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Glucose Activates Vagal Control of 
Hyperglycemia and Inflammation 
in Fasted Mice
Biju Joseph1, Guilherme shimojo1, Zhifeng Li1, Maria del Rocio thompson-Bonilla1,2, 
Roshan shah1, Alexandre Kanashiro1,3, Helio C. salgado3 & Luis Ulloa  1,4

sepsis is a leading cause of death in hospitalized patients. Many experimental treatments may 
have failed in clinical trials for sepsis, in part, because they focused on immune responses of healthy 
animals that did not mimic the metabolic settings of septic patients. epidemiological studies show an 
association between metabolic and immune alterations and over 1/3 of septic patients are diabetic, 
but the mechanism linking these systems is unknown. Here, we report that metabolic fasting increased 
systemic inflammation and worsened survival in experimental sepsis. Feeding and administration of 
glucose in fasted mice activated the vagal tone without affecting blood pressure. Vagal stimulation 
attenuated hyperglycemia and serum tNF levels in sham but only hyperglycemia in splenectomized 
mice. Vagal stimulation induced the production of dopamine from the adrenal glands. experimental 
diabetes increased hyperglycemia and systemic inflammation in experimental sepsis. Fenoldopam, a 
specific dopaminergic type-1 agonist, attenuated hyperglycemia and systemic inflammation in diabetic 
endotoxemic mice. these results indicate that glucose activates vagal control of hyperglycemia and 
inflammation in fasted septic mice via dopamine.

Sepsis represents a leading cause of death in the ICU of modern hospitals killing around 250,000 Americans 
per year1–3. There is no effective treatment by the FDA for severe sepsis and most present therapies are support-
ive. Modern antibiotics are more efficient in controlling infections, but sepsis still remains a leading cause of 
death in the ICU1,4. Severe sepsis is characterized by the overwhelming production of inflammatory cytokines 
that causes deleterious systemic inflammation and lethal multiple organ failure. During infection, pathogen- 
and damage-associated molecular pattern (PAMPs & DAMPs) molecules activate the innate immune system to 
produce inflammatory cytokines such as Tumor Necrosis Factor (TNF) and interleukins. These inflammatory 
cytokines are critical to fighting infections, but excessive production of these factors causes septic shock, cardi-
ovascular collapse, organ damage, and lethal multiple organ failure5. This process is not exclusive to sepsis, and 
deleterious systemic inflammation is a major clinical challenge in critical care. Infection, ischemia/reperfusion, 
hemorrhage/resuscitation, shock, and trauma can also induce the excessive production of inflammatory factors 
that can cause multiple organ failure6. Current studies focus on the mechanisms inducing systemic inflammation 
and the design of novel therapeutic strategies to control systemic inflammation in infectious and inflammatory 
disorders.

Sepsis represents a major scientific challenge in modern medicine with over 100 unsuccessful clinical trials7. 
Multiple clinical trials with new generations of antibiotics controlled the infections but did not control systemic 
inflammation and organ damage. Other clinical trials inhibiting specific inflammatory factors such as TNF or 
IL1 may have failed, in part, because they focused on single cytokines, but sepsis is a complex process with 
multiple inflammatory factors contributing to multiple organ failure8,9. Although most experimental approaches 
still focus on the immune system, sepsis is a complex process with both immune and metabolic alterations that 
contribute to multiple organ failure10–15. The CDC estimated that around 70% of the septic patients had chronic 
disorders or received hospital attention during the month before the diagnosis of sepsis16. A common metabolic 
alteration in septic patients is diabetes, around 1/3 of septic patients have diabetes that causes hyperglycemia, 
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which increases systemic inflammation, organ damage and 90-day mortality in septic patients10–21. Still, most 
studies focus on experimental models on sepsis performed on ‘healthy’ animals that do not mimic the metabolic 
alterations observed in clinical settings8,21. This association between metabolic and immune alterations is also 
confirmed by multiple epidemiological studies. Thus, recent efforts focus on identifying the physiological mech-
anisms connecting metabolic and immune alterations and their clinical implications in infectious and inflamma-
tory disorders. Here, we analyzed how metabolic fasting affects the pathogenesis and neuronal regulation of the 
innate inflammatory responses to bacterial endotoxin.

Results
Metabolic fasting increased systemic inflammation and worsened survival in endotoxemia.  
Epidemiological studies show an association between metabolic and immune alterations, but the mechanism 
linking these systems is unknown. Here, we analyzed whether metabolic fasting modulates the innate immune 
responses to bacterial endotoxin. First, we compared TNF production in control (fed ad libitum) and mice fasted 
for 24 hours. Fasted mice had slightly higher serum TNF levels but control mice had high variability of serum 
TNF levels that minimize the statistical significance (data not shown). We reasoned that this effect could be 
affected by postprandial metabolic markers and the variability in their feeding time. Thus, we added an experi-
mental group of mice to synchronize their feeding time and postprandial metabolic markers after a fasted period. 
Mice were either (control) fed ad libitum, (Fasted) fasted for 24 hours, or (F/fed) fasted for 20 hours and fed 
for 4 hours before challenged with bacterial endotoxin (Fig. S1). The most significant differences were found in 
the higher serum TNF levels in fast as compared to the fasted/fed (F/fed) mice. We further analyzed these two 
experimental groups with time course analyses showing that fasted animals had higher serum levels of TNF and 
IL6 than fasted/fed animals (Fig. 1a,b). Fasted mice also had higher levels of ‘late’ inflammatory cytokines such 
as IFNγ and HMGB1, which are produced at 4–6 h and 18–24 h post-LPS, respectively (Fig. 1c,d). Fasted animals 
also had slightly higher levels of anti-inflammatory cytokines such as TGFβ1 and IL10 at 2 h post-LPS (Fig. 1e,f). 
Blood chemistry analyses did not show a significant difference between fasted and fasted/fed mice in blood levels 
of potassium, sodium, carbon dioxide, urea nitrogen or anion gap (Fig. S2a–f). However, fasted animals had 
higher creatinine blood levels at 24 h post-LPS and had significantly worse survival in endotoxemia than fasted/
fed animals (Fig. 1g,h). Survival was recorded for two weeks and no late deaths were observed suggesting that 
fasting did not merely delay the pathology.

Glucose activated the vagus nerve to attenuate tNF production. We next hypothesized that met-
abolic fasting may affect the hyperglycemic responses to bacterial infection. Fasted and fasted/fed mice had sta-
tistically similar blood glucose levels before endotoxemia, but the fasted/fed mice had higher hyperglycemic 
responses to endotoxemia (Fig. 2a). We also analyzed glucose during hypoglycemia at 18 h post-LPS, the latest 
time point when all mice still alive before mortality. This time point allowed us to analyze the highest number of 
mice and not the subpopulation of mice that survive the first onset of mortality, as 10–25% of mice died during 
the first 24 h after the LPS challenge. Our result didn’t show a significant difference in hypoglycemia between the 
experimental groups. Thus, we focused on the initial onset of hyperglycemia and whether it affects the produc-
tion of inflammatory factors. Given that previous studies indicate that the vagal tone moderates the postprandial 
response to glycemic load22 and that the vagus nerve can inhibit TNF production in endotoxemia23–25, we rea-
soned that hyperglycemia may activate vagal modulation of TNF production in endotoxemia. Thus, we analyzed 
whether blood glucose activates the vagal tone. Intravenous acute administration of glucose did not affect arterial 
blood pressure but activated vagal electric potential difference in a concentration-dependent manner (Fig. 2b). 
Then, we analyzed whether this mechanism attenuates serum TNF levels. Administration of glucose decreased 
serum TNF levels through the vagus nerve, as it was prevented by surgical vagotomy (Fig. 2c). We previously 
reported that vagal electrical stimulation attenuates serum TNF levels in endotoxemic mice by inhibiting its 
production in the spleen23–25. Thus, we analyzed whether glucose induces a similar mechanism mediated by the 
spleen. Administration of glucose attenuated serum TNF levels in sham but not in splenectomized mice (Fig. 2d), 
similar to that described for vagal electrical stimulation23–25. These results indicate that glucose activates the vagus 
nerve to attenuate splenic and serum TNF levels in endotoxemia.

Vagal stimulation attenuated hyperglycemia by inducing insulin. The previous studies on vagal 
modulation focused on TNF regulation during endotoxemia23–25. Here, we analyzed whether vagal stimulation 
attenuates hyperglycemia. Bacterial endotoxin induces hyperglycemia by over 3-fold and returned to normal 
levels after 3–4 h. Vagal electrical stimulation significantly attenuated hyperglycemic responses to bacterial endo-
toxin (Fig. 3a). Previous studies reported the potential of vagal stimulation to attenuate serum TNF levels25–28. 
We confirmed that vagal stimulation attenuates other inflammatory cytokines such as serum levels of IL-6 and 
IFNγ at 4 h post-LPS (Fig. S3). However, these cytokines are produced after the hyperglycemic peak, and thus we 
focused on the relationship between vagal modulation of hyperglycemic and TNF and whether the vagus nerve 
controls hyperglycemia by regulating TNF. As we previously reported that splenectomy abrogated vagal control of 
TNF, we analyzed whether splenectomy also prevents vagal modulation of hyperglycemia. Vagal electrical stimu-
lation attenuated serum TNF levels in sham but not in splenectomized mice (Fig. 3b). By contrast, vagal electrical 
stimulation attenuated hyperglycemia in both sham and splenectomized mice (Fig. 3a,c). Next, we wondered 
whether the vagus nerve controls hyperglycemia by inducing insulin. Vagal stimulation increased serum insulin 
levels (Fig. 3d). We further confirmed our results in pancreatectomized mice. Vagal stimulation induced insulin 
in sham but not in pancreatectomized mice (Fig. 3e). Likewise, vagal stimulation attenuated hyperglycemia in 
sham but not in pancreatectomized mice (Fig. 3f). These results show that vagal stimulation can attenuate hyper-
glycemia in endotoxemia by inducing insulin.
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Dopaminergic control of hyperglycemia. Next, we analyzed how the vagus nerve induces insulin. 
Previous studies showed that the pancreas is innervated by ‘sensory’ vagal fibers that may regulate insulin pro-
duction through a sensory/efferent splanchnic network that involve other organs29–34. These results concur with 

Figure 1. Fasting increases inflammation and mortality in endotoxemia. Mice were (control) fed ad libitum, 
(Fasted) fasted for 24 h, or (F/fed) fasted for 20 h and fed for 4 h before challenged with LPS (10 mg/kg; i.p.). 
Serum levels of TNF (a), IL6 (b), IFNγ (c), HMGB1 (d), TGFβ1 (e) and IL10 (f) were analyzed at the indicated 
time points. *p < 0.05 vs F/fed (n = 4/group, two-way ANOVA). (g) Blood creatinine levels at 24 h post-LPS. 
+p < 0.05 vs F/fed (n = 4/group, one-way ANOVA). (h) Kaplan-Meier survival analyses of mice in endotoxemia 
(LPS 10 mg/kg; i.p.; §p < 0.05 vs. F/fed, n = 20/group, Survival Log-rank test).
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other studies showing that innervations of the adrenal glands modulate hyperglycemia in hemorrhagic shock35,36. 
Thus, we analyzed whether vagal stimulation attenuates hyperglycemia in adrenalectomized endotoxemic mice. 
Vagal stimulation attenuated hyperglycemia by around 2-fold in sham but not in adrenalectomized mice (Fig. 4a). 

Figure 2. Glucose activates the vagus nerve. (a) Fasted or fasted/fed (F/fed) mice were challenged with LPS and 
blood glucose levels were analyzed at different time points. *p < 0.05 vs F/fed (n = 3/group, two-way ANOVA). 
(b) Fasted animals received saline solution with glucose(0, 0.2 or 2 mg; i.v.) and the vagal nerve activity and 
arterial blood pressure were recorded (n = 2-3/group for 3 sets of experiments performed for each of the 
treatments). (c,d) Fasted mice underwent sham or surgical (c) vagotomy (VGX), or (d) splenectomy (SPX) at 
30 h or 3 days before LPS, respectively. Animals were treated with saline alone or with glucose (2 mg/Kg; i.p.), 
and serum TNF levels were analyzed at 1.5 h post-LPS. +p < 0.05 vs LPS (n = 3/group; One-way ANOVA).
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Next, we analyzed whether vagal stimulation induces the production of catecholamines in the adrenal glands. 
Vagal stimulation induced the production of the three catecholamines: dopamine, norepinephrine, and epineph-
rine, but the most significant effect was the increase in blood dopamine levels (Fig. 4b). Conversely, the most 
significant effect of adrenalectomy was to attenuate the vagal induction of dopamine (Fig. 4c). Thus, we ana-
lyzed the potential of dopamine to attenuate hyperglycemia in endotoxemia. Treatment with dopamine attenu-
ated hyperglycemia in endotoxemic mice (Fig. 4d) similar to that described with vagal stimulation. Given that 
dopamine has a short chemical half-life span limiting its clinical potential, we analyzed whether fenoldopam, a 
well-known stable specific agonist for D1-like dopaminergic receptors37,38, mimics the potential of dopamine to 
attenuate hyperglycemia. Fenoldopam was more effective than dopamine at inhibiting hyperglycemia in endo-
toxemia (Fig. 4e). Fenoldopam was also more effective than dopamine at attenuating serum TNF levels (Fig. 4f). 

Figure 3. Vagal stimulation attenuates hyperglycemia by inducing insulin. (a) Mice were challenged with LPS 
and received sham or vagal stimulation (VS; 10 Hz, 60 min). Blood glucose levels were analyzed at different 
time points. *p < 0.05 vs sham (n = 4/group; Two-way ANOVA). (b,c) Mice underwent sham or surgical 
splenectomy (SPX) 3 days before LPS. Animals underwent control surgery or vagal stimulation (VS), and serum 
TNF at 1.5 h (b); +p < 0.05 vs LPS (n = 3/group; One-way ANOVA), or blood glucose levels (c) were analyzed. 
*p < 0.05 vs LPS (n = 4/group; Two-way ANOVA). (d) Fasted mice received sham or vagal stimulation (VS), 
and serum insulin levels were analyzed at the indicated time points. *p < 0.05 vs LPS (n = 4/group; Two-way 
ANOVA). (e,f) Fasted mice underwent sham or surgical pancreatectomy (PX) 1 day before LPS, underwent 
sham or vagal stimulation, and blood insulin (e) or glucose (f) levels were analyzed at 1.5 h post-LPS. +p < 0.05 
vs LPS (n = 4/group; One-way ANOVA).
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Figure 4. Dopamine controls hyperglycemia in experimental sepsis. (a–c) Fasted animals underwent (a) sham 
or (a,c) surgical adrenalectomy (ADX) 3 days before LPS. Then, animals underwent control or vagal stimulation 
(VS; 10 Hz, 15 min) right before the LPS challenge. (a) Blood glucose or (b,c) catecholamines (dopamine(DA), 
norepinephrine (NE) or epinephrine (E) were analyzed at 1.5 h post-LPS. (d–f) Fasted mice were treated with 
vehicle (control), dopamine (DA; 10 mg/kg/dose; i.p.) or fenoldopam (Fen; 10 mg/kg/dose; i.p.) at 6 and 1 h 
before the LPS challenge. (d,e) Blood glucose and (f) serum TNF levels were analyzed at the indicated time 
points. (g,h) All mice received streptozotocin (STZ; 40 mg/kg) and were treated with vehicle (control) or 
fenoldopam (Fen; 10 mg/kg/dose; i.p.) at 6 and 1 h before LPS. Blood glucose (g) and TNF (h) were analyzed at 
the indicated time points. (a,f) +p < 0.05 vs LPS (n = 4/group; One-way ANOVA); (b,c) #p < 0.05 vs LPS (n = 3/
group; Student’s t-test); (d,e,g,h) *p < 0.05 vs control (n = 4/group, Two-way ANOVA).
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These results show the potential of dopaminergic agonists to modulate both hyperglycemic and inflammatory 
responses to bacterial endotoxin.

We realized that most experimental models of sepsis are based on ‘healthy’ mice with normal immune and 
metabolic systems that do not represent the common comorbidity of septic patients. Among them, around 1/3 of 
septic patients have diabetes that causes hyperglycemia, which increases systemic inflammation, organ damage 
and 90-day mortality in septic patients10–15,21. We previously reported that the induction of diabetes with strepto-
zotocin, the standard method to induce experimental diabetes in mice, increases hyperglycemic and inflamma-
tory responses to bacterial endotoxin and worsens survival in endotoxemic mice39. Thus, we analyzed whether 
fenoldopam attenuates hyperglycemia in experimental sepsis with diabetes. Time-course experiments indicated 
that treatment with fenoldopam significantly attenuates hyperglycemia in endotoxemic diabetic mice from 0.5 to 
3 hours post-LPS (Fig. 4g). The analyses of TNF in the same samples show that treatment with fenoldopam also 
attenuates serum TNF levels for over 3 hours after the LPS challenge (Fig. 4h). These time-course analyses show 
that fenoldopam inhibited and did not merely delay hyperglycemia or TNF production in endotoxemic mice with 
diabetes. These results suggest that dopaminergic agonist type 1, such a fenoldopam may attenuate hyperglycemia 
and inflammation in both normal and diabetic endotoxemic mice.

Discussion
Our results indicate that metabolic fasting affects both hyperglycemic and systemic inflammatory responses to 
bacterial endotoxin by modulating vagal neuromodulation. Fasted animals had worse systemic inflammation, 
organ function, and survival in experimental sepsis. Thus, we analyzed the relationship between glycemia and 
the inflammatory response to bacterial endotoxin. Experimental and clinical studies have shown that sepsis 
is characterized by an initial hyperglycemic response followed by a hypoglycemic phase and both phases con-
tribute to the pathogenesis and prognosis of sepsis12–15,40. Fasted/fed mice had a higher hyperglycemic spike in 
endotoxemia, but similar hypoglycemic levels than fasted animals. Thus, we focused on the initial hypergly-
cemic response and whether they determine the production of inflammatory factors. Indeed, administration 
of glucose activated vagal electric potential and attenuated serum TNF levels in sham but not in vagotomized 
mice. Although the molecular mechanisms of vagal activation by hyperglycemia are unknown, recent studies 
show that glucose activates specific neuronal networks in central regions that modulate vagal activity. Glucose 
can activate pro-opiomelanocortin (POMC), melanin-concentrating hormone (MCH) and neuropeptide 
Y(NPY)/agouti-related peptide (AgRP) neurons in the hypothalamic arcuate nucleus and the nucleus tractus 
solitarius41–46. These neurons can activate different neuronal networks with specific implications. For instance, 
defective autophagy in POMC neurons leads to glucose intolerance and obesity47,48, whereas disrupted autophagy 
in glucose-sensing AgRP neurons promotes leanness and reduces food intake49,50. Although recent studies sug-
gested that glucose transporters and hexokinase can contribute to neuronal activation by glucose, the molecular 
mechanisms are not well-known51–53. Furthermore, glucose can also activate astrocytes, which in turn can activate 
central neuronal networks through the astrocyte-neuron lactate shuttle46 and the neuronal pyruvate metabo-
lism54. These studies focused on the potential of glucose to activate central neuronal networks that regulate energy 
homeostasis and hyperglycemia. Our results now warrant similar studies to determine the specific neurons and 
networks activated by glucose to induce vagal control of hyperglycemia and inflammation in infectious disorders. 
Future studies will also determine how these networks may link metabolic and immunological disorders and their 
contribution to inflammatory or infectious disorders such as sepsis.

Administration of glucose activated vagal electrical potential without affecting arterial blood pressure. These 
effects are similar to that observed with intracerebroventricular injection of semapimod, a drug currently used 
in clinical trials for Crohn’s disease55. Semapimod also activated vagal electrical potential and attenuated serum 
TNF levels in endotoxemia without affecting arterial blood pressure55. Likewise, melanocortin peptides, chole-
cystokinin, ghrelin, and leptin can also activate the vagus nerve to control physiological homeostasis55–57. These 
mechanisms of vagal activation have multiple clinical implications. For instance, deletion of leptin-induced vagal 
activation causes hyperphagia, obesity, diabetes, and infertility56,57. Likewise, multiple laboratories have shown 
that vagal stimulation attenuated TNF production in arthritis58, ischemia/reperfusion59–61, hemorrhage/resusci-
tation61, pancreatitis62, endotoxemia25,26 and severe sepsis63,64. Although these studies focused on vagal regulation 
of serum TNF levels, our present study now suggests that vagal regulation of hyperglycemia can also contribute to 
the effects of the vagus nerve in these conditions. In line with the hypothesis, our recent clinical study shows that 
neuronal stimulation can improve postoperative recovery by preventing hyperglycemia65.

Our results indicate that efferent vagal stimulation attenuates hyperglycemia in endotoxemia by inducing 
insulin and regardless of TNF regulation. Although neuronal regulation of insulin secretion is a complex pro-
cess depending on the physiological conditions, our results concur with previous studies indicating that the 
vagus nerve can modulate cephalic and postprandial insulin secretion29–31. From a clinical perspective, patients 
with complete resection of the subdiaphragmatic vagus nerve can display a longer periodicity of plasma insulin 
oscillations32. Clinical studies on patients with subdiaphragmatic vagotomy also indicate that truncal vagotomy 
decreases the glucagon response to insulin hypoglycemia as compared to selective vagotomy66, and abdominal 
vagal blocking decreases pancreatic exocrine secretion in the animal model67. Furthermore, recent studies indi-
cate that vagal blocking can improve glycemic control and blood pressure in obese patients with type 2 diabetes 
mellitus68. Previous studies also showed that the pancreas is innervated by ‘sensory’ vagal fibers from the hepatic 
subdiaphragmatic branches and suggest that the vagus nerve may regulate insulin production through a complex 
sensory/efferent splanchnic network that involves other organs29–34. In agreement with these results, previous 
physiological studies showed that innervations of the adrenal glands modulate hyperglycemia in hemorrhagic 
shock35,36. Our current results show that efferent vagal stimulation induced insulin and adrenalectomy prevented 
vagal control of hyperglycemia in endotoxemia.

https://doi.org/10.1038/s41598-018-36298-z


www.nature.com/scientificreports/

8Scientific RepoRts |          (2019) 9:1012  | https://doi.org/10.1038/s41598-018-36298-z

Our study shows that vagal stimulation induces the production of dopamine from the adrenal glands. 
Administration of dopamine decreased hyperglycemia and serum TNF levels in endotoxemia. These results con-
cur with clinical studies showing that dopamine can restore tissue perfusion in septic shock and critically ill 
patients69,70. However, dopamine can also increase the risk of tachyarrhythmia69,70 and worsens survival in septic 
animals71. We hypothesized that selective dopaminergic agonists may avoid unspecific side effects of dopamine. 
Dopaminergic receptors are classified into D1-like (D1R, D5R) or D2-like (D2R, D3R, D4R) receptors that sig-
nal through Gαs or Gαi proteins, respectively. Fenoldopam is a well-characterized, stable and specific agonist 
with ~100-fold greater affinity for D1Rs than dopamine35–38. Fenoldopam was more effective than dopamine at 
controlling hyperglycemia and TNF production in endotoxemic mice. However, most experimental models of 
sepsis are based on ‘healthy’ mice with normal immune and metabolic systems that do not resemble the common 
preexisting conditions of septic patients10–15. Indeed, over 1/3 of septic patients have diabetes that causes hyperg-
lycemia, which increases systemic inflammation, organ damage and 90-day mortality in septic patients10–15,21. We 
previously reported that experimental diabetes increases hyperglycemic and inflammatory responses to bacterial 
endotoxin and worsens survival in endotoxemic mice39. Our present study indicates that treatment with fenoldo-
pam attenuates, and doesn’t merely delay, both hyperglycemia and serum TNF levels for over 3 hours after the LPS 
in endotoxemic mice with diabetes. Our present results also suggest that fenoldopam attenuates hyperglycemia 
before the serum TNF peak at 1.5 h post-LPS, and thus the effects of fenoldopam on glucose may precede its 
effects on serum TNF levels. Future studies will be required to determine whether fenoldopam control of hyper-
glycemia contributes to modulate serum TNF levels. These results concur with our previous studies showing that 
treatment with fenoldopam, started at 15 h after the cecal ligation and puncture, improves survival in diabetic 
mice with established polymicrobial peritonitis induced by cecal ligation and puncture39. By comparison, inhi-
bition of TNF by using neutralizing anti-TNF antibodies increased the mortality when administered after the 
septic challenge in normal mice9. These studies of neuromodulation are allowing the design of novel treatments 
for infectious and inflammatory disorders. The study of the sympathetic baroreflex system allowed the design of 
selective beta-blockers for hypertension and arrhythmia. Similar studies are now required to determine whether 
specific dopaminergic agonists may provide therapeutic advantages for hyperglycemia and inflammation in septic 
patients with preexisting metabolic conditions such as diabetes.

Material and Methods
Chemicals and Reagents. LPS (E. Coli 0111: B4), dopamine hydrochloride, fenoldopam, streptozoto-
cin, and glucose were purchased from Sigma-Aldrich® (Saint Louis, MO). The glucose measuring strips were 
purchased from PharmaTech Solutions, Inc (Westlake Village, CA). Pentobarbital sodium was purchased from 
Diamondback (Scottsdale, AZ); ketamine from Henry Schein animal health (Dublin, OH); xylazine from Akron 
animal health (Lake Forest, IL, USA) and enrofloxacin from Bayer Healthcare (Shawnee Mission, KS, USA). 
Dopamine (DA; 10 mg/kg/dose; i.p.) or fenoldopam (Fen; 10 mg/kg/dose; i.p.) were administered at 6 and 1 h 
before LPS.

Animal experiments. All experimental procedures were approved by the Institutional Animal Care & Use 
Committee of the Rutgers New Jersey Medical School and adhered to The Guide for the Care and Use of Laboratory 
Animals by the National Academy of Sciences as published by the National Institutes of Health (Copyright© 1996 
by the National Academy of Sciences). Briefly, C57BL/6J 6–8 week old male mice were obtained from Charles 
River Laboratories (Wilmington, MA). Mice were fed standard chow diet (24.7% energy from protein, 62.1% 
energy from carbohydrate, 13.2% energy from fat; PicoLab Rodent Diet 20 from Labdiet, St. Louis, MO). The 
investigators analyzing the samples were blinded to the treatments. Endotoxemia: Endotoxin (10 mg/kg, i.p., E. 
coli LPS 0111:B4) was dissolved in sterile, pyrogen-free PBS, and sonicated for 20 mins. Diabetes: Streptozotocin 
was injected (STZ; 40 mg/kg; i.p.) 10 days before the experiment as reported72–74.

Vagotomy and electrical stimulations. Animals were anesthetized with pentobarbital (50 mg/kg, i.p.) 
and vagal surgeries performed as we described38. Surgical Cervical Vagotomy (VGX) A ventral incision on the 
neck was performed to retract the sternocleidomastoid muscle and to visualize the carotid artery and vagus 
nerves. The vagal trunks were ligated with size 4–0 silk and sectioned. Vagal Stimulation (VS) The right cervi-
cal vagal trunk was isolated and connected to the platinum electrode. Electrical stimulation was performed for 
60 mins at 5 V, with 40 mA, a pulse width of 200 μs, and a frequency of 10 Hz using the electrostimulator (STM 
150, Biopac Systems, Goleta, CA). Control animals underwent sham surgery without the electrical stimulation. 
Vagal activity recording was performed as described75. Anesthetized Wistar rats received ventral neck incision to 
connect the vagus nerve to the electrode. Then, the carotid artery and femoral vein were catheterized for record-
ing pulsatile arterial pressure and for glucose administration (iv), respectively. Animals were allowed to recover 
consciousness after surgery. The nerve activity was recorded with the impedance pre-amplifier Princeton Applied 
Research-113 and filtered 3–100 kHz. The arterial catheter was connected to a pressure transducer MLT844 and 
the signal was amplified by ML224 (ADInstruments, Bella Vista, Australia) and sampled in the oscilloscope 
Tektronics-5113.

Ablative surgeries. Animals were anesthetized with 100 mg/kg ketamine; 20 mg/kg xylazine, i.p. Anesthesia 
was confirmed by the absence of withdrawal reflex to toe pinch. Antibiotics (Enrofloxacine 2.5 mg/kg, s.c.; 
Baytril®, Bayer Health Care™, Swanee Mission, KA) were given to those animals with ablative surgery started 
right after surgery and given every 12 h until 24 h before the endotoxic challenge. Splenectomy: was performed 3 
days prior to the experiment as we described in J Exp Med25. Animals underwent an abdominal incision to expose 
the spleen. The three main branches of the splenic artery were stabilized with nylon thread, ligated and cut. 
The spleen was removed and the wound was closed with sutures with catgut for the abdominal wall, and nylon 
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thread for the skin. Adrenalectomy: was performed as described76. Animals received a dorsal incision from the 
first to the third lumbar vertebrae. The latissimus dorsi muscle was retracted and both adrenal glands and their 
adipose tissue were removed. Pancreatectomy: was performed similarly to that previously described77. Briefly, 
animals underwent a ventral left lateral abdominal incision to isolate and remove the pancreas 24 h before the 
LPS challenge.

Blood and serum Analyses. Blood was collected from a cardiac puncture at the indicated time points, 
allowed to clot for 30 mins at room temperature, and centrifuged at 2,000 g for 5 minutes at 4 °C similar as pre-
viously described38. TNF, IL6, IL10, TGFβ1 and IFNγ were analyzed with the respective ELISA kit (Affymettrix 
Inc, San Diego, CA). Serum HMGB1 was analyzed using HMGB1 detection ELISA kit (Chondrex Inc., Redmond, 
WA). Blood catecholamines were analyzed by ELISA (LDN immunoassays and services, Germany) at 1.5 h 
post-stimulation as we described23,76. Glucose was analyzed from the mouse tail tip blood using the Genstrip 
(PharmaTech Solutions Inc., Westlake Village, CA) and the OneTouch UltraMini glucometer, (LifeScan Inc., 
Milpitas, CA). Serum insulin was analyzed with the Mercodia mouse insulin ELISA kit, (Mercodia AB, Uppsala, 
Sweden). Blood chemistry analyses were performed at 24 h post-LPS with the i-Stat blood analyzer (Abbot 
Laboratories, Ilinois).

statistical Analyses. Tests were performed with GraphPad Prism Software® (GraphPad Software, La Jolla, 
CA). The sample size was determined with power analyses of our previous studies25,76. The figures are represent-
ative of experiments that were repeated twice in different days with n = 3–4 per experiment, and the data are 
expressed as mean ± standard error (SEM). The Student’s t-test (Mann–Whitney U test) was used to compare 
two experimental groups. Analyses of three or more groups were performed with one-way ANOVA with multiple 
pair-wise comparisons. The time courses and pair-wise comparisons were analyzed with the two-way ANOVA 
for repeated measures. Pair comparisons in ANOVA nonparametric tests were post-hoc adjusted with Tukey test 
(in equal sample sizes) or Bonferroni’s for multiple hypothesis testing. Normality and homogeneity of variance 
were confirmed with Kolmogorov-Smirnov analyses. Survival was analyzed with the Log-rank (Mantel-Cox) test. 
p < 0.05 are considered statistically significant and represented: #Student’s t-test, +One-way ANOVA, *Two-way 
ANOVA, §Survival Log-rank test.

Availability of Materials and Data
The authors will make materials, data and associated protocols promptly available to readers.
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