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Abstract: Regular exercise involves daily muscle contractions helping metabolize up to 70% of daily
ingested glucose. Skeletal muscle increases glucose uptake through two distinct pathways: insulin
signaling pathway and muscle contraction mediated AMPK pathway. People with paralysis are
unable to contract their muscles which atrophy, transform into insulin resistant glycolytic muscle, and
develop osteoporosis. Our goal is to determine if low force electrically induced exercise (LFE) will
modulate the post prandial insulin and glucose response in people with and without spinal cord injury
(SCI). 18 people with SCI and 23 without SCI (Non-SCI) participated in an assessment of metabolic
biomarkers during passive sitting (CTL) and a bout of LFE delivered to the quadriceps/hamstring
muscle groups after a glucose challenge. Baseline fasting insulin (p = 0.003) and lactate (p = 0.033)
levels were higher in people with SCI, but glucose levels (p = 0.888) were similar compared to the
non-SCI population. After 1-h of muscle contractions using LFE, heart rate increased (p < 0.001),
capillary glucose decreased (p = 0.004), insulin decreased (p < 0.001), and lactate increased (p = 0.001)
in the SCI population. These findings support that LFE attenuates certain metabolic blood biomarkers
during a glucose challenge and may offer a lifestyle strategy to regulate metabolic responses after
eating among people with SCI.

Keywords: hyperinsulinemia; glucose tolerance; neuromuscular electrical stimulation; paralysis

1. Introduction

Regular muscle contractions are associated with greater metabolic control [1,2]. Daily
physical activity recommendations are well established for people with intact central
nervous systems [3]. However, people with spinal cord injury (SCI), who are paralyzed,
not only lose extensive volitional movement, but also lose over 50% of their skeletal muscle
mass from atrophy [4–6]. We now understand that skeletal muscle is a major endocrine
organ that can metabolize up to 70% of glucose after a meal [7]. While people with spinal
cord injury often have control of their upper extremities, the upper extremities alone are
incapable of effectively impacting post prandial metabolic biomarkers [8]. Recent work
supports the need for alternative “lifestyle” [6] strategies that engage large muscle groups
to impact acute metabolic regulation [8]. Our goal is to understand if electrically induced
exercise of paralyzed muscle will acutely reduce carbohydrate induced insulin spikes
among people with chronic SCI.

Skeletal muscle contractions increase the rate of glucose uptake, independent of insulin,
through the AMP-activated protein kinase (AMPK) GLUT-4 pathway [1,9,10] and forms
the basis for the lifestyle recommendation that we should “be active after a meal” rather
than sedentary [11,12]. People with SCI, who have atrophied skeletal muscle, develop
significant hyperinsulinemia [13], insulin resistance [14], and eventually diabetes [15,16].
People with hyperinsulinemia in response to a glycemic load are categorized as “hyper-
secretors”, a trait that is now recognized as a precursor to the development of type II
diabetes [17]. Inactivity from paralysis after SCI also leads to tissue adaptations that in-
crease visceral adiposity [18,19], decrease bone density [20–22], reduce muscle mass [4,23],
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decrease overall systemic metabolic flexibility [13,24,25], and transitions paralyzed skeletal
muscle from an “insulin sensitive” oxidative organ to an atrophied “insulin insensitive”
glycolytic organ [23,26] (Figure 1A,B). Together, these adaptations foster an unstable sys-
temic metabolism supported by elevated biomarkers for inflammation (C-reactive protein),
abnormal lipid profiles, and abnormal glycemic control (glucose, insulin, lactate) in people
with paralysis [13,14,27].

Figure 1. Schematic of experimental design. (A) People with a spinal cord injury (SCI) use wheelchairs
to enable locomotion and increased independence; however develop osteoporosis, muscle atrophy,
highly glycolytic muscle fibers that become less responsive to insulin-dependent glucose uptake,
leading to a hyperinsulinemia. (B) Representative schematic of the mechanisms utilized by skeletal
muscle to control blood glucose concentration. Our LFE bypasses the insulin-dependent mechanism
to promote the translocation of GLUT4 to the sarcolemma through the activation of AMPK. (C) A
representative example from a force tracing of quadriceps muscles at the start (black) and end (gray)
of a bout of LFE with the associated stimulus pulse (yellow). (D) Schematic of study timeline of
venous blood sampling and capillary blood sampling during the control session and the LFE session
that was started 15-min after consuming a 75 g glucose beverage.

Neuromuscular electrical stimulation, also known as “functional electrical stimula-
tion”, has been used to “turn on” paralyzed muscle for many years [28,29]. Neuromuscular
electrical stimulation provides short bursts of electrical current to peripheral nerves to
trigger an action potential over the muscle sarcolemma, into the t-tubule to trigger calcium
release from the sarcoplasmic reticulum and induce excitation-contraction coupling and
cross-bridge cycling [30]. The bioenergetics of excitation-contraction coupling, and skeletal
muscle cross-bridge cycling involves the conversion of adenosine triphosphate (ATP) to
adenosine diphosphate (ADP) and adenosine monophosphate (AMP) [30]. The AMP/ATP
ratio signals the AMPK to GLUT4 pathway to increase glucose movement into the skeletal
muscle without relying on insulin [31]. Other stimuli of the AMPK to GLUT4 pathway are
calcium release [32], accumulation of reactive oxygen species (ROS) [33,34], and muscle
mechanical stress [35] (Figure 1B). Because the bioenergetics of electrically induced mus-
cle activity are similar to volitionally induced muscle contraction [36], a timely dose of
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electrically induced exercise, after a glucose challenge, may offer a strategy to blunt the
insulin spikes that are customary among people with SCI. Previous studies in people with
type II diabetes support that electrically induced muscle exercise reduces blood glucose
acutely [37,38] and chronically [38], supporting the need for this study. In addition, we
focus on several biomarkers, including insulin, to better understand the response that
electrically induced exercise has on people with SCI.

While it appears logical that postprandial electrically induced muscle contractions
may minimize insulin peaks among people with paralysis, there are several reasons why
this needs to be scientifically explored. First, the paralyzed skeletal muscle “organ” is
nearly 50% atrophied so there is an overall reduction in overall muscle mass [4]. Second,
the paralyzed organ transforms to fast glycolytic muscle [23,39], so it fatigues quickly,
builds up lactate, and cannot sustain long duration activity due to decreased oxidative
phosphorylation from the loss of mitochondria [23,40,41]. Lastly, paralyzed muscle tendons
insert into a skeletal system that loses nearly 50% of its bone mineral density [21,26,42–44]
(osteoporosis) putting the bone at fracture risk when electrically generating high tetanic
muscle forces [45]. Because of these constraints, electrically induced exercise must be
delivered at a low force. To be effective, the low force will need to impact signaling
pathways that involve AMP/ATP, ROS, calcium, and lactate (Figure 1A,B), all pathways
that trigger GLUT4 transport of glucose into muscle.

Recently, we discovered that by using a low frequency (3 Hz) and a high intensity
stimulation, we could recruit most of the paralyzed muscle [41], but at a very low force level
(<10% of tetanic max). This protocol minimized the mechanical load to the underlying os-
teoporotic bone [41], but also turned on major genomic and epigenomic oxidative signaling
pathways [6,41,46], and, with training begins to convert the organ from a glycolytic muscle
to a more endurant muscle [6,47]. Further, we have shown that bilateral electrically induced
exercise using low frequencies increases oxygen consumption and energy expenditure for
people with and without SCI [18]. In this study, we propose to examine if this same LFE
protocol will regulate metabolic biomarkers, like insulin, after a glucose challenge.

The purpose of this study is to assess if a novel low force electrically induced exercise
(LFE) modulates the glucose, insulin, lactate, and heart rate (HR) responses following
an oral glucose challenge among people with and without SCI. We expect that the LFE
protocol will attenuate the insulin response with a secondary influence on glucose after the
glucose challenge in people with and without SCI. In the end, these findings will inform us
as to whether low force electrically induced exercise offers a plausible lifestyle strategy to
blunt the hypersecretion of insulin following a glucose challenge among people with SCI.

2. Materials and Methods
2.1. Glycemic, Inflammatory, and Lipid Profile

Forty-one individuals (18 with and 23 without SCI) were enrolled in this study (Table 1).
All participants with SCI (7 people with paraplegia and 11 people with tetraplegia) were
classified as chronic with average time since injury of 10.7 ± 8.6 years. Additionally, all
people with SCI had an upper motor neuron lesion resulting in a complete loss of movement
and sensation below the lesion level, but intact peripheral nerves to the paralyzed lower
extremity muscles (American Spinal Cord Injury Association Impairment Score A). People
with SCI were excluded if they had recently trained with electrical stimulation, were
intolerant to electrical stimulation due to autonomic dysreflexia, had a recent history of
lower limb fractures, peripheral nerve injuries to the lower extremity, pressure ulcers,
muscle injury, or had systemic illness. People without SCI were recruited from a sample of
convenience and were excluded if they recently trained volitionally or had any systemic
illness or chronic disease. Additionally, people that have previously been diagnosed with
type 2 diabetes, or actively taking a pharmaceutical to address elevated blood glucose, were
excluded from participation. All participants were asked to not perform any moderate to
vigorous physical activity 48 h prior to participation. All participants provided written
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informed consent approved by the institutional review board at the University of Iowa in
accordance with the Declaration of Helsinki.

Table 1. Baseline demographics and blood biomarkers.

Able-Bodied
Mean ± SD

n = 23

Spinal Cord Injured
Mean ± SD

n = 18

Age (years) 27.0 ± 5.4 37.7 ± 13.7 †
Years Post Injury 10.7 ± 8.6

Height (cm) 174.9 ± 11.5 183.9 ± 6.4 †
Mass (kg) 71.8 ± 14.7 86.3 ± 21.0 †

BMI (kg/m2) 23.7 ± 2.5 25.4 ± 5.4
Glycemic Biomarkers

Glucose (mg/dL) 91.6 ± 7.6 91.2 ± 12.3
Insulin (µUI/L) 6.8 ± 3.1 16.0 ± 13.6 †

G:I Ratio 15.9 ± 6.3 9.4 ± 6.0 †
Lactate (mmol/L) 1.0 ± 0.4 1.3 ± 0.6 †

Inflammatory Biomarkers
C-Reactive Protein (mg/L) 1.1 ± 1.3 7.8 ± 8.2 †

Uric Acid (mg/dL) 4.6 ± 1.7 6.0 ± 2.1 †
Alkaline Phosphatase (UI/mL) 52.9 ± 15.1 77.5 ± 17.8 †

Lipid Biomarkers
Cholesterol (mg/dL) 178.4 ± 25.1 185.8 ± 40.5

Low-Density Lipoprotein (mg/dL) 111.4 ± 26.6 140.7 ± 38.4 †
High-Density Lipoprotein (mg/dL) 65.0 ± 16.9 41.2 ± 11.5 †

Triglycerides (mg/dL) 92.5 ± 53.4 128.9 ± 102.2
† t-test between AB and SCI, p < 0.05.

2.2. Experimental Design

Each participant had a control (CTL) session and a low force exercise (LFE) session
using electrical muscle stimulation for 1-h during a 2-h oral glucose tolerance test (OGTT).
Prior to the start of each session, participants were required to fast for at least 4-h. Each
session consisted of a fasting baseline (00HR) venous blood draw, finger prick for capillary
blood, and radial pulse. Participants were also instrumented with a heart rate activity
monitor (FirstBeat Technologies Ltd., Jyväskylä, Finland) for the duration of the session.
Participants consumed a 10-ounce 75 g dextrose drink (Trutol, Thermo Scientific Inc.,
Waltham, MA, USA) to begin the 2-h OGTT. Capillary blood, venous blood, and a radial
pulse were obtained at 1-h (01HR; 9 with SCI; 17 without SCI) and 2-h (02HR; 18 with SCI; 23
without SCI) after the dextrose ingestion. Because the first 9 participants with SCI showed
a robust effect size at the 01HR time, we were able to reduce the risk of venipuncture from
three to two (00HR and 02HR) for the remaining 9 participants with SCI. Control and LFE
sessions occurred on non-consecutive days with at least 5 days between sessions.

During control and LFE sessions, participants with SCI remained seated in their
personal wheelchairs, and non-SCI participants sat in a padded manual wheelchair. To
minimize energy expenditure, participants were instructed to limit movement during data
collection. The LFE protocol session consisted of a 1-h bout of 3Hz electrical stimulation
delivered bilaterally to the hamstrings and quadriceps, which started 15 min after the start
of the OGTT (Figure 1).

2.3. Electrical Stimulation

For the LFE session, 4 pairs of self-adhesive 7 × 13 cm rectangular carbon electrodes
(Dura-Stick Plus, DJO, LLC, Vista, CA, USA) were adhered to the skin over the quadriceps
and hamstring muscles motor points on each leg. Muscle selection was based on ease
of access, size, clinical importance, and likelihood to alter skeletal muscle metabolism.
Anteriorly, the proximal quadriceps electrodes were placed close to the inguinal crease
and over the most palpable border of the vastus lateralis. Care was taken to keep the
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medial border of the proximal electrode lateral to the adductor muscle group. The distal
quadriceps electrodes were placed close the knee with the distal border of the distal border
of the electrode proximal to the musculotendinous junction quadriceps and the knee.
Posteriorly, the proximal hamstring electrodes were placed near the gluteal fold with
the medial electrode border lateral to the adductor muscle group. The distal hamstring
electrodes were placed over the semimembranosus and biceps femoris muscles proximal
to the popliteal fossa. Legs were secured below the knee to minimize knee extension or
flexion movement.

Stimulus pulses (3 Hz) were delivered using a constant current muscle stimulator
(DS7A, Digitimer, Welwyn Garden City, Hertfordshire, UK) controlled by a computer.
Stimulus pulses had a 200 µs stimulus pulse width with an intensity range of 100–200 mA
to the quadriceps and 50–100 mA to the hamstrings. Stimulating with a frequency of 3 Hz
prevents skeletal muscle summation but still challenges the calcium release and contractile
filaments by inducing significant fatigue [41] (Figure 1C). Stimulation intensity was selected
for near maximal recruitment of the quadriceps and hamstrings as previously established
for people with SCI [41]. We used the maximal intensity tolerated for people without SCI.
To achieve the near maximal muscle recruitment, the stimulation current was systematically
increased until there was no perceived increase in force development with an increase
in stimulation current for people with SCI. For the non-SCI participants, the stimulation
intensity was systematically increased to tolerance. Overall, clear strong contractions were
induced in both populations although the Non-SCI participants tolerated lower current
(~70 mA) than those with SCI (>100 mA) Higher current is necessary for people with SCI
because of the thickness of the adipose layer and edema from inactivity.

2.4. Blood Collection and Analysis

Venous blood was collected via an antecubital, forearm, or dorsal metacarpal venipunc-
ture with a 23G or 21G butterfly needle. A separate venipuncture occurred for each blood
collection. Blood was collected in 5 mL serum vacutainer tubes (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). Blood samples were immediately centrifuged to
separate hematocrit from serum for immediate analysis on an automated blood chemistry
analyzer (BS200, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China)
for all biomarkers. Glucose (GLU) and lactate (LAC) concentrations were quantified from
venous serum using reagents from MedTest Dx and Pointe Scientific (MedTest Holdings,
Canton, MI, USA) according to manufacturer guidelines. Insulin (INS) concentrations were
quantified using reagents from Kamiya Biomedical Company (Kamiya Biomedical Com-
pany, Seattle, WA, USA) according to manufacturer guideline. A venous glucose to insulin
ratio (G:I Ratio) was calculated as an estimate of insulin sensitivity by dividing the venous
glucose concentration by the venous insulin concentration. Capillary blood was obtained
using the finger prick method to quantify capillary glucose (cGLU) concentration using the
Contour® USB blood glucose monitoring system (Bayer HealthCare, Tarrytown, NY, USA).
The capillary glucose area under the curve (cAUC) during the OGTT was calculated.

2.5. Statistical Analysis

Statistical analysis was conducted using SigmaPlot 11.0 (San Jose, CA, USA). De-
scriptive statistics were reported as means (±SD). Independent t-tests were performed
to determine baseline differences between SCI and non-SCI participants for age, height,
weight, body mass index (BMI), resting heart rate (HR), and fasting blood biomarkers
(GLU, INS, G:I Ratio, and LAC). A mixed model analysis of variance was used to test for
differences in heart rate and blood biomarkers (GLU, INS, G:I Ratio, LAC, cAUC, HR) be-
tween populations (SCI versus non-SCI) and sessions (CTL versus LFE) at the start (00HR),
after stimulation (01HR), and at the end (02HR) of the OGTT. The assumption of normality
was tested using the Shapiro–Wilk procedure and the assumption of equal variance was
tested to ensure parametric statistical procedures were appropriate for all comparisons. All
post hoc testing was performed using the Holm-Sidek procedure. All tests were performed
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using a significance level of p < 0.05. Adjustments for multiple comparisons were included
in our analytical model.

We required a sample size of 12, 12, 6, 24, and 6 with a power of 0.80 to detect change
for venous insulin, G:I ratio, lactate, capillary glucose, and heart rate, respectively, between
LFE and CTL at 1 h after glucose ingestion. We required a sample size of 44, 8, 14, 4, and 30
with a power of 0.80 to detect an interaction between population (SCI, nonSCI) and session
(CTL, LFE) for insulin, G:I ratio, lactate, and heart rate, respectively. Accordingly, given the
variance of the dependent measures, we were slightly underpowered to detect change for
glucose after 1 h.

3. Results
3.1. Glycemic, Inflammatory, and Lipid Profile

Several baseline glycemic, inflammatory, and lipid biomarkers were different between
people with and without SCI, except for fasting glucose, as summarized in Table 1. People
with SCI had higher fasting insulin (p = 0.003), lactate (p = 0.033), c-reactive protein (CRP)
(p < 0.001), uric acid (UA) (p = 0.029), alkaline phosphatase (ALP) (p < 0.001), and low-
density lipoprotein (LDL) (p = 0.006) as compared to the non-SCI population. People with
SCI also had lower glucose to insulin ratios (p = 0.002) and lower high-density lipoprotein
(HDL) (p < 0.001) compared to non-SCI. Fasting glucose was not different between SCI
and non-SCI (p = 0.89) supporting that the SCI population was generally healthy and still
able to maintain glucose homeostasis, albeit via the elevated insulin levels as compared to
people without SCI (Table 1).

3.2. Baseline Venous Blood Biomarkers for Control and LFE Sessions

Fasting baseline venous glucose levels (GLU) for the control sessions in SCI and
non-SCI populations were 91.2 ± 12.3 and 91.6 ± 7. mg/dL, respectively. Fasting base-
line venous glucose levels for the LFE sessions in SCI and non-SCI populations were
92.3 ± 14.5 and 91.6 ± 7.9 mg/dL, respectively, showing excellent reproducibility across
sessions. There was no interaction between population (SCI versus non-SCI) and session
(CTL versus LFE) for fasting baseline venous glucose (p = 0.39), nor main effect differences
for population (p = 0.84) or session (p = 0.39) (Figure 2A).

Fasting venous insulin levels for the baseline control sessions in SCI and non-SCI
populations were 16.0 ± 13.6 and 6.8 ± 3.1 µUI/mL, respectively. Fasting baseline venous
insulin levels for the LFE sessions in SCI and non-SCI populations were 13.4 ± 10.0 and
7.0 ± 3.6 µUI/mL, respectively. There was no interaction between population and session
for fasting venous insulin (p = 0.74), nor a significant main effect for session (p = 0.86). As
previously indicated, there was a main effect for population, with people with SCI having
elevated fasting insulin as compared to people without SCI (p < 0.001) (Figure 2B).

The fasting glucose to insulin ratios (G:I ratio) for the control sessions in SCI and
non-SCI populations were 9.4 ± 6.0 and 15.9 ± 6.3, respectively. The fasting G:I ratios for
the LFE sessions in SCI and non-SCI populations were 9.7 ± 5.2 and 15.4 ± 5.7, respectively.
There was no interaction between population and session for fasting G:I ratio (p = 0.73),
nor a main effect for session (p = 0.60). There was a main effect between populations, with
people with SCI having significantly lower fasting G:I ratio compared to people without
SCI (p = 0.001), consistent with reduced insulin sensitivity (Figure 2C).

Fasting venous lactate levels for the baseline control session in the SCI and non-SCI
populations were 1.3 ± 0.6 and 1.0 ± 0.4 mmol/L, respectively. Fasting venous lactate levels
for the LFE session in SCI and non-SCI populations were 1.3 ± 0.6 and 1.0 ± 0.7 mmol/L,
respectively. There was no interaction between population and session for fasting venous
lactate (p = 0.84), nor a main effect for session (p = 0.56). There was a trend of elevated
fasting lactate in people with SCI compared to people without SCI (p = 0.06) (Figure 2D).
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Figure 2. Fasting baseline venous blood biomarkers. There was no difference for fasting serum
glucose (A) or Lactate (D) between people with and without SCI and during the CTL or LFE sessions;
but there was a significant difference between insulin (B) and the glucose to Insulin ratio (C) between
SCI and non-SCI. ‡ Indicates a significant difference (p ≤ 0.05) of the indicated main effect and no
significant interaction between session and population.

3.3. One Hour Venous Blood Biomarkers for Control and LFE Sessions after Glucose Challenge

Venous glucose levels after the glucose challenge for the control sessions in the SCI
and non-SCI populations were 187.6 ± 62.6 and 138.5 ± 36.4 mg/dL, respectively. Venous
glucose levels for the LFE sessions for SCI and non-SCI populations were 170.2 ± 61.9
and 141.1 ± 32.3 mg/dL, respectively. There was no interaction between population and
session (p = 0.39) nor a session main effect (p = 0.61). There was a population main effect
whereby people with SCI had elevated glucose as a result of the challenge as compared to
non-SCI (p = 0.02) (Figure 3A).
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Figure 3. 1-h venous blood biomarkers. There was no interaction for glucose (A) and the glucose to
insulin ratio (C). However, people with SCI had a higher glucose response than those without SCI. The
glucose to insulin ratio was higher after LFE for both people with and without SCI, though the ratio
was lower for people with SCI during both CTL and LFE sessions. There was a significant interaction
for insulin (B) and lactate (D). Insulin was significantly lower after LFE for people with SCI even
though their insulin levels were higher than the non-SCI cohort for both the LFE and CTL sessions.
Lactate was significantly higher in people with SCI after LFE compared to their control session
and compared to the non-SCI cohort after LFE. † Indicates a significant difference (p ≤ 0.05) of the
indicated simple effect during post hoc testing due to a significant interaction between population and
session. ‡ Indicates a significant difference (p ≤ 0.05) of the indicated main effect and no significant
interaction between session and population.

Venous insulin levels after the glucose challenge for the control sessions in the SCI
and non-SCI populations were 158.2 ± 64.9 and 45.7 ± 17.6 µUI/mL, respectively. Venous
insulin levels for the LFE session for SCI and non-SCI populations were 112.9 ± 48.3
and 36.0 ± 15.9 µUI/mL, respectively, indicating a significant reduction in the amount of
insulin required for the glucose challenge. There was an interaction between population
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and session (p = 0.02). Venous insulin levels were lower in the LFE session for people with
SCI compared to the control session (p < 0.001) but were not different for non-SCI (p = 0.34)
(Figure 3B).

The G:I ratio for the control sessions for the SCI and non-SCI populations were
1.4 ± 1.0 and 3.4 ± 1.4, respectively. The G:I ratios for the LFE sessions for SCI and
non-SCI populations were 1.8 ± 0.9 and 4.6 ± 2.0, respectively. There was no significant
interaction between population and session (p = 0.11). There was a session main effect
whereby the LFE session had a higher G:I ratio compared to the CTL session (p = 0.001).
There was a population main effect where non-SCI had elevated G:I ratio compared to SCI
(p < 0.001) (Figure 3C).

Venous lactate levels for the control sessions for SCI and non-SCI populations were
1.7 ± 0.4 and 1.6 ± 0.3 mmol/L, respectively. Venous lactate levels for the LFE sessions for
SCI and non-SCI populations were 5.6 ± 2.6 and 2.1 ± 0.5 mmol/L, respectively, indicating
that the exercise induced more of the lactate by-product within the SCI population. There
was an interaction between population and session (p < 0.001). Lactate was elevated during
the LFE session compared to the CTL session for people with SCI (p < 0.001) but was not
different for non-SCI (p = 0.12) (Figure 3D).

3.4. Two-Hour Venous Blood Biomarkers for Control and LFE Sessions

Venous glucose (GLU) for the control sessions in SCI and non-SCI populations at
the end of the 2-h OGTT were 141.5 ± 58.9 and 100.0 ± 35.0 mg/dL, respectively. Ve-
nous glucose for the LFE sessions in SCI and non-SCI populations were 148.1 ± 51.1 and
107.9 ± 32.0 mg/dL, respectively. There was not a significant interaction between popu-
lation (SCI versus non-SCI) and session (CTL versus LFE) for venous glucose (p = 0.65),
nor a significant main effect for the session (p = 0.062) at the 2-h time point. There was
a significant main effect for population whereby people with SCI had a higher glucose
compared to those without SCI (p = 0.002) (Figure 4A).

Venous insulin for the control sessions in SCI and non-SCI populations at the end of the
2-h OGTT were 107.9 ± 120.3 and 35.8 ± 23.6 µUI/mL, respectively. Venous insulin for the
LFE sessions in SCI and non-SCI populations at the end of the 2-h OGTT were 92.8 ± 62.8
and 31.2 ± 21.4 µUI/mL, respectively. There was not a significant interaction between
population and session for venous insulin (p = 0.78), nor a significant main effect for session
(p = 0.82). There was a main effect between populations, with people with SCI having
significantly elevated insulin compared to people without SCI (p < 0.001) (Figure 4B).

The G:I ratio for the control sessions in SCI and non-SCI populations at the end
of the 2-h OGTT were 2.4 ± 1.5 and 3.9 ± 2.4, respectively. The G:I ratio for the LFE
sessions in SCI and non-SCI populations after the 2-h OGTT were 2.1 ± 1.0 and 5.2 ± 3.5,
respectively. There was a significant interaction between population and session for the
G:I ratio (p = 0.02) at the 2-h time point. The G:I ratio was significantly higher after LFE
compared to the CTL session in people without SCI (p = 0.005); however, there was no
difference in G:I ratio for people with SCI (p = 0.42) (Figure 4C).

Venous lactate for the control sessions in the SCI and non-SCI populations at the end
of the 2-h OGTT were 1.5 ± 0.5 and 1.3 ± 0.3 mmol/L, respectively. Venous lactate for the
LFE sessions in SCI and non-SCI populations at the end of the 2-h OGTT were 2.1 ± 0.9
and 1.3 ± 0.3 mmol/L, respectively. There was a significant interaction between population
and session for venous lactate (p = 0.001) at the 2-h time point. Venous lactate was elevated
only for people with SCI (p < 0.001) after LFE compared to the CTL session, while there
was no difference in venous lactate for people without SCI (p = 0.80) (Figure 4D).



J. Funct. Morphol. Kinesiol. 2022, 7, 89 10 of 15

Figure 4. 2-h Venous blood biomarkers. There was no interaction for glucose (A) and insulin (B).
However, people with SCI had a higher glucose and insulin response than the non-SCI participants.
There was a significant interaction for the glucose to insulin ratio (C) and lactate (D). People with SCI
had a lower glucose to insulin ratio after LFE and during the CTL session compared to the non-SCI
participants. Interestingly, there was also an increase in the glucose to insulin ratio for the non-SCI
participants after LFE compared to their CTL session. Lactate was significantly higher in people
with SCI after LFE compared to their control session and compared to the non-SCI cohort after LFE.
† Indicates a significant difference (p ≤ 0.05) of the indicated simple effect during post hoc testing
due to a significant interaction between population and session. ‡ Indicates a significant difference
(p ≤ 0.05) of the indicated main effect and no significant interaction between session and population.

3.5. Capillary Glucose (cAUC) and Heart Rate during Control and LFE OGTT

Capillary glucose area under the curve(cAUC) for the control sessions in the SCI and
non-SCI populations were 303.2 ± 67.3 and 266.4 ± 40.2 mg h/dL, respectively. Fasting
capillary glucose levels (cAUC) for the LFE sessions in SCI and non-SCI populations were
289.5 ± 68.0 and 255.6 ± 37.6 mg/dL, respectively. There was no interaction between popu-
lation and exercise session (p = 0.837). There was a difference in cAUC between the control
and LFE session but it did not reach a level of significance (p = 0.08). However, people
with SCI had a significantly higher cAUC compared to people without SCI (p = 0.0.027)
(Figure 5A).
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Figure 5. Capillary Glucose Area Under the Curve (cAUC) and Heart Rate. There was no interaction
for cAUC (A) and maximum heart rate (B). However, people with SCI cAUC and maximum heart rate
compared to the non-SCI participants. ‡ Indicates a significant difference (p ≤ 0.05) of the indicated
main effect and no significant interaction between session and population.

Heart rate for the control sessions in the SCI and non-SCI populations were 78 ± 11 bpm
and 69 ± 11, respectively. Heart rates for the LFE sessions in the SCI and non-SCI popula-
tions were 95 ± 16 bpm and 92 ± 12 bpm, respectively. There was no interaction between
population and session (p = 0.174). There was an exercise session main effect (p < 0.001)
whereby the heart rate was increased during the LFE session compared to the CTL session
(Figure 5B). There was a difference in heart rate between SCI and non-SCI but it did not
reach a level of significance (p = 0.093).

4. Discussion

Hypersecretion of the hormone insulin, either in the fasting or postprandial state,
is believed to manifest several years before elevated blood glucose and type II diabetes
mellitus [48]. We confirmed in this study that people with SCI showed increased risk factors
for metabolic disease (systemic inflammation, hyperinsulinemia, lipidemia, and lactate)
despite showing normal fasting glucose levels. We also demonstrated that a low frequency
electrically induced exercise (LFE) reduced the insulin and glucose response at one hour
after a glucose challenge in people with SCI. Our findings support that LFE after a meal
may offer a daily life-style strategy to modulate peak insulin hormone release, without
requiring high force contractions, which are known to be deleterious to osteoporotic bone
in people with SCI. Future longitudinal investigations are warranted to determine if the
effects demonstrated by LFE in this study are responsive when using a standard mixed
meal rather than a highly concentrated glucose challenge; and to ascertain if LFE will
longitudinally attenuate the development of diabetes among people with SCI.

Hypersecretion of insulin during a glucose tolerance test, independent of insulin
resistance or blood glucose levels, may serve as an early predictor of those at risk for
developing type II DM [17]. Consistent with other reports [13,49] our participants with
SCI showed higher fasting insulin levels as compared to people without SCI. Further, after
consuming glucose, the peak insulin for people with SCI was significantly higher than
that observed among the healthy non-SCI participants [50]. The fasting hyperinsulinemia
was coupled with “relatively” normal fasting glucose levels supporting that the “hyper-
secretion” of insulin was important for metabolic homeostasis [17]. The timeline for chronic
hyper-secretion of insulin, either during fasting or after a meal, to trigger “insulin resistance”
is not precisely known. However, paralysis appears to promote a phenotype prone for
hyper-secretion of insulin at rest and after ingestion of carbohydrates [23,51], which likely
leads to insulin resistance and diabetes. Because hyper-secretion of insulin appears to be
an important precursor to a “worse clinical and metabolic phenotype” it is important to
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identify lifestyle interventions that may attenuate the daily insulin spike and ultimately the
progression to insulin resistance and diabetes among people with SCI [17].

An important discovery in this study is that insulin levels were blunted as an acute
response to activating the skeletal muscle after the glucose challenge. The acute response of
exercise, if repeated daily as a behavioral change in lifestyle, genetically promotes molecular
pathways for hypertrophy and endurance [2,6,40,41,46,47]. Chronically increasing the
oxidative capacity of muscle will enable the muscle to stay active longer without the
buildup of lactate, perform more work, and ultimately have the capacity to consume more
energy with each electrically induced contraction. Indeed, insulin receptors on oxidative
muscle are purported to be more sensitive to insulin as compared to those on glycolytic
muscle [52]. Taken together, the acute response of this protocol on insulin, if transitioned to
a lifestyle behavior, may yield benefits from both acute and chronic signaling in paralyzed
skeletal muscle. These findings also open the door to future studies to evaluate hybrid
post prandial muscle activation by combining electrically induced exercise with volitional
contractions of the upper extremities [8].

The population of people without SCI did not show attenuation of insulin with the
LFE protocol. This may be because they had normal fasting insulin levels and were
regular exercisers (activity levels, BMI) with muscle already saturated with adaptations
for insulin/glucose homeostasis. The regular use of their thigh muscles, even in walking
to the lab for the study, as compared to people with SCI in wheelchairs may explain this
discrepancy. The LFE did induce an increase in HR for both populations supporting that
there was increased muscle work with a systemic metabolic challenge induced by the
stimulation protocol [18]. The nearly 3-fold increase in lactate for the SCI population, as
compared to the non-SCI population, supports our contention that greater “anaerobic
glycolysis” was triggered in the SCI population. This would be expected given the previous
verification that most paralyzed muscle is comprised of glycolytic, fast, fatigable fibers.
Furthermore, as expected, the people without SCI showed limited increase in lactate, which
may eliminate another signaling source for an increase in insulin from the pancreas [17].

Our finding that people with SCI showed increased CRP, indicative of systemic in-
flammation is congruent with other reports [53]. At baseline, CRP was above the threshold
for classifying individuals at high risk for cardiovascular disease [53]. We also discovered
elevated serum uric acid (UA) at baseline. It is known that serum UA levels co-vary with
insulin levels, insulin resistance, and pre-diabetes in people without SCI [54]. As expected,
alkaline phosphatase (ALP) was elevated in our SCI population, which supports bone
turnover and the significant osteoporosis among people with SCI [55]. Taken together, these
baseline findings support that even people with SCI who are considered “healthy” have
many of the characteristic precursors consistent with the development of cardiometabolic
and inflammatory diseases. Indeed, we were successful in acquiring a population of people
with SCI who did not have elevated fasting glucose, but elevated insulin, C-reactive protein,
and UA. Hence, we believe that we were successfully studying participants who are on a
pathway to developing metabolic disease, and, for whom, may be responsive to preventive
lifestyle rehabilitation recommendations.

4.1. Low Force Electrically Induced Exercise

A novel finding from this study is that we were able to use a low frequency (3 Hz)
and low force (<10% max torque) electrically induced exercise (LFE) [6,56] to presumably
trigger AMPK to GLUT4 signaling and decrease peak insulin. This finding is important
because higher frequencies of stimulation are untenable for people living with such a severe
level of osteoporosis [45]. The acute impact of low frequency and low force exercise on
insulin during an OGTT provides the first demonstration of the utility of manipulating
the frequency, intensity, and duration of a dose of electrical stimulation to promote a
healthy intervention for people with paralyzed muscle. Importantly, this intervention is
cost effective and has the potential to translate seamlessly into the clinic if confirmed by
larger, longitudinal clinical trials.
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4.2. Study Limitations

One limitation of our study is that we performed an OGTT with glucose rather than a
mixed meal, which may not resemble the typical meal of people with SCI. Although the
oral glucose tolerance test is moderately correlated to the mixed-meal tolerance test [48] in
people without SCI, we must use caution in not over generalizing our findings. Another
consideration in our study is that we did not have the power to stratify our participants by
lesion level and we were slightly underpowered given the variation in glucose Although
we observed no correlation between lesion level and insulin response, a larger sample size
stratified by lesion level would be recommended in future studies.

5. Conclusions

People with SCI are unable to volitionally exercise their paralyzed muscles. In this
study, we show that a low force, electrically induced bout of exercise acutely attenuates
the insulin response in people with SCI one hour after glucose ingestion. While further
research is needed to determine the long-term viability of electrically induced exercise after
a standard meal, this study suggests that LFE may be a feasible lifestyle strategy to decrease
post-prandial hyperinsulinemia and, perhaps, someday influence the development of type
II diabetes among people with SCI.

Author Contributions: Conceptualization, R.K.S.; methodology, R.K.S.; software, M.A.P. and R.K.S.;
validation, A.L.K., M.A.P. and R.K.S.; formal analysis, A.L.K., M.A.P. and R.K.S.; investigation, A.L.K.,
M.A.P. and R.K.S.; resources, A.L.K., M.A.P. and R.K.S.; data curation, A.L.K., M.A.P. and R.K.S.;
writing—original draft preparation, A.L.K., M.A.P. and R.K.S.; writing—review and editing, A.L.K.,
M.A.P. and R.K.S.; visualization, A.L.K., M.A.P. and R.K.S.; supervision, R.K.S.; project administration,
R.K.S.; funding acquisition, R.K.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Eunice Kennedy Shriver National Institute of Child Health
and Human Development, grant number R01HD084645 and R01HD082109.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of The University of Iowa (protocol
code 201503732 and 16 April 2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge past and current members from Shields’ lab including Shauna
Dudley-Javoroski, Chu-Ling Yen, Jessica Woelfel, Patrick McCue, Kristin Johnson, Jinhyun Lee,
Allison Merfeld, and Aaron Buelow for their assistance with the data collection. Michael A. Petrie
and Amy L. Kimball provided equal contribution to this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Goodyear, L.J.; Kahn, B.B. Exercise, glucose transport, and insulin sensitivity. Annu. Rev. Med. 1998, 49, 235–261. [CrossRef]

[PubMed]
2. Petrie, M.A.; Suneja, M.; Faidley, E.; Shields, R.K. A minimal dose of electrically induced muscle activity regulates distinct gene

signaling pathways in humans with spinal cord injury. PLoS ONE 2014, 9, e115791. [CrossRef] [PubMed]
3. Bull, F.C.; Al-Ansari, S.S.; Biddle, S.; Borodulin, K.; Buman, M.P.; Cardon, G.; Carty, C.; Chaput, J.P.; Chastin, S.; Chou, R.; et al.

World Health Organization 2020 guidelines on physical activity and sedentary behaviour. Br. J. Sport. Med. 2020, 54, 1451–1462.
[CrossRef] [PubMed]

4. Castro, M.J.; Apple, D.F., Jr.; Hillegass, E.A.; Dudley, G.A. Influence of complete spinal cord injury on skeletal muscle cross-
sectional area within the first 6 months of injury. Eur. J. Appl. Physiol. Occup. Physiol. 1999, 80, 373–378. [CrossRef]

5. Dudley-Javoroski, S.; Shields, R.K. Muscle and bone plasticity after spinal cord injury: Review of adaptations to disuse and to
electrical muscle stimulation. J. Rehabil. Res. Dev. 2008, 45, 283–296. [CrossRef]

6. Petrie, M.A.; Taylor, E.B.; Suneja, M.; Shields, R.K. Genomic and Epigenomic Evaluation of Electrically Induced Exercise in People
with Spinal Cord Injury: Application to Precision Rehabilitation. Phys. Ther. 2022, 102, pzab243. [CrossRef]

http://doi.org/10.1146/annurev.med.49.1.235
http://www.ncbi.nlm.nih.gov/pubmed/9509261
http://doi.org/10.1371/journal.pone.0115791
http://www.ncbi.nlm.nih.gov/pubmed/25531450
http://doi.org/10.1136/bjsports-2020-102955
http://www.ncbi.nlm.nih.gov/pubmed/33239350
http://doi.org/10.1007/s004210050606
http://doi.org/10.1682/JRRD.2007.02.0031
http://doi.org/10.1093/ptj/pzab243


J. Funct. Morphol. Kinesiol. 2022, 7, 89 14 of 15

7. Bjornholm, M.; Zierath, J.R. Insulin signal transduction in human skeletal muscle: Identifying the defects in Type II diabetes.
Biochem. Soc. Trans. 2005, 33, 354–357. [CrossRef]

8. Farrow, M.T.; Maher, J.L.; Nightingale, T.E.; Thompson, D.; Bilzon, J.L.J. A Single Bout of Upper-Body Exercise Has No Effect on
Postprandial Metabolism in Persons with Chronic Paraplegia. Med. Sci. Sport. Exerc. 2021, 53, 1041–1049. [CrossRef]

9. Ryder, J.W.; Chibalin, A.V.; Zierath, J.R. Intracellular mechanisms underlying increases in glucose uptake in response to insulin or
exercise in skeletal muscle. Acta Physiol. Scand. 2001, 171, 249–257. [CrossRef]

10. Kjobsted, R.; Munk-Hansen, N.; Birk, J.B.; Foretz, M.; Viollet, B.; Bjornholm, M.; Zierath, J.R.; Treebak, J.T.; Wojtaszewski, J.F.
Enhanced Muscle Insulin Sensitivity After Contraction/Exercise Is Mediated by AMPK. Diabetes 2017, 66, 598–612. [CrossRef]

11. Bellini, A.; Nicolo, A.; Bazzucchi, I.; Sacchetti, M. Effects of Different Exercise Strategies to Improve Postprandial Glycemia in
Healthy Individuals. Med. Sci. Sport. Exerc. 2021, 53, 1334–1344. [CrossRef]

12. Reynolds, A.N.; Mann, J.I.; Williams, S.; Venn, B.J. Advice to walk after meals is more effective for lowering postprandial
glycaemia in type 2 diabetes mellitus than advice that does not specify timing: A randomised crossover study. Diabetologia 2016,
59, 2572–2578. [CrossRef]

13. Duckworth, W.C.; Solomon, S.S.; Jallepalli, P.; Heckemeyer, C.; Finnern, J.; Powers, A. Glucose intolerance due to insulin resistance
in patients with spinal cord injuries. Diabetes 1980, 29, 906–910. [CrossRef]

14. Karlsson, A.K. Insulin resistance and sympathetic function in high spinal cord injury. Spinal. Cord. 1999, 37, 494–500. [CrossRef]
15. Banerjea, R.; Sambamoorthi, U.; Weaver, F.; Maney, M.; Pogach, L.M.; Findley, T. Risk of stroke, heart attack, and diabetes

complications among veterans with spinal cord injury. Arch. Phys. Med. Rehabil. 2008, 89, 1448–1453. [CrossRef]
16. Saunders, L.L.; Clarke, A.; Tate, D.G.; Forchheimer, M.; Krause, J.S. Lifetime prevalence of chronic health conditions among

persons with spinal cord injury. Arch. Phys. Med. Rehabil. 2015, 96, 673–679. [CrossRef]
17. Trico, D.; Natali, A.; Arslanian, S.; Mari, A.; Ferrannini, E. Identification, pathophysiology, and clinical implications of primary

insulin hypersecretion in nondiabetic adults and adolescents. JCI Insight 2018, 3, e124912. [CrossRef]
18. Woelfel, J.R.; Kimball, A.L.; Yen, C.L.; Shields, R.K. Low-Force Muscle Activity Regulates Energy Expenditure after Spinal Cord

Injury. Med. Sci. Sport. Exerc. 2017, 49, 870–878. [CrossRef]
19. Sumrell, R.M.; Nightingale, T.E.; McCauley, L.S.; Gorgey, A.S. Anthropometric cutoffs and associations with visceral adiposity

and metabolic biomarkers after spinal cord injury. PLoS ONE 2018, 13, e0203049. [CrossRef]
20. Dudley-Javoroski, S.; Shields, R.K. Longitudinal changes in femur bone mineral density after spinal cord injury: Effects of slice

placement and peel method. Osteoporos. Int. 2010, 21, 985–995. [CrossRef]
21. Dudley-Javoroski, S.; Shields, R.K. Regional cortical and trabecular bone loss after spinal cord injury. J. Rehabil. Res. Dev. 2012, 49,

1365–1376. [CrossRef]
22. Edwards, W.B.; Schnitzer, T.J.; Troy, K.L. Bone mineral loss at the proximal femur in acute spinal cord injury. Osteoporos. Int. 2013,

24, 2461–2469. [CrossRef]
23. Shields, R.K. Fatigability, relaxation properties, and electromyographic responses of the human paralyzed soleus muscle.

J. Neurophysiol. 1995, 73, 2195–2206. [CrossRef]
24. Bauman, W.A.; Spungen, A.M.; Adkins, R.H.; Kemp, B.J. Metabolic and endocrine changes in persons aging with spinal cord

injury. Assist. Technol. 1999, 11, 88–96. [CrossRef]
25. Monroe, M.B.; Tataranni, P.A.; Pratley, R.; Manore, M.M.; Skinner, J.S.; Ravussin, E. Lower daily energy expenditure as measured

by a respiratory chamber in subjects with spinal cord injury compared with control subjects. Am. J. Clin. Nutr. 1998, 68, 1223–1227.
[CrossRef]

26. Shields, R.K. Muscular, skeletal, and neural adaptations following spinal cord injury. J. Orthop. Sport. Phys. Ther. 2002, 32, 65–74.
[CrossRef]

27. Lee, M.Y.; Myers, J.; Hayes, A.; Madan, S.; Froelicher, V.F.; Perkash, I.; Kiratli, B.J. C-reactive protein, metabolic syndrome, and
insulin resistance in individuals with spinal cord injury. J. Spinal. Cord. Med. 2005, 28, 20–25. [CrossRef]

28. Glaser, R.M. Physiologic aspects of spinal cord injury and functional neuromuscular stimulation. Cent. Nerv. Syst. Trauma J. Am.
Paralys. Assoc. 1986, 3, 49–62. [CrossRef]

29. Enoka, R.M.; Amiridis, I.G.; Duchateau, J. Electrical Stimulation of Muscle: Electrophysiology and Rehabilitation. Physiology 2020,
35, 40–56. [CrossRef]

30. Lieber, R.L. Skeletal Muscle Structure, Function, and Plasticity: The Physiological Basis of Rehabilitation/Richard L. Lieber, 3rd ed.;
Lippincott Williams & Wilkins: Baltimore, MD, USA, 2010.

31. Stanford, K.I.; Goodyear, L.J. Exercise and type 2 diabetes: Molecular mechanisms regulating glucose uptake in skeletal muscle.
Adv. Physiol. Educ. 2014, 38, 308–314. [CrossRef] [PubMed]

32. Jessen, N.; Goodyear, L.J. Contraction signaling to glucose transport in skeletal muscle. J. Appl. Physiol. 2005, 99, 330–337.
[CrossRef] [PubMed]

33. Choi, S.L.; Kim, S.J.; Lee, K.T.; Kim, J.; Mu, J.; Birnbaum, M.J.; Soo Kim, S.; Ha, J. The regulation of AMP-activated protein kinase
by H(2)O(2). Biochem. Biophys. Res. Commun. 2001, 287, 92–97. [CrossRef] [PubMed]

34. Trewin, A.J.; Berry, B.J.; Wojtovich, A.P. Exercise and Mitochondrial Dynamics: Keeping in Shape with ROS and AMPK.
Antioxidants 2018, 7, 7. [CrossRef] [PubMed]

http://doi.org/10.1042/BST0330354
http://doi.org/10.1249/MSS.0000000000002561
http://doi.org/10.1046/j.1365-201x.2001.00827.x
http://doi.org/10.2337/db16-0530
http://doi.org/10.1249/MSS.0000000000002607
http://doi.org/10.1007/s00125-016-4085-2
http://doi.org/10.2337/diab.29.11.906
http://doi.org/10.1038/sj.sc.3100844
http://doi.org/10.1016/j.apmr.2007.12.047
http://doi.org/10.1016/j.apmr.2014.11.019
http://doi.org/10.1172/jci.insight.124912
http://doi.org/10.1249/MSS.0000000000001187
http://doi.org/10.1371/journal.pone.0203049
http://doi.org/10.1007/s00198-009-1044-5
http://doi.org/10.1682/JRRD.2011.12.0245
http://doi.org/10.1007/s00198-013-2323-8
http://doi.org/10.1152/jn.1995.73.6.2195
http://doi.org/10.1080/10400435.1999.10131993
http://doi.org/10.1093/ajcn/68.6.1223
http://doi.org/10.2519/jospt.2002.32.2.65
http://doi.org/10.1080/10790268.2005.11753794
http://doi.org/10.1089/cns.1986.3.49
http://doi.org/10.1152/physiol.00015.2019
http://doi.org/10.1152/advan.00080.2014
http://www.ncbi.nlm.nih.gov/pubmed/25434013
http://doi.org/10.1152/japplphysiol.00175.2005
http://www.ncbi.nlm.nih.gov/pubmed/16036906
http://doi.org/10.1006/bbrc.2001.5544
http://www.ncbi.nlm.nih.gov/pubmed/11549258
http://doi.org/10.3390/antiox7010007
http://www.ncbi.nlm.nih.gov/pubmed/29316654


J. Funct. Morphol. Kinesiol. 2022, 7, 89 15 of 15

35. Jensen, T.E.; Sylow, L.; Rose, A.J.; Madsen, A.B.; Angin, Y.; Maarbjerg, S.J.; Richter, E.A. Contraction-stimulated glucose transport
in muscle is controlled by AMPK and mechanical stress but not sarcoplasmatic reticulum Ca(2+) release. Mol. Metab. 2014, 3,
742–753. [CrossRef] [PubMed]

36. Ratkevicius, A.; Mizuno, M.; Povilonis, E.; Quistorff, B. Energy metabolism of the gastrocnemius and soleus muscles during
isometric voluntary and electrically induced contractions in man. J. Physiol. 1998, 507 (Pt 2), 593–602. [CrossRef]

37. Miyamoto, T.; Fukuda, K.; Kimura, T.; Matsubara, Y.; Tsuda, K.; Moritani, T. Effect of percutaneous electrical muscle stimulation
on postprandial hyperglycemia in type 2 diabetes. Diabetes Res. Clin. Pract. 2012, 96, 306–312. [CrossRef]

38. Miyamoto, T.; Iwakura, T.; Matsuoka, N.; Iwamoto, M.; Takenaka, M.; Akamatsu, Y.; Moritani, T. Impact of prolonged neuro-
muscular electrical stimulation on metabolic profile and cognition-related blood parameters in type 2 diabetes: A randomized
controlled cross-over trial. Diabetes Res. Clin. Pract. 2018, 142, 37–45. [CrossRef]

39. Talmadge, R.J.; Castro, M.J.; Apple, D.F., Jr.; Dudley, G.A. Phenotypic adaptations in human muscle fibers 6 and 24 wk after spinal
cord injury. J. Appl. Physiol. 2002, 92, 147–154. [CrossRef]

40. Adams, C.M.; Suneja, M.; Dudley-Javoroski, S.; Shields, R.K. Altered mRNA expression after long-term soleus electrical
stimulation training in humans with paralysis. Muscle Nerve 2011, 43, 65–75. [CrossRef]

41. Petrie, M.A.; Suneja, M.; Faidley, E.; Shields, R.K. Low force contractions induce fatigue consistent with muscle mRNA expression
in people with spinal cord injury. Physiol. Rep. 2014, 2, e00248. [CrossRef]

42. Shields, R.K.; Schlechte, J.; Dudley-Javoroski, S.; Zwart, B.D.; Clark, S.D.; Grant, S.A.; Mattiace, V.M. Bone mineral density after
spinal cord injury: A reliable method for knee measurement. Arch. Phys. Med. Rehabil. 2005, 86, 1969–1973. [CrossRef]

43. Wilmet, E.; Ismail, A.A.; Heilporn, A.; Welraeds, D.; Bergmann, P. Longitudinal study of the bone mineral content and of soft
tissue composition after spinal cord section. Paraplegia 1995, 33, 674–677. [CrossRef]

44. Szollar, S.M.; Martin, E.M.; Sartoris, D.J.; Parthemore, J.G.; Deftos, L.J. Bone mineral density and indexes of bone metabolism in
spinal cord injury. Am. J. Phys. Med. Rehabil. 1998, 77, 28–35. [CrossRef]

45. Hartkopp, A.; Murphy, R.J.; Mohr, T.; Kjaer, M.; Biering-Sorensen, F. Bone fracture during electrical stimulation of the quadriceps
in a spinal cord injured subject. Arch. Phys. Med. Rehabil. 1998, 79, 1133–1136. [CrossRef]

46. Petrie, M.; Suneja, M.; Shields, R.K. Low-frequency stimulation regulates metabolic gene expression in paralyzed muscle. J. Appl.
Physiol. 2015, 118, 723–731. [CrossRef]

47. Petrie, M.A.; Sharma, A.; Taylor, E.B.; Suneja, M.; Shields, R.K. Impact of short- and long-term electrically induced muscle exercise
on gene signaling pathways, gene expression, and PGC1a methylation in men with spinal cord injury. Physiol. Genom. 2020,
52, 71–80. [CrossRef]

48. Gillen, J.B.; Estafanos, S.; Govette, A. Exercise-nutrient interactions for improved postprandial glycemic control and insulin
sensitivity. Appl. Physiol. Nutr. Metab. 2021, 46, 856–865. [CrossRef]

49. Li, J.; Hunter, G.R.; Chen, Y.; McLain, A.; Smith, D.L.; Yarar-Fisher, C. Differences in Glucose Metabolism Among Women
With Spinal Cord Injury May Not Be Fully Explained by Variations in Body Composition. Arch. Phys. Med. Rehabil. 2019, 100,
1061–1067.e1061. [CrossRef]

50. Belanger, K.; Barnes, J.D.; Longmuir, P.E.; Anderson, K.D.; Bruner, B.; Copeland, J.L.; Gregg, M.J.; Hall, N.; Kolen, A.M.;
Lane, K.N.; et al. The relationship between physical literacy scores and adherence to Canadian physical activity and sedentary
behaviour guidelines. BMC Public Health 2018, 18, 1042. [CrossRef]

51. Mootha, V.K.; Lindgren, C.M.; Eriksson, K.F.; Subramanian, A.; Sihag, S.; Lehar, J.; Puigserver, P.; Carlsson, E.; Ridderstrale, M.;
Laurila, E.; et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human
diabetes. Nat. Genet. 2003, 34, 267–273. [CrossRef]

52. Zierath, J.R.; Hawley, J.A. Skeletal muscle fiber type: Influence on contractile and metabolic properties. PLoS Biol. 2004, 2, e348.
[CrossRef]

53. Wang, T.D.; Wang, Y.H.; Huang, T.S.; Su, T.C.; Pan, S.L.; Chen, S.Y. Circulating levels of markers of inflammation and endothelial
activation are increased in men with chronic spinal cord injury. J. Med. Assoc. 2007, 106, 919–928. [CrossRef]

54. Wu, Y.; He, H.; Yu, K.; Zhang, M.; An, Z.; Huang, H. The Association between Serum Uric Acid Levels and Insulin Resistance and
Secretion in Prediabetes Mellitus: A Cross-Sectional Study. Ann. Clin. Lab. Sci. 2019, 49, 218–223.

55. Maimoun, L.; Fattal, C.; Sultan, C. Bone remodeling and calcium homeostasis in patients with spinal cord injury: A review. Metab.
Clin. Exp. 2011, 60, 1655–1663. [CrossRef] [PubMed]

56. Shields, R.K.; Chang, Y.J. The effects of fatigue on the torque-frequency curve of the human paralysed soleus muscle. J. Electromyogr.
Kinesiol. 1997, 7, 3–13. [CrossRef]

http://doi.org/10.1016/j.molmet.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25353002
http://doi.org/10.1111/j.1469-7793.1998.593bt.x
http://doi.org/10.1016/j.diabres.2012.01.006
http://doi.org/10.1016/j.diabres.2018.05.032
http://doi.org/10.1152/japplphysiol.000247.2001
http://doi.org/10.1002/mus.21831
http://doi.org/10.1002/phy2.248
http://doi.org/10.1016/j.apmr.2005.06.001
http://doi.org/10.1038/sc.1995.141
http://doi.org/10.1097/00002060-199801000-00005
http://doi.org/10.1016/S0003-9993(98)90184-8
http://doi.org/10.1152/japplphysiol.00628.2014
http://doi.org/10.1152/physiolgenomics.00064.2019
http://doi.org/10.1139/apnm-2021-0168
http://doi.org/10.1016/j.apmr.2018.08.191
http://doi.org/10.1186/s12889-018-5897-4
http://doi.org/10.1038/ng1180
http://doi.org/10.1371/journal.pbio.0020348
http://doi.org/10.1016/S0929-6646(08)60062-5
http://doi.org/10.1016/j.metabol.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21632079
http://doi.org/10.1016/S1050-6411(96)00015-6

	Introduction 
	Materials and Methods 
	Glycemic, Inflammatory, and Lipid Profile 
	Experimental Design 
	Electrical Stimulation 
	Blood Collection and Analysis 
	Statistical Analysis 

	Results 
	Glycemic, Inflammatory, and Lipid Profile 
	Baseline Venous Blood Biomarkers for Control and LFE Sessions 
	One Hour Venous Blood Biomarkers for Control and LFE Sessions after Glucose Challenge 
	Two-Hour Venous Blood Biomarkers for Control and LFE Sessions 
	Capillary Glucose (cAUC) and Heart Rate during Control and LFE OGTT 

	Discussion 
	Low Force Electrically Induced Exercise 
	Study Limitations 

	Conclusions 
	References

