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Abstract
Study design Acute experimental study.
Objectives To investigate the acute response of markers of lipid metabolism and interleukin (IL)-6 to dopamine infusion in
people with a cervical spinal cord injury (CSCI).
Setting Laboratory of Wakayama Medical University, Japan.
Methods Ten participants, four with CSCI and six AB individuals, underwent 50 min of dopamine infusion. Blood samples
were collected prior to, immediately after and 1 h following cessation of dopamine infusion for the determination of
circulating catecholamine, lipid, ketone body and IL-6 concentrations.
Results The adrenaline concentration following dopamine infusion was increased by 59 ± 7% in CSCI (p= 0.038, Cohen’s
d effect size (ES): 1.47), while this was not changed in AB (p= 0.223). Triglycerides and acetoacetic acid concentration
were increased in both groups, immediately after and 1 h post-infusion (triglycerides p ≤ 0.042, ES CSCI: 1.00, ES AB: 1.12;
acetoacetic acid p ≤ 0.030; ES CSCI: 1.72, ES AB: 1.31). 3-Hydroxybutyric acid concentration was increased in CSCI only
(48 ± 15%, p= 0.039, ES: 1.44; AB p= 0.115). Dopamine infusion did not affect plasma IL-6 concentration in either group
(p ≥ 0.368).
Conclusions Dopamine infusion induced a sustained increase in triglyceride and ketone body concentrations in persons with
CSCI. In contrast, cytokine concentrations were not affected by dopamine infusion. These findings suggest that circulating
catecholamines can stimulate metabolism in people with CSCI despite the presence of autonomic dysfunction.

Introduction

Persons with a cervical spinal cord injury (CSCI) have a
lower fasting high-density lipoprotein and higher trigly-
ceride concentration compared with able-bodied (AB)
individuals [1], suggesting sub-optimal lipid metabolism.
This may be related to lifestyle factors as well as secondary
complications resulting from the injury, such as sympathetic
dysfunction [2]. Nonetheless, the significance of sympa-
thetic activation and circulating catecholamines for lipid
metabolism in persons with CSCI is unclear. For instance,
circulating catecholamines are widely believed to play a
crucial role in catabolic processes such as lipolysis [3].
Furthermore, blocking sympathetic nerve activation
attenuates lipolysis and leads to an increased fat mass in
animals [4]. Notwithstanding this evidence pointing at the
importance of sympathetic activation for lipid metabolism,
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however, persons with CSCI show a similar postprandial
lipolytic rate compared with AB individuals [5] despite
chronically low concentrations of circulating catechola-
mines and decentralised adipose tissue below the spinal
lesion [6]. This indicates that some aspects of lipid meta-
bolism may not be affected by the autonomic dysfunction
found following CSCI.

Dopamine, a member of the catecholamine family, acts
on α- and β-adrenergic as well as dopaminergic receptors
[7]. In addition, dopamine is a precursor of adrenaline and
noradrenaline [8]. Similar to adrenaline and noradrenaline,
infusion of dopamine in resting AB individuals elevates
circulating concentrations of triglycerides, free fatty acids
and glycerol [9], suggesting an increase in lipolysis [3]. In
persons with CSCI, autonomic dysfunction may lead to
peripheral adaptations that alter the response to circulating
catecholamines. For instance, an exacerbated blood pressure
response has been reported after noradrenaline infusion in
this population, suggested to be the result of α-adrenergic
receptor hypersensitivity [10]. However, the metabolic
response to catecholamine administration in persons with
loss of supraspinal autonomic control of adipose tissue
below the spinal lesion and chronically low circulating
catecholamine concentrations has not yet been studied.
Similarly, while dopamine infusion can increase ketone
body concentration in AB persons [11], this response has
yet to be investigated in individuals with SCI. The circu-
lating concentration of ketone bodies (comprising of acet-
oacetic acid, 3-hydroxybutyric acid and acetone) reflect the
balance between ketogenesis by the liver and uptake by
peripheral tissue, with skeletal muscle as a primary site for
ketone body clearance [12]. As such, in addition to the
neurological dysfunction in persons with CSCI, their
smaller muscle mass may affect ketone metabolism by a
reduced oxidation of ketone bodies by skeletal muscle fol-
lowing dopamine infusion. This may further impact on
persons with CSCI while a modest elevation in circulating
ketone bodies can form a substrate for lipogenesis or induce
positive effects on oxidative stress and neuronal health, an
exacerbated rise in ketone body concentration as a result of
impaired clearance capacity may ultimately lead to ketoa-
cidosis [12].

Apart from their effect on lipid metabolism, catechola-
mines are also suggested to stimulate cytokine production
[13, 14]. For instance, in vitro, dopamine increases
interleukin-6 (IL-6) production in epidermal cells [13],
while adrenaline infusion in resting AB individuals at
similar concentrations as observed during exercise elevates
plasma IL-6 concentration [14]. Interleukin-6 is a pleio-
tropic cytokine; elevated resting concentrations are asso-
ciated with chronic diseases such as type II diabetes
mellitus, but transient, short-term elevations may have
beneficial effects by stimulating the production of anti-

inflammatory cytokines such as interleukin-1 receptor
antagonist (IL-1ra) [15]. Indeed, the acute elevation of IL-6
concentration after acute exercise has been suggested key
for the anti-inflammatory effects of regular exercise training
[16]. Supporting the importance of sympathetic activation
for IL-6 production, the absence of an acute elevation in
catecholamine concentrations after exercise in persons with
CSCI is accompanied by an attenuated IL-6 response
compared with individuals with paraplegia or non-SCI
impairments [17]. In keeping with markers of lipid meta-
bolism; however, it is currently unknown whether cate-
cholamine administration can independently increase
circulating cytokine concentration in persons with CSCI.

The aims of this pilot study were twofold: (1) to inves-
tigate the acute effects of dopamine infusion on circulating
concentrations of triglycerides and ketone bodies, and (2) to
investigate the acute cytokine response to dopamine infu-
sion. It was hypothesised that, despite autonomic dysfunc-
tion, dopamine infusion leads to increased plasma
triglyceride, ketone body as well as IL-6 and IL-1ra con-
centration in persons with CSCI. As an additional aim, the
safety of dopamine administration was assessed by mon-
itoring hemodynamic measures. Considering the lack of
previous investigations and the potential harmful effects of
catecholamine administration in persons with CSCI, dopa-
mine infusion was chosen as it has a more modest effect on
the cardiovascular system compared with adrenaline and
noradrenaline [9].

Methods

Twelve adult males volunteered to participate in this study;
six with chronic CSCI (age: 39 ± 10 yrs, height: 175 ± 4 cm,
body mass: 62.3 ± 13.4 kg, American Spinal Injury Asso-
ciation Impairment Scale: A (n= 3) and B (n= 1)), and six
age-matched AB males (age: 36 ± 5 yrs, height: 171 ± 9 cm,
body mass: 66.8 ± 9.7 kg). All procedures of this study were
approved by the local ethics committee of Wakayama
Medical University (project number: 1648), for which all
participants signed informed consent prior to participation.

Procedures

Participants arrived in the laboratory after a 5 h fast, having
abstained from caffeine and alcohol for at least 12 h. Fol-
lowing voiding of the bladder, participants rested for 10 min
before the first blood sample was collected from a cannula
inserted into an antecubital vein of the arm. Thereafter,
dopamine hydrochloride dissolved in saline was infused
into a saphenous vein in the foot at a rate of 1.25 µg/kg/min
for 20 min, followed by 20 min at 2.5 µg/kg/min and 10 min
at 5.0 µg/kg/min. Blood pressure was measured every min
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at the brachial artery (STBP-780, Colin, Komaki, Japan),
while heart rate was measured continuously using a 3-lead
electrocardiogram (PhysioFlow Lab-1, Manatec Biomedi-
cal, Paris, France). Blood pressure and heart rate data were
averaged over the final 5 min of baseline recordings and
each infusion stage. Immediately following cessation of
dopamine infusion, a second blood sample was drawn, and
participants rested for another 60 min. Finally, a 1 h post-
blood sample was drawn. Participants remained in supine
position and did not consume any food or liquid throughout
the duration of the experiment.

Biochemical analyses

Blood samples were divided into EDTA-containing tubes
for the determination of adrenaline, noradrenaline, dopa-
mine and glucagon concentrations in plasma and a sodium
fluoride-containing tube for glucose concentration, while
the remaining blood was allowed to clot for at least 30 min
in serum tubes for the determination of insulin, triglycer-
ides, total cholesterol and the ketone bodies 3-
hydroxybutyric acid and acetoacetic acid concentrations in
serum. Samples were centrifuged for 15 min at 3500 rpm
and stored at −80 °C until batch analysis. Haematocrit and
haemoglobin concentration were measured in triplicate
from whole blood, using a cell counter (MEK-6400, Nihon
Kohden, Tokyo). All lipids, ketone bodies, glucose, insulin
and C-reactive protein (CRP) were analysed by a specia-
lised company (SRL, Tokyo, Japan), while IL-6, IL-1ra and
tumour necrosis factor-α (TNF- α) were analysed in-house
using commercially available enzyme-linked immunoassays
(R&D Systems, Abingdon, UK). Plasma and serum markers
were corrected for changes in plasma volume according to
the method postulated by Dill and Costill [18].

Statistical analyses

All data are presented as mean ± SD. The effect of time
within each of the two groups was tested using the Fried-
man test, followed by the Wilcoxon signed-rank test for

pairwise comparisons between time points when sig-
nificance was observed. The Mann–Whitney test was used
to test for differences between both groups at each time
point. Cohen’s d effect sizes (ES) of within-group differ-
ences of metabolic markers were calculated using G*Power
(HHU, Düsseldorf, Germany). Considering the small sam-
ple size included and the exploratory nature of the present
study, no Bonferroni-corrections were applied [19]. All
analyses were performed using the 23rd version of SPSS
and statistical significance was defined as p < 0.05.

Results

Inspection of the individual data indicated that the resting
glucose (117 and 128 mg/dl) and insulin concentration (29.7
and 18.0 µUI/ml) of two participants with CSCI were con-
siderably higher when compared with the other group
members (i.e. resting glucose and insulin concentration
more than nine SDs and eight SDs higher than the mean of
the other participants with CSCI, respectively). As these
values suggest the presence of (pre-)diabetes or non-
adherence to the 5 h fasting prior to the laboratory visit,
both participants were excluded from further analyses.

At rest, plasma adrenaline (p= 0.001) and noradrenaline
concentration (p= 0.002) were lower in CSCI compared
with AB, while there was no difference in dopamine con-
centration (p= 0.71). There was no difference in glucose
and insulin concentration, nor was there was a difference in
the concentration of total cholesterol, triglycerides, acet-
oacetic acid or 3-hydroxybutyric acid prior to infusion (p ≥
0.091). There were also no differences between CSCI and
AB in any of the cytokines or CRP at rest (p ≥ 0.171)
(Figs. 1 and 2, Table 1).

Dopamine infusion

The acute changes in plasma catecholamine concentrations
are shown in Fig. 1. Plasma dopamine concentrations in
response to dopamine infusion were elevated in both groups

Fig. 1 The acute changes in plasma catecholamine concentration
following dopamine infusion in CSCI (grey) and AB (white). Lines
indicate individual data, while the bars represent group means. Symbol

(*) shows effect of time, Symbol (#) shows difference between groups
(p < 0.05). P post.
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(p ≤ 0.001). While the plasma adrenaline concentration was
elevated immediately following dopamine infusion in CSCI
(p= 0.038, ES: 1.47), there was no increase in AB (p=
0.223). Noradrenaline concentration was increased imme-
diately after dopamine infusion in both groups (p ≤ 0.001,
ES CSCI: 1.85, ES AB: 1.85). At 1 h post-infusion, nora-
drenaline concentrations returned to baseline in both
groups, remaining at a higher concentration in AB com-
pared with CSCI (p= 0.004).

Concentrations of acetoacetic acid were elevated in both
groups directly post-infusion, as well as at 1 h post (p ≤
0.030, ES CSCI: 1.72, ES AB: 1.31), with no differences
between AB and CSCI (p ≥ 0.394). 3-Hydroxybutyric acid,
however, was elevated immediately post-infusion in CSCI
only (p= 0.039, ES: 1.44; AB p= 0.115) and remained
elevated at 1 h post (pre versus post+1 h p= 0.046) in this
group. Total ketone body concentration was elevated in
both groups directly post-infusion, as well as at 1 h post
(p ≤ 0.042, ES CSCI: 1.36, ES AB: 0.92), with no differ-
ences between AB and CSCI (p ≥ 0.589). The concentra-
tions of triglycerides and total cholesterol were increased
post-infusion and remained elevated 1 h thereafter in both

groups (triglycerides p ≤ 0.042, ES CSCI: 1.00, ES AB:
1.12; total cholesterol p ≤ 0.040, ES CSCI: 1.29, ES AB:
0.40). There were no differences between both groups at
any time point (triglycerides p ≥ 0.818; total cholesterol p ≥
0.180) (Fig. 2). Glucose and insulin concentrations were
elevated immediately following dopamine infusion in both
groups (glucose p ≤ 0.009, ES CSCI: 2.00, ES AB: 1.61;
insulin p ≤ 0.007, ES CSCI: 0.49, ES AB: 0.93), returning to
baseline 1 h post-infusion. Glucagon, on the other hand,
was not elevated in either group (CSCI p= 0.097; AB p=
0.069) (Table 1).

The plasma concentrations of the cytokines and CRP are
shown in Table 1. Dopamine infusion did not increase
circulating IL-6 or IL-1ra concentration in either group (IL-
6 p= 0.607; IL-1ra p ≥ 0.069). Furthermore, TNF-α con-
centrations did not change following infusion (p ≥ 0.069),
while CRP concentration increased in CSCI only (p=
0.013; ES: 0.52, AB p= 0.249).

Blood pressure and heart rate during dopamine infusion
are shown in Table 2. There was an effect of time for
systolic blood pressure in CSCI only (p= 0.038, AB p=
0.145); although pairwise comparisons only showed a trend

Table 1 The acute changes in cytokine concentrations and markers of glucose and lipid metabolism following dopamine infusion in CSCI and AB.

Parameter CSCI AB

Pre Post Post +1 h Pre Post Post +1 h

Glucose (mg/dl)a 94.0 ± 2.5 102.5 ± 5.3 90.5 ± 2.7 94.3 ± 5.0 103.7 ± 6.0 96.7 ± 5.5

Insulin (mg/dl)a 3.44 ± 2.28 8.09 ± 9.35 2.51 ± 1.72 2.89 ± 2.12 5.43 ± 3.15 2.71 ± 2.10

Glucagon (pg/ml) 149 ± 20 191 ± 40 144 ± 22 136 ± 30 165 ± 34 133 ± 19

Total cholesterol (mg/dl)a 150 ± 22 163.5 ± 24 152 ± 23 174 ± 39 181 ± 44 175 ± 40

IL-6 (pg/ml) 3.50 ± 3.92 4.28 ± 3.59 6.28 ± 4.39 4.55 ± 5.47 4.56 ± 5.20 4.87 ± 5.04

IL-1ra (pg/ml) 479 ± 84 475 ± 94 537 ± 290 476 ± 230 419 ± 68 529 ± 238

TNF-α (pg/ml) 1.35 ± 0.33 1.18 ± 0.29 0.90 ± 0.43 0.92 ± 0.37 0.70 ± 0.39 1.07 ± 0.30

CRP (ng/ml)b 3883 ± 4083 4239 ± 4319 3951 ± 4114 1282 ± 2247 1521 ± 2342 1320 ± 2160

aEffect of time in both groups.
bEffect of time in CSCI (p < 0.05).

CSCI cervical spinal cord injury, AB able-bodied, IL-6 interleukin-6, IL-1ra interleukin-1 receptor antagonist, TNF-α tumour necrosis factor-α,
CRP C-reactive protein.

Fig. 2 The acute changes in serum ketone body and triglyceride concentrations following dopamine infusion in CSCI (grey) and AB
(white). Lines indicate individual data, while the bars represent group means. Symbol (*) shows effect of time (p < 0.05).
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for a difference with resting systolic blood pressure at an
infusion rate of 5 µg/kg/min (p= 0.068). Three of the four
participants with CSCI showed an increase in systolic blood
pressure from rest to 5 µg/kg/min > 20 mmHg: 23, 25 and
27 mmHg. Diastolic blood pressure did not change in either
group (CSCI p= 0.272; AB p= 0.457), while heart rate
increased in AB only (p= 0.024; CSCI p= 0.348); with a
higher heart rate during dopamine infusion at 5 µg/kg/min
compared with that at rest (p= 0.046).

Discussion

This pilot study investigated the acute response of lipid
markers, ketone bodies and cytokines to dopamine infusion
in people with CSCI. Dopamine infusion led to a sustained
elevation in triglyceride and ketone body concentration in
CSCI. Interleukin-6 and IL-1ra concentration, on the other
hand, were not elevated after dopamine infusion in either
CSCI or AB.

Apart from the increase in 3-hydroxybutyric acid con-
centration that was only observed in CSCI, the elevation in
the concentration of markers of lipid and ketone body
metabolism (triglycerides, total cholesterol, acetoacetic acid
and total ketone bodies) following dopamine administration
was similar between CSCI and AB. The observed responses
are in corroboration with previous studies investigating AB
individuals [9, 20]. After dopamine infusion for 150 min at
rates of 3 and 6 µg/kg/min, Ensinger et al. [20] observed an
acute increase in free fatty acids, while the same was found
during a 5 h dopamine infusion protocol at 7 µg/kg/min [9].
The similar acute response of lipids and total ketone bodies
in persons with decentralised tissue below the lesion sug-
gests that supraspinal autonomic control is not essential for
lipid metabolism. This is corroborated by findings from
Karlsson et al. [5, 21], who found similar postprandial
lipolytic rates in persons with CSCI and AB individuals [5]
and similar fat cell characteristics in adipose tissue below

and above the lesion [21]. Moreover, people with para-
plegia, for whom at least part of the abdominal sub-
cutaneous adipose tissue and in some instances the liver is
decentralised whilst sympathetic input to the adrenal
medulla remains intact [6], have a similar acute triglyceride
response to a high-fat meal compared with AB persons
[22, 23]. It has also been noted, however, that sympathetic
nerve activity and noradrenaline spill-over following per-
ipheral stimulation below the lesion may compensate for the
lack of central sympathetic input to metabolic tissue [22].
While Karlsson [22] performed bladder percussion as a
stimulus, stimulation of the sympathetic nerves may have
also occurred after dopamine infusion in the people with
CSCI of the present study.

Notwithstanding the potential role of peripheral stimu-
lation and noradrenaline spill-over, the increase in circu-
lating catecholamines is the most likely explanation for the
elevated triglyceride and ketone body concentration in
CSCI. Interestingly, plasma adrenaline concentration was
increased in CSCI but not in AB. We can only speculate on
the reason for this discrepancy. It may be related to a dif-
ference in adrenaline uptake between both the groups.
While no direct evidence is available for this supposition, a
reduced clearance of catecholamines has previously been
put forward as a potential reason for the exacerbated blood
pressure response following noradrenaline infusion in peo-
ple with CSCI and may be related to a lowered adrenergic
receptor density on peripheral tissue such as the vasculature
[10].

While not directly investigated in the present study, the
increase in markers of lipid metabolism observed in CSCI
suggests that peripheral dopaminergic and adrenergic sig-
nalling pathways remain intact following a spinal injury or
undergo adjustments to compensate for the lack of intact
sympathetic control. Studies investigating the vasculature
and skeletal muscle tissue following SCI partially corro-
borate this suggestion, with a similar vasoconstrictive
response to infusion of an α-adrenergic agonist in people

Table 2 Blood pressure and
heart rate during dopamine
infusion at three different doses
in CSCI and AB. Data are
presented as mean ± SD and
the range.

Parameter Pre 1.25 µg/kg/min 2.5 µg/kg/min 5 µg/kg/min

SBP (mmHg)

CSCIa 128 ± 16 (108–142) 125 ± 14 (112–141) 134 ± 24 (105–162) 147 ± 15 (132–168)

AB 123 ± 12 (108–138) 120 ± 10 (107–130) 119 ± 8 (106–128) 127 ± 13 (115–151)

DBP (mmHg)

CSCI 73 ± 10 (64–87) 73 ± 10 (63–85) 74 ± 12 (60–86) 79 ± 8 (72–92)

AB 72 ± 8 (64–84) 69 ± 9 (61–86) 69 ± 6 (64–82) 66 ± 5 (61–76)

Heart rate (bpm)

CSCI 64 ± 9 (57–77) 72 ± 14 (56–87) 73 ± 11 (60–86) 68 ± 8 (60–77)

ABa 66 ± 7 (59–76) 68 ± 11 (55–86) 71 ± 10 (62–91) 84 ± 16 (67–112)

aEffect of time (p < 0.05).

SBP systolic blood pressure, DBP diastolic blood pressure, CSCI cervical spinal cord injury, AB able-bodied.
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with SCI compared with AB persons [24] and a maintained
responsiveness to β-adrenergic agonists as evidenced by
skeletal muscle hypertrophy after formoterol treatment in
mice with SCI [25]. Moreover, a larger increase in blood
pressure following noradrenaline administration in persons
with CSCI (when compared with AB individuals) has been
reported, potentially resulting from hypersensitivity of α-
adrenergic receptors in the vasculature [10]. The present
study, however, provides no support for an exacerbated
response to dopamine in persons with CSCI with regards to
lipid metabolism. Systolic blood pressure, on the other
hand, was elevated to a larger extent in CSCI compared
with AB. While the average increase in sytolic blood
pressure in CSCI did not reach the definition of autonomic
dysreflexia (i.e. an increase in systolic blood pressure
greater than 20 mmHg) [6], inspection of the individual data
revealed that the increase in systolic blood pressure excee-
ded this cut-off in three out of the four participants with
CSCI. Although no additional symptoms were observed in
these individuals, this indicates that future studies should
carefully consider the dopamine infusion dose. Nonetheless,
future studies could investigate the effects of sympathetic
nerve decentralisation on adrenergic receptor density and
sensitivity in tissue important for metabolism (e.g. adipose
tissue, skeletal muscle, liver and pancreas) to provide fur-
ther insight into potential compensatory adjustments in
peripheral tissue after CSCI.

Ketone bodies are produced by the liver, with free fatty
acids released from adipose tissue as their primary sub-
strates. As ketone bodies can be utilised by peripheral tissue
as energy source, including skeletal muscle, circulating
ketone body concentrations reflect the balance between
hepatic production and peripheral uptake [12]. There may
therefore be several explanations for the larger increase in
3-hydroxybutyric acid in CSCI compared with AB. As
persons with CSCI generally have larger stores of visceral
adipose tissue [26], there may have been a higher abun-
dance of free fatty acids to act as substrate for ketogenesis.
However, although free fatty acids were not measured in the
present study, concentrations of triglycerides and total
cholesterol did not differ between both groups. A more
likely explanation is therefore the loss of muscle mass as
well as the reduced oxidative capacity of skeletal muscle in
persons with CSCI [27], potentially limiting the rate of
peripheral uptake of ketone bodies. Indeed, chronic endur-
ance exercise training and a higher abundance of type one
skeletal muscle fibres enhance the rate of ketone body
clearance from the circulation after exercise [28]. Although
a chronically large elevation of ketone body concentration
can negatively impact on vascular and metabolic health
[12], the elevated 3-hydroxybutyric acid concentration
observed in CSCI is not in a range that would induce
ketoacidosis [12]. In fact, a modest elevation in circulating

ketone body concentration through for instance diet
manipulation may induce antioxidant capacity, resulting in
neuronal health [12]. Future studies may investigate the
effects of elevated ketone bodies concentrations on health
outcomes in persons with CSCI as well as the efficacy of
skeletal muscle conditioning through for example functional
electrical stimulation-assisted cycling on the rate of ketone
body clearance in this population.

The absence of an acute increase in IL-6 and IL-1ra
concentration may be explained by the relatively low
dopamine doses used in the present study. As the dampened
cytokine response to exercise in people with CSCI is
strongly associated with catecholamine concentration [17],
it was hypothesised that catecholamine administration
alone, activating β-adrenergic receptors on skeletal muscle,
would increase circulating cytokine concentrations [14].
Indeed, in resting AB individuals, infusion of adrenaline at
similar concentrations as observed during endurance exer-
cise increases IL-6 concentration [14]. However, similar to
its larger impact on metabolism [9], it may be that adre-
naline is a more potent inducer of the IL-6 response com-
pared with dopamine. The adrenaline concentration in CSCI
increased only ~1.5-fold as a result of dopamine infusion,
compared with a approximately four-fold increase after
adrenaline infusion in the investigation by Steensberg et al.
[14]. In addition, the infusion duration may have been too
short to elevate IL-6 concentrations. Although Søndergaard
et al. [29] found a approximately two-fold increase in IL-6
concentration after 45 min, others observed the first increase
in IL-6 concentration not until after 1.5 h of adrenaline
infusion [14]. The low to moderate dopamine doses in this
pilot study were chosen for safety reasons in this clinical
population and may be an additional reason for the absence
of an acute cytokine response. Furthermore, it is noteworthy
that the IL-6 response to adrenaline infusion is lower when
compared with a similar increase in adrenaline concentra-
tion induced by exercise [14]. Muscle contraction (and
energy depletion) may therefore be needed to optimise the
effects of catecholamines on IL-6 production in skeletal
muscle [30]. Future studies could investigate the cytokine
response to catecholamine administration combined with
exercise in persons with CSCI, potentially enhancing the
anti-inflammatory effects of exercise in this population [16].

Some limitations of this study need mentioning. First, as
a result of difficulties with recruitment of people with CSCI
for an invasive study such as the present one, the sample
size is relatively small. Unfortunately, two participants with
CSCI had to be excluded based on elevated baseline glu-
cose and insulin concentrations. However, as the observed
patterns in the metabolic markers were homogeneous within
both groups, a lack of statistical power seems not to have
influenced the findings. Although dopamine was infused at
three different rates (i.e. 1.25, 2.5 and 5 µg/ml/kg), blood
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samples were collected prior and following the complete
infusion period only. This phased approach was chosen for
safety reasons. As a result, however, no inferences can be
made on the individual effects of the different dopamine
doses. Furthermore, future studies should consider per-
forming the experiments following an overnight fast, as the
lack of nutritional control in the period prior to the 5 h fast
before the laboratory visit may have influenced the findings
[22]. Finally, the omission of additional markers of lipid
metabolism, such as free fatty acids and glycerol but also fat
oxidation derived from online-respirometry, limits the
conclusions that can be derived from the present study.
Future studies may include these markers and/or use more
direct assessments (e.g. subcutaneous microdialysis) to
evaluate lipid metabolism in response to catecholamine
administration in persons with CSCI.

In conclusion, dopamine infusion led to a sustained
elevation of triglyceride, total cholesterol and ketone body
concentration in persons with CSCI, while it did not
increase circulating cytokine concentration. The lack of
differences between CSCI and AB in the acute response of
all metabolic markers apart from 3-hydroxybutyric acid
indicate that circulating catecholamines can stimulate
metabolism in persons with CSCI despite the presence of
autonomic dysfunction.

Data availability

The dataset generated during the current study is available
as a supplementary file.

Acknowledgements The authors thank the participants for their par-
ticipation in the study. Furthermore, the authors are grateful to Taka-
masa Hashizaki and Kohei Minami for conducting part of the
biochemical analyses.

Funding This project was supported by the Nachikatsuura Research
Foundation (L1221; Fumihiro Tajima) and the Kyoten Research
Center of Sports for Persons with Impairments.

Author contributions SPH has contributed to the study design, data
collection, biochemical analyses, interpretation of the results and
drafting of the manuscript. YIK has contributed to the study design,
data collection, biochemical analyses, interpretation of the results and
drafting of the manuscript. TM has contributed to the study design,
data collection and drafting of the manuscript. CAL has contributed to
the interpretation of the results and drafting of the manuscript. KN has
contributed to the study design, interpretation of the results and
drafting of the manuscript. VLGT has contributed to the interpretation
of the results and drafting of the manuscript. YN has contributed to the
interpretation of the results and drafting of the manuscript. YU has
contributed to the study design, interpretation of the results and
drafting of the manuscript. MN has contributed to the interpretation of
the results and drafting of the manuscript. YF has contributed to the
interpretation of the results and drafting of the manuscript. FT has
contributed to the study design, data collection, interpretation of the
results and drafting of the manuscript. All authors have approved the

final version of this manuscript and declare to be accountable for all
aspects of the work.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics The study procedures were approved by the local ethics com-
mittee of Wakayama Medical University. We certify that all applicable
institutional and governmental regulations concerning the ethical use
of human volunteers were followed during the course of this research.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Bauman WA, Spungen AM. Disorders of carbohydrate and lipid
metabolism in veterans with paraplegia or quadriplegia: a model
of premature aging. Metabolism. 1994;43:749–56.

2. Nash MS, Groah SL, Gater JrDR, Dyson-Hudson TA, Lieberman
JA, Myers J, Consortium for Spinal Cord Medicine. Identification
and management of cardiometabolic risk after spinal cord injury:
clinical practice guideline for health care providers. Top Spinal
Cord Inj Rehabil. 2018;24:379–423.

3. Li X, Sun K. Regulation of lipolysis in adipose tissue and clinical
significance. In: Wu Q, Zheng R, eds. Neural regulation of
metabolism. Springer, New York; 1998. vol. 1090. pp. 199–205.

4. Youngstrom TG, Bartness TJ. White adipose tissue sympathetic
nervous system denervation increases fat pad mass and fat cell
number. Am J Physiol Reg Integr Comp Physiol. 1998;275:
1488–93.

5. Karlsson AK, Attvall S, Jansson PA, Sullivan L, Lännroth P.
Influence of the sympathetic nervous system on insulin sensitivity
and adipose tissue metabolism: a study in spinal cord—injured
subjects. Metab Clin Exp. 1995;44:52–8.

6. Krassioukov A, Warburton DE, Teasell R, Eng JJ, Spinal Cord
Injury Rehabilitation Evidence Research Team. A systematic
review of the management of autonomic dysreflexia after spinal
cord injury. Arch Phys Med Rehab. 2009;90:682–95.

7. Lorenzi M, Karam JH, Tsalikian E, Bohannon NV, Gerich JE,
Forsham PH. Dopamine during α-or β-adrenergic blockade in
man: hormonal, metabolic and cardiovascular effects. J Clin
Invest. 1979;63:310–7.

8. Van Loon GR, Sole MJ. Plasma dopamine: source, regulation, and
significance. Metab. 1980;29:1119–23.

9. Ensinger H, Weichel T, Lindner KH, Grünert A, Georgieff M. Are
the effects of noradrenaline, adrenaline and dopamine infusions
on VO2 and metabolism transient? Intens Care Med. 1995;21:
50–6.

10. Mathias CJ, Frankel HL, Christensen NJ, Spalding JM. Enhanced
pressor response to noradrenaline in patients with cervical spinal
cord transection. Brain J Neurol. 1976;99:757–70.

11. Pernet A, Hammond VA, Blesa-Malpica G, Burrin J, Ørskov H,
Alberti KG. et al. The metabolic effects of dopamine in man. Eur J
Clin Pharm. 1984;26:23–8.

12. Puchalska P, Crawford PA. Multi-dimensional roles of ketone
bodies in fuel metabolism, signaling, and therapeutics. Cell
Metab. 2017;25:262–84.

13. Parrado AC, Canellada A, Gentile T, Rey-Roldán EB. Dopamine
agonists upregulate IL-6 and IL-8 production in human kerati-
nocytes. Neuroimmunomodulation. 2012;19:359–66.

280 S. P. Hoekstra et al.



14. Steensberg A, Toft AD, Schjerling P, Halkjær-Kristensen J,
Pedersen BK. Plasma interleukin-6 during strenuous exercise: role
of epinephrine. Am J Physiol Cell Physiol. 2001;281:1001–4.

15. Steensberg A, Fischer CP, Keller C, Møller K, Pedersen BK. IL-6
enhances plasma IL-1ra, IL-10, and cortisol in humans. Am J
Physiol Endocrinol Metab. 2003;285:433–7.

16. Pedersen BK. Muscular interleukin-6 and its role as an energy
sensor. Med Sci Sports Exerc. 2012;44:392–6.

17. Hoekstra SP, Leicht CA, Kamijo YI, Kinoshita T, Stephenson BT,
Goosey-Tolfrey VL, et al. The inflammatory response to a
wheelchair half-marathon in people with a spinal cord injury-the
role of autonomic function. J Sports Sci. 2019;37:1717–24.

18. Dill DB, Costil DL. Calculation of percentage changes in volumes
of blood, plasma, and red cells in dehydration. J Appl Physiol.
1974;37:247–8.

19. Nakagawa S. A farewell to Bonferroni: the problems of low
statistical power and publication bias. Behav Ecol. 2004;15:
1044–5.

20. Ensinger H, Weichel T, Lindner K, Grünert A, Ahnefeld FW.
Effects of norepinephrine, epinephrine, and dopamine infusions on
oxygen consumption in volunteers. Crit Care Med. 1993;21:1502–8.

21. Karlsson AK, Elam M, Friberg P, Biering-Sörensen F, Sullivan L,
Lönnroth P. Regulation of lipolysis by the sympathetic nervous
system: a microdialysis study in normal and spinal cord—injured
subjects. Metab. 1997;46:388–94.

22. Emmons RR, Garber CE, Cirnigliaro CM, Moyer JM, Kirshblum
SC, Galea MD, et al. The influence of visceral fat on the post-
prandial lipemic response in men with paraplegia. J Am Coll Nutr.
2010;29:476–81.

23. Karlsson AK. Insulin resistance and sympathetic function in high
spinal cord injury. Spinal Cord. 1999;37:494–500.

24. Kooijman M, Rongen GA, Smits P, Hopman MT. Preserved α-
Adrenergic tone in the leg vascular bed of spinal cord–injured
individuals. Circulation. 2003;108:2361–7.

25. Scholpa NE, Williams H, Wang W, Corum D, Narang A, Tom-
linson S, et al. Pharmacological stimulation of mitochondrial
biogenesis using the food and drug administration-approved β2-
adrenoreceptor agonist formoterol for the treatment of spinal cord
injury. J Neurotraum. 2019;36:962–72.

26. Edwards LA, Bugaresti JM, Buchholz AC. Visceral adipose tissue
and the ratio of visceral to subcutaneous adipose tissue are greater
in adults with than in those without spinal cord injury, despite
matching waist circumferences. Am J Clin Nutr. 2008;87:600–7.

27. Long YC, Kostovski E, Boon H, Hjeltnes N, Krook A, Widegren
U. Differential expression of metabolic genes essential for glucose
and lipid metabolism in skeletal muscle from spinal cord injured
subjects. J Appl Physiol. 2011;110:1204–10.

28. Evans M, Cogan KE, Egan B. Metabolism of ketone bodies
during exercise and training: physiological basis for exogenous
supplementation. J Physiol. 2017;595:2857–71.

29. Søndergaard SR, Ostrowski K, Ullum H, Pedersen BK. Changes
in plasma concentrations of interleukin-6 and interleukin-1
receptor antagonists in response to adrenaline infusion in
humans. Eur J Appl Physiol. 2000;83:95–8.

30. Steensberg A, Van Hall G, Osada T, Sacchetti M, Saltin B,
Pedersen BK. Production of interleukin‐6 in contracting human
skeletal muscles can account for the exercise‐induced increase in
plasma interleukin‐6. J Physiol. 2000;529:237–42.

The acute effect of dopamine infusion on lipid and cytokine concentrations in persons with a cervical. . . 281


	The acute effect of dopamine infusion on lipid and cytokine concentrations in persons with a cervical spinal cord injury—a pilot study
	Abstract
	Introduction
	Methods
	Procedures
	Biochemical analyses
	Statistical analyses

	Results
	Dopamine infusion

	Discussion
	Supplementary information
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




