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Abstract

Background

Interruption of sympathetic innervation to the liver and visceral adipose tissue (VAT) in ani-

mal models has been reported to reduce VAT lipolysis and hepatic secretion of very low

density lipoprotein (VLDL) and concentrations of triglyceride-rich lipoprotein particles.

Whether functional impairment of sympathetic nervous system (SNS) innervation to tissues

of the abdominal cavity reduce circulating concentrations of triglyceride (TG) and VLDL par-

ticles (VLDL-P) was tested in men with spinal cord injury (SCI).

Methods

One hundred-three non-ambulatory men with SCI [55 subjects with neurologic injury at or

proximal to the 4th thoracic vertebrae ("T4); 48 subjects with SCI at or distal to the 5th tho-

racic vertebrae (#T5)] and 53 able-bodied (AB) subjects were studied. Fasting blood sam-

ples were obtained for determination of TG, VLDL-P concentration by NMR spectroscopy,

serum glucose by autoanalyzer, and plasma insulin by radioimmunoassay. VAT volume

was determined by dual energy x-ray absorptiometry imaging with calculation by a validated

proprietary software package.

Results

Significant group main effects for TG and VLDL-P were present; post-hoc tests revealed

that serum TG concentrations were significantly higher in #T5 group compared to AB and
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"T4 groups [150±9 vs. 101±8 (p<0.01) and 112±8 mg/dl (p<0.05), respectively]. VLDL-P

concentration was significantly elevated in #T5 group compared to AB and "T4 groups [74

±4 vs. 58±4 (p<0.05) and 55±4 μmol/l (p<0.05)]. VAT volume was significantly higher in both

SCI groups than in the AB group, and HOMA-IR was higher and approached significance in

the SCI groups compared to the AB group. A linear relationship between triglyceride rich

lipoproteins (i.e., TG or Large VLDL-P) and VAT volume or HOMA-IR was significant only in

the #T5 group.

Conclusions

Despite a similar VAT volume and insulin resistance in both SCI groups, the #T5 group had

significantly higher serum TG and VLDL-P values than that observed in the "T4 and the AB

control groups. Thus, level of injury is an important determinate of the concentration of circu-

lating triglyceride rich lipoproteins, which may play a role in the genesis of cardiometabolic

dysfunction.

Background

Autonomic nervous system (ANS) dysfunction contributes to the pathogenesis of morbidity in

the cardiovascular, pulmonary, genitourinary, and gastrointestinal systems. In the presence of

dysregulation of the ANS, receptors of the parasympathetic (PNS) and sympathetic (SNS)

branches are targeted for heart rate dysrhythmias, blood pressure dysregulation, or airway

hyperreactivity. In man, there is a paucity of evidence on the role of the ANS and, more specifi-

cally, the SNS regulation of hepatic synthesis and secretion of triglyceride-rich lipoproteins

(TRL) in man. The liver is innervated from SNS postganglionic neurons that arise from pre-

ganglionic projections originating from the 5th through 12th thoracic vertebrae to the celiac

and superior mesenteric ganglion [1,2]. Somewhat conflicting preclinical evidence exists as to

how SNS modulation influences the synthesis of TRL products and on the serum lipid profile

[3–8]. In preclinical models of sympathoexcitation through manipulation of the α1 adrenocep-

tor, serum very low density lipoproteins (VLDL), apolipoprotein B (ApoB), and triglyceride

(TG) concentrations were demonstrated to decline [3,4,6], while in another report [8], antago-

nism of the α1-adrenoceptor increased lipoprotein lipase (LPL) activity and depressed hepatic

TG synthesis and secretion. Conversely, in sympathodenervation, a lower rate of fatty acid oxi-

dation and incorporation into the VLDL was associated with an overall decline in VLDL secre-

tion [5,7]. Thus, the question remains as to the effect of functional SNS denervation on

hepatocyte fatty acid incorporation into VLDL and hepatic secretion of VLDL.

Activation of the SNS results in adipocyte lipolysis via stimulation by norepinephrine

through protein kinase A-mediated phosphorylation of hormone-sensitive lipase and perilipin

[9]. Catecholamine-induced lipolysis is relatively increased in the visceral adipose tissue

(VAT) depot possibly, in part, as a consequence of functional changes in adrenoreceptor sub-

types related to increased β3-adrenoreceptors and decreased α2-adrenoceptor function [10,11].

Lipolysis and fatty acid turnover has been observed to be higher in visceral adipocytes than in

subcutaneous adipocytes, and the visceral adipocytes have been shown to be less responsive to

the anti-lipolytic effect of insulin [12]. The increased release of free fatty acids (FFA) into the

portal circulation induces adverse changes in insulin signaling and increases hepatic insulin

resistance [13]. As such, sympathetic activity to the abdominal VAT, especially if increased,

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 2 / 15

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0173934


would be assumed to be associated with increased release of FFA into the portal circulation,

resulting in hepatic storage of fatty acids or release of TRL particles [10]; decreased sympa-

thetic activity to visceral adiposity resulting from any etiology would be anticipated to have a

contrary effect. Thus, it may then be speculated that the loss of functional SNS innervation to

the abdomen due to spinal cord injury (SCI) would result in a reduced circulating number and

concentration of TRL for any given degree of insulin resistance and adiposity.

SCI results in a complete or partial interruption of sensorimotor control below the neuro-

logical level of injury, and a functional disruption or complete ablation of SNS modulation of

sublesional visceral function. Guidelines exist to classify residual sensory and motor function

below the level of injury [14], but classification of residual ANS function has not yet been

developed for the degree of specific end-organ function [15]. Paralysis to the lower extremities

results in severe muscle atrophy, markedly reduced physical activity, and often increased vis-

ceral adiposity, insulin resistance and associated impaired glucose tolerance or diabetes melli-

tus [16–23]. If findings of reduced TRL production after sympathodenervation from

experimental animal models are transferable to man, it would be appropriate to hypothesize

that persons with SCI, whose lesion is proximal to the thoracic projections of the celiac and

superior mesenteric ganglia, and thus to the liver and abdominal VAT, would present with

reduced serum VLDL concentrations compared to persons with SCI whose injury is distal to

or including the spinal levels having hepatic SNS projections.

Methods

Subjects

One hundred-three men with non-ambulatory SCI [i.e., American Spinal Injury Association

Impairment Scale (AIS) designation of A, B, or C: A = complete loss of sublesional motor and

sensory function; B = complete loss of sublesional motor function and incomplete loss of sub-

lesional sensory function; C = incomplete loss of sublesional motor and sensory function with

the majority of muscles having less than functional strength] [14], chronic SCI (>12 months

post-SCI) were recruited for participation from the Spinal Cord Injury Service and outpatient

SCI clinics of the James J. Peters Veterans Affairs Medical Center (JJP VAMC), Bronx, NY,

and outpatient clinics at the Kessler Institute for Rehabilitation, West Orange, NJ; 53 able-bod-

ied (AB) men were recruited from outpatient clinics and hospital staff at the JJP VAMC,

Bronx, NY. Men with or without SCI between the ages 20 and 65 were considered eligible for

study if they were free from acute medical illness (i.e., not receiving treatment for an active

medical condition), without diagnosed chronic illness (i.e., heart disease, pulmonary disease,

diabetes mellitus), and had the capacity to provide informed consent. No subjects were taking

medications with known effects on any of the study-related outcome measurements; this list

may include, but was not limited to all classes of hypolipidemic agents, insulin or peripheral

insulin-sensitizing agents, hormone-replacement therapies, sympathomimetics or their antag-

onists. The study protocol was approved by the Institutional Review Board of the James J.

Peters VA Medical Center and the Kessler Institute for Rehabilitation. Written informed con-

sent or verbal assent (for those with impaired hand function) was obtained from each subject

prior to study participation.

Methods

Subject data was collected during a single study visit. All participants were required to com-

plete an overnight fast of at least 12 hours prior to arriving for study evaluation at the testing

center between 8 and 11 a.m., which included a brief medical history and seated blood pressure

measurement, venous blood collection for determination of the lipid profile, lipid particle
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concentration and size, glucose and plasma insulin concentrations, and a dual energy x-ray

absorptiometry (DXA) scan. Venous blood samples were analyzed for the serum lipid profile

[total cholesterol, TG, HDL-C and estimated LDL-C] in the General Chemistry Laboratory of

using an ADVIA 1650 automatic chemistry analyzer following standard procedures recom-

mended by the manufacturer (Bayer Diagnostics, Newbury, UK). Apolipoprotein A1 and B

concentrations were quantified by a commercial laboratory (Quest Diagnostics, Teterboro,

NJ) using standard commercial procedures. The concentration and size of lipid particles were

determined using automated NMR Lipoprofile 3 (LP3) lipoprotein particle analysis, by previ-

ously described methods (LabCorp, Raleigh, NC) [24,25]. From the LP3 technique, lipid parti-

cle (P) concentrations were determined for Total VLDL (VLDL-P) and its respective Large

and Small subparticle fractions. Fasting plasma insulin (FPI) samples were batch processed in

duplicate by radioimmunoassay [26]. Fasting plasma glucose (FPG) concentrations were per-

formed on an automated glucose analyzer (YSI 2300 STAT Plus, YSI Life Sciences, Yellow

Springs, OH). From the FPG and FPI concentrations, homeostatic model assessment of insulin

resistance (HOMA-IR, model 2) was calculated [27] using software available on the internet

(www.OCDEM.ox.ac.uk). Individual information from the medical history, intake exam and

total cholesterol and HDL-C concentrations were used to calculate the 10 year Framingham

Risk Score (http://cvdrisk.nhlbi.nih.gov/) [28], which was used as a covariate in our statistical

models.

A total body scan was performed in accordance with the manufacturer’s guidelines using a

fan beam DXA machine (GE Healthcare Lunar iDXA, platform version 13.6, GE Healthcare

Lunar, Madison, Wisconsin, USA). Proprietary software algorithms from the manufacturer

were used to analyze the scans and compute total body fat mass and standard regions of inter-

est (ROI) for each participant. From a DXA total body image, subcutaneous adipose tissue

(SAT) mass and VAT mass were obtained from the abdominal android fat (AF) mass region

by using iDXA enCoreTM CoreScan software package, which is a FDA-approved software

upgrade for the iDXA that has been validated against computer tomography (CT; R2 = 0.957)

to measure VAT [29]; a recent report from our group demonstrated the utility of this measure

to capture abdominal adiposity in persons with SCI [30]. The abdominal AF mass ROI was

defined as the area that begins at the proximal border of the iliac crest and has a height that is

20% of the total distance from the proximal border of the iliac crest to the base of the skull. To

measure SAT, the x-ray attenuation of the abdominal cavity in the android region was

obtained using the width of the SAT layer on the lateral aspects of the abdomen, the anterior-

posterior thickness of the abdomen, and geometric assumptions of fat distribution. The mass

for VAT was calculated by subtracting the SAT from total AF. Fat mass (grams) for the SAT,

VAT, and AF regions were transformed to volumes using a constant correction factor (density

of adipose tissue = 0.94 g/cm3) and reported as SAT volume, VAT volume, and AF volume.

After completing the total body DXA scan, participants remained in the supine position and

waist circumference was measured with a flexible measuring tape at the midpoint between the

proximal border of the iliac crest and the lower margin of the last palpable rib in the mid-axil-

lary line at the end of several consecutive natural breaths [31]. All measures were taken in

duplicate to the neatest 0.5 cm and the mean value was reported.

Statistics

For statistical comparison, the SCI cohort was dichotomized by group for the neurological

level of injury. Subjects with SCI at or proximal to the 4th thoracic vertebrae ("T4) were

assumed to have partial or complete loss of supraspinal-mediated sympathetic hepatic function

and VAT innervation, whereas subjects with SCI that was at or distal to the 5th thoracic
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vertebrae (#T5) were assumed to have supraspinal-mediated sympathetic function to abdomi-

nal tissues. Separate factorial analysis of variance (ANOVA) were performed to identify the

presence of group differences in subject demographic, anthropometric, body composition, sys-

tolic blood pressure, 10-year Framingham risk for a cardiac event, HOMA-IR and FPG, FPI

and fasting lipid profiles. Pearson chi-square tests were performed to determine if the groups

differed in the number of smokers, and for the SCI cohort only, the distribution of AIS desig-

nation between sub-groups.

To accommodate the presence of significant group differences among select demographic,

body composition, fasting serum/plasma profiles, and computed variables with an appreciated

association and/or mechanistic role or influence on the synthesis of the primary study out-

come measurements (i.e., TG, Total VLDL-P, Large VLDL-P and Small VLDL-P), separate

multiple regression analyses were performed to identify variables that provided a significant

contribution to the prediction of the lipoprotein and lipid particle concentrations of interest.

Once significant independent variables were identified from the respective multiple regression

analyses, these served as covariates in separate factorial analyses of covariance (ANCOVA)

that were performed to identify statistically significant differences between groups; the result-

ing estimated marginal means and 95% confidence intervals (CI) were recorded and are pre-

sented as “adjusted” outcome measures. The following variables were used as covariates in

their respective statistical model: TG (10-year Framingham Risk score, VAT volume); Total

VLDL-P (age, 10-year Framingham Risk score); Large VLDL-P (10-year Framingham Risk

score); and Small VLDL-P (age, 10-year Framingham Risk score).

To demonstrate the potential presence of linearity between the primary study outcome

measurements (i.e., unadjusted TG, Total VLDL-P, Large VLDL-P and Small VLDL-P) and

HOMA-IR and VAT volume, simple regression analyses were performed for each group. For

those relationships where linear significance was identified, separate F-tests were performed to

determine if the respective slope of the regression line significantly deviated from zero;

ANCOVA were then performed to determine if the respective slopes (relationship of TRL

measurement to HOMA-IR or VAT) were different between groups with HOMA-IR or VAT

volume serving as the respective covariate in each model. Individual subject data were plotted

per the group designations and the slopes presented for those linear models that were identi-

fied as being significant (performed with GraphPad Prism version 5.04 for Windows, Graph-

Pad Software, San Diego, CA, USA). All other statistical analyses were completed using IBM

SPSS Statistics 21 (IBM, Armonk, NY, USA). An a priori level of significance was set at

p�0.05.

Results

Demographic, anthropometric, and other descriptive characteristics for each of the three study

groups are provided (Table 1). The groups were not significantly different for body weight, AF

and SAT volume, the number of smokers, or DOI. The proportion of subjects with AIS A, B,

and C classifications was not significantly different among the groups, with 64, 15, and 21%,

respectively, in the #T5 group and 53, 18, and 29% for AIS classifications A, B, and C, respec-

tively, in the "T4 group. The AB group was younger, had a smaller waist circumference, less

total body fat, and a lower VAT volume compared to the two SCI groups, which were quite

similar in VAT volume. Because of differences in height, the BMI was significantly lower in

the "T4 group compared to the AB group. As expected because of cardiovascular sympathetic

dysfunction, the "T4 group also had a significantly lower systolic BP compared to the AB and

#T5 groups. The SCI groups did not differ for DOI or the proportion of subjects by AIS

impairment classification (Table 1).
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Fasting concentrations of blood and lipid markers are provided (Table 2). There were sig-

nificant differences among the groups for FPG and FPI, but the mean values for the groups

were within the normal range. The mean HOMA-IR scores for the groups trended towards

statistical difference, but each mean value remained in the normal range; 8 (15%), 12 (25%)

and 13 participants (24%) in the AB, "T4, and #T5 groups, respectively, were classified as

being insulin resistant (HOMA-IR�1.85) [32]; as such, the number of participants in the two

Table 1. Characteristics of study cohorts.

AB # T5 " T4 p-value Post-Hoc

n 53 48 55 -

Age (yrs) 40.1 (11.2) 48.4 (13.0) 45.7 (11.1) <0.01 1,2

Height (m) 1.74 (0.08) 1.77 (0.07) 1.79 (0.08) <0.01 2

Weight (kg) 85.9 (18.8) 88.1 (19.2) 83.2 (19.8) NS

BMI (kg/m2) 28.3 (5.2) 27.9 (4.9) 25.8 (4.9) <0.05 2

Waist Circumference (cm) 92.2 (13.7) 100.7 (14.1) 100.0 (16.5) <0.01 1,2

Total Body Fat (kg) 24.5 (12.7) 32.6 (11.6) 30.7 (12.6) <0.01 1, 2

Android Fat Volume (cm3) 2343 (229) 2866 (240) 2924 (229) NS

Subcutaneous Adipose Tissue Volume (cm3) 1247 (184) 862 (1100) 929 (992) NS

Visceral Adipose Tissue Volume (cm3) 1107 (969) 2101 (1155) 1983 (1301) <0.0001 1, 2

AIS A / B / C (n) - 31 / 7 / 10 29 / 10 / 16 NS

DOI (yrs) - 15.4 (11.0) 20.0 (12.7) NS

Smokers (n) 7 7 3 NS

Systolic Blood Pressure (mmHg) 118 (8) 122 (26) 98 (13) <0.0001 1, 3

10-Year Framingham Risk (%) 4.2 (2.5) 7.4 (6.1) 4.9 (3.6) <0.001 1, 2

Data are expressed as group mean (SD). AB = able-bodied; BMI = body mass index; AIS = American Spinal Injury Association Impairment Scale;

DOI = duration of injury. P-values represent significant group main effects. Significant comparisons from post-hoc analyses: 1AB v. #T5 = p<0.05; 2AB v. "

T4 = p<0.05; 3#T5 v. " T4 = p<0.05

https://doi.org/10.1371/journal.pone.0173934.t001

Table 2. Unadjusted fasting blood and lipid profiles by group.

AB #T5 " T4 p-value Post-Hoc

Glucose (mmol/l) 5.0 (4.7, 5.2) 4.7 (4.5, 5.0) 4.3 (4.1, 4.6) <0.001 1

Insulin (mU/ml) 8.3 (5.9, 10.8) 12.5 (9.9, 15.0) 11.8 (9.3, 14.2) <0.05

HOMA-IR 1.09 (0.80, 1.39) 1.54 (1.23, 1.86) 1.47 (1.18, 1.77) 0.08

Total Cholesterol (mg/dl) 183 (172, 194) 185 (174, 197) 167 (156, 178) 0.06

Triglycerides (mg/dl) 101 (83, 119) 150 (131, 168) 112 (95, 130) <0.001 1, 2

HDL-C (mg/dl) 50 (48, 53) 42 (39, 45) 42 (39, 45) <0.0001 1, 3

LDL-C (mg/dl) 112 (103, 120) 113 (104, 122) 102 (93, 111) NS

Apolipoprotein A1 (mg/dl) 143 (137, (149) 127 (120, 133) 122 (112, 125) <0.0001 1, 3

Apolipoprotein B (mg/dl) 87 (80, 94) 99 (91, 106) 82 (75, 89) <0.01 2

Total VLDL-P (μmol/l) 58.0 (50.1, 65.8) 74.3 (66.1, 82.6) 55.1 (47.7, 62.8) <0.01 2, 3

Large VLDL-P (μmol/l) 3.4 (2.1, 4.6) 6.0 (4.6, 7.4) 4.5 (3.2, 5.8) <0.05 3

Small VLDL-P (μmol/l) 32.1 (27.4, 36.8) 39.6 (34.6, 45.5) 30.8 (26.1, 35.5) <0.05 2

VLDL-P Size (nm) 46 (44, 48) 50 (48, 52) 49 (47, 51) <0.05

Data are expressed as group mean (95% CI). AB = able-bodied; HOMA-IR = homeostatic model assessment of insulin resistance; NMR = nuclear magnetic

resonance; VLDL: very low density lipoprotein; P = particle. P-values represent significant group main effects. Significant comparisons from post-hoc

analyses: 1AB v. "T4 = p<0.05; 2"T4 v. #T5 = p<0.05; 3AB v. #T5 = p<0.05.

https://doi.org/10.1371/journal.pone.0173934.t002
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SCI groups who were insulin resistant were comparable and did not differ statistically. The

"T4 group had the lowest mean concentration of serum total cholesterol compared to other

groups, a comparison which approached significance (p = 0.06). The serum mean TG concen-

tration was significantly higher in #T5 group compared to the "T4 group and AB groups

(Table 2). The SCI cohorts had significantly lower mean serum HDL-C and apolipoprotein A1

concentrations compared to that in the AB group (Table 2). The mean serum ApoB concentra-

tion was significantly higher in the #T5 group than that in the "T4 group. Lipid NMR spectros-

copy revealed that the mean Total VLDL-P concentration was significantly greater in the #T5

group than that in the two other groups, partially explaining the higher mean ApoB concentra-

tion observed in the lower cord lesion group, which may also be explained to a degree by a rel-

atively, but not significantly, higher mean LDL-C concentration in the#T5 group than that in

the "T4 group. Subclass analyses of the VLDL-P revealed that the #T5 group had a significantly

higher mean Large VLDL-P concentration than that in the AB group, and the #T5 group had a

higher mean Small VLDL-P concentration than that in the "T4 group (Table 2).

Because the three groups had statistical differences for demographic, anthropometric and

other descriptive variables that may have influenced the synthesis and concentration of circu-

lating TRL, multiple regression analyses were performed and the statistically adjusted concen-

trations are reported as the estimated marginal means by group and lipoprotein (Fig 1A–1D).

The adjusted mean serum TG concentration (Fig 1A) and Total VLDL-P (Fig 1B) and Small

VLDL-P concentrations (Fig 1D) were significantly higher in the #T5 group than that in the

Fig 1. Distribution of adjusted triglyceride-rich lipoproteins by group. Data are presented as estimated

marginal means by group. 95% CI for groups (i.e., AB, "T4, #T5) are provided for Adjusted TG (A: 94, 127;

100, 132; 126, 162), Adjusted Total VLDL-P (B: 50, 65; 51, 65; 63, 79), Adjusted Large VLDL-P (C: 2.4, 4.9;

3.7, 6.1; 4.0, 6.5), and Adjusted Small VLDL-P (C: 25, 35; 27, 36; 35, 45), respectively. Significant Bonferoni

post-hoc test comparisons for group differences: 1p<0.05, "T4 vs. #T5; 2p = 0.07, AB vs. #T5; 3p<0.05, AB vs.

#T5.

https://doi.org/10.1371/journal.pone.0173934.g001
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"T4 group. The adjusted mean Total VLDL-P concentration was significantly higher in the

#T5 group than that in the AB group (Fig 1B), but the adjusted mean serum TG concentration

(Fig 1A) and Small VLDL-P concentration (Fig 1D) were also higher in the #T5 group but

only approached statistical significance compared to the AB group (p = 0.07). The previously

described significant difference between the #T5 and AB groups for unadjusted mean Large

VLDL-P concentration (Table 2) did not retain significance after applying the analyses with

covariates (Fig 1C).

To determine the presence of linearity between the TG concentrations or Large VLDL-P

concentration and HOMA-IR or VAT volume, separate simple regression analyses were per-

formed (Fig 2). In the #T5 group, the slope of the regression line significantly deviated from

zero (p<0.05) in the relationship between unadjusted serum TG concentration and VAT vol-

ume (Fig 2A) or HOMA-IR (Fig 2B) and for Large VLDL-P concentration and VAT volume

(Fig 2C) or HOMA-IR (Fig 2D). The "T4 and AB groups did not display significant relation-

ships between serum TG or Large VLDL-P concentration with VAT volume or HOMA-IR

(Fig 2A–2D). Therefore, individuals with SCI who had intact sympathetic hepatic function

with higher VAT and IR were more likely to have higher concentrations of serum TG and

Small VLDL-P than were those with comparable predisposing conditions but lacking func-

tional sympathetic innervation to the abdomen.

Discussion

Our report is the first to demonstrate in humans that loss of functional sympathetic innerva-

tion to the liver and VAT appears to favorably impact circulating TG concentrations and con-

centrations of total and specific subclasses of VLDL-P. The "T4 group, that is presumed to

have a loss of functional innervation to the liver and VAT, had significantly lower average

serum TG, Total VLDL-P, and Small LDL-P concentrations than that observed in the #T5

group, with the latter group of lower level lesions presumed to have relatively normal physio-

logical SNS function of the abdominal tissues. The significance of these findings persisted even

after controlling for demographic differences between the groups. It is also worth emphasizing

that the "T4 and #T5 groups had similar VAT volume and proportion of participants with

insulin resistance. Of note, despite having a greater VAT volume than the AB group, the "T4

group had a mean serum TG and VLDL-P concentrations that were not significantly differ

than that of the AB group. The SCI group with preserved hepatic SNS modulation (e.g., #T5

group) had a TRL profile that was more adverse than the AB group presumably, at least in

part, as a consequence of a larger adipose burden and relatively increased insulin resistance.

When both VAT volume and insulin resistance were controlled for in the statistical analyses,

as well as other factors that may have influenced relationships of interest with the serum lipid

parameters, the major unadjusted lipid findings were supported. Thus, one could argue that

persons with SCI at or distal to T5 who are overweight/obese may warrant more aggressive

clinical monitoring and, if indicated, initiation of pharmacological or rehabilitation interven-

tion(s) to increase the level of activity and, if possible, reduce adiposity in an effort to maintain

peripheral insulin sensitivity and thus improve the lipid profile and associated risk of cardio-

vascular disease.

Insulin resistance can contribute to a complex sequelae of metabolic processes that alter

molecular signaling in and function of the hepatocyte [33], skeletal muscle, and adipocyte [34].

Excess glucose that is not stored as glycogen may be degraded to three carbon fragments that

are converted to TGs by the liver. De novo synthesized TG is utilized for heat production via

ATP generation or is stored in white adipose tissue (WAT) as a depot for future lipolysis

[35,36]. The insulin resistant state may have an opposing effect to that of β-adrenergic
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Fig 2. Relationships between HOMA-IR and VAT volume and unadjusted TG concentration and number of large VLDL-P, respectively by

group. In the #T5 group, the slope of the regression line significantly deviated from zero (p<0.05) in the respective relationships between unadjusted

TG concentration and VAT volume (A) and HOMA-IR (B) and, for unadjusted Lg VLDL-P and VAT volume (C) and HOMA-IR (D), but not for the other

groups. Similarly, the slope of the regression line for the #T5 group was significantly different (p<0.05) than the other groups for both unadjusted TG

concentration models (A, B).

Regression equations:

(A) AB: TG = 89.81+0.01(VATvol)

"T4: TG = 101.10+0.006(VATvol)

#T5: TG = 107.02+0.25(VATvol); r2: 0.15, p<0.05

(B) AB: TG = 86.33+13.31(HOMA-IR)

"T4: TG = 98.14+7.01(HOMA-IR)

#T5: TG = 118.62+19.92(HOMA-IR); r2: 0.10, p<0.05

(C) AB: LgVLDL-P = 2.62+0.001(VATvol)

"T4: LgVLDL-P = 3.15+0.001(VATvol)

#T5: LgVLDL-P = 2.04+0.002(VATvol); r2: 0.22, p<0.05

(D) AB: LgVLDL-P = 2.15+1.04(HOMA-IR)

"T4: LgVLDL-P = 3.32+0.48(HOMA-IR)

#T5: LgVLDL-P = 2.99+1.81(HOMA-IR); r2: 0.20, p<0.05

https://doi.org/10.1371/journal.pone.0173934.g002

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 9 / 15

https://doi.org/10.1371/journal.pone.0173934.g002
https://doi.org/10.1371/journal.pone.0173934


stimulation at the level of the adipocyte. SNS activity is increased in human obesity [37], which

may be, in part, related to a state of hyperinsulinism [38], although controversy exists because

obese individuals do not appear to retain sensitivity to the stimulatory effects of insulin on the

SNS [39]. TG stored in WAT is mobilized and broken down into glycerol and FFA during

lipolysis in response to β-adrenergic stimulation [40]. The impairment of adipocyte β-adrener-

gic responses to stimulation by the SNS, or as a consequence of insulin resistance, may be asso-

ciated with metabolic disorders that lead to a reduced expression of genes that are critical

regulators of glucose and lipid metabolism [41]. However, it should be appreciated that β-

blocker administration in man usually results in increased serum TGs and decreased serum

HDL-C levels [42], while selective α1-adrenoceptor inhibitors result in stimulation of LPL

activity and reduced VLDL synthesis and secretion [8], which would serve to reduce the level

of circulating TGs. The overproduction of VLDL by the liver is a cardinal feature of insulin

resistance, due to reduced inhibition of VLDL secretion [43]. In addition, insulin deficiency

states are associated with depressed LPL activity [44,45], reducing the clearance of TGs and, as

such, increased levels of serum VLDL and associated remnant particles.

In our participants with higher cord lesions, the loss/reduction of sympathoexcitation to

the abdominal fat depot, and therefore diminished lipolysis, may be speculated to have been a

contributing factor for the accumulation of visceral adiposity. Those with higher cord lesions

are also generally less active, which may predispose to abdominal obesity as well. SAT volume,

as expected, was similar among all groups [46], as was AF volume, but VAT volume in each of

the SCI groups was similar and about two-fold higher than that observed in the AB group, con-

firming previous work related to visceral adiposity in those with SCI despite similar body mass

index values to able-bodied cohorts [30]. Accumulation of VAT is strongly associated with the

metabolic syndrome, type 2 diabetes mellitus, and heightened risk of cardiovascular disease

[47,48], and visceral adiposity is positively associated with insulin resistance [49]. These mor-

bid conditions are more highly prevalent in the SCI than the AB population [16–23,50–54].

The anti-lipolytic effect of elevated circulating insulin levels in insulin resistant states will still

serve to inhibit lipolysis, an effect which may be accentuated in the absence of functional sym-

pathetic innervation; in addition, the spillover of epinephrine from sympathoexcitation of the

adrenal medulla in those with higher cord injuries would be assumed to be dramatically

blunted [55–57]. An expanded VAT volume has been reported by several groups to result in a

population of large, insulin resistant adipocytes with macrophage infiltration and an associated

increased expression of inflammatory mediators that may serve to further aggravate the insulin

resistant state [58–60].

Serum HDL-C concentrations in persons with SCI are often much lower than an appropri-

ately matched AB group [61]. Of note, when the lipid profile is investigated in a sufficient

number of persons with SCI, the group with higher spinal cord lesions has been observed to

have a more depressed mean serum HDL-C concentration than that of lower cord lesions [21],

which has been attributed to the dramatically reduced level of physical activity and a greater

average degree of insulin resistance in those with tetraplegia; such a relationship for serum

HDL-C concentration between groups with higher and lower spinal cord lesions was not

anticipated to be observed in our relatively small cohort because of the appreciated individual

genetic variability. An inverse correlation between serum TGs and HDL-C levels has been well

appreciated in the general population, and such a relationship has also been described in those

with SCI [21,22,62]. Circulating TGs can deplete cholesterol in HDL-C by a two-step process

by which TG replaces cholesterol ester one-to-one in the lipid core through the action of cho-

lesterol ester transfer protein, and the incorporated TG in the HDL-C is then hydrolyzed by

the action of lipases, which ultimately results in cholesterol-depleted HDL-P of reduced size

[63] that is more readily metabolized and/or excreted by the kidney [64,65]. Thus, it would be
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expected from an appreciation of this lipid degradation pathway that those with higher serum

TG concentrations should also have lower serum HDL-C levels; however, this assumption

does not appear to hold true in those with higher spinal cord lesions [21]. Another possibility

that has not been considered to date, but should probably be raised in light of the observations

with regard to circulating TRLs in this report, is that impairment of SNS function to the liver

per se may be partially responsible for lower circulating HDL-C levels in persons with higher

cord lesions.

Conclusions

The loss of functional SNS hepatic innervation resulted in a relative reduction of circulating

TRL products in persons with SCI lesions proximal to and including T4 compared to those

with an injury at or distal to T5. The lower level of serum TRL products in the group with

higher cord lesions was apparent despite elevated, but comparable, levels of VAT in the group

with the lower cord lesions and the proportion of participants in both SCI groups with insulin

resistance. In contrast, preservation of functional SNS hepatic innervation in persons with

lower spinal cord lesions with enlarged VAT compartment may be assumed to have contrib-

uted to the observed relative elevation of serum TRL products compared to that in AB subjects.

As such, a loss of normal sympathetic innervation to the abdomen appears to impart a mixed

cardio-protective pattern upon serum lipids, with an observed reduction in serum TRL prod-

ucts, which is assumed to be beneficial, but also associated with a depressed serum HDL-C

concentration. Our findings suggest a new paradigm in which functional sympathetic innerva-

tion to the abdomen should be recognized as an important contributing factor in the predic-

tion of the concentration of circulating TRL products, which may play a role in the genesis and

perpetuation of cardiometabolic dysfunction and atherosclerotic disease.

Acknowledgments

The authors wish to thank the James J Peters VA Medical Center, Bronx, NY, the Department

of Veterans Affairs Rehabilitation Research & Development Service, the Kessler Institute for

Rehabilitation, West Orange, NJ and the Kessler Foundation Research Center for their sup-

port. This work was supported by the Department of Veterans Affairs, Veterans Health

Administration, Rehabilitation Research and Development Service National Center of Excel-

lence for the Medical Consequences of Spinal Cord Injury (#B9212-C, B2020-C). The funders

had no role in study design, data collection and analysis, decision to publish, or preparation of

the manuscript.

Author Contributions

Conceptualization: MFL WAB.

Formal analysis: MFL WAB CMC.

Funding acquisition: WAB MFL.

Investigation: MFL CMC CM SCK WAB.

Methodology: MFL WAB.

Project administration: MFL CMC CM SCK WAB.

Resources: MFL CMC CM SCK WAB.

Supervision: WAB CM SCK.

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 11 / 15

https://doi.org/10.1371/journal.pone.0173934


Writing – original draft: MFL WAB.

Writing – review & editing: MFL CMC CM SCK WAB.

References

1. Shimazu T (1996) Innervation of the liver and glucoregulation: roles of the hypothalamus and autonomic

nerves. Nutrition 12: 65–66. PMID: 8838845

2. Jungermann K, Stumpel F (1999) Role of hepatic, intrahepatic and hepatoenteral nerves in the regula-

tion of carbohydrate metabolism and hemodynamics of the liver and intestine. Hepatogastroenterology

46 Suppl 2: 1414–1417.

3. Brindle NP, Ontko JA (1988) Alpha-adrenergic suppression of very-low-density-lipoprotein triacylgly-

cerol secretion by isolated rat hepatocytes. Biochem J 250: 363–368. PMID: 3355529

4. Rasouli M, Zahraie M (2006) Suppression of VLDL associated triacylglycerol secretion by both alpha-

and beta-adrenoceptor agonists in isolated rat hepatocytes. Eur J Pharmacol 545: 109–114. https://

doi.org/10.1016/j.ejphar.2006.06.066 PMID: 16876783

5. Tavares FL, Seelaender MC (2008) Hepatic denervation impairs the assembly and secretion of VLDL-

TAG. Cell Biochem Funct 26: 557–565. https://doi.org/10.1002/cbf.1476 PMID: 18543355

6. Yamauchi T, Iwai M, Kobayashi N, Shimazu T (1998) Noradrenaline and ATP decrease the secretion of

triglyceride and apoprotein B from perfused rat liver. Pflugers Arch 435: 368–374. https://doi.org/10.

1007/s004240050525 PMID: 9426292

7. Carreno FR, Seelaender MC (2004) Liver denervation affects hepatocyte mitochondrial fatty acid trans-

port capacity. Cell Biochem Funct 22: 9–17. https://doi.org/10.1002/cbf.1047 PMID: 14695648

8. Rosenthal J (1993) Lipid metabolism: implications of alpha 1-blockade. J Clin Pharmacol 33: 883–887.

PMID: 7901243

9. Holm C (2003) Molecular mechanisms regulating hormone-sensitive lipase and lipolysis. Biochem Soc

Trans 31: 1120–1124 PMID: 14641008

10. Arner P (1998) Not all fat is alike. Lancet 351: 1301–1302. https://doi.org/10.1016/S0140-6736(05)

79052-8 PMID: 9643790

11. Lafontan M, Langin D (2009) Lipolysis and lipid mobilization in human adipose tissue. Prog Lipid Res

48: 275–297. https://doi.org/10.1016/j.plipres.2009.05.001 PMID: 19464318

12. Engfeldt P, Arner P (1988) Lipolysis in human adipocytes, effects of cell size, age and of regional differ-

ences. Horm Metab Res Suppl 19: 26–29. PMID: 3069692

13. Poynten AM, Gan SK, Kriketos AD, Campbell LV, Chisholm DJ (2005) Circulating fatty acids, non-high

density lipoprotein cholesterol, and insulin-infused fat oxidation acutely influence whole body insulin

sensitivity in nondiabetic men. J Clin Endocrinol Metab 90: 1035–1040. https://doi.org/10.1210/jc.2004-

0943 PMID: 15562033

14. Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan W, Graves DE, et al. (2011) International stan-

dards for neurological classification of spinal cord injury (revised 2011). J Spinal Cord Med 34: 535–

546. https://doi.org/10.1179/204577211X13207446293695 PMID: 22330108

15. Krassioukov A, Biering-Sorensen F, Donovan W, Kennelly M, Kirshblum S, et al. (2012) International

standards to document remaining autonomic function after spinal cord injury. J Spinal Cord Med 35:

201–210. https://doi.org/10.1179/1079026812Z.00000000053 PMID: 22925746

16. Spungen AM, Adkins RH, Stewart CA, Wang J, Pierson RN Jr., et al. (2003) Factors influencing body

composition in persons with spinal cord injury: a cross-sectional study. J Appl Physiol 95: 2398–2407.

https://doi.org/10.1152/japplphysiol.00729.2002 PMID: 12909613

17. Spungen AM, Wang J, Pierson RN Jr., Bauman WA (2000) Soft tissue body composition differences in

monozygotic twins discordant for spinal cord injury. J Appl Physiol 88: 1310–1315. PMID: 10749824

18. Gorgey AS, Mather KJ, Gater DR (2011) Central adiposity associations to carbohydrate and lipid

metabolism in individuals with complete motor spinal cord injury. Metabolism 60: 843–851. https://doi.

org/10.1016/j.metabol.2010.08.002 PMID: 20870252

19. Gorgey AS, Mather KJ, Poarch HJ, Gater DR (2011) Influence of motor complete spinal cord injury

on visceral and subcutaneous adipose tissue measured by multi-axial magnetic resonance imaging.

J Spinal Cord Med 34: 99–109. https://doi.org/10.1179/107902610X12911165975106 PMID:

21528633

20. Sedlock DA, Laventure SJ (1990) Body composition and resting energy expenditure in long term spinal

cord injury. Paraplegia 28: 448–454. https://doi.org/10.1038/sc.1990.60 PMID: 2250987

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/8838845
http://www.ncbi.nlm.nih.gov/pubmed/3355529
https://doi.org/10.1016/j.ejphar.2006.06.066
https://doi.org/10.1016/j.ejphar.2006.06.066
http://www.ncbi.nlm.nih.gov/pubmed/16876783
https://doi.org/10.1002/cbf.1476
http://www.ncbi.nlm.nih.gov/pubmed/18543355
https://doi.org/10.1007/s004240050525
https://doi.org/10.1007/s004240050525
http://www.ncbi.nlm.nih.gov/pubmed/9426292
https://doi.org/10.1002/cbf.1047
http://www.ncbi.nlm.nih.gov/pubmed/14695648
http://www.ncbi.nlm.nih.gov/pubmed/7901243
http://www.ncbi.nlm.nih.gov/pubmed/14641008
https://doi.org/10.1016/S0140-6736(05)79052-8
https://doi.org/10.1016/S0140-6736(05)79052-8
http://www.ncbi.nlm.nih.gov/pubmed/9643790
https://doi.org/10.1016/j.plipres.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19464318
http://www.ncbi.nlm.nih.gov/pubmed/3069692
https://doi.org/10.1210/jc.2004-0943
https://doi.org/10.1210/jc.2004-0943
http://www.ncbi.nlm.nih.gov/pubmed/15562033
https://doi.org/10.1179/204577211X13207446293695
http://www.ncbi.nlm.nih.gov/pubmed/22330108
https://doi.org/10.1179/1079026812Z.00000000053
http://www.ncbi.nlm.nih.gov/pubmed/22925746
https://doi.org/10.1152/japplphysiol.00729.2002
http://www.ncbi.nlm.nih.gov/pubmed/12909613
http://www.ncbi.nlm.nih.gov/pubmed/10749824
https://doi.org/10.1016/j.metabol.2010.08.002
https://doi.org/10.1016/j.metabol.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20870252
https://doi.org/10.1179/107902610X12911165975106
http://www.ncbi.nlm.nih.gov/pubmed/21528633
https://doi.org/10.1038/sc.1990.60
http://www.ncbi.nlm.nih.gov/pubmed/2250987
https://doi.org/10.1371/journal.pone.0173934


21. Bauman WA, Adkins RH, Spungen AM, Waters RL (1999) The effect of residual neurological deficit on

oral glucose tolerance in persons with chronic spinal cord injury. Spinal Cord 37: 765–771. PMID:

10578247

22. Bauman WA, Spungen AM (1994) Disorders of carbohydrate and lipid metabolism in veterans with

paraplegia or quadriplegia: a model of premature aging. Metabolism 43: 749–756. PMID: 8201966

23. Bauman WA, Spungen AM (2001) Carbohydrate and lipid metabolism in chronic spinal cord injury. J

Spinal Cord Med 24: 266–277. PMID: 11944785

24. Jeyarajah EJ, Cromwell WC, Otvos JD (2006) Lipoprotein particle analysis by nuclear magnetic reso-

nance spectroscopy. Clin Lab Med 26: 847–870. https://doi.org/10.1016/j.cll.2006.07.006 PMID:

17110242

25. Rosenson RS, Brewer HB Jr., Chapman MJ, Fazio S, Hussain MM, et al. (2011) HDL measures, parti-

cle heterogeneity, proposed nomenclature, and relation to atherosclerotic cardiovascular events. Clin

Chem 57: 392–410. https://doi.org/10.1373/clinchem.2010.155333 PMID: 21266551

26. Berson SA, Yalow RS (1966) Insulin in blood and insulin antibodies. American Journal of Medicine 40:

676–690. PMID: 5328871

27. Levy JC, Matthews DR, Hermans MP (1998) Correct homeostasis model assessment (HOMA) evalua-

tion uses the computer program. Diabetes Care 21: 2191–2192. PMID: 9839117

28. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H, et al. (1998) Prediction of coronary

heart disease using risk factor categories. Circulation 97: 1837–1847. PMID: 9603539

29. Kaul S, Rothney MP, Peters DM, Wacker WK, Davis CE, et al. (2012) Dual-energy X-ray absorptiome-

try for quantification of visceral fat. Obesity (Silver Spring) 20: 1313–1318.

30. Cirnigliaro CM, LaFountaine MF, Dengel DR, Bosch TA, Emmons RR, et al. (2015) Visceral adiposity in

persons with chronic spinal cord injury determined by dual energy X-ray absorptiometry. Obesity (Silver

Spring) 23: 1811–1817.

31. Nishida C, Ko GT, Kumanyika S (2010) Body fat distribution and noncommunicable diseases in popula-

tions: overview of the 2008 WHO Expert Consultation on Waist Circumference and Waist-Hip Ratio.

Eur J Clin Nutr 64: 2–5. https://doi.org/10.1038/ejcn.2009.139 PMID: 19935820

32. Gayoso-Diz P, Otero-Gonzalez A, Rodriguez-Alvarez MX, Gude F, Garcia F, et al. (2013) Insulin resis-

tance (HOMA-IR) cut-off values and the metabolic syndrome in a general adult population: effect of gen-

der and age: EPIRCE cross-sectional study. BMC Endocr Disord 13: 47. https://doi.org/10.1186/1472-

6823-13-47 PMID: 24131857

33. Michael MD, Kulkarni RN, Postic C, Previs SF, Shulman GI, et al. (2000) Loss of insulin signaling in

hepatocytes leads to severe insulin resistance and progressive hepatic dysfunction. Mol Cell 6: 87–97.

PMID: 10949030

34. Krebs M, Roden M (2005) Molecular mechanisms of lipid-induced insulin resistance in muscle, liver and

vasculature. Diabetes Obes Metab 7: 621–632. https://doi.org/10.1111/j.1463-1326.2004.00439.x

PMID: 16219006

35. Cannon B, Nedergaard J (2004) Brown adipose tissue: function and physiological significance. Physiol

Rev 84: 277–359. https://doi.org/10.1152/physrev.00015.2003 PMID: 14715917

36. Bonora M, Patergnani S, Rimessi A, De Marchi E, Suski JM, et al. (2012) ATP synthesis and storage.

Purinergic Signal 8: 343–357. https://doi.org/10.1007/s11302-012-9305-8 PMID: 22528680

37. Grassi G, Dell’Oro R, Facchini A, Quarti Trevano F, Bolla GB, et al. (2004) Effect of central and periph-

eral body fat distribution on sympathetic and baroreflex function in obese normotensives. J Hypertens

22: 2363–2369. PMID: 15614031

38. Anderson EA, Hoffman RP, Balon TW, Sinkey CA, Mark AL (1991) Hyperinsulinemia produces both

sympathetic neural activation and vasodilation in normal humans. J Clin Invest 87: 2246–2252. https://

doi.org/10.1172/JCI115260 PMID: 2040704

39. Vollenweider P, Randin D, Tappy L, Jequier E, Nicod P, et al. (1994) Impaired insulin-induced sympa-

thetic neural activation and vasodilation in skeletal muscle in obese humans. J Clin Invest 93: 2365–

2371. https://doi.org/10.1172/JCI117242 PMID: 8200969

40. Rosell S (1966) Release of free fatty acids from subcutaneous adipose tissue in dogs following sympa-

thetic nerve stimulation. Acta Physiol Scand 67: 343–351. https://doi.org/10.1111/j.1748-1716.1966.

tb03320.x PMID: 5967598

41. Lessard SJ, Rivas DA, Chen ZP, van Denderen BJ, Watt MJ, et al. (2009) Impaired skeletal muscle

beta-adrenergic activation and lipolysis are associated with whole-body insulin resistance in rats bred

for low intrinsic exercise capacity. Endocrinology 150: 4883–4891. https://doi.org/10.1210/en.2009-

0158 PMID: 19819977

42. Lehtonen A (1985) Effect of beta blockers on blood lipid profile. Am Heart J 109: 1192–1196. PMID:

2859784

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10578247
http://www.ncbi.nlm.nih.gov/pubmed/8201966
http://www.ncbi.nlm.nih.gov/pubmed/11944785
https://doi.org/10.1016/j.cll.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/17110242
https://doi.org/10.1373/clinchem.2010.155333
http://www.ncbi.nlm.nih.gov/pubmed/21266551
http://www.ncbi.nlm.nih.gov/pubmed/5328871
http://www.ncbi.nlm.nih.gov/pubmed/9839117
http://www.ncbi.nlm.nih.gov/pubmed/9603539
https://doi.org/10.1038/ejcn.2009.139
http://www.ncbi.nlm.nih.gov/pubmed/19935820
https://doi.org/10.1186/1472-6823-13-47
https://doi.org/10.1186/1472-6823-13-47
http://www.ncbi.nlm.nih.gov/pubmed/24131857
http://www.ncbi.nlm.nih.gov/pubmed/10949030
https://doi.org/10.1111/j.1463-1326.2004.00439.x
http://www.ncbi.nlm.nih.gov/pubmed/16219006
https://doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715917
https://doi.org/10.1007/s11302-012-9305-8
http://www.ncbi.nlm.nih.gov/pubmed/22528680
http://www.ncbi.nlm.nih.gov/pubmed/15614031
https://doi.org/10.1172/JCI115260
https://doi.org/10.1172/JCI115260
http://www.ncbi.nlm.nih.gov/pubmed/2040704
https://doi.org/10.1172/JCI117242
http://www.ncbi.nlm.nih.gov/pubmed/8200969
https://doi.org/10.1111/j.1748-1716.1966.tb03320.x
https://doi.org/10.1111/j.1748-1716.1966.tb03320.x
http://www.ncbi.nlm.nih.gov/pubmed/5967598
https://doi.org/10.1210/en.2009-0158
https://doi.org/10.1210/en.2009-0158
http://www.ncbi.nlm.nih.gov/pubmed/19819977
http://www.ncbi.nlm.nih.gov/pubmed/2859784
https://doi.org/10.1371/journal.pone.0173934


43. Lewis GF, Steiner G (1996) Acute effects of insulin in the control of VLDL production in humans. Impli-

cations for the insulin-resistant state. Diabetes Care 19: 390–393. PMID: 8729170

44. Taskinen MR (1987) Lipoprotein lipase in diabetes. Diabetes Metab Rev 3: 551–570. PMID: 3552532

45. Ginsberg HN (1991) Lipoprotein physiology in nondiabetic and diabetic states. Relationship to athero-

genesis. Diabetes Care 14: 839–855. PMID: 1959476

46. Edwards LA, Bugaresti JM, Buchholz AC (2008) Visceral adipose tissue and the ratio of visceral to sub-

cutaneous adipose tissue are greater in adults with than in those without spinal cord injury, despite

matching waist circumferences. Am J Clin Nutr 87: 600–607. PMID: 18326597

47. Tchernof A, Despres JP (2013) Pathophysiology of human visceral obesity: an update. Physiol Rev 93:

359–404. https://doi.org/10.1152/physrev.00033.2011 PMID: 23303913

48. Lima MM, Pareja JC, Alegre SM, Geloneze SR, Kahn SE, et al. (2013) Visceral fat resection in humans:

effect on insulin sensitivity, beta-cell function, adipokines, and inflammatory markers. Obesity (Silver

Spring) 21: E182–189.

49. Ikeda Y, Suehiro T, Nakamura T, Kumon Y, Hashimoto K (2001) Clinical significance of the insulin

resistance index as assessed by homeostasis model assessment. Endocr J 48: 81–86. PMID:

11403106

50. DeVivo MJ (1997) Causes and costs of spinal cord injury in the United States. Spinal Cord 35: 809–

813. PMID: 9429259

51. Garshick E, Kelley A, Cohen SA, Garrison A, Tun CG, et al. (2005) A prospective assessment of mortal-

ity in chronic spinal cord injury. Spinal Cord 43: 408–416. https://doi.org/10.1038/sj.sc.3101729 PMID:

15711609

52. Wahman K, Nash MS, Lewis JE, Seiger A, Levi R (2010) Increased cardiovascular disease risk in

Swedish persons with paraplegia: The Stockholm spinal cord injury study. J Rehabil Med 42: 489–492.

https://doi.org/10.2340/16501977-0541 PMID: 20544162

53. Chen YK, Hung TJ, Lin CC, Yen RF, Sung FC, et al. (2013) Increased risk of acute coronary syndrome

after spinal cord injury: a nationwide 10-year follow-up cohort study. Int J Cardiol 168: 1681–1682.

https://doi.org/10.1016/j.ijcard.2013.03.077 PMID: 23601215

54. Cragg JJ, Noonan VK, Dvorak M, Krassioukov A, Mancini GB, et al. (2013) Spinal cord injury and type 2

diabetes: Results from a population health survey. Neurology 81: 1864–1868. https://doi.org/10.1212/

01.wnl.0000436074.98534.6e PMID: 24153440

55. Guttmann L, Munro AF, Robinson R, Walsh JJ (1963) Effect of Tilting on the Cardiovascular Responses

and Plasma Catecholamine Levels in Spinal Man. Paraplegia 1: 4–18. https://doi.org/10.1038/sc.1963.

2 PMID: 14087938

56. Munro AF, Robinson R (1960) The catecholamine content of the peripheral plasma in human subjects

with complete transverse lesions of the spinal cord. J Physiol 154: 244–253. PMID: 13726842

57. Mathias CJ, Christensen NJ, Corbett JL, Frankel HL, Goodwin TJ, et al. (1975) Plasma catecholamines,

plasma renin activity and plasma aldosterone in tetraplegic man, horizontal and tilted. Clin Sci Mol Med

49: 291–299. PMID: 1192688

58. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003) Obesity is associated with

macrophage accumulation in adipose tissue. J Clin Invest 112: 1796–1808. https://doi.org/10.1172/

JCI19246 PMID: 14679176

59. Apostolopoulos V, de Courten MP, Stojanovska L, Blatch GL, Tangalakis K, et al. (2016) The complex

immunological and inflammatory network of adipose tissue in obesity. Mol Nutr Food Res 60: 43–57.

https://doi.org/10.1002/mnfr.201500272 PMID: 26331761

60. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic inflammation in fat plays a crucial role

in the development of obesity-related insulin resistance. J Clin Invest 112: 1821–1830. https://doi.org/

10.1172/JCI19451 PMID: 14679177

61. Gilbert O, Croffoot JR, Taylor AJ, Nash MS, Schomer K, et al. (2014) Serum lipid concentrations among

persons with spinal cord injury- A systematic review and meta-analysis of the literature. Atherosclerosis

232: 305–312. https://doi.org/10.1016/j.atherosclerosis.2013.11.028 PMID: 24468143

62. Abbott WG, Lillioja S, Young AA, Zawadzki JK, Yki-Jarvinen H, et al. (1987) Relationships between

plasma lipoprotein concentrations and insulin action in an obese hyperinsulinemic population. Diabetes

36: 897–904. PMID: 3297884

63. Otvos JD (2002) Measurement of lipoprotein subclass profiles by nuclear magnetic resonance spec-

troscopy. Clin Lab 48: 171–180. PMID: 11934219

64. Frenais R, Nazih H, Ouguerram K, Maugeais C, Zair Y, et al. (2001) In vivo evidence for the role of lipo-

protein lipase activity in the regulation of apolipoprotein AI metabolism: a kinetic study in control

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/8729170
http://www.ncbi.nlm.nih.gov/pubmed/3552532
http://www.ncbi.nlm.nih.gov/pubmed/1959476
http://www.ncbi.nlm.nih.gov/pubmed/18326597
https://doi.org/10.1152/physrev.00033.2011
http://www.ncbi.nlm.nih.gov/pubmed/23303913
http://www.ncbi.nlm.nih.gov/pubmed/11403106
http://www.ncbi.nlm.nih.gov/pubmed/9429259
https://doi.org/10.1038/sj.sc.3101729
http://www.ncbi.nlm.nih.gov/pubmed/15711609
https://doi.org/10.2340/16501977-0541
http://www.ncbi.nlm.nih.gov/pubmed/20544162
https://doi.org/10.1016/j.ijcard.2013.03.077
http://www.ncbi.nlm.nih.gov/pubmed/23601215
https://doi.org/10.1212/01.wnl.0000436074.98534.6e
https://doi.org/10.1212/01.wnl.0000436074.98534.6e
http://www.ncbi.nlm.nih.gov/pubmed/24153440
https://doi.org/10.1038/sc.1963.2
https://doi.org/10.1038/sc.1963.2
http://www.ncbi.nlm.nih.gov/pubmed/14087938
http://www.ncbi.nlm.nih.gov/pubmed/13726842
http://www.ncbi.nlm.nih.gov/pubmed/1192688
https://doi.org/10.1172/JCI19246
https://doi.org/10.1172/JCI19246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
https://doi.org/10.1002/mnfr.201500272
http://www.ncbi.nlm.nih.gov/pubmed/26331761
https://doi.org/10.1172/JCI19451
https://doi.org/10.1172/JCI19451
http://www.ncbi.nlm.nih.gov/pubmed/14679177
https://doi.org/10.1016/j.atherosclerosis.2013.11.028
http://www.ncbi.nlm.nih.gov/pubmed/24468143
http://www.ncbi.nlm.nih.gov/pubmed/3297884
http://www.ncbi.nlm.nih.gov/pubmed/11934219
https://doi.org/10.1371/journal.pone.0173934


subjects and patients with type II diabetes mellitus. J Clin Endocrinol Metab 86: 1962–1967. https://doi.

org/10.1210/jcem.86.5.7480 PMID: 11344192

65. Golay A, Zech L, Shi MZ, Chiou YA, Reaven GM, et al. (1987) High density lipoprotein (HDL) metabo-

lism in noninsulin-dependent diabetes mellitus: measurement of HDL turnover using tritiated HDL. J

Clin Endocrinol Metab 65: 512–518. https://doi.org/10.1210/jcem-65-3-512 PMID: 3114304

Sympathetic dysfunction and triglyceride-rich lipoproteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0173934 March 27, 2017 15 / 15

https://doi.org/10.1210/jcem.86.5.7480
https://doi.org/10.1210/jcem.86.5.7480
http://www.ncbi.nlm.nih.gov/pubmed/11344192
https://doi.org/10.1210/jcem-65-3-512
http://www.ncbi.nlm.nih.gov/pubmed/3114304
https://doi.org/10.1371/journal.pone.0173934

