), thus accurately reflecting the delivery of glucose to tissues from the

systemic circulation. A validation study in our lab was performed. From this, results established that there

was linearity in the observed and predicted glucose concentration in the range of 81–335 mg/dL with the

Contour Next EZ (Bayer) blood glucose meter. In our lab’s validation study, the averagemeasured values of

whole blood samples, were 3 G 1% higher than predicted, while the coefficient of variation was 1.3% be-

tween replicates (Figure S6).

Plasma insulin (Mercodia) and C-peptide (Millipore Sigma) concentrations were measured with commercially

available ELISAs. EDTA treated venous blood was obtained every 30 min from an indwelling catheter in an an-

tecubital vein and processed tomeasure plasma C-peptide in addition to insulin and additional assays (beyond

the scope of this paper). The 6 mL blood samples were centrifuged at 1000 3 g for 15 min in a refrigerated

centrifuge and the resultant plasma stored at �80C. For reasons beyond our control, there was not venous

plasma available for insulin assays in 3 of 15 subjects for SPU1 and 2 of 10 for SPU2 comparisons.

Blood pressure and heart rate assessment

Although not a major outcome, we checked heart rate and blood pressure (BP) in Experiment II during

the activity and when sitting inactive with an automated cuff and blood pressure monitor (Omron model
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HEM-FL31, Tango model M2). In one particularly obese individual, we used a manual sphygmomanometer

and stethoscope in order to obtain readings. The results were averaged for 8 participants in which we have

complete data from all 3 test days.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Calculations

During physical activity, the total energy expenditure (TEE) is the sum of the activity energy expenditure

(AEE) and the resting energy expenditure (REE). AEE is therefore calculated by subtracting the REE

when sitting inactive from the TEE:

AEE = TEE � REE

The caloric contribution of soleus muscle glycogen (in kcal units) to fuel the total AEE was calculated from

the combustion of muscle glycogen as follows:

Energy from soleus glycogen during contractions = ðD GlycogenÞðSoleus massÞðGEÞ
where D glycogen is the difference between the inactive and active soleus glycogen concentrations (mmol/

kg) and the glycogen energy (GE) is 0.675 kcal/mmol which is the amount of energy (kcals) derived from

1 mmol of glycogen when the glucosyl units from glycogen are completely metabolized by oxidative phos-

phorylation. The soleus muscle mass (kg) was determined in each individual from MRI. This is based on the

understanding that each mmol of glucosyl units in glycogen provides 0.675 kcal energy (i.e., 0.675 kcal =

3.75 kcal/g x 180 g/1000 mmol).

The increase in oxygen consumption of the entire lower limb musculature during treadmill exercise was

calculated as follows. In each of these individuals, the entire lower limb lean mass was measured with

DEXA. Running at VO2max was used as a mode of activity to exercise the muscles of the lower limb

intensely. The VO2 per kg of the lower limb musculature during treadmill exercise was estimated with

the understanding that skeletal muscle accounts for �90% of the leg lean mass (Cardinale et al., 2019),

and that 75% of the oxygen consumption during ‘‘whole-body’’ exercise involving weight-bearing activity

is from the large muscle mass in the lower limbs (Cardinale et al., 2019). From this, the oxygen consumption

of lower limb musculature during treadmill exercise was calculated as follows:

lower limb muscle VO2 during treadmill exercise =
0:75$DVO2

lower limb muscle mass

where the lower limb muscle mass = 0.9 3 lower limb lean mass, and DVO2 is the increase in the measured

whole-body VO2 during exercise above resting.

Each statistical test used is reported in the table and figure legends. Paired Student’s t-tests were per-

formed when there was a single repeated measures factor with only 2 levels (e.g., inactive and active).

When there were 2 factors (e.g., activity/inactivity and time) or more than 2 levels (e.g., inactive, SPU1,

SPU2), results were analyzed with a mixed effects model for repeated measures with Tukey’s multiple com-

parison tests. Each p-value was adjusted to account for multiple comparisons with a family-wise signifi-

cance set at a level of 0.05 for each mixed effects model. Effect size (ES) was calculated with Cohen’s

d test. ES descriptors were as follows: d (0.01 < 0.2) = very small, d (0.2 < 0.5) = small, d (0.5 < 0.7) =medium,

d (0.8 < 1.2) = large, d (1.2 < 2.0) = very large, d (R2.0) = huge (Sawilowsky, 2009). Normality of the data was

tested using the Shapiro-Wilk test. Non-normally distributed variables were log transformed before further

analysis. Linear regression was used to examine the relationship between specific variables. Statistical tests

were two-sided and significance was set at p < 0.05. GraphPad Prism software version 8.4.3 was used. Re-

sults are expressed as mean G SE unless stated otherwise.
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Table S1. Demographics, N=25 (13 females and 12 males), related to Table 4. 

EXPERIMENT I, N=10 
Mean ± SD Range 

Age (years) 37.7 ± 10.9 24 – 53 
Gender 5 F / 5 M 
Height (m) 1.71 ± 0.07 1.63 – 1.86 
Weight (kg) 79.5 ± 18.7 56.6 – 111.8 
BMI (kg/m2) 26.8 ± 4.6 21.2 – 33.1 
Percent body fat 37.6 ± 6.9 23.6 – 45.1 
Sitting time (hr/day) 10.8 ± 2.2 6.1 – 13.4 
Stepping time (hr/day) 1.30 ± 0.52 0.73 – 2.17 
Steps per day 6,196 ± 2,820 3,247 – 11,243 
Standing time (hr/day) 4.09 ± 1.65 2.49 – 7.78 
VO₂max (mL/kg/min) 30 ± 9 20 – 45 

EXPERIMENT II, N=15 
N=15 (SED, SPU1) Mean ± SD Range 
Age (years) 54.3 ± 19.0 22 – 82 
Gender 8 F / 7 M 
Height (m) 1.68 ± 0.09 1.56 – 1.88 
Weight (kg) 81.0 ± 21.1 48.1 – 122.4 
BMI (kg/m2) 28.4 ± 6.7 19.7 – 42.9 
Percent body fat 33.7 ± 10.7 18.9 – 51.9 
Sitting time (hr/day) 10.6 ± 2.0 6.7 – 13.9 
Stepping time (hr/day) 1.38 ± 0.51 0.6 – 2.4 
Steps per day 6,025 ± 2,433 2,061 – 10,843 
Standing time (hr/day) 4.29 ± 1.40 2.5 – 7.1 

N=10 (SED, SPU1, SPU2) Mean ± SD Range 
Age (years) 52.8 ± 18.3 24 – 82 
Gender 6 F / 4 M 
Height (m) 1.67 ± 0.07 1.57 – 1.79 
Weight (kg) 78.9 ± 16.3 56.5 – 108.8 
BMI (kg/m2) 28.4 ± 5.8 20.4 – 36.0 
Percent body fat 35.2 ± 10.1 18.9 – 44.9 
Sitting time (hr/day) 10.3 ± 1.9 6.7 – 13.1 
Stepping time (hr/day) 1.36 ± 0.37 0.9 – 2.1 
Steps per day 5,939 ± 1,607 4,434 – 9,800 
Standing time (hr/day) 4.5 ± 1.6 2.5 – 7.1 
This N=10 subgroup in Experiment II are the individuals from the above 15 who also participated in SPU2. 



Table S2. Total body energy expenditure (kcal/min), related to Tables 1 and 2. 
Experiment I      t1    t2 Mean 

Control      1.18 ± 0.05      1.21 ± 0.06 1.20 ± 0.05 

     t1    t2 Mean 
SPU      2.70 ± 0.19      2.71 ± 0.21 2.71 ± 0.20 

Experiment II t1 t2 t3 Mean 
Control 1.14 ± 0.06 1.18 ± 0.06 1.11 ± 0.06 1.15 ± 0.06 

t1 t2 t3 Mean 
SPU1 1.78 ± 0.09 1.73 ± 0.09 1.73 ± 0.08 1.75 ± 0.09 

t1 t2 t3 Mean 
SPU2 2.33 ± 0.16 2.21 ± 0.12 2.17 ± 0.13 2.24 ± 0.13 

Mean ± SEM. There was not a significant difference between any time period within a test day. However, 
between test day differences were all significant (P<0.0001). In Experiment I, t1 was the average energy 
expenditure in the period before the first biopsy and t2 was the period between the first and second biopsy. 
In Experiment II, t1, t2, and t3 were the respective rates of energy expenditure in the 1st, 2nd and 3rd hours 
of the OGTT. Differences between conditions were determined by a mixed effects model followed by 
Tukey’s multiple comparison tests.  



 
 

 
 
 
 
 

 
Figure S1. Total body energy expenditure, related to Figure 2, and Tables 1 and 2. An SPU is by 
design isolated contractile activity of a small muscle mass when sitting to induce a significant, yet subtle 
increase in total energy expenditure. Individuals in Experiment I performed SPUs in addition to completing 
treadmill exercise testing to compare the energy demands with a large muscle mass activity involving 
compound movements. Differences between conditions within each experiment were determined by a 
mixed effects model followed by Tukey’s multiple comparison tests. Both walking and running at VO2max 
expectedly had a greater whole body energy demand per minute than SPU contractions (P=5x10-5 and 
P=1x10-5, respectively). In Experiment II, the rate of energy expenditure when sitting inactive vs SPU1 
(P=2x10-8) and vs SPU2 (P=4x10-6) are shown. The energy expenditure of SPU contractions in Experiment 
I was 55 and 21% greater than that of SPU1 and SPU2 of Experiment II (P=0.0007 and 0.064, respectively; 
unpaired t-test). All 3 levels of SPU contractions were significantly different from sitting inactive (see Tables 
1 and 2 for more statistics). Broken horizontal line denotes sitting inactive resting energy expenditure. Mean 
± SEM bars.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S2. Illustration of SPU contractions, related to STAR Methods. This method focused on 
prolonged isolated contractile activity during sitting. It involved unloaded contractions (no more than the 
weight of the leg) in order to enhance the range of motion and minimize fatigue or other adverse responses 
like soreness or cramping. These seated contractions targeted the soleus, a slow oxidative muscle (with a 
mass of ~1 kg as determined directly with MRI measurements). The knee was bent with the 
metatarsophalangeal joint (MTP joint) below the knee to minimize involvement of the gastrocnemius 
synergists and accentuate the soleus contribution. There was a gravity-induced passive leg lowering (i.e. 
soleus muscle lengthening) between each SPU contraction. Volunteers sat comfortably, with or without 
shoes, and with the chair height and back rest individualized in order to maintain a relaxed posture for the 
resting musculature. Real-time EMG was used to teach the method and provide feedback for setting the 
desired level of metabolic activity.  



Figure S3.  Smoothed EMG signal for biofeedback and linear relationship of soleus activation to 
VO2, related to a methodological validation test as described in the STAR Methods. (A) The raw EMG 
signal collected at 2000 Hz (top panel) was rectified (root mean square) and smoothed in the panel below 
it to display feedback of the soleus activation during SPU contractions. This real time feedback was 
displayed on a large computer screen to help participants maintain a steady local soleus intensity. When 
viewed over ~500 seconds as above, each of the individual EMG spikes cannot be discerned (please see 
Figure S4 for more precise results over a shorter window of time to visualize individual EMG bursts). (B) 
Soleus activation was highly related to the steady-state increase in oxygen consumption above the normal 
resting metabolic rate when sitting (r=0.86; P=4x10-13) in a preliminary experiment in which 10 individuals 
were tested during graded SPU contractile activity. 



 
 

 

 
 
Figure S4. Ankle angular motion during SPU contractions (isolated plantarflexion when sitting) and 
EMG of the soleus and the accessory triceps surae muscles, related to STAR Methods. Range of 
motion (ROM) of the ankle was measured in this individual in a methodological validation test to illustrate 
that the EMG on-time (soleus activation) coincides with the “concentric shortening phase” during this 
particular type of plantarflexion. This participant wore Delsys EMG sensors over the soleus and medial and 
lateral gastrocnemius (MG and LG) muscles as well as ankle strain gauge goniometers. The raw EMG was 
collected at 2000 Hz. 



Figure S5. The effect of range of motion (ROM) at a fixed rate and the effect of rate (at a fixed ROM), 
related to methodological validation test in STAR Methods. While the impact of raising the 
plantarflexion ROM was predictable and proportional to soleus EMG (left panel), raising the rate was not 
proportional (right panel). In the left panel the rate was fixed at 50 contractions/min. In the right panel, the 
ROM was fixed at 30 degrees. Results from 2 representative examples. 



 
 

 
 

 
 

Figure S6. Experimental overview, related to STAR Methods. Two experiments were performed to 
understand the metabolic responses to isolated plantarflexion targeting local soleus contractile activity 
(SPU contractions). Both studies enrolled an equal number of male and female participants with a wide 
diversity of BMI, age, sedentary behavior, and habitual daily steps. See also Table S1 for participant 
demographics. Each participant served as their own control in this randomized cross-over design by sitting 
inactive at the normally low resting metabolic rate. Experiment I tested a single level of activity energy 
expenditure (~2 METs or 1.5 kcal/min) above the resting level of energy expenditure in 10 participants. 
Experiment II involved the responses to one low level of SPU contractions (~1.3 METs or 0.6 kcal/min 
above resting) compared to when sitting at a normal metabolic rate in all 15 participants, and also a second 
level (~1.7 METs or 1.1 kcal/min above resting) in 10 of those 15 volunteers (in random order). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 

 
 
Figure S7. Total substrate oxidation in Experiment I, related to Figures 1 and S8. (A) Total energy 
expenditure and the contribution of substrates fueling oxidative metabolism. Fat oxidation (P=5x10-7) and 
total carbohydrate oxidation (P=0.0001) were both significantly increased (paired t-tests comparing SPU 
contractions to sitting inactive in 10 individuals). Mean ± SEM bars for energy expenditure. (B) Individual 
responses. There was not a relationship between glycogen use to energy expenditure over this narrow 
range, as there was for the other substrates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S8. VLDL triglyceride responses to SPU contractions in Experiment I, related to Table 1 and 
Figure S7. The three subfractions of VLDL determined by nuclear magnetic resonance spectroscopy are 
shown. P-values from paired t-test analyses. Mean ± SEM. 



Figure S9. A preliminary methodological examination of the relationship between measured and 
expected glucose concentrations, related to STAR Methods. Whole blood in a series of test tubes was 
spiked with known amounts of glucose to test the accuracy of glucose measurements from the glucometer 
in a preliminary control experiment. The measured (Y-axis) and expected glucose concentrations (x-axis) 
were in close agreement over 9 concentrations and replicated in 6 samples. The 6 replicates at each 
concentration are often difficult to see because of overlapping values at the same points in the graph due 
to a low coefficient of variation (1.3%).  



Figure S10. Time course of glucose and insulin responses during the sedentary control and SPU 
conditions in Experiment II, related to Table 3 and Figure 3. (A) Effects of SPU1 on glucose. (B) Effects 
of SPU2 on glucose. (C) Effects of SPU1 on insulin. (D) Effects of SPU2 on insulin. The statistics are 
provided in Figure 3 and Table 3. METs during sitting inactive (SED) averaged 0.86 ± 0.05 (Table 2). Mean 
± SEM.   
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