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Abstract
Background
Endotoxin (i.e. LPS) administration induces a robust inflammatory response with accompanying cardiovascular dysfunction and insulin resistance. Overabundance of nitric oxide (NO) contributes to the vascular dysfunction. However, inflammation itself also induces insulin resistance in skeletal muscle. We sought to investigate whether the cardiovascular dysfunction induced by increased NO availability without inflammatory stress can promote insulin resistance. Additionally, we examined the role of inducible nitric oxide synthase (iNOS or NOS2), the source of the increase in NO availability, in modulating LPS-induced decrease in insulin-stimulated muscle glucose uptake (MGU).

Methods
The impact of NO donor infusion on insulin-stimulated whole-body and muscle glucose uptake (hyperinsulinemic-euglycemic clamps), and the cardiovascular system was assessed in chronically catheterized, conscious mice wild-type (WT) mice. The impact of LPS on insulin action and the cardiovascular system were assessed in WT and global iNOS knockout (KO) mice. Tissue blood flow and cardiac function were assessed using microspheres and echocardiography, respectively. Insulin signaling activity, and gene expression of pro-inflammatory markers were also measured.

Results
NO donor infusion decreased mean arterial blood pressure, whole-body glucose requirements, and MGU in the absence of changes in skeletal muscle blood flow. LPS lowered mean arterial blood pressure and glucose requirements in WT mice, but not in iNOS KO mice. Lastly, despite an intact inflammatory response, iNOS KO mice were protected from LPS-mediated deficits in cardiac output. LPS impaired MGU in vivo, regardless of the presence of iNOS. However, ex vivo, insulin action in muscle obtained from LPS treated iNOS KO animals was protected.

Conclusion
Nitric oxide excess and LPS impairs glycemic control by diminishing MGU. LPS impairs MGU by both the direct effect of inflammation on the myocyte, as well as by the indirect NO-driven cardiovascular dysfunction.
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Introduction
Blood glucose regulation is a critical process during inflammatory states, such as blood stream infection. Improved glycemic control in the critically-ill decreases morbidity and mortality, but overly tight regulation of blood glucose poses an increased risk for hypoglycemia [1, 2]. Understanding physiologic factors driving insulin resistance in endotoxemia may direct efficacious glucose control strategies during inflammatory states.
Skeletal muscle is the tissue with the largest glucose uptake capacity in both humans and mice [3]. Impaired insulin-stimulated muscle glucose uptake (MGU) is a hallmark of insulin resistant states many of which can be induced by inflammation, obesity, diabetes, and vascular dysfunction [4–6]. Three steps are necessary for MGU: substrate delivery to muscle tissue, sarcolemmal transport, and finally myocyte metabolism (glycolysis, oxidation or storage) of glucose. Aberrations of these MGU processes can result in glucose intolerance and insulin resistance.
In the myocyte, insulin enhances MGU by driving GLUT-4 translocation to the cell membrane via insulin receptor substrate (IRS)-1, and by augmenting downstream anabolic pathways [7]. Lipopolysaccharide (LPS), a pro-inflammatory component of Gram-negative bacteria cell walls, impairs MGU by various mechanisms, including impairing IRS-1 and Akt, which are important regulators if muscle glucose transport and subsequent metabolism [5, 8–10].
LPS also has potent cardiovascular effects [11, 12]. In healthy subjects, endothelial-derived NOS is the major source of a low level of nitric oxide (NO), that is critical for normal regulation of the vascular system. During inflammation, inducible nitric oxide synthase (iNOS) activation, triggered by LPS or cytokines, generates an overabundance of NO in the circulation. High NO levels generated by LPS-mediated iNOS induce hypotension and dysregulation of tissue blood flow. Interestingly, toll-like receptor 2 activation increases systemic iNOS-derived NO without the same deleterious effects of inflammatory induction, hypotension, and limited organ perfusion seen with LPS [13]. In mice, LPS and infection compromise tissue blood flow further by impairing cardiac mechanical and electrical function (e.g. bradyarrhythmia) [14, 15]. Lastly, LPS exerts direct effects on the heart by inducing inflammation in cardiomyocytes [16, 17]. Thus, the interplay between NO abundance and systemic inflammation on cardiovascular function are incompletely understood.
Direct effects of LPS on the myocyte have been thoroughly studied. However processes upstream of cellular glucose uptake signaling machinery are emerging as important determinants of LPS-mediated insulin resistance in vivo. Cytokines [18], capillary rarefaction [19], and other processes create insulin resistance by decreasing skeletal muscle substrate delivery. Thus alteration in blood flow to skeletal muscle can indirectly limit the ability of insulin to stimulate MGU. Given the role of NO in both physiologic and pathologic states, we hypothesized that blood flow and cardiovascular factors are important determinants of MGU during endotoxemia.
To investigate the impact of nitric oxide-induced cardiovascular impairments on MGU, we utilized the hyperinsulinemic-euglycemic clamp. To simulate nitric oxide overabundance without inflammation, we infused sodium nitroprusside in wild-type (WT) mice and assessed insulin-stimulated MGU. In addition, to assess the impact of inflammation in the absence of increased NO availability we examined the impact of LPS on MGU in whole-body iNOS knock-out (KO, iNOS−/−) and WT control mice.

Research design and methods
Derivation and treatment of animals
All protocols were carried out on either wild-type (iNOS+/+) or global iNOS knockout (iNOS−/−) mice on a C57BL/6 J background (stock 002609; Jackson Laboratories, Bar Harbor, ME). Male mice were aged 2–4 months. Ambient housing temperature was 22 °C with 12 h light–dark cycles. Mice were fed ad libitum regular chow diet (5001 Purina Laboratory Rodent Diet) and had free access to water. Mice were handled prior to the date of experiments to minimize stress. All protocols for animal use and euthanasia were approved by the Institutional Animal Care and Use Committee at Vanderbilt University School of Medicine and were in accordance with the National Institutes of Health guidelines.

Experimental design
Two groups of studies were performed (Fig. 1a). The first group (Group 1) examined the effect of increased nitric oxide availability on metabolic and cardiovascular parameters. The second group (Group 2) examined the impact of LPS on these parameters in WT and iNOS knockout mice.[image: A12933_2015_223_Fig1_HTML.gif]
Fig. 1Experimental Schematic. The impact of nitric oxide delivery (Group 1) in wild type (WT) mice and LPS (Group 2) administration in WT and iNOS knockout mice on insulin action (hyperinsulinemic-euglycemic clamp), and cardiovascular function (echocardiography and microspheres) (a) was assessed. Cohorts received either a nitric oxide donor (Group 1), LPS (2.0 mg/kg; Group 2), or saline. Design of hyperinsulinemic-euglycemic clamp protocol (Group 1 and 2, Panel b) in chronically catheterized (carotid artery and jugular vein) conscious mice. Droplets indicate blood sampling times (10 μL or 25 μL of whole blood for small and large, respectively). DG deoxyglucose, IV intravenous, KO whole-body iNOS knockout, LPS lipopolysaccharide, MAP mean arterial blood pressure, RBCs red blood cells, SNP sodium nitroprusside




                
The first group consisted of three separate cohorts of wild type (WT) mice in which the impact of the infusion of a nitric oxide donor on insulin action (1A), cardiac function (1B) and tissue blood flow (1C) was assessed. In this group WT animals received a variable-rate infusion of sodium nitroprusside (SNP), a NO donor molecule (~37 μg · kg−1 · min−1), into the jugular vein to achieve mean arterial blood pressure (MAP) of 70 mmHg or saline. In Cohort 1A the SNP infusion was initiated 90 min before onset of hyperinsulinemic-euglycemic clamp (Fig. 1b) to assess the impact of SNP on MGU. In a subgroup, the duration of the insulin infusion was extended and the SNP was discontinued during the clamp to determine the reversibility of the effect of the SNP infusion on insulin action. In Group 1B, cardiac function was assessed using echocardiography prior to and during a SNP infusion. In Group 1C the impact of SNP on tissue blood flow was assessed using microspheres.
In Group 2, the role of iNOS on blood pressure, glucose homeostasis, and cardiac function in response to LPS was assessed. WT and iNOS KO mice were assigned to one of two treatment groups: saline (SAL) or E. coli endotoxin (LPS; E. coli 011:B4; Sigma-Aldrich, St. Louis, MO). Five hours after the injection of either LPS (2.0 mg/kg BW) or saline, mice were then subjected to hyperinsulinemic-euglycemic clamp (Group 2A). In a separate cohort (Group 2B), the impact of LPS on cardiac function was assessed using echocardiography in WT and iNOS KO mice. Cardiac function was assessed prior to injection of LPS and again at 3 and 5 h after LPS injection. After echocardiography at 5 h soleus muscle was excised and ex vivo insulin-stimulated MGU was determined.

Surgical procedures
To allow us to assess the impact of SNP or LPS on blood pressure, tissue blood flow, and insulin action in conscious unstressed mice, catheters (carotid artery and jugular vein) were inserted 4–5 days prior to an experiment. While under anesthesia with isoflurane, the right jugular vein and left carotid artery were catheterized and tunneled subcutaneously to the back of the neck as previously described [20]. The catheter ends were attached via stainless steel connectors to tubing made of micro-renathane (0.033 in OD). The tubing was exteriorized, sealed with stainless steel plugs, and flushed with saline regularly to maintain patency. Animals were individually housed after surgery, and body weight (BW) was recorded the morning of each study. After insertion of catheters mice were allowed 4–5 days to regain weight within 10 % of pre-surgical body weight (BW) before undergoing in vivo experimentation.

Hyperinsulinemic-euglycemic clamp
Hyperinsulinemic-euglycemic clamp (Fig. 1b; Group 1A and 2A) allowed measurement of whole-body insulin sensitivity and MGU as previously described [21]. In this manuscript, insulin resistance refers to decreased insulin sensitivity. This is manifest either as a decrease in whole body glucose requirements or a decrease in tissue specific glucose uptake during the clamp. Chronically catheterized conscious mice were fasted for 5 h (from t = −300 to 0 min) prior to insulin and glucose infusion. A bolus of 5 μCi [3-3H]-D-glucose was given after LPS (t = −120 min) followed by a 0.05 μCi/min infusion in the jugular vein catheter throughout the remainder of the study. After a 2 h equilibrium period of [3-3H]-D-glucose infusion, the insulin clamp was initiated with infusion of insulin, glucose, and reconstituted red blood cells (t = 0 min). Insulin (Novolin U-100, Novo Novonordisk Inc., Princeton, NJ, USA) was infused at a rate of 4.0 mU · kg−1 · BW−1 · min−1 for saline-treated mice. To yield similar clamp insulin values between groups, LPS-treated animals received insulin at a lower rate (2.0 mU · kg-1 · BW−1 · min−1) because LPS decreases insulin clearance [22]. Blood glucose was measured in blood obtained from the carotid artery every 10 min by glucometer (Accu Chek Aviva, Roche Diagnostics, Basel, CH). 50 % Dextrose (Hospira Inc., Lake Forest, IL, USA) was infused (t = 0 min) to maintain blood glucose at 120 mg/dL. Red blood cells from donor animals were washed with 10 % heparin saline twice then reconstituted 1:1 in 10 % heparin saline. The cells were infused continuously during the clamp (5–6 μL/min) to replace blood collected during the clamp. After the 2 h clamp period (t = 120 min) a 5 μCi jugular bolus of 14C-2-deoxyglucose ([2-14C] DG) was given. Blood samples for tracer analysis were collected at the beginning of the clamp and in the steady state (t = 80–120 min). Arterial blood samples were also collected at t = −10, 120, and 145 min, centrifuged and the plasma was saved for analysis of plasma insulin. At t = 145 min, animals were terminally anesthetized by venous injection of sodium pentobarbital (50–70 mg/kg). Soleus, gastrocnemius, superficial vastus lateralis, white adipose tissue, heart, liver, and brain were excised and freeze clamped in liquid nitrogen. Tissues and plasma were stored at −80 °C for later analysis.
To assess tracer-determined tissue glucose uptake freeze-clamped tissues obtained at the end of the clamp were homogenized in 0.5 % perchloric acid on ice. Homogenate was spun at 4000 rpm for 20 min in refrigerated centrifuge. Supernatant was neutralized to pH of 7.5 and centrifuged again at 4000 for 10 min [2-14C] DG and 14C-2-deoxyglucose-6-phosphate ([2-14C] DGP) contents were assessed via scintillation counting. To isolate [2-14C] DG from the homogenate, [2-14C] DGP was precipitated by addition of 0.3 N barium hydroxide and 0.3 N zinc sulfate. Precipitate was spun at 4000 for 5 min, and scintillation was quantified. Disintegrations per min (dpm) for homogenate containing only [2-14C] DG was subtracted from the dpm of the homogenate containing both [2-14C] DG and [2-14C] DGP to yield dpm of [2-14C] DGP in tissue. Tissue specific clearance (Kg) of [2-14C] DG and an index of glucose uptake (Rg; μg · min−1 · g−1) was calculated as previously described [23]:[image: $$ \begin{array}{c}\hfill {K}_g=\frac{\left[2{-}^{14}\mathrm{C}\right]\ {\mathrm{DGP}}_{tissue}}{AUC\ \left[2{-}^{14}C\right]D{G}_{plasma}}\hfill \\ {}\hfill {R}_g = {K}_gx\ {\left[ glucose\right]}_{plasma}\hfill \end{array} $$]



                
Where [2-14C] DGP tissue is the [2-14C] DGP radioactivity (dpm/g) in the tissue, AUC [2-14C] DG plasma is the area under the plasma [2-14C] DG disappearance curve (dpm/ml · min), and [glucose] plasma is the average blood glucose (μg/μL) during the experimental period (t = 122–150 min).
To assess plasma glucose kinetics during the clamp liquid scintillation counting was used to quantify the radioactivity of [3-3H]-glucose and [2-14C] DG in plasma samples. Whole-body glucose turnover rates were computed as previously described [24]. Plasma insulin was assessed by the Vanderbilt Hormone Assay and Analytical Services Core via radioimmunoassay. Plasma nonesterified free fatty acids (FFA) were sampled at t = −10 and 120 min and quantified using the HR Series NEFA-HR kit (Wako Pure Chemicals Industries, Ltd., Osaka, Japan).

Mean arterial blood pressure (MAP)
The carotid artery catheter for each mouse was connected to a blood pressure analyzer (Groups 1 and 2; Digi-Med BPA, Louisville, KY) for the continuous measurement of mean arterial blood pressure (MAP). For NO donor studies (Group 1) an infusion (1 μL/min) via the jugular catheter of either saline or sodium nitroprusside (NO donor; 1.0 mg/ml; Sigma #13451) was initiated. Previous work has demonstrated that LPS reduces MAP by ~40 %. This study aimed to produce a similar deficit of ~40 % in MAP following administration of NO donor to mimic the blood pressure response to LPS (10 mg/kg). The blood pressure protocol was designed to establish this drop in MAP during the 1 h prior to the onset of the clamp (Group 1A). Adjustments in the NO donor flow rate (μL/min) were made accordingly to maintain MAP at approximately 70 mmHg. In parallel, we performed studies where saline was infused to mimic the fluid volume infused during the NO donor infusion studies.

Body composition and echocardiography
Body composition (Group 2A) was assessed via an mq10 nuclear magnetic resonance analyzer (Bruker Optics, Billerica, MA). Heart rate, left ventricular internal dimensions (LVID, in mm), fractional shortening, ejection fraction, stroke volume, and cardiac output were determined in conscious mice immediately before and during SNP (Group 1B) infusion (1 and 3 h) or following LPS (3 and 5 h) injection (Group 2B) via echocardiography (Sonos 5500 system, Agilent, Andover, MA) by the Cardiovascular Pathophysiology and Complications Core of the Vanderbilt Mouse Metabolic Phenotyping Center [25]. Briefly, cardiac function was assessed by transthoracic echocardiography (Sonos 5500, Agilent, Andover, MA) with a 15-MHz high frequency linear transducer and frame rate of 100 frames/s. After the anterior thorax was shaved, mice were handled via the neck posteriorly, and an ultrasound gel was applied to the cardiothoracic region. An ultrasound probe was used to obtain M-mode echocardiographic images from the papillary muscles via the parasternal short-axis vies. Images were taken at a speed of 150 cm/s (maximal temporal resolution) for heart rate measurements. All other recordings were done using digitally recorded signals and images. Images were recorded at a depth setting of 20 mm. The following calculations were used to determine stroke volume and cardiac output (CO in μL · min−1) [26, 27]:[image: $$ \begin{array}{l}EDV=LVI{D}_d^3\cdot \left(\frac{7}{2.4+LVI{D}_d}\right)\hfill \\ {}ESV=LVI{D}_s^3\left(\frac{7}{2.4+LVI{D}_s}\right)\hfill \\ {}\mathrm{S}\mathrm{troke}\kern0.5em \mathrm{V}\mathrm{olume}=\mathrm{E}\mathrm{D}\mathrm{V}-\mathrm{E}\mathrm{S}\mathrm{V}\hfill \\ {}CO = \frac{Stroke\kern0.5em  Volume\cdot Heart\kern0.5em  Rate}{Body\kern0.5em  Weight\cdot 1000}\hfill \end{array} $$]


where EDV and ESV are end diastolic and systolic volumes, respectively. LVIDd and LVIDs are left ventricular internal dimensions during diastole and systole, respectively. All volume measurements are expressed in microliters (μL).

Ex vivo muscle glucose uptake (MGU)
Tracer-determined glucose uptake in excised soleus muscle was performed as in previous studies [28]. After 5 h of in vivo LPS (or saline) exposure (Group 2B), animals were anesthetized and soleus muscles (right and left) were rapidly removed. Following a 15 min basal incubation in a KRH buffer with pyruvate (12 mg/ml) and mannitol (91 mg/ml) in 95 % O2: 5 % CO2, tissues were transferred to fresh media either with or without insulin (10 mU/ml) for 30 min. Then tissues were incubated for 10 min in the same media containing non-radiolabeled 2-deoxy-D-glucose (1 mmol/L), 2-[1,2-3H] deoxy-D-glucose (0.25 μCi/ml), and D-[1-14C] mannitol (0.16 μCi/ml) either with or without insulin. Muscles were lysed, the supernatant was neutralized, and radioactivity was quantified using liquid scintillation counting.

Immunoblotting
Skeletal muscle protein extraction was performed as in previous studies [22]. Briefly, tissues frozen at −80 °C were homogenized on ice in a 50 nM Tris buffer containing 1 mM EDTA, 1 mM EGTA, 10 % glycerol, 1 % Triton X-100, at pH 7.5, and then 1 mM DTT, 1 mM PMSF, 5 μg/ml protease inhibitor cocktail, 10 mg/ml trypsin inhibitor, 50 mM NaF, and 5 mM NaPP was added the day of extraction. Protein in tissue extract was quantified using the BioRad Protein Assay (Hercules, CA). 25 μg of protein and BioRad Precision Plus Protein Kaleidoscope Standard were size-fractionated in 4–12 % or 10 % SDS-Polyacrylamide gel. Proteins and standard molecular weight ladder were transferred to PVDF membranes. Membranes were rinsed with 1.0 % Tween in Tris-buffered saline (TBS-T) and blocked with 5 % nonfat dried milk in TBS-T. Membranes were incubated overnight at overnight at 4 °C with primary antibodies: phosphor-tyrosine, IRS-1, IRβ, phospho-Akt (Ser473), phospho-Akt (Thr308), Akt, phospho-glycogen synthase kinase (GSK-3). After the TBS-T wash, membranes were incubated with corresponding secondary anti-rabbit or anti-mouse peroxidase conjugated antibody. The proteins were detected with a chemiluminescence system (GE Healthcare, Little Chalfont, UK) exposed to X-ray film (GE Healthcare). βsystem (or in (GE Hea was used for loading control. All antibodies used were obtained from Cell Signaling Technology (Danvers, MA). Band intensity was quantified using ImageJ software.

Real-time quantitative PCR
Snap-frozen gastrocnemius, heart, and epididymal white adipose tissue were homogenized in TRIzol (Ambion RNA, Carlsbad, CA) and extracted mRNA. cDNA was obtained from 2 μg RNA with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) and stored at −20 °C. PCR amplification through BioRad CFX system and Taqman probes for Interleukin-6 (IL-6), Serpine-1 (plasminogen activator inhibitor (PAI)-1), Tumor necrosis factor (TNF)-α, Nitric oxide synthase 2 (iNOS), and Chemokine (C-C motif) ligand 2 (MCP-1) allowed mRNA quantification using the ΔΔCt method. Gene expression was normalized using GAPDH as a housekeeping gene. Data are Rq normalized to iNOS+/++SAL group or Rq = 2−ΔΔCt [ΔCt = Ct (target)-Ct (GAPDH); ΔΔCt = ΔCt (sample)-ΔCt (iNOS+/++SAL)].

Tissue blood flow (microspheres)
A separate group (Group 1C) of NO donor or saline-treated mice received a para-amino hippuric acid infusion (PAH; 24 μg/g/min) and microspheres to assess tissue blood flow. Arterial blood was collected to measure blood PAH [29]. Chronically-catheterized, conscious mice were injected with 100 μl of microspheres (Dye-Trak VII, Triton Technology, INC, San Diego, CA) followed by 50 μl of saline into the carotid artery. After 5 min mice were anesthetized, and tissues (hind limb muscle, liver, kidneys, small intestine including duodenum, jejunum and ileum) were excised. The tissues were digested overnight in 1 M KOH at 60 °C and centrifuged. The pellet containing the microspheres was washed with TritonX-100, ethanol containing 0.2 % (v/v) HCl, and finally re-suspended in ethanol. The resulting product was centrifuged, and cellosolve acetate (250 μL) was added to the microsphere:ethanol solution to elute the fluorescent dye from the microspheres; the absorbance was determined at 440 nm.
PAH clearance was used to estimate renal blood flow. The PAH clearance (ml/kg/min) was calculated as follows:[image: $$ PAH\  clearance=\frac{PAHi}{\left[PAH\right]}\ast \frac{1}{\left(1-Hct\right)} $$]



                
Where PAHi is the PAH infusion rate (mg · kg−1 · 1H −1); [PAH] is the arterial plasma PAH concentration (mg/ml) and Hct is the hematocrit ratio.
Tissue (hepatic artery, small intestine and hindlimb) blood flow was calculated as the product of the ratio of microspheres in a tissue, relative to microspheres in both kidneys and PAH clearance.

Statistics
Paired data in the NO donor infusion experiment was analyzed with two-tailed Student’Pat test. Two-way ANOVA for repeated measures data with Holm-Sidak post hoc analysis was used to compare groups. Whole-body insulin sensitivity was assessed via linear regression of tracer-determined whole body glucose turnover (Rd, in mg · kg−1∙min−1) against plasma insulin levels (ng/ml). Baseline and clamp coordinates were plotted for WT receiving saline (n = 11) or LPS (n = 9) bolus, iNOS−/− mice receiving saline (n = 8) or LPS (n = 8) bolus, and WT mice receiving saline (n = 8) or NO donor (n = 8) infusion. Baseline Rd was averaged from values assessed at 0 min and −10 min, and clamp Rd was averaged from four values from 80–120 min. Slope (insulin sensitivity) and ordinate-axis intercept (insulin-independent glucose disposal) for groups were compared via 95 % confidence intervals in a mixed-effect model. Data are presented as mean averaged from four values from 80–120 min. S either SigmaPlot 12.0 (Aspire Software International, Ashburn, VA) or JMP 10.0 (SAS Institute, Cary, NC). Values of P < 0.05 were considered statistically significant.


Results
NO donor lowers blood pressure and peripheral glucose uptake (Group 1A)
Sodium nitroprusside infusion decreased MAP during the insulin clamp (Fig. 2a). Basal blood glucose and plasma insulin levels were similar between treatment groups (Table 1). During the insulin clamp, the glucose requirements (i.e., GIR) were 40 % lower for NO donor-infused mice vs. saline (Fig. 2c). However, clamp insulin levels for NO-treated mice were lower than saline-treated mice (Fig. 3b). Insulin sensitivity (slope) was lower for NO donor than saline treatment (Fig. 2d). In an extended insulin clamp, withdrawal of NO donor infusion rapidly restored GIR and arterial blood pressure levels to pre-infusion values (Additional file 1: Figure S1). The anatomical sites of NO-mediated insulin resistance were localized to soleus and gastrocnemius muscles. In addition to white adipose tissue: these tissues had significantly diminished glucose uptake during the clamp (Fig. 3a). Glucose uptake in all other measured tissues was lower for NO donor-treated animals, although not statistically significant. Thus, systemic NO abundance and the accompanying hypotension decreased peripheral glucose disposal through impaired MGU.[image: A12933_2015_223_Fig2_HTML.gif]
Fig. 2Mean arterial blood pressure (MAP in mmHg, Panel a), blood glucose (mg/dL, Panel b) and glucose infusion rate (GIR in mg · kg−1 · min−1, Panel c), for saline-treated (SAL) or sodium nitroprusside (NO)-treated wild-type (WT) mice during a hyperinsulinemic-euglycemic clamp (Group 1A). Mice were treated with NO 90 min prior to clamp onset (t = 0 min). Glucose (50 %) was infused to maintain euglycemia at 120 mg/dL during steady state (t = 80–120 min). Insulin sensitivity was assessed as rate of whole body glucose turnover (Rg) per animal plasma insulin level (d). Data are expressed as mean ± SEM (n = 4–7). *p < 0.05 vs. WT + SAL. Comparison of MAP (30–120 min) and GIR (80–120 min) were assessed via t-test




                  Table 1Baseline plasma glucose and insulin concentrations


	Group
	Blood glucose (mg/dL)
	Plasma insulin (ng/ml)

	NO Donor vs. Saline

	WT + SAL
	104 ± 8
	1.3 ± 0.4

	WT + NO
	101 ± 9
	0.3 ± 0.1*

	LPS vs. Saline; iNOS−/− vs. iNOS+/+ Mice

	WT + SAL
	96 ± 5
	0.7 ± 0.2

	WT + LPS
	88 ± 6
	0.7 ± 0.2

	iNOS KO + SAL
	96 ± 5
	1.0 ± 0.1

	iNOS KO + LPS
	83 ± 6**
	0.7 ± 0.3


All blood and plasma measurements were sampled 10 min before clamp onset (i.e., t = −10 min). Data are presented as mean ± SEM. *p < 0.05 vs. WT + SAL; **p < 0.05 vs. iNOS KO + SAL. iNOS inducible nitric oxide synthase, KO knock-out, LPS lipopolysaccharide, NO nitric oxide donor (sodium nitroprusside), SAL saline, WT wild-type



                  [image: A12933_2015_223_Fig3_HTML.gif]
Fig. 3Tissue-specific tracer-determined glucose uptake (Rg) for soleus, heart, gastrocnemius (Gastroc), superficial vastus lateralis (Vastus L), epididymal white adipose tissue (WAT) was assessed in wild-type (WT) mice 25 min after a 5 μCi bolus of 14C-2-deoxyglucose at the end of hyperinsulinemic-euglycemic clamp (a) (Group 1A). Plasma insulin was assessed at the onset (t = −10 min) and 2 h after hyperinsulinemic-euglycemic clamping (b). *P < 0.05 vs. WT + SAL via t-test. **p < 0.05 vs. WT + SAL at Clamp via t-test. §P <0.05 vs. Basal for same group via t-test. NS not significant (p ≥ 0.05)




                

Cardiac function adapts during NO-mediated hypotension (Group 1B)
Cardiac function initially fell, but recovered during NO donor infusion (Fig. 4). Heart rate fell after 1 h vs. baseline (Fig. 4a). Both fractional shortening and ejection fraction diminished after 1 h of infusion, but both recovered at 3 h (Fig. 4d & e). Cardiac output increased significantly after 3 h of NO donor infusion (Fig. 4c). The time period of maximal cardiac impairment (i.e., 1 h of infusion in Fig. 4) corresponded to the insulin clamp onset (i.e., t = 0 min; see Fig. 1). Taken together, NO donor-mediated hypotension (Additional file 1: Figure S2) impaired cardiac performance, but cardiac output recovered.[image: A12933_2015_223_Fig4_HTML.gif]
Fig. 4Echocardiography of wild-type (WT) mice 30 min before (Basal) and 1 h and 3 h after continuous sodium nitroprusside infusion (Group 1B). Data include (a) heart rate (in beats/min), (b) stroke volume (in μL), (c) cardiac output (in ml/min), (d) fractional shortening (%), and (e) ejection fraction (%), and. Data are expressed as mean ± SEM (n = 3–7). *p > 0.05 vs. Basal, p > 0.05 vs. 1H, NS not significant (p ≥ 0.05)




                

NO donor increases blood flow to intestine, but not skeletal muscle (Group 1C)
Since cardiac function responds dynamically to NO overabundance, we tested whether blood flow distribution to muscle was altered. Hindlimb and hepatic artery blood flow was unaltered (Fig. 5a). NO donor increased intestinal blood flow but not renal blood flow (Fig. 5a & b). Thus, NO donor infusion increased splanchnic blood flow (hepatic artery + intestine) but did not alter hindlimb blood flow.[image: A12933_2015_223_Fig5_HTML.gif]
Fig. 5Tissue blood flow (ml · mg−1 · min−1) for muscle, liver, intestines in saline (SAL) or sodium nitroprusside (NO)-treated wild-type (WT) mice (a) (Group 1C). Kidney blood flow was measured as clearance (ml · kg−1 · min−1) of para-aminohippuric acid (PAH) clearance (b). Data are mean ± SEM (n = 3–5). *p < 0.05 vs. WT + SAL compared by t-test. NS not significant (p ≥ 0.05)




                

NO donor does not alter skeletal muscle insulin signaling (Group 1A)
To determine the effects of NO donor infusion on insulin signaling in skeletal muscle, we examined downstream signaling proteins of the insulin receptor: Akt and GSK-3β from samples obtained at the end of the clamp. The infusion of NO donor during the insulin clamp did not alter Akt phosphorylation in plantaris muscle (Fig. 6a & c). Similarly, GSK-3β phosphorylation did not differ between saline and NO donor groups (Fig. 6b & d). We did not observe differences in Akt and GSK-3β phosphorylation state in soleus muscle either (data not shown).[image: A12933_2015_223_Fig6_HTML.gif]
Fig. 6Effects of nitric oxide (NO) donor on skeletal muscle insulin signaling in wild-type (WT) mice (Group 1A). Western blotting was performed for plantaris muscle extract for phosphorylation (p) of Akt at Ser473 and Thr308 (a, c) and for glycogen synthase kinase (GSK) 3β phosphorylation at Ser9 residue (b, d). Chemiluminescence on 4–12 % SDS-PAGE gels was quantified for skeletal muscle. Insulin-induced protein phosphorylation was quantified as the ratio phosphorylation and total Akt or GSK chemiluminescence in skeletal muscle extract after a 2 h hyperinsulinemic-euglycemic clamp. β-actin was used as a loading control. Data are arbitrary units (AU) expressed as mean ± SEM (n = 7). *p < 0.05 by two-way ANOVA. NS not significant (p ≥ 0.05)




                

LPS lowers blood pressure in an iNOS-dependent manner (Group 2A)
Intravenous LPS (2 μg/g BW) decreased MAP for WT, but not iNOS KO mice (Fig. 7a). MAP did not differ between WT and iNOS KO mice prior to LPS injection (109 ± 2 vs. 111 ± 2 mmHg, respectively).[image: A12933_2015_223_Fig7_HTML.gif]
Fig. 7Mean arterial blood pressure (MAP in mmHg, Panel a), blood glucose (in mg/dL, Panel b), and glucose infusion rate (GIR in mg · kg−1 · min−1, Panel c), for saline-treated (SAL) or lipopolysaccharide (LPS)-treated iNOS+/+ (WT) or iNOS−/− (KO) mice during a hyperinsulinemic-euglycemic clamp (Group 2A). Mice were treated with LPS (2 μg/g BW) 4 h prior to clamp onset (t = 0 min). Glucose (50 %) was infused to maintain euglycemia at 120 mg/dL during steady state (t = 80–120 min). Insulin sensitivity was represented as whole-body Rg (mg · kg−1 · min−1) vs. plasma insulin level (ng/ml) for basal and clamp time periods in iNOS+/+ (d) and iNOS−/− mice (e). Basal glucose uptake values were determined from plasma samples at −10 min and 0 min before the onset of the clamp. Steady state (clamp) levels were determined from plasma samples at 80, 90, 100, and 120 min. MAP (a) was summarized as mean during end of the clamp (t = 60–120 min). Data are expressed as mean ± SEM (n = 7–8). *p < 0.05 vs. WT + SAL compared by repeated measures two-way ANOVA for MAP (30–120 min) and GIR (80–120 min)




                

LPS-mediated insulin resistance requires iNOS (Group 2A)
Basal blood glucose concentration and plasma insulin did not differ between genotypes (Table 1, Fig. 8b). LPS lowered basal blood glucose in WT mice (Table 1). Saline-treated WT and iNOS KO mice had similar glucose requirements (Fig. 7c). However, LPS decreased glucose requirements by 30 % vs. saline-treated WT (Fig. 7d & e). In iNOS KO mice, LPS treatment did not alter glucose requirements. This finding paralleled whole-body Rd vs. plasma insulin data: LPS mediated a ~60 % decrease in insulin sensitivity (i.e. decreased slope) for WT mice (Fig. 7d). This was not observed in iNOS KO mice (Fig. 7e). Therefore, iNOS is required for LPS-induced whole body insulin resistance. LPS increased basal free fatty acids in WT mice, but free fatty acids decreased to similar levels for all groups at the end of the insulin clamp (data not shown).[image: A12933_2015_223_Fig8_HTML.gif]
Fig. 8Tissue-specific insulin-stimulated glucose uptake (Rd in μg∙g−1∙min−1) for LPS-treated wild-type (WT) and iNOS knock-out (KO) mice (a) (Group 2A). In vivo glucose uptake was assessed 25 min after a 5 μCi bolus of 14C-2-deoxyglucose at the end of a hyperinsulinemic-euglycemic clamp (n = 3–7). Insulin levels in plasma (ng/ml) before and after the clamp (b). Basal and insulin-stimulated ex vivo muscle 2-DG was determined in isolated soleus (Panel c, n = 3–6). Tissues were incubated in media with or without insulin (10 mU/ml) for 30 min, then transferred to the same media containing 2-deoxy-D-glucose, 2-[1,2-3H] deoxy-D-glucose (2-DG, 0.25 μCi/ml), and D-[1-14C] mannitol (0.16 μCi/ml). Data are mean ± SEM. * p < 0.05 vs. WT + SAL, † p < 0.05 vs. KO + SAL, § p < 0.05 vs. Basal for same group




                

LPS Impairs MGU Independent of iNOS in vivo (Group 2A)
Similar to NO donor-treated animals, LPS decreased MGU in soleus, gastrocnemius, and SVL for both genotypes (Fig. 8a). LPS increased IL-6 and MCP-1 in skeletal muscle in both WT and iNOS KO mice and it was higher in iNOS KO (Table 2). Additionally, LPS limited heart glucose uptake in WT mice but not in iNOS KO mice. However, Rg in heart muscle was lower in untreated iNOS KO than WT mice, as was the gene expression of inflammatory markers (Fig. 8a, Table 2).Table 2Impact of LPS on inflammatory gene expression in WT and iNOS KO mice


	Group
	Heart
	Gastrocnemius

	Interleukin-6 gene expression

	WT + SAL
	1.5 ± 0.9
	1.4 ± 0.8

	WT + LPS
	9.6 ± 3.2
                                p = 0.07
                            
	61 ± 26*

	iNOS KO + SAL
	4.1 ± 2.3
	1.4 ± 0.6

	iNOS KO + LPS
	19.6 ± 4.7**
	9.5 ± 0.9***

	Monocyte Chemoattractant Protein-1 (MCP)-1 gene expression

	WT + SAL
	1.1 ± 0.4
	1.1 ± 0.3

	WT + LPS
	2.6 ± 0.1*
	4.9 ± 2.1

	iNOS KO + SAL
	1.8 ± 0.7
	0.6 ± 0.6

	iNOS KO + LPS
	6.1 ± 2.1 
                                p = 0.07
                            
	12.1 ± 5.3**


Relative expression (Rq) of Interleukin-6 and Monocyte Chemoattractant Protein-1 (MCP-1) gene measured in tissues excised at the end of a hyperinsulinemic-euglycemic clamp. Data are Rq values relative to the control group (WT + SAL). Data are mean ± SEM. *p < 0.05 vs. WT + SAL; **p < 0.05 vs. iNOS KO + SAL; ***p < 0.05 vs. WT + LPS. iNOS inducible nitric oxide synthase, KO knock-out, LPS lipopolysaccharide, SAL saline, WT wild-type



                
Alterations in cardiovascular function by LPS in WT but not iNOS KO mice prompted us to measure blood flow-independent MGU (Group 2B). Ex vivo insulin stimulated MGU after in vivo LPS injection allowed measurement of skeletal muscle insulin action independent of changes in substrate delivery. Similar to in vivo results, LPS decreased insulin-stimulated MGU in soleus for WT. While iNOS KO mice were only partially protected in vivo, they were completely protected ex vivo (Fig. 8c). Taken together, LPS impairs MGU both via direct effects of iNOS on the myocyte, as well as on extra-myocyte events such as substrate delivery that are determined by alterations in the vascular system.

LPS-induced cardiac dysfunction is iNOS-dependent (Group 2B)
Echocardiography demonstrated genotype differences between WT and iNOS KO mice. Compared to WT mice, iNOS KO mice exhibited an elevated heart rate before and after LPS injection (Fig. 9a). Stroke volume and cardiac output were decreased by LPS injection in WT but not iNOS KO mice (Fig. 9b & c). LPS increased fractional shortening in both genotypes (Fig. 9d). While iNOS KO mice had a decreased basal ejection fraction, LPS increased ejection fraction in a parallel fashion in both genotypes (Fig. 9e).[image: A12933_2015_223_Fig9_HTML.gif]
Fig. 92-D Echocardiography of wild type (iNOS+/+) and knockout (iNOS−/−) mice before (Basal) and 5 h after intraperitoneal lipopolysaccharide (2 mg/kg LPS, IP) (Group 2B). Heart rate (in beats/min) (a), stroke volume (in μL) (b), cardiac output (in ml/min) (c), fractional shortening (%) (d), and ejection fraction (%) (e) were determined using M-mode echocardiographic measurements. Data are expressed as mean ± SEM (n = 7–8). * p < 0.05 vs. basal; or wild-type (iNOS+/+) vs. knock-out (KO; iNOS−/−) via two-way ANOVA




                

LPS and muscle insulin signaling in the absence of iNOS (Group 2A)
Similar to our previous observations [22], insulin-stimulated Akt phosphorylation was not decreased by LPS in WT mice after the 120 min insulin clamp (Fig. 10a & c). LPS treatment actually enhanced Akt phosphorylation in iNOS KO mice. Activation of skeletal muscle insulin receptor, insulin receptor substrate-a (IRS-1), and glycogen synthase kinase (GSK)-3β did not differ among groups (Fig. 10b, d and Additional file 1: Figure S3).[image: A12933_2015_223_Fig10_HTML.gif]
Fig. 10Effects of LPS on skeletal muscle insulin signaling in wild-type (WT) and iNOS knock-out (KO) mice (Group 2A). Western blotting was performed for gastrocnemius extract for phosphorylation (p) of Akt at Ser473 (a, c), and for glycogen synthase kinase (GSK)-3β phosphorylation at Ser9 residue (b, d). Chemiluminescence on 4–12 % SDS-PAGE gels was quantified for skeletal muscle. Insulin-induced protein phosphorylation was quantified as the ratio phosphorylation and total Akt and GSK-3β chemiluminescence in gastrocnemius extract after a 2 h hyperinsulinemic-euglycemic clamp. β-actin was used as a loading control. Data are arbitrary units (AU) expressed as mean ± SEM (n = 8). * p < 0.05 by two-way ANOVA




                

LPS Induces gene expression of pro-inflammatory markers (Group 2B)
LPS increased iNOS gene expression in heart (1.0 ± 0.04 vs 5.8 ± 1.3; p < 0.05), gastrocnemius (1.0 ± 0.2 vs 3.7 ± 1; p < 0.05) and white adipose tissue (1.0 ± 0.1 vs 3.5 ± 1; p = 0.07) of WT mice. LPS increased the expression of IL-6 and MCP-1 expression in heart and gastrocnemius in both WT and iNOS KO mice (Table 2). In fact, in iNOS KO mice cardiac inflammation was amplified. LPS increased IL-6, but not PAI-1 and TNF-α, gene expression in white adipose tissue (Additional file 1: Table S1).


Discussion
LPS and the accompanying inflammatory stress markedly impair insulin stimulated muscle glucose uptake as well as induce cardiovascular dysfunction [22]. We used the hyperinsulinemic-euglycemic clamp to determine the role of increased nitric oxide availability and the accompanying vascular effects, in modulating insulin action in vivo [30]. We observed that an increase in NO availability alone in the absence of an inflammatory stress markedly impaired insulin-stimulated MGU. Moreover, if we prevent the LPS induced increase in nitric oxide availability, we can partially protect against the impairment in MGU and cardiovascular dysfunction despite the accompanying pro-inflammatory environment. Thus, the LPS-induced insulin resistance is a result of a complex interaction of the direct result of inflammation on myocyte function, and the events occurring outside the myocyte that are impacted by effect of NO and inflammation on the cardiovascular system.
Cardiovascular response to NO excess
To maintain a robust impact of insulin on MGU requires a healthy vascular system, which is disrupted by LPS and the accompanying increase in NO availability. Increased NO delivery to tissue had potent effects on the cardiovascular function. NO donor infusion caused persistent hypotension with transient changes in heart rate and cardiac output. Bradycardia following NO donor infusion in conscious mice was unexpected, but has been reported in anesthetized rats [31, 32]. It is possible that the prolonged infusion altered the baroreceptor response to hypotension [33, 34]. Bradycardia after LPS injection in mice has been observed, and contrasts with the response in adult human sepsis, which is marked by tachycardia [14, 35]. We used a lower dose of LPS and did not observe bradycardia, but it is possible that bradycardia may take longer (>16 h) to develop with the lower doses of LPS [36, 37]. The iNOS KO mice had small baseline differences (e.g. decrease cardiac output) that may be due to differential amounts of eNOS-derived NO [38], that may have altered the response to LPS. As expected, in response to LPS they were protected from the hypotension and the decrease in cardiac output [39]. The echocardiographic results were collected on conscious mice, which contrasts with other reports where anesthesia was used and the dose and route of LPS differed, all of which can alter the response [22, 30, 36, 40, 41]. However, the overall cardiovascular response to LPS is not solely reliant on iNOS, as other endocrine systems and altering signaling via cardiac ion channels can be activated [13, 37, 39, 42]. Not surprisingly, cardiovascular status during states of NO excess appears dependent upon the presence of concomitant inflammation. It is also possible that iNOS can serve a protective role [43]. However on balance, excess NO derived from iNOS has important effects on the cardiovascular response to LPS.

Inflammation, NO availability and control of glucose uptake
Increased NO availability and LPS injection impaired insulin stimulated whole body glucose uptake. Both SNP and LPS decreased insulin action by ~50 %. Unequal insulin levels between groups can undermine the interpretation of clamp data. To account for this, we represented whole body insulin sensitivity as the slope of whole-body glucose turnover (Rg) vs. plasma insulin. This simple, yet novel xy plot is useful in depicting insulin action and can facilitate interpretation of the hyperinsulinemic-euglycemic clamp data. From this relationship, both LPS (10.8 vs 4.4; Saline vs LPS) and SNP (10.4 vs 6.5; Saline vs. SNP) decreased the slope (i.e. induced insulin resistance). Moreover, iNOS KO mice were insulin resistant at baseline and LPS did not further decrease insulin action. Interestingly, baseline cardiac output was also decreased in iNOS KO mice, which paralleled the decrease in insulin action. Thus from a whole body point of view, insulin action is very sensitive to the cardiovascular responses seen in response to iNOS activation and to the increased NO that accompanies it.
The impairment in whole body glucose uptake by LPS and the NO donor was paralleled by a decrease in MGU. As we have observed previously with higher doses of LPS, MGU decreases in multiple muscle groups of varying fiber types, which have very different rates of glucose uptake in response to insulin [22]. While iNOS KO mice were partially protected from the LPS-induced decrease in insulin-stimulated MGU in vivo, they were completely protected ex vivo. The contrast between the in vivo and ex vivo data highlights the impact factors outside the myocyte that are present in vivo in determining MGU. One such signal could be a decrease in tissue blood flow seen in vivo, which would be absent in the ex vivo setting. Given the marked alteration in the vascular system by LPS and systemic NO delivery tissue flow would be expected to be altered. Microcirculatory flow and capillary recruitment are integral processes controlled by insulin, inflammation, and eNOS [6, 8, 44–47]. Manipulation of skeletal muscle capillary density and tissue flow can impair MGU [19]. Surprisingly, despite the hypotension, NO donor infusion did not decrease hind limb blood flow. Alterations in microvascular blood flow may still be present. The microspheres would not detect alterations in microcirculatory blood flow nor would it detect if the flow was “shunt or non-nutritive” flow, which could bypass the myocyte [9, 48].

Impairment in MGU and insulin signaling
Despite marked decrease in MGU with LPS and NO donor in vivo insulin signaling was intact. This is similar to what we have previously reported, but another study did observe a decrease in muscle insulin signaling using much higher (20×) doses of LPS [22, 49, 50]. On the surface, it was surprising that the decrease in insulin stimulated MGU was not associated with a decrease in IRβ, IRS1, or Akt activation in muscle. Normal insulin signaling despite marked activation of inflammatory gene expression is also surprising. But this dissociation between signaling and MGU is manifest in iNOS KO mice, which were partially protected with no detected attenuation of inflammation or enhancement of insulin signaling. Exposure of animal to LPS and inflammation can directly impair insulin action in muscle [18, 51]. We like others observed that LPS impaired insulin-stimulated MGU ex vivo. Inflammation, and oxidative stress impair the ability of NO to activate phosphatidylinositol 3-kinase (PI3-K) and mitogen activated protein kinase (MAPK) within vascular smooth muscle cells of insulin resistant rats and mice [52]. One possibility as to why insulin signaling was intact is that the alteration in tissue flow may not limit insulin delivery to the myocyte to a similar extent as that of glucose. Insulin is not metabolized by the muscle so the absolute concentration seen by the myocyte would not be altered. In contrast insulin-stimulated MGU may become flow-limited when LPS or the NO donor is infused. Thus, one could see a decrease in MGU, but a relatively intact insulin signaling. It could be that with higher doses of LPS then defects of insulin signaling can be detected [49, 50]. It is also possible since the tissue samples were taken at the end of the clamp, defects in the early activation in insulin signaling could have been missed.
The fact that the NO donor induced insulin resistance was rapidly reversed (Fig. S1) after NO donor withdrawal [53] points to processes that can be acutely restored, such as microcirculatory flow. Thus, the answer to why NO donor alone impairs MGU may lie in dysregulated microcirculatory and capillary recruitment, which are known sites of regulation of muscle insulin action [54, 55]. We examined signaling in multiple muscles with differing fiber types and the response was similar. It is likely that multiple levels of MGU control are exerted by LPS for all fiber types [30]. Further endeavors investigating NO donor-induced insulin resistance should attempt to quantify capillary recruitment. Thus, alterations in exomyocellular factors (microcirculatory flow, extracellular barriers) likely play an important role in manifesting in vivo impairment in MGU.

Differential effect of NO and LPS on insulin clearance
Another novel finding of the present study is the mechanism behind NO donor and LPS driven changes in insulin clearance. NO donor-infusion increased insulin clearance (i.e., lowered clamp insulin levels). In contrast consistent with our prior work, LPS impaired insulin clearance [22]. Because we anticipated the decrease in insulin clearance with LPS we adjusted the insulin infusion rate to better match the groups. The insulin infusion rate for LPS-treated animals was half of that for saline-treated mice (i.e., 2.0 mU/kg · min vs. 4.0 mU/kg · min). As LPS also decreased insulin clearance in the iNOS knockout mice, it would suggest that NO in the absence of a concomitant inflammatory stress has a very different impact on insulin clearance that is present with an inflammatory stress. We observed that NO donors increased splanchnic blood flow (hepatic artery + intestinal blood flow), which likely contributed to the increase in insulin clearance. In contrast, LPS likely impairs insulin clearance by a mechanism that does not require iNOS. While low dose LPS can increase hepatic blood flow [56, 57], LPS must have some direct effects on hepatic removal of insulin to impair insulin clearance. In humans, nonspecific NOS blockade increases hepatic insulin clearance [58]. Thus, the accompanying hepatic inflammation that is seen in other diseases that affect the liver may impair hepatic insulin extraction [21].


Conclusions
Nitric oxide is a necessary signaling molecule for insulin action and glucose disposal [59]. Endotoxemia impairs in vivo and ex vivo MGU in addition to cardiac output. Thus, acute systemic inflammation impairs MGU through both tissue inflammation and cardiovascular dysfunction. This suggests that while inflammatory events occurring in the myocyte can impair insulin action, in vivo the accompanying defects outside the myocyte must be targeted to effectively improve MGU.

Acknowledgments
YFO and OPM had full access to all of the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. Parts of this data were presented in poster form at the 36th annual meeting on Shock, San Diego, California, 1–4 June, 2013. The authors would like to thank ZhiZhang Wang of the MMPC Cardiovascular Pathophysiology Core for performing echocardiography in these studies, Changqing Zhang for validation of animal genotypes, Wanda Snead and Susan Hajizadeh of the Vanderbilt Hormone Assay and Analytical Core for performing insulin assays. The authors would also like to thank Alicia Locke and Carlo Malabanan in the MMPC Metabolic Pathophysiology Core for surgically catheterizing mice studied in these experiments, and the laboratory David H. Wasserman for assistance and use of their reagents.
Funding
This work was supported by National Institutes of Health Grants DK043748 and DK078188 (PI: OPM). TMB and LMH were supported by T32-DK07563 and T32-DK07061, respectively. Surgical preparations and hormone analysis were performed by the Mouse Metabolic Phenotyping Center (DK59637) and Hormone Assay and Analytical Services Core (DK059637 and DK020593), respectively.


References
1.
Griesdale DE, de Souza RJ, van Dam RM, Heyland DK, Cook DJ, Malhotra A, et al. Intensive insulin therapy and mortality among critically ill patients: a meta-analysis including NICE-SUGAR study data. CMAJ. 2009;180(8):821–7.PubMedCentralPubMedCrossRef

2.
Kansagara D, Fu R, Freeman M, Wolf F, Helfand M. Intensive insulin therapy in hospitalized patients: a systematic review. Ann Intern Med. 2011;154(4):268–82.PubMedCrossRef

3.
Steinberg HO, Brechtel G, Johnson A, Fineberg N, Baron AD. Insulin-mediated skeletal muscle vasodilation is nitric oxide dependent. A novel action of insulin to increase nitric oxide release. J Clin Invest. 1994;94(3):1172–9.PubMedCentralPubMedCrossRef

4.
Kim JA, Montagnani M, Koh KK, Quon MJ. Reciprocal relationships between insulin resistance and endothelial dysfunction: molecular and pathophysiological mechanisms. Circulation. 2006;113(15):1888–904.PubMedCrossRef

5.
Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. J Clin Invest. 2006;116(7):1793–801.PubMedCentralPubMedCrossRef

6.
Muris DM, Houben AJ, Schram MT, Stehouwer CD. Microvascular dysfunction is associated with a higher incidence of type 2 diabetes mellitus: a systematic review and meta-analysis. Arterioscler Thromb Vasc Biol. 2012;32(12):3082–94.PubMedCrossRef

7.
Bryant NJ, Govers R, James DE. Regulated transport of the glucose transporter glut4. Nat Rev Mol Cell Bio. 2002;3(4):267–77.CrossRef

8.
Baron AD. Hemodynamic actions of insulin. Am J Physiol. 1994;267(2 Pt 1):E187–202.PubMed

9.
Clark MG, Wallis MG, Barrett EJ, Vincent MA, Richards SM, Clerk LH, et al. Blood flow and muscle metabolism: a focus on insulin action. Am J Physiol Endocrinol Metab. 2003;284(2):E241–58.PubMedCrossRef

10.
Clark MG, Colquhoun EQ, Rattigan S, Dora KA, Eldershaw TP, Hall JL, et al. Vascular and endocrine control of muscle metabolism. Am J Physiol. 1995;268(5 Pt 1):E797–812.PubMed

11.
Patel PN, Shah RY, Ferguson JF, Reilly MP. Human experimental endotoxemia in modeling the pathophysiology, genomics, and therapeutics of innate immunity in complex cardiometabolic diseases. Arterioscler Thromb Vasc Biol. 2015;35(3):525–34.PubMedCrossRef

12.
Jianhui L, Rosenblatt-Velin N, Loukili N, Pacher P, Feihl F, Waeber B, et al. Endotoxin impairs cardiac hemodynamics by affecting loading conditions but not by reducing cardiac inotropism. Am J Physiol Heart Circ Physiol. 2010;299(2):H492–501.PubMedCentralPubMedCrossRef

13.
Cauwels A, Vandendriessche B, Bultinck J, Descamps B, Rogge E, Van Nieuwenhuysen T, et al. TLR2 activation causes no morbidity or cardiovascular failure, despite excessive systemic nitric oxide production. Cardiovasc Res. 2013;100(1):28–35.PubMedCrossRef

14.
Fairchild K, Srinivasan V, Moorman J, Gaykema R, Goehler L. Pathogen-induced heart rate changes associated with cholinergic nervous system activation. Am J Physiol Regul Integr Comp Physiol. 2011;300(2):R330–9.PubMedCentralPubMedCrossRef

15.
Stæhr M, Khatam-Lashgari A, Vanhoutte P, Hansen P, Jensen B. The calcineurin inhibitor cyclosporine A improves lipopolysaccharide-induced vascular dysfunction but does not rescue from cardiovascular collapse in endotoxemic mice. Pflugers Arch. 2013;465(10):1467–75.PubMedCrossRef

16.
Tomita K, Takashina M, Mizuno N, Sakata K, Hattori K, Imura J, et al. Cardiac fibroblasts: contributory role in septic cardiac dysfunction. J Surg Res. 2015;193(2):874–87.PubMedCrossRef

17.
Kapur S, Bedard S, Marcotte B, Cote CH, Marette A. Expression of nitric oxide synthase in skeletal muscle: a novel role for nitric oxide as a modulator of insulin action. Diabetes. 1997;46(11):1691–700.PubMedCrossRef

18.
Tanigaki K, Vongpatanasin W, Barrera JA, Atochin DN, Huang PL, Bonvini E, et al. C-reactive protein causes insulin resistance in mice through Fcgamma receptor IIB-mediated inhibition of skeletal muscle glucose delivery. Diabetes. 2013;62(3):721–31.PubMedCentralPubMedCrossRef

19.
Bonner JS, Lantier L, Hasenour CM, James FD, Bracy DP, Wasserman DH. Muscle-specific vascular endothelial growth factor deletion induces muscle capillary rarefaction creating muscle insulin resistance. Diabetes. 2013;62(2):572–80.PubMedCentralPubMedCrossRef

20.
Ayala JE, Bracy DP, Malabanan C, James FD, Ansari T, Fueger PT, et al. Hyperinsulinemic-euglycemic clamps in conscious, unrestrained mice. J Vis Exp. 2011;57:3188.PubMed

21.
Ayala JE, Bracy DP, McGuinness OP, Wasserman DH. Considerations in the design of hyperinsulinemic-euglycemic clamps in the conscious mouse. Diabetes. 2006;55(2):390–7.PubMedCrossRef

22.
Mulligan KX, Morris RT, Otero YF, Wasserman DH, McGuinness OP. Disassociation of muscle insulin signaling and insulin-stimulated glucose uptake during endotoxemia. PLoS One. 2012;7(1):e30160.PubMedCentralPubMedCrossRef

23.
Ayala JE, Bracy DP, Julien BM, Rottman JN, Fueger PT, Wasserman DH. Chronic treatment with sildenafil improves energy balance and insulin action in high fat-fed conscious mice. Diabetes. 2007;56(4):1025–33.PubMedCrossRef

24.
Kraegen EW, James DE, Jenkins AB, Chisholm DJ. Dose–response curves for in vivo insulin sensitivity in individual tissues in rats. Am J Physiol. 1985;248(3 Pt 1):E353–62.PubMed

25.
Rottman JN, Ni G, Khoo M, Wang Z, Zhang W, Anderson ME, et al. Temporal changes in ventricular function assessed echocardiographically in conscious and anesthetized mice. J Am Soc Echocardiogr. 2003;16(11):1150–7.PubMedCrossRef

26.
Rottman JN, Ni G, Brown M. Echocardiographic evaluation of ventricular function in mice. Echocardiography. 2007;24(1):83–9.PubMedCrossRef

27.
Teichholz LE, Kreulen T, Herman MV, Gorlin R. Problems in echocardiographic volume determinations: echocardiographic-angiographic correlations in the presence of absence of asynergy. Am J Cardiol. 1976;37(1):7–11.PubMedCrossRef

28.
Jorgensen SB, Viollet B, Andreelli F, Frosig C, Birk JB, Schjerling P, et al. Knockout of the alpha2 but not alpha1 5′-AMP-activated protein kinase isoform abolishes 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranosidebut not contraction-induced glucose uptake in skeletal muscle. J Biol Chem. 2004;279(2):1070–9.PubMedCrossRef

29.
Brun C. A rapid method for the determination of para-aminohippuric acid in kidney function tests. J Lab Clin Med. 1951;37(6):955–8.PubMed

30.
Petersen H, Fueger P, Bracy D, Wasserman D, Halseth A. Fiber type-specific determinants of Vmax for insulin-stimulated muscle glucose uptake in vivo. Am J Physiol Endocrinol Metab. 2003;284(3):E541–8.PubMedCrossRef

31.
Ma X, Abboud F, Chapleau M. Analysis of afferent, central, and efferent components of the baroreceptor reflex in mice. Am J Physiol Regul Integr Comp Physiol. 2002;283(5):R1033–40.PubMedCrossRef

32.
Lukacsko P. Paradoxical bradycardia following the administration of sodium nitroprusside in the rat is abolished by indomethacin. Cardiovasc Res. 1982;16(2):95–8.PubMedCrossRef

33.
Aoyagi T, Koshimizu T, Tanoue A. Vasopressin regulation of blood pressure and volume: findings from V1a receptor-deficient mice. Kidney Int. 2009;76(10):1035–9.PubMedCrossRef

34.
Walker J, Peppel K, Lefkowitz R, Caron M, Fisher J. Altered airway and cardiac responses in mice lacking G protein-coupled receptor kinase 3. Am J Physiol. 1999;276(4):R1214–21.PubMed

35.
Copeland S, Warren HS, Lowry SF, Calvano SE, Remick D. Acute inflammatory response to endotoxin in mice and humans. Clin Diagn Lab Immunol. 2005;12(1):60–7.PubMedCentralPubMed

36.
Ullrich R, Scherrer-Crosbie M, Bloch KD, Ichinose F, Nakajima H, Picard MH, et al. Congenital deficiency of nitric oxide synthase 2 protects against endotoxin-induced myocardial dysfunction in mice. Circulation. 2000;102(12):1440–6.PubMedCrossRef

37.
Nicholson SC, Hahn RT, Grobmyer SR, Brause JE, Hafner A, Potter S, et al. Echocardiographic and survival studies in mice undergoing endotoxic shock: effects of genetic ablation of inducible nitric oxide synthase and pharmacologic antagonism of platelet-activating factor. J Surg Res. 1999;86(2):198–205.PubMedCrossRef

38.
Vissers YL, Hallemeesch MM, Soeters PB, Lamers WH, Deutz NE. NOS2 deficiency increases intestinal metabolism both in nonstimulated and endotoxemic mice. Am J Physiol Gastrointest Liver Physiol. 2004;286(5):G747–51.PubMedCrossRef

39.
Carnio EC, Stabile AM, Batalhao ME, Silva JS, Antunes-Rodrigues J, Branco LG, et al. Vasopressin release during endotoxaemic shock in mice lacking inducible nitric oxide synthase. Pflugers Arch. 2005;450(6):390–4.PubMedCrossRef

40.
Zhou H, Qian J, Li C, Li J, Zhang X, Ding Z, et al. Attenuation of cardiac dysfunction by HSPA12B in endotoxin-induced sepsis in mice through a PI3K-dependent mechanism. Cardiovasc Res. 2011;89(1):109–18.PubMedCrossRef

41.
Feng Y, Zou L, Chen C, Li D, Chao W. Role of cardiac- and myeloid-MyD88 signaling in endotoxin shock: a study with tissue-specific deletion models. Anesthesiology. 2014;121(6):1258–69.PubMedCrossRef

42.
Yang ZW, Chen JK, Ni M, Zhao T, Deng YP, Tao X, et al. Role of Kir6.2 subunits of ATP-sensitive potassium channels in endotoxemia-induced cardiac dysfunction. Cardiovasc Diabetol. 2013;12:75.PubMedCentralPubMedCrossRef

43.
Gómez-Hernández A, Perdomo L, de las Heras N, Beneit N, Escribano O, Otero Y, et al. Antagonistic effect of TNF-alpha and insulin on uncoupling protein 2 (UCP-2) expression and vascular damage. Cardiovasc Diabetol. 2014;13:108.PubMedCentralPubMed

44.
Premilovac D, Bradley EA, Ng HL, Richards SM, Rattigan S, Keske MA. Muscle insulin resistance resulting from impaired microvascular insulin sensitivity in Sprague Dawley rats. Cardiovasc Res. 2013;98(1):28–36.PubMedCrossRef

45.
Vincent M, Clerk L, Lindner J, Klibanov A, Clark M, Rattigan S, et al. Microvascular recruitment is an early insulin effect that regulates skeletal muscle glucose uptake in vivo. Diabetes. 2004;53(6):1418–23.PubMedCrossRef

46.
Ross R, Wadley G, Clark M, Rattigan S, McConell G. Local nitric oxide synthase inhibition reduces skeletal muscle glucose uptake but not capillary blood flow during in situ muscle contraction in rats. Diabetes. 2007;56(12):2885–92.PubMedCrossRef

47.
Yu Y, Rajapakse A, Montani J, Yang Z, Ming X. p38 mitogen-activated protein kinase is involved in arginase-II-mediated eNOS-Uncoupling in Obesity. Cardiovasc Diabetol. 2014;13(1):113.PubMedCentralPubMedCrossRef

48.
Clerk LH, Vincent MA, Lindner JR, Clark MG, Rattigan S, Barrett EJ. Obesity blunts insulin-mediated microvascular recruitment in human forearm muscle. Diabetes. 2006;55(5):1436–42.PubMedCrossRef

49.
Perreault M, Marette A. Targeted disruption of inducible nitric oxide synthase protects against obesity-linked insulin resistance in muscle. Nat Med. 2001;7(10):1138–43.PubMedCrossRef

50.
Pilon G, Charbonneau A, White PJ, Dallaire P, Perreault M, Kapur S, et al. Endotoxin mediated-iNOS induction causes insulin resistance via ONOO− induced tyrosine nitration of IRS-1 in skeletal muscle. PLoS One. 2010;5(12):e15912.PubMedCentralPubMedCrossRef

51.
Buhl M, Bosnjak E, Vendelbo MH, Gjedsted J, Nielsen RR, K-Hafstrøm T, et al. Direct effects of locally administered lipopolysaccharide on glucose, lipid, and protein metabolism in the placebo-controlled, bilaterally infused human leg. J Clin Endocrinol Metab. 2013;98(5):2090–9.PubMedCrossRef

52.
Doronzo G, Viretto M, Russo I, Mattiello L, Di Martino L, Cavalot F, et al. Nitric oxide activates PI3-K and MAPK signalling pathways in human and rat vascular smooth muscle cells: influence of insulin resistance and oxidative stress. Atherosclerosis. 2011;216(1):44–53.PubMedCrossRef

53.
Takizawa Y, Kishimoto H, Kitazato T, Ishizaka H, Kamiya N, Ito Y, et al. Characteristics of reversible absorption-enhancing effect of sodium nitroprusside in rat small intestine. Eur J Pharm Sci. 2013;16(49):664–70.CrossRef

54.
Youd J, Rattigan S, Clark M. Acute impairment of insulin-mediated capillary recruitment and glucose uptake in rat skeletal muscle in vivo by TNF-alpha. Diabetes. 2000;49(11):1904–9.PubMedCrossRef

55.
Clark MG, Barrett EJ, Wallis MG, Vincent MA, Rattigan S. The microvasculature in insulin resistance and type 2 diabetes. Semin Vasc Med. 2002;2(1):21–31.PubMedCrossRef

56.
Tempel GE, Cook JA, Wise WC, Halushka PV, Corral D. Improvement in organ blood flow by inhibition of thromboxane synthetase during experimental endotoxic shock in the rat. J Cardiovasc Pharmacol. 1986;8(3):514–9.PubMedCrossRef

57.
Kwok W, Clemens MG. Rho-kinase activation contributes to Lps-induced impairment of endothelial nitric oxide synthase activation by endothelin-1 in cultured hepatic sinusoidal endothelial cells. Shock. 2014;42(6):554–61.PubMedCrossRef

58.
Natali A, Ribeiro R, Baldi S, Tulipani A, Rossi M, Venturi E, et al. Systemic inhibition of nitric oxide synthesis in non-diabetic individuals produces a significant deterioration in glucose tolerance by increasing insulin clearance and inhibiting insulin secretion. Diabetologia. 2013;56(5):1183–91.PubMedCrossRef

59.
Wang H, Wang A, Aylor K, Barrett E. Nitric oxide directly promotes vascular endothelial insulin transport. Diabetes. 2013;62(12):4030–42.PubMedCentralPubMedCrossRef



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
LMH, RTM and YFO researched the data, performed the experiments, and wrote the manuscript. LL, TMB, and TJC helped perform experiments. TMB edited the manuscript. YFO and OPM contributed to discussion and reviewed the manuscript. All authors’ read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12933_2015_223_Fig1_HTML.gif
1P 0ame

L comtponns

N G i e 250 8 i R Gy i e 00 o e e
il T aam  ream  aem e
18 ooy s s s O ———
- »r oy
16 gt o - o o ooz o e me me
= =
[ A e et
=3 el G U
T
» Wasi 0 40 ')
i o At
e )

ot s @0
T @romn)

¢

Ve ke

4 R

e





OEBPS/A12933_2015_223_Fig4_HTML.gif
9 8
CE_E._

) indinG seipie0






OEBPS/contact.gif





OEBPS/A12933_2015_223_Article_Equa.gif
4¢] DGy e
FE PTG
R, = K, [glucose]

Jotama





OEBPS/A12933_2015_223_Fig5_HTML.gif
YL

Blood Flow (g tissue™*min”)

Blood Flow (mL-g tissuemin)

N & @ @ 3

5

°

EWT+SAL
aWT+NO

NS

Skeletal
Muscle

-*I

NS

Kidney

Intestines.






OEBPS/A12933_2015_223_Fig2_HTML.gif
o

GIR (mg'kg-1-min-1)

MAP (mmHg)

WT+sAL WrNO

c3383883888

P

0 5 2 35 % 65 80 9 110
Time (min)

‘Whole-Body Rd (mg-kgr*min)

o 1 2 3 4 s
Ploame Insulin (naAnl)





OEBPS/A12933_2015_223_Article_Equb.gif
EDV = LVID}-
ESV = LVID}

Stroke Volum
_ Stroke_Volume Hear Rute
co= Body Weight 1000






OEBPS/A12933_2015_223_Fig7_HTML.gif
Ao Co
w

2 . T

3 £

Ew I

H

o E
»

e wimshsnni  Hinsnenen
Time (min) Time (min)

H

yetdxs 138
R=072

‘Whole-Body R, (mg-kg min-)

A
Plasma Insulin (ng/mL)






OEBPS/A12933_2015_223_Article_Equc.gif
PAHI 1
[PAH] (1 -Her)

PAH clearance =





OEBPS/A12933_2015_223_Fig9_HTML.gif
w
g

3

Stroke Volume (uL)

EH






OEBPS/A12933_2015_223_Fig6_HTML.gif
Skeletal Muscle

NO SALNO SALNO SALNO SAL
T rup—————

o e e e e —

————— e —

W (NOS™#)

s

Serms Thrsse

posKp
Ser®

o

P-GSKIGSK (AU)

GsK3p

05

Skeletal Muscle

NO SALNO SALNO SALNO SAL
o e e o e

———— e e o

WT(NOS™)

NS

N: NS
SAL NO SAL NO

WT (INOS**)

00

NO
WT (INOS**)





OEBPS/A12933_2015_223_Fig8_HTML.gif
>

.888888388

Musclo RS (ug g min)

Plasma Insulin (ng/mL)

o

WTeSAL
QWT+PS
BKOsSAL
OKOLPS

I

soma

mE

illi

oBasal
wClamp

SAL LPS SAL LPS

d
i
i
i
:
a2

3835883

Soleus, X Viv0 5 pagal

winsuln,
5 tomUimL

WT(NOS*)

KO (INOS*)





OEBPS/A12933_2015_223_Fig3_HTML.gif
Tissue R, (grming™)
2 e 8 o

|

oBasal

=Clamp
5

——

Vastus L.

s —

g

greggge-°

wwMyenssy @

WT+NO

WT+SAL





OEBPS/A12933_2015_223_Fig10_HTML.gif
Skeletal Muscle B ‘Skeletal Muscle
SAL S _SAL _LpS SAL _1Ps _SAL _tps
— P-GSK-33 -—— -
pAR ——
Serm Ser®
P et GSKIP  mwemmmm————
st feactn T —
WT(NOS™) KO (NOS*) WINOS™)  KO(NOS*)
. D
20 — 15
Sis 2
2 2
K S0
ERD) 8
3 Fos
d o5 Q
4
0o SAL LPS SAL LPS oo SAL LPS SAL LPS

WT (INOS™*)

KO (INOS#)

WT(NOS*) KO (iNOS*)





