
Abstract
Over the past 5 years, the fastest growing new area of 
physical activity research centered around the concept 
that the large amount of time people spend sitting inac-
tive may have significant physiological consequences 
hazardous to human health, including risk for type 2 dia-
betes and poor metabolism of lipids and glucose. Meta-
analysis (10 studies) suggests there is a 112% greater rel-
ative risk associated with a large duration of sedentary 
behavior for type 2 diabetes. Meta-analysis also indicates 
significantly greater odds for metabolic syndrome. We 
also summarize results for 7 studies using objective mea-
sures of total sedentary time and focusing on cardiomet-
abolic risks in persons at high risk for type 2 diabetes or 
already diagnosed with type 2 diabetes. The underlying 
hypothesis introduced in 2004 by the inactivity physiol-
ogy paradigm has been that frequent and abundant con-
tractile activity by certain types of skeletal muscle can 
have a potent influence on key physiological processes, 
even when the intensity is below that achieved through 
exercise. We explain some of the mechanisms for why the 
metabolism in slow-twitch oxidative skeletal muscle is 
key for understanding the healthy responses to low-in-
tensity physical activity (LIPA). Findings from objective 
measures from inclinometry indicated that the quartile 
range for weekly sedentary time is ∼29 h/week. The total 
daily time that people sit, stand, and accumulate nonex-
ercise steps is independent of traditionally recommend-

ed moderate-vigorous physical activity. The large amount 
of sedentary time associated with risk for disease can only 
be reduced significantly with safe and nonfatiguing LIPA, 
especially in the most at-risk proportion of the popula-
tion. Importantly, experimental studies are starting to in-
dicate that it will be especially insightful to understand 
the acute dose-response effects of LIPA in order to under-
stand why reducing sedentary time can improve lipid and 
glucose metabolism for the prevention and treatment of 
chronic disorders related to type 2 diabetes.

© 2014 S. Karger AG, Basel

Physical activity guidelines and recommenda-
tions for type 2 diabetes, impaired glucose toler-
ance, dyslipidemia, and general health gains have 
historically emphasized moderate-vigorous phys-
ical activity (MVPA), or activity greater than 
∼45% of VO2max [1, 2]. There has been a rapid 
emergence of studies indicating that metabolic 
disease risks are also associated with sedentary 
behavior, which takes up the majority of the wak-
ing day when people are sitting inactively, dis-
placing potentially large amounts of time people 
can be active throughout the whole day [3–10]. In 
this review, we will examine the associations be-
tween sedentary behavior and risk for type 2 dia-
betes, metabolic syndrome as well as specific car-

Goedecke JH, Ojuka EO (eds): Diabetes and Physical Activity.
Med Sport Sci. Basel, Karger, 2014, vol 60, pp 11–26 (DOI: 10.1159/000357332)

Sedentary Behavior as a Mediator of  
Type 2 Diabetes

Marc T. Hamilton · Deborah G. Hamilton · Theodore W. Zderic
Pennington Biomedical Research Center, Baton Rouge, La., USA

D
ow

nloaded from
 http://w

w
w

.karger.com
/books/book/chapter-pdf/1973944/000357332.pdf by guest on 24 April 2024

http://dx.doi.org/10.1159%2F000357332


12 Hamilton · Hamilton · Zderic

diometabolic risk factors. Physiological studies 
have highlighted the importance of paying atten-
tion to all active and inactive behaviors over the 
entire waking day [4–8]. This includes the need 
for carefully understanding how a very high dura-
tion of low-intensity physical activity (LIPA) 
throughout the day (dozens of hours per week) 
can replace large amounts of sedentary time [5]. 
Finally, we will describe the emerging evidence 
that acute metabolic responses in relatively fa-
tigue-resistant slow-twitch oxidative skeletal 
muscle may play a central role in combating the 
diseases associated with too much sitting [7]. 
These acute responses are poised to contain the 
most potent mechanisms leading to solutions tar-
geted at overcoming the hazards of sitting too 
much [4]. This chapter frequently draws out the 
contrast between high duration-high frequency 
and lower intensity physical activity performed 
over many hours of the day as being a very differ-
ent type of behavior to the much less abundant 
MVPA or aerobic exercise that is already so well 
described in the physical activity guidelines [2]. 
Thus, when considering why sedentary time is 
unhealthy and what solutions will most logically 
correct the underlying problems directly, one 
needs to fully appreciate the vast differences be-
tween the traditional focus on physiological influ-
ences of exercise versus inactivity physiology.

Disease risks are associated with many hours 
per day of sitting idle, averaging ∼10 h/day or 70 h 
each week. A goal of inactivity physiology is to de-
velop the most effective, feasible, and safest mode 
of physical activity to reduce as many hours per 
week of sedentary time as is possible for disease 
prevention. This research is distinct from exercise 
physiology, which historically has focused on 
MVPA performed during only a small part of the 
week (∼150 min/week). The prescription for ex-
ercise is not only too brief but also too intense to 
be used as replacement for the vast amount of sed-
entary time currently linked with disease. This 
new discipline of inactivity physiology is devoted 
to understanding the health consequences of 

modern lifestyles shaped by far too many hours of 
muscular inactivity (mostly during sitting) and 
the best solutions for changing those lifestyles for 
improving human physiology and disease pre-
vention.

Associations between Sedentary Behaviors 
and Type 2 Diabetes

Relatively high amounts of sedentary time (daily/
weekly sitting time) have been associated with sig-
nificantly greater risk for type 2 diabetes and met-
abolic syndrome in two meta-analyses (table  1). 
One meta-analysis examined 10 studies (6 pro-
spective) including 505,045 participants [10], and 
found that there was a 112% greater pooled rela-
tive risk of diabetes associated with large versus 
small amounts of TV time (typically differing by a 
few hours per day as shown in table 1, column 4). 
To put these results in perspective, the meta-anal-
ysis providing support for the current US federal 
physical activity guidelines was associated with a 
1.4-fold greater pooled relative risk of diabetes for 
people who did not meet the guideline-defined 
types of activity, such as brisk walking [2]. As is 
often the case in studies focused on the risks of 
sedentary behavior, the relationships between TV 
time and type 2 diabetes were independent of self-
reported ‘physical activity’ (meaning exercise-like 
behaviors). This is likely relevant to the objective 
evidence that sedentary time is unrelated to the 
time that people engage in the activity profile cur-
rently recommended in the US federal guidelines 
[12]. Authors also concluded from meta-analysis 
that sedentary time is associated with an increased 
risk of cardiovascular disease and all-cause mor-
tality, while the strength of the association is most 
consistent for type 2 diabetes [10].

TV watching is obviously just one of the more 
common reasons why people sit for long periods 
of time with inactive (noncontracting) muscles. 
But it is important to note that two recent studies 
concluded from self-reported total sitting time 
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both in youth [13] and adults with type 2 diabetes 
[11] that more total sitting time across the lifes-
pan appears to be associated with diabetes inde-
pendent of BMI. It is also insightful to notice that 
these relationships with disease rates remained 
significant in some of the studies additionally 
modeling for BMI [14–16] but not in all situa-
tions [17, 18]. Thus, while it is certainly plausible 
that excess body fat may contribute in part to the 
reason why TV time or other sedentary behaviors 
are related to diabetes risk, these epidemiological 
data are also alluding to the need to consider ad-
ditional and more distinct mechanisms beyond 
BMI and body fat. It is possible that this is in part 
because the physiological processes mediating the 

health effects of sedentary behavior operate pri-
marily through more acute and transient meta-
bolic processes [52–55] (see the section ‘Rapid 
and Direct Effects of Time Spent Sitting vs. Per-
forming Low-Intensity Physical Activity’). These 
metabolic processes are constantly reflecting al-
tered states of contractile activity and are not on 
the same time scale wherein changes in body 
composition would occur. These effects include 
an immediate plasma glucose uptake during acute 
contractions of active skeletal muscle, improved 
insulin action and local factors in skeletal muscle 
linking lipid metabolism to metabolic control 
(see the section ‘Direct Effects of Displacing Skel-
etal Muscle Contractile Activity with a Large Du-

Table 1. Associations of sedentary time with diabetes and metabolic syndrome

Type 2 diabetes meta-analysis Metabolic syndrome meta-analysis

risk/hazard ratio n years
F/U

low vs. high TV,
h/day

first author OR (95% CI) first author

2.87† (1.46–5.65) 37,918 10 <0.14 vs. >5.7* Hu [14]#, Δ 1.89† (1.42–2.53) Bertrais [21]
1.70† (1.19–2.42) 68,497 6 <0.14 vs. >5.7* Hu [31] 1.84† (1.41–2.39) Dunstan [22]
2.34† (1.41–3.90) 8,299 XC <2 vs. >2* Dunstan [18]# 2.07† (1.23–3.46) Ford [23]
1.86† (1.54–2.24) 45,668 10 <1 vs. >5 Krishnan [15]#, Δ 2.20†, ‡ (1.10–4.20) Gao [24]
2.18† (1.95–2.43) 60,903 XC <1 vs. >3 Tonstad [16]#, Δ 2.99†, ‡ (0.83–10.84) Li [25]
1.63† (1.17–2.27) 23,855 7.8 <1 vs. >4 Ford [17]# 1.68† (1.34–2.11) Chang [26]
2.75 (1.83–4.13) 4,512 4.3 <2 vs. >4 Stamatakis [32] 1.52 (1.01–2.29) Chen [27]
1.85 (1.41–2.43) 12,608 XC <2.5 vs. >3.6 Wijndaele [33] 1.72†, ‡ (1.26–2.35) Sisson [28]
1.22 (0.87–1.72) 1,966 XC <2 vs. >4 Hawkes [34] 1.87 (1.17–2.99) Trinh [29]
4.00 (3.62–4.42) 240,819 XC <1 vs. >7 Matthews [35] 3.10 (2.08–4.62)§ Bankoski [30]#, Δ

2.12 (1.61–2.78) pooled RR 1.73 (1.55–1.94) total

The risk/odds ratios from meta-analyses for type 2 diabetes [10] and metabolic syndrome [3] were calculated for differences be-
tween the low and high categories of sedentary behavior as defined within each respective study, and adjusted for confounding 
variables such as age, smoking, and sex. n = Number of study participants; years F/U = Years follow-up; XC = cross-sectional study. 
* h/day converted from h/week. Some of the specific ratios presented are after adjustment for BMI and/or MVPA. † Value adjust-
ed for physical activity (MVPA). ‡ Value adjusted for BMI. # Study also examined adjustment for BMI (adjusted risk/hazard ratios 
not shown). ∆ Risk/hazard ratios were still statistically significant after adjusting for BMI (adjusted risk/hazard ratio not shown). 
§ Sedentary time was expressed as the percent of wear time, a parameter less influenced by errors from non-wear time. When 
sedentary time was expressed as the percent of wear time and the odds ratio was adjusted for BMI and average acceleration 
counts/min when active, in addition to age, sex, ethnicity, education, alcohol, consumption, smoking, diabetes, and heart dis-
ease, then the OR = 1.61 (0.97–2.67) [30]. The meta-analysis [3] used a parameter of sedentary time from Bankoski et al. [30] to 
calculate the total OR, expressed in h/day and adjusted for BMI and average acceleration counts/min when active, in addition to 
age, sex, ethnicity, education, alcohol consumption, smoking, diabetes, and heart disease [OR = 1.16 (0.77–1.74)]. Replacing the 
average acceleration counts/min when active with minutes in moderate-vigorous activity did not alter the results [30].
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ration of Sedentary Time’ below for references 
and discussion).

The strength of associations between seden-
tary time with disease outcomes may improve as 
the methodologies for more precise measurement 
of sedentary time, and nonsedentary time (espe-
cially LIPA) are developed. From our physiologi-
cal perspective, it is surprising to us that some-
times the TV studies are criticized because people 
may sit down for long periods of time to watch 
TV after meals and often eat snacks or meals 
while watching TV [51]. There certainly is a plau-
sible rationale to hypothesize high amounts of 
sedentary time in conjunction with eating causes 
unhealthy postprandial responses. The ‘TV 
watching time’ studies provide translational evi-
dence needed to guide behavioral and physiolog-
ical studies. We also encourage more contextual 
studies, especially when combined with a good 
understanding of skeletal muscle responses relat-
ed to inactivity physiology. It could be helpful to 
put forward a guiding hypothesis that takes from 
Ansel Key’s classical hypothesis suggesting that 
atherosclerosis is caused by an endless succession 
of postprandial lipid disturbances [19]. Themati-
cally, it is helpful to consider inactivity physiology 
concepts to test the hypothesis that type 2 diabe-
tes may be caused by an endless succession of 
acute episodes of sitting inactive, while continu-
ally evoking exaggerated hyperinsulinemic post-
prandial responses and tissue lipid disturbances 
caused by insufficient contractile activity.

Sedentary Time and Metabolic Syndrome 
(table 1)

Depending on the exact definition, approximate-
ly a quarter of the US adult population has meta-
bolic syndrome. This typically includes abnormal 
plasma triglycerides (TG) and HDL as markers of 
impaired lipid metabolism, elevated plasma glu-
cose, blood pressure, and waist circumference. 
Inflammation and thrombosis/hemostatic factors 

are also included in some of the studies about 
metabolic syndrome. Insulin resistance is thought 
to be an underlying culprit in much of this condi-
tion [20]. A recent meta-analysis (table 1) focused 
on sedentary behavior and identified 10 cross-
sectional studies with a total of 21,393 partici-
pants. Sedentary time was self-reported in 9 of 10 
studies [3]. Comparing relatively low and high 
categories of sedentary time, the most sedentary 
categories had 73% greater odds for metabolic 
syndrome, even after some of these studies appar-
ently adjusted for BMI and MVPA.

Studies Using Devices to Objectively Estimate 
Sedentary Time in People Identified as Either 
High Risk for Type 2 Diabetes or Recently 
Diagnosed with Disease (table 2)

Two studies of which we are aware have focused 
on people newly diagnosed with type 2 diabetes. 
In a cross-sectional and prospective study of 528 
people, sedentary time, as estimated from hip 
mounted accelerometry, was unfavorably related 
to fasting insulin, HOMA-IR, and HDL-C, both 
at baseline and after 6 months’ follow-up [36]. A 
similar cross-sectional analysis using a heart rate 
method [35] reported that sedentary time was un-
favorably related to plasma TG and HDL concen-
trations, waist circumference, and a clustered 
metabolic risk score (HbA1C, TG, inverse of 
HDL, waist).

A number of other reports have shown that 
sedentary time is a behavioral risk factor for the 
severity of cardiometabolic risk in people at high 
risk for type 2 diabetes (e.g. adult offspring with a 
diagnosed parent). This includes elevated 2-hour 
glucose [38], TG [38, 39], fasting insulin [40], IL-6 
[41], clustered metabolic risk score [39], and low-
er HDL-C [38]. Much like we described above for 
risk of type 2 diabetes and metabolic syndrome, 
the risk of too much sedentary time was indepen-
dent of both the amount of accumulative MVPA 
and body composition indices (BMI, waist). For 
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Sedentary Behavior as a Mediator of Type 2 Diabetes 15

example, this was evident in the relationships be-
tween sedentary time and fasting insulin, 2-hour 
glucose, HOMA-IR, HDL, TG, and clustered met-
abolic risk score in people with type 2 diabetes [36, 
37] or at high risk for type 2 diabetes [38–41].

Insulin Resistance Relative to Objectively 
Determined Sedentary Time and Total Activity

Skeletal muscle insulin resistance is a key element 
in the development and progression of type 2 dia-

Table 2. Objectively determined sedentary time and cardiometabolic risk in adults with type 2 diabetes or defined as 
high risk for disease

First  
author

Sample Design Sedentary
time
measure

Cardiometabolic  
risk factors

Independent 
of MVPA?

Independent  
of BMI/waist?

Timing of sedentary 
measure and blood 
sample

Cooper 
[36]

T2D
n = 528

6 months
Prosp and
X-Sec

AG GT1M insulin, HOMA-IR, 
HDL, WC

yes yes not reported

Results: Baseline SED time predicted insulin, HOMA-IR, HDL-C at 6 months. In cross-sectional analyses at baseline, higher SED time 
related to higher insulin, HOMA-IR, WC, and lower HDL. ‘Breaks’ in SED time were not related to blood chemistry but inversely related 
to WC.

Cooper 
[37]

T2D
n = 394

X-Sec HR+accel
(Actiheart)

HbA1C, TG, HDL,  
SBP, WC, CMR1

yes yes not reported

Results: Direct relationship of SED time with CMR1, waist, TG, HDL.

Wijndaele
[39]

T2D offspring
n = 171

6 years,  
Prosp

AG 7164 and
AG GT1M

glucose, insulin, TG, 
HDL, WC, SBP, DBP

yes yes not reported

Results: Direct relationship between ∆ in SED time and  ∆ in CMR and TG independent of baseline SED.

Henson 
[38]

T2D high risk
n = 878

X-Sec AG GT3X 2-hour OGTT 
 glucose, TG, HDL, 
BMI, WC

yes yes not reported

Results: Direct relationships for SED time with 2-hour glucose and TG. Inverse relationship with HDL-C. ‘Breaks’ in SED time 
 significantly related to BMI and WC. Total activity counts were related only to HDL-C after adjustment for SED time.

Henson 
[41]

T2D high risk
n = 558

X-Sec AG GT3X IL-6, CRP, leptin 
adiponectin

yes yes not reported

Results: Direct relationship with SED time and IL-6. ‘Breaks’ in SED time were not independently related to any of the plasma end 
points.

Ekelund 
[40]

T2D high  risk
n = 258

X-Sec AG MT1 insulin, TG, HDL, 
CMR2, WC

N/A yes not reported

Results: Direct relationship of SED time with fasting insulin. Consistent with expectation that SED time is the inverse of total activity 
time, SED time was no longer significantly related to insulin when accounting for total activity counts.

Ekelund 
[50]

T2D high risk
n = 192

1 year, Prosp
and X-Sec

AG MT1 insulin, HOMA-IR, 
WC

N/A N/A not reported

Results: SED time at baseline was not significantly related to insulin at 1-year follow-up or at baseline in cross-sectional analyses.

SED = Sedentary; Prosp = prospective analysis; X-Sec = cross-sectional analysis; TG = triglycerides; WC = waist circumference; 
SBP = systolic blood pressure; DBP = diastolic blood pressure; AG = actigraph; N/A = not available.
1 CMR-clustered metabolic risk (HbA1C, TG, inverse of HDL, WC, SBP).
2 CMR-clustered metabolic risk (fasting glucose and insulin, TG, inverse of HDL, SBP, DBP, WC).
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betes. A study of 801 apparently healthy partici-
pants, in which sedentary time was measured us-
ing accelerometry showed that sedentary time 
was inversely associated with insulin sensitivity, 
measured using a hyperinsulinemic-euglycemic 
clamp [43]. There was about 4 h difference be-
tween the groups with the most and the least sed-
entary time and ∼40% range in insulin-stimulat-
ed glucose uptake [43]. This relationship was in-
dependent of the amount of MVPA [43], as 
suggested previously for surrogate markers of in-
sulin sensitivity [49]. Consistent with the logical 
proposition that sedentary time is a risk because 
of not enough total activity, the relative balance 
between total inactivity (sedentary time) and total 
cumulative daily activity was key for insulin sen-
sitivity. Sedentary time in this cohort was also di-
rectly associated with an insulin secretion index 
derived from an OGTT, even after adjustment for 
clamp-determined insulin sensitivity, and also 
with higher TG, and lower HDL-C independent 
of sustained MVPA but instead related to total 
daily activity [44].

The Pattern or ‘Breaks’ in Sedentary Time

We are unaware of any reports that related breaks 
in sedentary time with rates of type 2 diabetes. 
However, there is an inverse relationship between 
breaks in sedentary time with waist circumfer-
ence [36, 38, 45, 46] and BMI [45]. From existing 
evidence using accelerometry cut point method-
ologies to define transitions from sedentary to 
nonsedentary behavior, there is currently stron-
ger support for total sedentary time than for the 
pattern of how sedentary time is accumulated in 
relation to disease risk. In the limited number of 
studies specifically examining both total seden-
tary time and breaks (adjusted for total sedentary 
time) in adults, total sedentary time was signifi-
cantly related to metabolic syndrome [30], insu-
lin [36, 46], HOMA-IR [36, 46], 2-hour glucose 
[38, 47], TG concentration [38, 45, 46], HDL [36, 

38, 46], CRP [46], and IL-6 [41]. In these studies, 
breaks were related to 2-hour glucose [45], TG 
[45], CRP [46], and metabolic syndrome [30]. Af-
ter adjustment for waist circumference or BMI, 
the 2-hour glucose and TG relationships with 
sedentary breaks were no longer significant [30, 
45]. However, the risk factors noted above re-
mained significant for total sedentary time even 
when further adjusted for waist or BMI [36, 38, 
41, 47]. Future studies will benefit as methodolo-
gies for postural detection improve using incli-
nometry [48]. While the findings from Healy et 
al. [45] are plausible and support the possibility 
that ‘frequent muscular contraction throughout 
the day may be necessary to short-circuit un-
healthy molecular signals causing metabolic dis-
ease’ [5], the available evidence at present most 
strongly supports the central importance of pay-
ing attention to the large total duration of seden-
tary time in mediating risk for type 2 diabetes.

Rapid and Direct Effects of Time Spent Sitting 
vs. Performing Low-Intensity Physical Activity

Saunders et al. [8] provided a systematic review of 
the various types of human studies of either acute 
or short-term (1-week) responses to experimen-
tal models involving sedentary behaviors. They 
concluded that overall there were moderate to 
large unfavorable effects of high amounts of sed-
entary time on plasma triglyceride, glucose toler-
ance, and insulin sensitivity. However, their re-
view highlights the need for studies to focus more 
specifically on sitting time. Bedrest studies have 
offered interesting insights but require cautious 
interpretation. Further, it is obviously no longer 
plausible to suggest that detraining effects after 
exercise offers any clear insight about sedentary 
time or low-intensity activity. Unfortunately, we 
still notice confusion caused by incorrectly draw-
ing conclusions about sitting or sedentary time 
when the methods did not isolate the effects of 
sedentary time per se, but intermingle it with de-
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training from recreational sports and bicycle 
commuting.

Studies comparing a single day of sitting to 
controlled amounts of low-intensity activity are 
only starting to emerge and are insightful because 
the time is short enough to identify some of the 
more potent responses that are obviously inde-
pendent of changes in body composition [52–55]. 
Stephens et al. [53] observed a 39% reduction in 
insulin-stimulated glucose uptake (tracer deter-
mined plasma glucose uptake per unit insulin) af-
ter a day of sitting compared to a trial with LIPA 
when energy intake was held constant by con-
trolled feedings. The nonsedentary condition in 
that study involved a large duration of intermit-
tent and low-intensity physical activity to coun-
terbalance sitting time throughout ∼66% of the 
waking day. The activities were diverse and de-
signed to mimic many of the typical activities of 
daily living, such as dishwashing, folding clothes, 
and putting away groceries with an estimated en-
ergy expenditure of ∼44 kcal/h greater in the ac-
tive trial than the sedentary control trial, which 
was kept within a range between 1.1–2.7 METs. 
The relative intensity was particularly light for 
these young participants, with the estimated aver-
age energy expenditure at significantly less than 
∼20% of measured VO2max. Thus, one contribu-
tion from that study was that although the inten-
sity was below the range described as ‘health pro-
moting’ in the federal physical activity guidelines, 
insulin action was nevertheless significantly im-
pacted. And somewhat to our surprise, this rather 
large 39% effect on insulin action was evident 
even though it was assessed the next morning af-
ter a night of rest and before getting out of bed. 
The second of these acute studies was performed 
in overweight/obese middle-age adults [53]. 
Acute and intermittent walking was performed at 
two intensities during the postprandial period, so 
that the immediate effects on postprandial glu-
cose and insulin could be assessed. Most impor-
tantly, there were ∼20% differences for both the 
glucose and insulin responses in the sedentary 

versus active condition, but the 2 active trials were 
similar. An insightful novel finding of that study 
was that despite a 2-fold difference in walking 
speeds (2.0 vs. 3.6–4.0 mph), the glucose and in-
sulin responses throughout the postprandial pe-
riod were essentially identical. These findings 
suggest that the benefit of this range of intermit-
tent activity on glucose and insulin was indepen-
dent of intensity. It remains to be seen if an even 
lower intensity activity that could be sustained for 
longer and integrated into a large part of the day 
to displace more sedentary time would be even 
more potent. As stated previously, a goal of the 
inactivity physiology field is to recommend safe, 
sustainable, and science-based behaviors to the 
public. Behaviors at the lower intensities, if prov-
en effective, hold great promise because if the per-
ceived exertion is low enough, it might provide a 
more achievable solution for the large percentage 
of the population that is currently unfit, obese, ag-
ing, and too sedentary, yet desperately needs to be 
active.

A major advantage of acute experimental stud-
ies versus free living is that the nonsedentary be-
haviors people do in free-living conditions are 
highly variable, throughout the day in a multitude 
of patterns, and thus dose-response parameters 
can be extremely difficult to accurately describe. 
There is still a large margin of error from acceler-
ometry methods in the low-intensity range. The 
treadmill walking study described above high-
lights the need for more studies to focus on even 
lighter activity [53]. None of the participants had 
any known existing disease conditions preclud-
ing MVPA, but some of them had enough trouble 
walking at ∼4 mph in bouts lasting only 2 min 
each. And regardless of fitness, it would not be 
practical for many people to alter the workplace 
or other domains to replace many hours of seden-
tary time with moderate or vigorous activity at 
their workplace. Even in people who can exercise 
for an hour per day, Duvivier et al. [54] reported 
that replacing sedentary time with a large amount 
of nonexercise physical activity was more effec-
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tive than exercise in reducing plasma triglyceride, 
non-HDL cholesterol and postprandial insulin. 
In that intervention, the conclusion was the dura-
tion was more important than intensity because 
the caloric expenditure of exercise versus nonex-
ercise activity was matched [54].

Solutions to the problem of sedentary time will 
soon become more apparent as more interven-
tion studies work toward the goal of successfully 
reducing sedentary time to amounts consistent 
with meaningful disease prevention (i.e. ∼20–
30% reduction in total sedentary time, or >2–3 
h/ day). Because the proportion of the population 
that is most in need for sedentary behavior inter-
ventions has the greatest health concerns, it would 
be unrealistic and of little public health signifi-
cance for research that does not pay close atten-
tion to nonfatiguing and very safe types of physi-
cal activity in the lower end of the physical activ-
ity continuum. Given these issues, one of the 
most high-impact questions that are still almost 
totally unresolved is what behaviors will be most 
effective and practical.

There is a need for those seeking to under-
stand whether or not sedentary behavior is an ac-
tual cause of diseases to be cautious when using 
datasets that were not designed with sedentary 
behavior per se in mind. Unanticipated con-
founding factors (that sometimes are not even as-
sessed) can potentially have a large influence on 
the results coming from studies that mix together 
effects of sedentary time with other influences 
such as the maladaptations from detraining 
(stopping exercise). As a final cautionary note 
that hopefully can enhance future efforts in long-
term clinical trials, and maybe even in epidemio-
logical studies, it is important that most if not all 
studies assessing sedentary time with objective 
measures did not report when the sedentary time 
assessment was performed in relation to the 
blood sampling for cardiometabolic risk factors 
(see last column of table 2). For example, because 
TG [54], non-HDL cholesterol [54], and insulin 
sensitivity [53] can be robustly altered by just the 

amount of sedentary time in the immediate pre-
vious day(s), it would be important to sample 
blood at the end of a week of measuring seden-
tary time.

Direct and Potent Effects of Acute Contractile 
Activity on Glucose Uptake

Understanding the acute influences of skeletal 
muscle responses is required for understanding 
how sedentary time impacts glucose metabolism 
during hyperinsulinemia. First, independent of 
insulin signaling, acute contractile activity induc-
es local signals stimulating glucose uptake. Fur-
thermore, two fascinating studies by Wasser-
man’s [56] and DeFronzo’s [57] groups conclud-
ed that acute contractile activity provides not just 
an additive effect with insulin, but synergistic ef-
fects on plasma glucose disposal/utilization when 
combined with hyperinsulinemia. This was dem-
onstrated with physiological doses of insulin dur-
ing a euglycemic-hyperinsulinemic clamp. Based 
on arteriovenous measurements [57], there was a 
very large influence of contractile activity on glu-
cose uptake into the working legs. While the exact 
proteins responsible require further study, the 
glucose abnormalities present in people who ei-
ther have prediabetes or diabetes may be influ-
enced by acute contractile activity. These studies 
[56, 57] were performed at moderate intensity of 
40–45% aerobic capacity. More work is needed at 
the lowest end of the physical activity continuum 
where most of the nonexercise physical activity 
occurs.

Molecular Mechanisms Potentially Explaining 
Why Sitting Too Much Is Not the Same as 
Exercising Too Little

A remarkably fundamental concept that is useful 
for guiding inactivity physiology is simply that 
muscle cells are constantly sensing and respond-
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ing to their environment, thus contractile activ-
ity and inactivity over the whole day counts. 
With regard to sedentary time, this means that 
muscle tissue is potentially responsive to the bal-
ance of total time spent either without contrac-
tile activity (sedentary) or in contractile activity, 
not just in the hour during formal exercise. And 
furthermore, as with any acute metabolic re-
sponse, the most robust of these daily effects are 
probably relatively short-lived. Figure 1 illus-
trates results for 3 processes. Global gene profil-
ing indicates diversity and potency of the re-
sponses potentially important for prevention of 
type 2 diabetes and related metabolic risks, in-
cluding genes previously shown to modulate glu-
cose metabolism (e.g. GLUT1, OGTase P110, 
SNAP-23, and Rad) and frequently associated 
processes such as inflammation and thrombosis 
(e.g. lipid phosphate phosphatase-1, LPP1). One 
study identified over 100 genes with significantly 
altered expression during the transitions be-
tween periods of acute inactivity and activity 
[58]. Notice that inactivity actually stimulated 
the rise in the expression of just as many genes as 
it did repress gene expression, invoking molecu-
lar processes turned on in response to sedentary 
behavior. And also of particular interest, there 
was a large cluster of genes that had a significant 
increase in expression during a period of pro-
longed inactivity for 12 h, yet unexpectedly did 
not reverse back to normal within several hours 
after regaining contractile activity (fig. 1b). These 
findings have led to a better understanding of the 
regulation of several known and several novel 
candidates mediating causal mechanisms. For 
example, LPP1 is involved in inactivating a sub-
family of lysophospholipids known to cause im-
paired glucose tolerance in obese mice [68]. Fol-
low-up studies (fig. 1d) [61] confirmed these re-
sponses and extended the findings to reveal that 
LPP1 is rapidly reduced in both rats and humans 
when skeletal muscle is inactive; yet, this gene 
was apparently unresponsive to an hour per day 
of intense exercise.

Metabolism in Slow-Twitch Oxidative Skeletal 
Muscle Is the Key for Metabolic Responses 
during Low-Intensity Physical Activity

Animal studies have been particularly insightful 
for understanding the role of local contractile ac-
tivity and muscle type on glucose and lipid me-
tabolism. In conscious and unrestrained rats per-
forming only light nonexercising activities, James 
et al. [62] found that insulin-induced increases in 
total peripheral glucose disposal occurred pre-
dominantly in muscles containing a high propor-
tion of slow oxidative fibers. The 3- to 6-fold dif-
ference between muscle types was associated with 
a 65% greater hexokinase activity in the red oxi-
dative muscles compared to the more white gly-
colytic muscles.

Figure 2 illustrates one of the critical princi-
ples for understanding how muscle is recruited 
during lower versus more vigorous types of 
physical activity. Skeletal muscle is a highly het-
erogeneous tissue and both the threshold for re-
cruitment and the metabolic responses to con-
tractile activity are very much dependent upon 
fiber type. A fundamental point is that slow oxi-
dative muscle can be heavily engaged during 
low-intensity efforts, while at the same time the 
fast glycolytic type of muscle may remain inac-
tive. The dynamic rise and fall in the energy de-
mands of contracting and inactive states is great-
er in skeletal muscle than any other cell type [7]. 
Because of the well-appreciated concept of or-
derly recruitment of motor units, activation of 
muscle fibers generally follows an almost all or 
none/on-off type of dichotomy at the single fiber 
level (see fig.  4.2 in reference [7]). Because of 
this, the energy demands of working fibers typi-
cally increase 50- to 100-fold greater in the work-
ing muscle mass, while other parts of the muscu-
lature can remain at resting levels [7]. Thus, it is 
likely that some of the most oxidative and fa-
tigue-resistant muscle can play a dominant role 
in the energetics and fuel utilization during 
many hours per day of light activity, while the 
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Fig. 1. Rapid responses in skeletal muscle during altered contractile activity. a Expression of genes suppressed by 12 h 
of inactivity but restored with 4 h of exclusively very low-intensity physical activity (intermittent walking at 0.3 mph 
and standing). b Expression of genes that are resistant to being rapidly restored after prolonged inactivity (12 h). There 
was also a smaller cluster of genes whose elevated expression during 12 h of inactivity returned to active control lev-
els after 4 h of LIPA (data not shown). a, b Adapted from Bey et al. [58]. c Suppression of muscle LPL activity by 12 h of 
inactivity and complete restoration by 4 h of LIPA. Adapted from Bey and Hamilton [59]. d LPP1 gene expression in 
response to prolonged sitting and exercise in human skeletal muscle. Exercise did not impact LPP1 expression, while 
the removal of daily standing/ambulation suppresses its expression, thus providing evidence that the expression of 
some genes may be more responsive to the balance between muscle inactivity and high-duration LIPA than more 
intense exercise. Adapted from Zderic and Hamilton [60].
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vast majority of the body’s muscle mass may re-
main relatively inactive.

Related to these findings above, studies have 
also found that the slow oxidative soleus muscle 
of rats had a significantly greater plasma triglyc-
eride uptake during contractile activity than other 
muscles [63]. This could be explained by a sig-
nificantly greater lipoprotein lipase (LPL) activity 

in the slow oxidative muscle possessing a relative-
ly low threshold for activation [59, 64] (fig.  3). 
During periods of acute contractile inactivity [59, 
60, 64] and during reduced spontaneous ambula-
tory activity associated with aging [65, 66], LPL 
activity decreases significantly, but primarily in 
the slow oxidative muscles where its actions are 
normally most important (fig. 3). Given the cen-

Inactivity Low Moderate Vigorous

N
um

be
r o

f a
ct

iv
e 

m
us

cl
e 

fib
er

s

Relative intensity of physical activity

Slow oxidative muscle
(fatigue resistant)

Fast glycolytic
(fatigue sensitive)

0

50

100

150

200

H
R-

LP
L 

ac
tiv

ity
 (m

U/
g)

ST
R so

leu
s

FT
W re

ctu
s

fem
oris

FT
R va

stu
s

int
erm

ed
ius

ST
R so

leu
s

FT
W re

ctu
s

fem
oris

FT
R va

stu
s

int
erm

ed
ius

Diap
hra

gm

Inactivity

High-duration LIPA High-duration LIPA
Inactivity

Fig. 2. Activation of skeletal muscle 
recruitment over the physical 
 activity continuum is fiber type 
 dependent. Activity at the lower 
end of the physical activity 
 continuum primarily activates slow 
oxidative muscle fibers that are 
 fatigue resistant and rich in 
 enzymes and other proteins 
 favoring high rates of metabolism 
of plasma glucose and lipids. In con-
trast, fast glycolytic muscle fibers 
are rarely recruited during LIPA. 
Both types of muscle are activated 
at maximal intensity, yet for only 
brief duration before extreme fa-
tigue. There is an exponential risk of 
injury and fatigue as intensity is in-
creased. Adapted from Hamilton 
and Owen [7].

Fig. 3. LPL activity in different 
 muscle fiber types after 12 h of 
 inactivity compared with low- 
intensity activity. LPL activity was 
assessed in the slow twitch red 
(STR) soleus muscle, the fast twitch 
red (FTR) vastus intermedius, the 
fast twitch white (FTW) rectus 
 femoris, and the diaphragm (which 
is a mixed skeletal muscle with 
 continual activity and served as a 
control for systemic responses). 
Adapted from Bey and Hamilton 
[59].
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tral role of LPL on plasma triglyceride hydrolysis 
and multiple other changes in lipid metabolism, 
disturbances in skeletal muscle LPL have fre-
quently been implicated in multiple metabolic 
risk factors. For one, there is evidence that low 
levels of LPL expression are a cause for lower than 
normal mitochondrial content in skeletal muscle 
of insulin-resistant offspring whose parents have 
type 2 diabetes [67]. LPL deficiencies also have 
been linked to lipoprotein parameters, inflamma-
tory processes, and blood pressure. For example, 
strong evidence indicates that insulin resistance, 
prediabetes, and type 2 diabetes are frequently as-
sociated with alterations in the specific lipopro-
tein particle subclasses evident from advanced 
testing methodologies in addition to elevated 
plasma TG and low HDL-C [69–72]. Taken to-
gether, these insights may explain at least some of 
the links between sedentary behavior, local pro-
cesses impinging upon the need for slow oxida-
tive fibers to contract at a high duration for many 
hours each day, and the regulation of metabolic 
risk factors present in people at risk for type 2 
 diabetes.

Conclusion

In conclusion, sitting at work and in leisure is 
ubiquitous in modern society. In fact, recent 
studies using inclinometers to quantify all of the 
nonsitting and total sedentary time [12] indicate 
that most people sit more than half of every day, 
or between 50% (1st quartile) to 75% (4th quar-
tile) of the waking day (fig. 4a). Both experimen-
tal and epidemiological studies have recently 
been providing evidence that there may be un-
healthy effects of large amounts of sedentary 
time (and inversely, small amounts of total non-
exercise physical activity time; fig. 4a). Type 2 di-
abetes and metabolic syndrome risks are inde-
pendent of the type of well-established MVPA 
recommended in the existing guidelines. This 
raises important implications about why seden-

tary behavior is implicated in disease, and also 
which type of interventions should be evaluated 
in providing the optimal solution, especially for 
people who cannot (or behaviorally will not) ex-
ercise much at higher intensities. Put simplisti-
cally [4–7], the effect of ‘too much sitting’ (actu-
ally, contractile inactivity) is not the same as too 
little exercise (i.e. the narrowly defined type of 
activity recommended by the current guide-
lines). Figure 4b also illustrates that even in the 
individuals who exercised at twice the 150 min/
week level in the recommendations, sitting time 
and the total daily nonexercise activity were not 
different from those who almost never exercised. 
Currently, there is a pressing need to better un-
derstand the physiology and health outcomes 
specifically derived from replacing sedentary 
time with nonfatiguing types of light activity po-
tentially achievable in more types of people, and 
thereby provide high impact at the population 
level. Activity at the lower end of the intensity 
continuum can potentially replace dozens of 
hours of sedentary time each week as illustrated 
in figure 4. The best widespread public health so-
lutions require physiologically effective changes 
mediated by behaviors that demand the lowest 
perceived exertion possible, frequently through-
out the entire day, and habitually each day. No-
tice also that the existing evidence has consis-
tently indicated that the most meaningful rela-
tionships were associated with large amounts of 
time, when comparing individuals with the most 
and least sedentary time. Quantitatively, we 
found there was a difference of ∼29 h/week be-
tween the most and least sedentary quartiles 
(fig. 4a). Successfully replacing sedentary time by 
meaningful amounts requires increasing the to-
tal cumulative duration of physical activity by as 
much as possible throughout the whole day. As 
we have reviewed in this article and elsewhere [6, 
45, 59], studies have concluded that there are po-
tent molecular effects of maintaining a high daily 
duration of nonfatiguing contractile activity 
[59]. Molecular processes governing plasma glu-
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cose utilization and other risk factors can show 
potent responses in slow oxidative skeletal mus-
cles. Such data look to be especially significant 
for mediating risk factors independent of weight 
changes. Taken together, when the goal is reduc-
ing sedentary time, there is much promise for 
new public health approaches aiming at preven-
tion of prediabetes and type 2 diabetes in the 
large segment of the population that has been re-

sistant to exercise recommendations, is over-
weight/obese, and the elderly.
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