APPROACH

Made up of two components: (1) Preliminary data and (2) Research design and methods

PRELIMINARY DATA (~50% of Approach Section; ~2 pages for NRSA and ~3-4 pages for K)

( This is the most important part of the grant.  Anybody can propose a great set of experiments, but here you prove that you can do what you propose and that the data you have gathered so far supports your hypotheses.

( Have an overall Introduction to Preliminary Data section at the very beginning of the section and for training grants (e.g. NRSA or K) specifically state what your role was in the data collection.  Often there is a significant amount of mentor’s data presented here and what data you show needs to be identified as realistic to your experience and time spent in the laboratory.  

( Preliminary Data should be broken up into logical sections/sets of experiments that directly relate to your specific aims.  Preliminary data should:

(1) demonstrate that you can make the interventions and measure the outcomes you propose in the study

(2) support the hypotheses of each aim.

It is often a fine line between showing enough preliminary data that the reviewers are confident your hypotheses are soundly based, and too much data that they consider that you have already completed the aim.

Each subsection of the Preliminary Data should have its own 

- Declarative heading

- Introduction/Rationale

- Presentation of Data, including relevant methods were necessary (keep to a minimum and refer to your own or mentor’s published work if method already established).  Avoid detailed methods that are distracting and use up your very limited space.

- Conclusion/Summary

( Try and show graphs/figures etc. in the simplest yet most compelling visual fashion – highlighting differences between groups.  If a graph or picture doesn’t look visually compelling, then simply use text to describe the results.  Figure legends should be brief and declarative.  Don’t write paragraphs of text that are difficult to read as in a Science or Nature publication. Two examples follow:
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[image: image4.emf]
( Preliminary data can be presented as one consolidated block – usually the preferable format.  Alternatively, preliminary data can be scattered through each aim of the research design section.  For training grants where there is typically limited preliminary data it is likely best to present in one block.

( It is often helpful to the reviewer at the end of each section to describe how the presented preliminary data relates to the proposed studies.  For example, you might make statements such as ‘In Aim 1A we will extend these preliminary studies and increase our sample size to n = 12 and include appropriate control experiments x, y, and z; or ‘Our preliminary data to date have been collected in lean mice and the goal of Aim 1A is to extend these observations to the model of diet-induced obesity.’

(  Summary of Preliminary Data section at the very end of section.  Can be effective when presented as a series of bullet points.
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APPROACH
Preliminary Data
Models of hypoxic exposure, chronic vascular catheterization, and FSIVGTT and clamp procedures
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Our laboratory has a long history of exposing mice to a variety of hypoxic regimens.  We can expose catheterized mice to hypoxia to collect arterial blood gas data53, perform hyperinsulinemic euglycemic clamps54, muscle glucose uptake54, and recently developed the ability to perform the FSIVGTT in both lean and obese chronically instrumented animals (Figure 2).  The data from the FSIVGTT are applied to a ‘mouse-adapted’ Minimal Model in collaboration with Dr. Bergman’s group (see consultancy letter) to assess insulin sensitivity, as well as the acute insulin response to glucose, glucose effectiveness (insulin-independent glucose uptake), and the disposition index (insulin sensitivity x acute insulin response to glucose; a strong clinical predictor of developing type 2 diabetes), providing an integrated view of metabolic status.  
Time-dependent changes in metabolic function in lean mice exposed to CH  

We compared the metabolic effects of CH in 10 week old lean mice (10% FIO2; PaO2 = 41 ± 2 mmHg) after one day and four weeks exposure using the FSIVGTT.  The left-hand bars in Figure 3 show that one day of exposure to CH resulted in impaired glucose tolerance (A), decreased glucose effectiveness (C), a strong trend to decrease insulin sensitivity (B), reduced acute insulin response to glucose (D), and a more than halving of the disposition index (E). 
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In contrast, we unexpectedly found a completely different response in lean mice exposed to four weeks of CH – these data provided the initial impetus for this proposal. The glucose tolerance and Minimal Model data for mice exposed to four weeks of CH are shown in the right hand bars in Figure 3.  Surprisingly, we found that four weeks of CH resulted in marked improvements in metabolic function.  Both glucose effectiveness and the acute insulin response to glucose (Figure 3, C and D) were now normalized compared to control animals and glucose tolerance (A) and insulin sensitivity (B) and the disposition index (E) were increased significantly above control levels. Thus, whereas acute CH causes marked metabolic impairment, chronic CH produces a robust phenotype of increased insulin sensitivity and improved glucose tolerance in lean mice. 

CH increases plasma, and muscle nitrite

As part of the above FSIVGTT experiments, we show that in control mice plasma nitrite remained stable over time, whereas the CH-exposed mice exhibited a biphasic time-dependent response (Figure 4); the  initial decline in plasma nitrite likely reflecting a diminution in NOS enzymatic efficiency and the latter increase an adaptive response to hypoxia.  In a follow-up experiment we determined that a continuous intravenous infusion of nitrite into mice increases muscle-specific nitrite levels by 60.7% (p < 0.025) during concomitant exposure to 10% CH compared to non-hypoxic mice.  Although determining mechanisms of increased bioavailabe NO from CH is not a focus of this proposal, our data demonstrate a positive interaction in which hypoxia (1) increases endogenous nitrite and (2) raises muscle nitrite levels during exogenous nitrite administration. 
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Four weeks exposure of nocturnal 14% CH increases insulin sensitivity in genetically obese Lepob mice 
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The above data in lean C57BL/6J mice clearly demonstrate that four weeks exposure to CH has significant metabolic benefits, even in lean mice.  This relatively severe degree of 10% CH can induce pulmonary hypertension55;56 and impair the normal weight trajectory of mice (note: however, our mice were weight matched between CH and control for all data in Figures 3-4). Therefore, we set out to perform pilot studies to test whether a milder, nocturnal 12 hr exposure to CH improves metabolism in genetically obese insulin resistant mice, in the absence of confounding side-effects.
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Experiments were conducted in 10 week old male obese Lepob mice exposed to a moderate level of 14% hypoxia only during the 12 hours of the light phase and then maintained in room air during the 12 hours of the dark phase.  At the completion of four weeks of nocturnal 14% CH exposure, a hyperinsulinemic euglycemic clamp was performed under room air (24 hr re-exposure) 5 hr-fasted conditions.  Baseline data in Table 1 demonstrate that this mild hypoxic exposure paradigm did not result in any differences in body weight, systemic arterial blood pressure, heart weight or RV/LV+septum ratio (to assess right heart hypertrophy).  Thus, there was no evidence of cardiovascular co-morbidity in genetically obese mice exposed to moderate nocturnal 14% CH.  As expected based on athletes in a ‘live high train low’ environment57 there was a small but significant increase in the hematocrit of just under five points. Metabolically, the obese mice exposed to nocturnal 14% CH showed a strong trend to lower blood glucose (p = 0.057; Table 1), whereas insulin and free fatty acid levels were comparable between control and CH groups (note: we were only able to measure plasma nitrite in n = 3 per group; although plasma nitrite were on average more than doubled in the CH vs control groups, variability of the data excluded demonstration of statistical significance). 

We assessed insulin sensitivity in control mice (n = 4) and mice exposed to nocturnal 14% CH (n = 3) for four weeks (data collected under fasted room air conditions) using the glucose clamp method (insulin infusion of 15 mU/kg/min and euglycemia matched in both groups at 100-110 mg/dl Figure 5).  Control Lepob mice exposed to room air exhibited insulin resistance with a clamped glucose infusion rate of 5.5 ± 0.6 mg/kg/min. In contrast, Lepob  mice exposed to nocturnal 14% CH showed a doubling of insulin sensitivity (p < 0.01), which when expressed relative to lean muscle mass represents ~ 60% of the insulin sensitivity we have previously reported in lean C57BL/6J mice54.  In Specific Aim 1, we will extend these preliminary observations to complete a full set of studies on the effects of moderate nocturnal CH on insulin sensitivity. 
Four weeks nocturnal 14% CH increases blood flow and glucose uptake in oxidative muscle fibers
As part of the clamp study above in obese mice we performed assessment of muscle specific glucose uptake.  Uptake of [2-3H] deoxyglucose (soleus muscle) during the clamp showed a strong trend towards elevation in the soleus muscle in response to 14% CH exposure in obese mice compared to controls, although with the small number of animals used in the pilot study, the increase did not reach statistical significance (Figure 6A); these data are consistent with the study of Gamboa et al.34 who showed a 30% increase in muscle glucose uptake specifically in the soleus muscle of lean mice exposed to four weeks of 10% oxygen.  We also undertook muscle blood flow microsphere experiments as proof of principle from a technical standpoint.  100,000 red fluorescent microspheres in 100 ul (15 um Molecular Probes, Inc. Eugene, OR) were injected over a 30 sec period through a carotid arterial catheter.  At the completion of the injection, blood was withdrawn through a femoral arterial catheter at 170 ul/min for 60 sec and then the animal sacrificed and muscle dissected for analysis using published approaches58).  Epifluorescent microscopy was used to count microspheres in the blood and muscle (example shown in Figure 6B) to determine absolute blood flow. After an initial learning curve, we obtained technically acceptable data from one control and two nocturnal 14% CH animals.  In both nocturnal 14% CH exposed animals the blood flow was higher in oxidative soleus muscle (11.5 ml/min/g) compared to the control animal (7.7 ml/min/g), with vastus and gastrocnemius muscles showing no evidence of dichotomy between control and CH animals.  Despite the very preliminary nature of these studies, our data suggest that delivery and uptake of glucose to oxidative muscle fibers is increased by nocturnal 14% CH exposure, potentially contributing to increases in insulin sensitivity determined by clamp.  Examining the effects of hypoxia and nitrite on muscle blood flow and glucose delivery is a goal of Specific Aim 2.
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Table 1:  Baseline cardiovascular and metabolic variables
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Exogenous administration of nitrite increases insulin sensitivity and signaling and decreases blood pressure in obese Lepob mice
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As part of ongoing studies with Dr. Mark Gladwin, we have administered obese Lepob mice exogenous nitrite (5 mg/day; n = 10) for seven days by mini-osmotic pump and compared insulin sensitivity to a similarly obese vehicle control group (n = 10).  Seven days of nitrite administration resulted in significantly lower blood pressure (96 ± 2 mmHg; p < 0.05) compared to vehicle (105 ± 2 mmHg)  and rosiglitazone (102 ± 2 mmHg) groups. There was no difference in basal blood glucose levels between the groups (see t = 0 in Figure 7A) or in basal hepatic glucose output (control 17.9 ± 0.8 versus nitrite 18.8 ± 1.5 mg/kg/min).  Importantly, insulin sensitivity was significantly increased by 31.5% (p < 0.01) in animals administered nitrite compared to controls (Figure 7).  Although the magnitude of the insulin-sensitizing effects of nitrite did not appear as great as the effects of four weeks of CH (Figure 6), it should be emphasized that nitrite was only administered for seven days. As a positive control we also administered rosiglitazone (6mg/kg/day s.q.) for seven days and insulin sensitivity was increased relative to control and comparable to nitrite administration (rosiglitazone 8.0 ± 0.3 ml/kg/min vs nitrite 8.6 ± 0.7 ml/kg/min). In separate groups (n = 5 per group) of obese mice with comparable exposures to nitrite, rosiglitazone, and saline we observed strong trends for an increase in insulin signaling, based on the ratio of P-Akt to total Akt in skeletal muscle, for nitrite exposed animals (Figure 7B). In Specific Aim 2, we will extend these preliminary studies to determine the insulin-sensitizing and insulin signaling effects of four weeks nitrite administration in obese mice, and whether concomitant exposure to CH can further improve metabolic function in obesity.
Exogenous administration of nitrite reduces mitochondrial overload in genetically obese Lepob mice

A separate group of genetically obese mice were administered saline or nitrite for seven days in an identical protocol to above.  At the end of the seven day exposure period the animals were sacrificed and muscle mitochondria extracted for assessment of mitochondrial function by Extracellular Flux Analyzer (Seahorse Bioscience, Chicopee, MA) in the laboratory of Co-Investigator, Dr. Shiva.  Our data (Figure 8: n = 6 per group) showed nitrite had no effect on State 3 respiration (A; maximal stimulated mitochondrial respiration in presence of ADP), but did cause a significant increase in State 4 respiration (B; mitochondrial respiration in the absence of ATP synthesis).  This resulted in a decreased respiratory control ratio (C; RCR = state 3/state 4) associated with a decrease in ATP generation (D).  Pilot data (n = 3 per group) showed a 1.6 ± 0.4 fold increase (non-significant) in UCP3 protein in muscle of nitrite treated mice compared to saline-treated mice These data indicate that nitrite produces a state of mitochondrial uncoupling under conditions of obesity, and is consistent with recent data demonstrating that reducing overload in mitochondria improves insulin sensitivity in obesity and diabetes1;2. 
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Hypoxia and nitrite increase mitochondrial biogenesis
In a series of in vitro studies in the C2C12 mouse myoblast cell line, we examined the effects of hypoxia and nitrite on mitochondrial biogenesis using Mitotracker (Figure 9A; Green FM 100nM; Invitrogen), which is preferentially accumulated in the mitochondria.  Four days of exposure to 1% oxygen induced a strong trend for a 19% increase in biogenesis (Figure 9B; p = 0.07), and concomitant administration of nitrite caused further dose-dependent increases in mitochondrial biogenesis with an 89% increase at 25 uM nitrite.  We have also assessed the in vivo effect of four weeks exposure to mild nocturnal CH in obese Lepob mice on mitochondrial biogenesis in skeletal muscle.  Comparing room air control animals (n = 4) to CH-exposed animals (n = 3) we observed an approximately three-fold increase in expression of PGC-1α, a key transcriptional co-activator that controls mitochondrial biogenesis (p < 0.05; data not shown).  Finally, to add translational relevance and demonstrate our ability to perform primary culture experiments in human myoblasts, we show that exposure to 1% oxygen and 50 uM nitrite induced a doubling of the mitochondrial to nucleus ratio (Figure 9C; n = 4).  Studies in Aims 2-4 will utilize primary human differentiated myotubes (see letter of support from Dr. Bret Goodpaster).
Activation of NO pathways is required for hypoxia and nitrite to induce mitochondrial biogenesis 

In related experiments performed by Co-Investigator, Dr. Shiva, the combination of 1% oxygen and 50 uM nitrite induced a large increase in cGMP in rat aortic smooth muscle cells, consistent with increased bioavailable NO activating sGC (Figure 10A; n = 4).  This increase in cGMP was abolished by prior administration of the sGC selective inhibitor 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ).  Moreover, ODQ similarly abolished the increase in mitochondrial:nucleus ratio that occurred during hypoxia and nitrite treatment (Figure10 B; n = 3).  Taken together, these data demonstrate the NO pathway is activated by exposure to hypoxia and nitrite and mitochondrial biogenesis is blocked with inactivation of sGC.  
Hypoxia and nitrite interactively augment HIF-1α in muscle
We examined the effects of hypoxia and nitrite on upregulation of HIF-1α in C2C12 cells treated with 1% oxygen and 50 uM nitrite for 24 hours.  Hypoxia alone induced the expression of HIF-1α in muscle cells (Figure 11A) and in combination with nitrite caused a further doubling in protein levels (Figure 11B).  Although there are data suggesting that NO can augment expression of HIF-1α, these are the first data demonstrating nitrite can upregulate HIF-1α and that the response occurs in metabolically active muscle tissue.  Experiments in Specific Aim 3 will explore the role of HIF-1α in mediating increases in insulin sensitivity with hypoxia exposure and nitrite administration.
Hypoxia and nitrite do not reduce mitochondrial reactive oxygen species (ROS) production

One potential mechanism by which hypoxia and nitrite could improve insulin sensitivity is decreasing the presence of ROS.  We, therefore, assessed hydrogen peroxide (H2O2) production using Amplex Red in the cell lysate of C2C12 cells treated for 24 hours with increasing doses of nitrite and exposed to either 1% or 5% oxygen (the latter to begin to address issues raised by Reviewer 3 about the severity of hypoxia in cell culture).  There was no change in H2O2 production with increasing levels of nitrite for either hypoxia regimen, although the total H2O2 production was slightly greater in the 5% oxygen environment than the 1% oxygen environment (Figure 12).  Based on these data we do not have evidence that hypoxia and nitrite decrease ROS in muscle, however, it is possible that in muscle obtained from metabolically impaired obese mice, a different pattern of response may occur.  Thus, although we feel any interventional studies are not justified at this time by our preliminary data, we will nevertheless routinely assess H2O2 production in all relevant experiments. Furthermore, based on the differential responses obtained with the severity of hypoxia, we propose to conduct cell culture experiments at 1%, 2.5%, and 5% oxygen.
Summary of preliminary data
Our preliminary data demonstrate both proof of feasibility as well as proof of concept.  From a technical standpoint combining our published work and preliminary data we show we can deliver any regimen of hypoxia that may be required, exogenously administer nitrite, perform hyperinsulinemic euglycemic clamps and FSIVGTT, and measure muscle blood flow and glucose uptake in chronically instrumented unhandled lean and obese animals.  Furthermore, we can assess mitochondrial biogenesis and function and ROS production in tissue and cell culture in the C2C12 cell line as well as primary cultures of human myoblasts.  

From a conceptual standpoint we show that:

( In lean mice exposed to chronic 10% CH and obese mice exposed to chronic nocturnal 14% CH, we demonstrate increases in insulin sensitivity; the latter independent of any co-morbidities associated with CH;( CH exposure is associated with increases in plasma and muscle nitrite, upregulation of HIF-1(, and preliminary evidence of increased blood flow and muscle glucose uptake in oxidative muscle;( In obese mice, seven days of nitrite administration significantly increased insulin sensitivity to a comparable degree as rosiglitazone and activated insulin signaling pathways;( Hypoxia and nitrite positively interact to accentuate both muscle HIF-1( and bioavailable NO;( Mechanistically we provide data showing nitrite and hypoxia can induce mitochondrial biogenesis and uncouple ATP production through activation of the canonical NO-sGC pathway and reduce mitochondrial overload.
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Figure 9:  increases in mitochondrial biogenesis after four days of hypoxia and nitrite administration using MitoTracker in C2C12 mouse myoblasts (n = 3 per group) and in differentiated human myoblasts (n = 4 per group).
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Figure 4:  Continuous hypoxia causes time-dependent increases in plasma nitrite (n = 7-8 per group).  
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Figure 10:  Hypoxia + nitrite induces (A) a time-dependent increase in cGMP that is abolished by the sGC inhibitor ODQ; (B)  ODQ also abolishes the increase in mitochondrial biogenesis that occurs with hypoxia  + nitrite exposure.
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Figure 2: Frequently sampled intravenous glucose tolerance test (FSIVGTT) in conscious chronically instrumented lean (n = 9) and obese (n = 6) mice.  Note, marked glucose intolerance and insulin secretion response in obese mice compared to lean mice.
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Figure 6:  A. In obese mice, four weeks of nocturnal 14% hypoxia (n = 3) there was a trend for increased muscle glucose uptake in oxidative soleus muscle compared to control (n = 3) despite the small sample size. B. Detection of red fluorescent microspheres in isolated muscle by epifluoresence microscopy.
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Figure 5:  In obese mice (n = 4 & 3 per group) exposed to four weeks of nocturnal 14% continuous hypoxia (CH) there is a doubling of insulin sensitivity under clamped euglycemic, hyperinsulinemic (room air 27.1 ± 3.3 ng/ml and 14% CH 25.7± 0.9 ng/ml) conditions.





�


Figure 3:  Four weeks exposure to continuous hypoxia in lean mice produces an improved glucose tolerance, increased insulin sensitivity, and in increase in the disposition index (n = 8-11 per group).
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Figure 12:  No evidence of a decrease in ROS with nitrite and hypoxia exposure, as assessed by hydrogen peroxide (H2O2) production in C2C12 cells (n = 3 per group).
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Figure 8:  In obese mice, nitrite administration for 7 days (5mg/day; n = 6 per group) reduces mitochondrial overload.





�





�


Figure 7:  A. In obese mice administered seven days of nitrite (5mg/day; n = 10 per group) there is a 31.5% increase in insulin sensitivity under clamped euglycemic  hyperinsulinemic (vehicle 22.4 ± 2.5 ng/ml and nitrite 24.9 ± 2.9 ng/ml) conditions. B. There was a strong trend for an increase in insulin-stimulated P-Akt to total Akt in animals exposed to nitrite compared to rosiglitazone or saline.  As a negative control, the P-Akt/total Akt in non-insulin stimulated mice was 0.43 ± 0.04 (data not shown).
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Figure 11:  C2C12 cells express HIF-1α during hypoxia and the expression is augmented by 50 uM nitrite (n = 4 per group)
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