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Abstract 

 Ingested dietary nitrate which is converted to nitrite and then to nitric oxide has 

been shown to be ergogenic in clinical populations.  The conversion of nitrate to nitrite is 

facilitated by bacteria in the oral cavity.  

PURPOSE: 1) to examine nitrite levels following nitrate ingestion in ICU patients 

receiving antibiotics, and 2) to determine if nitrate ingestion improved physical function 

at hospital discharge. 

METHODS: ICU patients (n=22) were randomized to receive either nitrate rich 

(400 mg) or nitrate depleted beetroot juice (placebo) for the duration of their hospital 

stay.  Plasma nitrate and nitrite were measured prior to and three hours post consumption 

on the first dose.  Physical function was measured at hospital discharge using the Short 

Physical Performance Battery.  

RESULTS: In the nitrate rich beetroot juice group, nitrate and nitrite increased 

from pre (26.0 ± 7.0 µM and 141.0 ± 10.1 nM, respectively) to post (245.2 ± 52.1 µM 

and 284.2 ± 50.3 nM, respectively) consumption. Neither nitrate nor nitrite increased 

significantly from pre to post consumption in the nitrate depleted beetroot juice group. 

Short Physical Performance Battery scores at hospital discharge were not significantly 

different between the nitrate rich beetroot juice group (2.0 ± 0.9) and the placebo group 

(3.5 ± 0.9). 

CONCLUSION: Nitrate supplementation in the form of beetroot juice was 

effective at increasing plasma nitrate and nitrite levels in ICU patients even in the 

presence of antibiotic administration; however, physical function at hospital discharge 
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did not appear impacted by nitrate supplementation.  Future studies should examine 

physical function beyond hospital discharge and pair nitrate supplementation with an 

early exercise intervention. 
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Introduction 

 More than 5.7 million people are admitted to intensive care units (ICU) in the 

United States each year.  Of those, 20 to 30% require mechanical ventilation due to acute 

respiratory failure (ARF) defined as a PaCO2 of >45mmHg or a PaO2 of <60mmHg (10, 

47).  Stefan et al. showed that from 2001 to 2009 the number of hospitalizations due to 

ARF rose at an annual rate of 11.3% from 1,007,549 to 1,917,910 in the United States.  

In 2009, ARF resulted in 381,155 deaths and a total inpatient expense of 54 billion 

dollars.  Although there was a large increase in the number of hospitalizations, adjusted 

mortality rates decreased from 2001 to 2009 (40).  Patients requiring mechanical 

ventilation because of ARF incur significantly higher daily costs during a hospital stay 

than those who do not by an average of more than $1,500 per day (6).  

 A common problem for ARF patients is the development of ICU acquired 

weakness (ICUAW), which manifests as a loss of skeletal muscle strength.  It is the result 

of polyneuropathy, myopathy, muscular atrophy, or a combination of these (23).  

Herridge et al. found persistent functional impairments one year after discharge due to 

muscle wasting and weakness (17).  In addition to reduced muscle strength, patients with 

ICUAW present with additional problems.  Fletcher et al. reported skeletal muscle 

weakness and impaired physical functioning in ICU patients persisting up to 3.5 years’ 

post-hospital stay (11).  Additionally, close to half of ARF survivors at five months’ post-

discharge reported needing help with at least one activity of daily living, and almost a 

quarter reported needing help with multiple activities of daily living (13).   

 Nitric oxide (NO) has been identified as a biological agent that can improve 

physical function in both young healthy and older diseased individuals and as such may 
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have the potential to improve physical functioning in ICU patients (19).  There are two 

main pathways for the formation of NO in the body.  The L-arginine/NO synthase 

pathway and the recently discovered reduction reaction of nitrate to nitrite to NO.  In the 

nitrate to NO reduction pathway, ingested nitrate is absorbed into the blood by the small 

intestine.  The circulating nitrate then can be removed by the salivary glands and 

concentrated in saliva.  Bacteria in the mouth reduce nitrate to nitrite by the nitrate 

reductase enzyme.  The resulting nitrite is then swallowed and further reduced to NO by 

additional pathways (31).  Mechanically ventilated patients are given a strong 

antibacterial mouthwash daily which could inhibit the breakdown of nitrate in the mouth 

by bacteria, so it is unknown whether a dietary nitrate supplement will increase blood 

nitrite levels (33, 46). 

 Nitrate supplementation has seen promising results in improving function and 

exercise tolerance in healthy individuals.  Multiple studies have shown that both acute 

and chronic nitrate supplementation can improve exercise capacity and performance by 

reducing the energy cost of exercise.  These results were seen across a range of healthy 

recreationally active individuals to well-trained cyclists (2, 5, 24, 26).  Nitrate 

supplementation is not only beneficial in healthy populations, but also in diseased 

populations.  

 Nitrate supplementation has been shown to improve exercise performance across 

many different diseases.  Acute beetroot juice supplementation improved exercise 

tolerance in patients with peripheral artery disease (21).  Following red beet extract 

supplementation patients with osteoarthritis had significant reductions in inflammation 

and pain (37).  Chronic obstructive pulmonary disease patients have been shown to have 



viii 
 

improved exercise tolerance, exercise performance, and decreased blood pressure after 

nitrate supplementation (4, 22).  The effects of nitrate supplementation on ICU patients 

have not yet been explored.  Given these patients are prescribed a wide variety of 

antibiotics prior to intubation, and it has been shown that antibacterial mouthwashes 

decrease nitrite production, it is unclear as to whether ICU patients receiving increased 

levels of dietary nitrate would exhibit increased nitrite levels and thus benefit from nitrate 

ingestion.  Therefore, the primary purpose of this study was to examine the effects of 

acute nitrate supplementation in ICU patients on blood nitrite levels.  The secondary 

purpose was to examine physical function at hospital discharge in patients receiving 

chronic nitrate supplementation during a hospital stay.
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Review of Literature 

 More than 5.7 million people are admitted to intensive care units (ICU) in the 

United States each year.  Of those, 20 to 30% require mechanical ventilation due to acute 

respiratory failure (ARF) (10, 47).  While generally considered a life-saving intervention, 

hospital mortality rates exceed 35% in non-surgical patients requiring mechanical 

ventilation (9).  Acute respiratory failure conventionally is defined as a PaO2 <60 mmHg, 

a PaCO2 >45 mmHg, or both.  These thresholds often serve as a guide to be used in 

conjunction with medical history and assessment of the patient because ARF may be 

caused by several factors including: chronic obstructive pulmonary disease, adult 

respiratory distress syndrome, and congestive heart failure (40).  Epidemiological data 

from 40 ICUs in 16 different countries reported in Vincent et al. showed that patients 

admitted with ARF were, on average, 6 years older, more frequently had an infection 

(47% versus 20%), remained in the ICU two days longer, and had a mortality rate more 

than two times greater (34% versus 16%) than patients without ARF.  Additionally, 35% 

of patients developed ARF during their ICU stay that was not present at admittance.  The 

authors concluded ARF is common in the ICU, whether the present at admittance or 

developed during ICU stay, and there are a variety of factors related to ARF and to the 

risk of development of ARF (44).  

Stefan et al. sought to evaluate trends in ARF such as, hospitalization, cost, and 

short term outcomes from an eight-year period between 2001 and 2009.  The authors 

used the Nationwide Inpatient Sample to identify cases of ARF based on International 

Classification for Diseases, Ninth Revision.  Weighted frequencies of ARF 

hospitalizations by year were calculated and population adjusted incidence and mortality 
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rates were estimated.  The results showed that from 2001 to 2009 the number of 

hospitalizations due to ARF rose at an annual rate of 11.3% from 1,007,549 to 1,917,910 

in the United States.  In 2009, ARF resulted in 381,155 deaths and a total inpatient 

expense of 54.3 billion dollars.  There was a small decline in average length of stay from 

7.8 days to 7.1 days.  Although there was a large increase in the number of 

hospitalizations, adjusted mortality rates decreased from 2001 to 2009 by 27.6% to 

20.6%.  Mechanical ventilation rates remained stable over the time period, but the use of 

non-invasive ventilation rose from 4% to 10%.  The authors concluded that there was a 

steady increase in the numbers of hospitalizations with a discharge diagnosis of ARF, 

coupled with a decline in patient mortality along with a significant transferal toward the 

use of non-invasive ventilation and away from invasive mechanical ventilation (40).  

 A retrospective study by Dasta et al. quantified the average daily cost of an 

intensive care stay, isolated the key factors associated with these costs, and determined 

the added daily cost of mechanical ventilation during an ICU stay.  The study included 

51,009 adult patients, across 253 geographically diverse US hospitals, who were admitted 

to the ICU between October 1, 2002 to December 31, 2002.    About 36% of patients in 

the study were mechanically ventilated during their ICU stay.  These patients were older 

and mostly male.  The mean length of ventilation was 5.6 days.  Comparing to patients 

requiring no mechanical ventilation, the average length of stay for mechanically 

ventilated patients was 5.9 days longer and cost an average of $18,643 more.  ICU costs 

were highest during the first two days of admission.  After adjusting for patient and 

hospital factors the mean additional cost of mechanical ventilation in ICU patients was 

$1,522 dollars per day.  The authors concluded ICU costs are at the highest during the 
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initial two days of admission and that mechanical ventilation is associated with 

significantly higher daily costs in ICU patients.  The authors also suggest that 

interventions resulting in reduced ICU stay or duration of mechanical ventilation could 

lead to significant reductions in total patient cost (6). 

ICU Acquired Weakness  

 One of the most common problems for mechanically ventilated patients is the 

developments of ICU acquired weakness (ICUAW), which presents as a loss of skeletal 

muscle strength.  Polyneuropathy, myopathy, muscular atrophy, or a combination of the 

three are the possible etiologies of ICUAW.  Polyneuropathy is most notable in proximal 

areas like the shoulders, hip girdle, and lower limbs.  Occasionally, polyneuropathy can 

affect the respiratory muscles and prolong dependence on mechanical ventilation (23).  

The most common methods for identifying ICUAW include: nerve conduction studies 

with electromyography, muscle biopsies, muscle ultrasound, and the Medical Research 

Council manual muscle strength testing.  Currently nerve conduction studies are 

considered the gold standard for identifying ICUAW, although each method has 

advantages and disadvantages (18).   

 A prospective study by Herridge et al. evaluated one-year outcomes in 

mechanically ventilated ICU survivors.  One hundred and nine ICU survivors were 

followed for 12 months’ post-discharge with visits at three, six, and twelve months.  At 

each visit patients underwent a physical exam, pulmonary function testing, a health 

related quality of life evaluation, and a six-minute walk test.  Patients lost on average 

18% of their baseline body weight from hospital admittance to discharge.  Muscle 

weakness and fatigue were the most common reasons for self-reported functional 
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limitation.  Pulmonary function returned to normal by six months, and none of patients 

required supplemental oxygen at 12 months, but 6% of patients’ arterial oxygen 

saturation dropped below 88% during the six-minute walk.  Although six-minute walk 

distance increased from a median of 281 meters at three months to 422 meters at 12 

months all values were lower than predicted.  Those patients who did not receive 

systemic corticosteroid treatment and did not develop secondary illness during ICU stay 

had better functional status at the 12-month visit compared to those who did.  The authors 

concluded that mechanically ventilated ICU survivors have persistent functional 

disability up to one-year post-discharge and most patients have extra-pulmonary 

complications, with muscle wasting and weakness being the most prominent (17).   

 In addition to reduced muscle strength, patients with ICUAW present with 

additional problems.  A prospective study by Hermans et al. investigated acute outcomes, 

one-year mortality, and costs of ICUAW among long ICU stay patients (>7 days) and to 

assed the impact of recovery of weakness at ICU discharge.  Matched for baseline 

characteristics, illness severity, and risk factors, 122 patients with ICUAW were 

compared to 122 without.  Weak patients incurred greater in-hospital costs and higher 

one-year mortality (30.6% versus 17.2%).  An extra 105 weak patients were not able to 

be matched and had even higher costs and worse prognosis.  One-year mortality was also 

increased if weakness persisted and was more severe as compared with recovery of 

weakness at discharge.  Hermans et al. concluded that ICUAW worsens acute morbidity, 

increases healthcare costs, and increases one-year mortality when compared to ICU 

patients without ICUAW (16).   
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 Fletcher et al. studied residual neuromuscular dysfunction after prolonged critical 

illness.  Using a prospective follow-up design of survivors of prolonged critical illness 

over five years, out of three hospitals in the United Kingdom, the authors followed ICU 

patients who were in the ICU for 28 days or more.  A total of 195 patients were eligible, 

with 86 surviving, of whom 22 consented to be studied.  The median follow-up timeline 

was 43 months with follow-ups ranging from 12 to 57 months’ post discharge.  All 22 

patients reported severe weakness, functional impairment, and prolonged recovery.  

Motor or sensory deficits were seen in 59% of patients upon clinical examination.  A total 

of 21 patients had electromyographic evidence of chronic partial denervation, consistent 

with a prior motor neuropathy.  The authors concluded that severe weakness and 

abnormal clinical neurologic findings are common in survivors of prolonged ICU stay 

and can persist up to five years after discharge (11).   

Garland et al. used an existing data base from a large cohort study to assess 

survival, functional status, and quality of life after hospitalizations in severe ARF 

patients.  Out of 1,722 study participants, 1,075 survived their hospital stay.  The median 

survival time post-discharge was 5.3 years, although was significantly shorter for those 

older males with reduced prehospital functional status, and multiple comorbidities.  Five 

months’ post-discharge 48% of survivors reported needing help with at least one activity 

of daily living (ADL), and 24% reported needing help with multiple (13).  

Studies show the prolonged bed rest associated with an ICU stay can lead to 

polyneuropathy, muscular atrophy, and myopathy that cause ICUAW.  Functional 

impairment is a one consequence of ICUAW that can persist up to 5 years after ICU stay.  

In addition, ICUAW worsens healthcare costs, acute morbidity, and one-year mortality.  
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In conclusion, an intervention with potential to improve ICUAW in ICU patients could 

change the standard of care for the ICU.  

Nitrate-Nitrite-Nitric Oxide Pathway 

 Nitric oxide (NO) is involved in a number of physiological processes in the body 

including vasodilation, neurotransmission, glucose and calcium homeostasis, muscle 

contractility, and mitochondrial respiration (7, 31, 39).  Additionally, NO has been shown 

to be beneficial in improving physical performance in young healthy individuals and 

some diseased populations and, as such, may have the potential to improve physical 

function in ICU patients (19).  Nitric Oxide is formed from two main pathways in the 

body.  Until recently, it was thought that all NO in the body was produced through the 

oxidation of the amino acid L-arginine, catalyzed by the NO synthase enzyme.  Nitric 

oxide can be further oxidized to nitrite and nitrate which can then serve as a reservoir and 

potential source of NO under physiological and pathological conditions.  Nitrate which 

can be found in a variety of foods such as, spinach, beetroot, and other leafy greens has 

recently been shown to be a source of NO (32).  In 1994, Benjamin et al. discovered that 

NO was generated non-enzymatically in the stomach from nitrite in saliva (3).  Then in 

2004, Lundberg and Govoni, provided evidence that ingestion of inorganic nitrate is a 

possible source for the salivary nitrite non-enzymatic generation of NO.  These 

investigators had nine healthy, non-smoking, volunteers ingested 10mg/kg of sodium 

nitrate dissolved in 100 mL of water.  Blood samples were taken 30 minutes before and 

immediately following nitrate load, then repeated at 15, 30, 60, and 90 minutes’ post-

ingestion.  Following the ingestion of sodium nitrite, a fourfold increase in plasma nitrite 

was seen.  Of equal importance was the discovery that if subjects avoided swallowing 
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after initially ingesting nitrate, the increase in plasma nitrite was not seen providing 

support for the notion that dietary nitrate is a source of salivary nitrite and the subsequent 

systematic generation of NO (30).   

The conversion of ingested nitrate to nitrite occurs when dietary nitrate is 

absorbed into the blood by the small intestine.  The circulating nitrate then can be taken 

up by the salivary glands and concentrated in saliva.  Up to 25% of circulating nitrate is 

taken up by salivary glands and concentrated up to twenty fold.  Facultative bacteria in 

the mouth then reduce nitrate to nitrite by the nitrate reductase enzyme native to the oral 

bacteria.  The bacteria use nitrate as an alternative electron acceptor to oxygen.  The 

resulting nitrite is then swallowed and further reduced to NO.  More specifically, when 

the nitrite rich saliva enters the acidic stomach most of the nitrite is converted to nitrous 

acid (HNO2), which decomposes further to form NO.  The remaining unreduced nitrate is 

excreted by the kidneys (31, 32). 

In 2008, Govoni et al. sought to test the role of oral bacteria in the conversion of 

nitrate to nitrite by studying the effects of a commercially available chlorhexidine 

containing mouthwash on plasma nitrate and nitrite levels after a dietary nitrate load.  

Utilizing a cross-over design, seven healthy volunteers received an oral intake of sodium 

nitrate (10 mg/kg) aqueous solution.  The control condition consisted of blood samples 

being taken 30 minutes and immediately before ingestion of sodium nitrate.  Blood 

samples were then taken again at 15, 30, 60, 90, 120, and 180 minutes’ post-ingestion.  In 

the experimental protocol subjects followed the same procedures with the addition of 

mouth washing twice for one minute, 15 minutes before ingestion of sodium nitrate.  The 

results showed that rise in plasma nitrite is reduced significantly when rinsing the mouth 
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with antibacterial mouthwash immediately prior to nitrate ingestion, while the rise in 

salivary nitrite was completely eliminated, indicating there is another source of nitrite 

generation.  Govoni et al. further provided evidence that the majority of nitrate to nitrite 

conversion is facilitated by oral bacteria (14).   

Nitrate Supplementation in Healthy Populations 

 Multiple studies have shown improved functioning and exercise tolerance in 

healthy populations after taking nitrate supplements.  In 2007, Larsen et al. investigated 

the effect of dietary nitrate supplementation had on circulatory and metabolic variables 

during exercise.  Measures included: resting blood pressure, plasma nitrate and nitrite, 

blood lactate, hematocrit, peak oxygen consumption (VO2 peak), and oxygen 

consumption (VO2) during four work rates between 45-80% of VO2 peak.  Nine well-

trained healthy men performed submaximal and maximal VO2 tests on a cycle ergometer 

after two different three day periods of supplementation with either sodium nitrate or an 

equal amount of sodium chloride.  Sodium nitrate per day equaled 0.1 mmol per kg of 

body weight dissolved in water.  The daily dose was calculated to correspond to the 

amount found in 150-250 grams of nitrate rich foods such as, spinach or beet root.  A 

washout period of ten days separated the two supplementation periods.  Plasma levels of 

nitrate and nitrite were both significantly increased following the nitrate supplementation 

period versus the placebo period.  Both resting systolic and diastolic blood pressures were 

significantly lower following nitrate supplementation compared to placebo.  On average, 

VO2 during the four submaximal work rates decreased from 2.98 L/min to 2.82 L/min 

following sodium nitrate supplementation compared to the placebo period.  Gross 

efficiency, defined as work rate divided by energy expenditure, significantly increased 
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following the nitrate supplementation period.  No differences were seen in VO2 peak, 

blood lactate, or hematocrit between the two trials.  Larsen et al. concluded that nitrate 

supplementation results in lower oxygen demand during submaximal work.  Combined 

with no increase in lactate concentration, this indicates that energy production became 

more efficient following nitrate consumption (26). 

 In 2010, Bailey et al. sought to explain the mechanism for the reduction in oxygen 

cost of exercise following short-term nitrate supplementation.  Utilizing a randomized, 

double blinded, cross over design, seven healthy males, ages 19 to 38 years old, 

underwent six days of supplementation with either 500 mL/day of beetroot juice, 

containing 5.1 mmol of nitrate, or a placebo and then completed a series of low and high 

intensity step exercise tests on the last three days to determine muscle and oxygen uptake 

responses to exercise.  A ten-day washout period was utilized between periods.  Average 

plasma nitrite levels on days four through six were significantly higher with beetroot 

supplementation as compared to the placebo (547 nM to 231 nM respectively).  During 

low-intensity exercise, the increase in VO2 from rest was significantly reduced by 25% 

following nitrate supplementation.  During high-intensity exercise, beetroot juice 

significantly reduced VO2 at 360 seconds of exercise and improved time to exhaustion by 

an average of 148 seconds.  Beetroot juice resulted in a 36% reduction in the amplitude 

of phosphocreatine degradation during low-intensity exercise and 59% reduction during 

high-intensity exercise.  Phosphocreatine is used by the body to rapidly regenerate 

adenosine triphosphate (ATP) from adenosine diphosphate.  Adenosine triphosphate is 

often referred to as the energy currency of the cell (15).  Total ATP turnover rate was 

reduced for both low and high-intensity exercise following nitrate supplementation.  The 
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authors concluded that the reduced oxygen cost associated with dietary nitrate 

supplementation may be attributed to a reduced ATP cost of muscle force production (2).  

Other studies further showed the improvements in exercise performance following nitrate 

supplementation. 

 In 2011, Lansley et al. studied changes in blood pressure, mitochondrial oxidative 

capacity, and physiological responses to walking and running following beetroot juice 

supplementation and a nitrate depleted placebo.  After control tests, nine physically active 

and healthy male subjects were randomized into a double blind crossover design.  

Subjects received either 0.5 L/day of nitrate rich beetroot juice or 0.5 L/day of the 

placebo, nitrate depleted beetroot juice, for six days.  A ten-day washout period separated 

supplementation periods.  Subjects completed treadmill exercise on days four and five 

and a knee extension exercise test for estimating mitochondrial oxidative capacity on day 

six.  Beetroot juice significantly elevated plasma nitrite levels and reduced resting 

systolic blood pressure.  While mitochondrial oxidative capacity was not different 

between groups, the oxygen cost of walking, moderate-intensity running, and high-

intensity running were significantly reduced following nitrate rich beetroot juice 

supplementation.  Time to exhaustion during high-intensity running was significantly 

increased by 15% during the nitrate rich beetroot juice supplementation period (25).   

 Cermak et al. hypothesized six days of nitrate supplementation would improve 

time-trial performance in young well-trained male cyclists.  Utilizing a double blinded, 

cross over design, twelve cyclists, with an average age of 31 and VO2 max of 58 

ml/kg/min, received either 8 mmol/day of nitrate in the form of nitrate rich beetroot juice 

or a nitrate depleted beetroot juice placebo.  A 14-day washout period separated the two 
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supplementation periods.  Following supplementation on day six, subjects performed 60 

minutes of submaximal cycling followed by a ten kilometer time trial.  Submaximal VO2 

was significantly lower after the nitrate rich beetroot juice supplementation period.  

Power output and time trial performance significantly improved following nitrate rich 

beetroot juice supplementation.  The authors concluded that six days of nitrate 

supplementation effectively reduces submaximal VO2 and improves time-trial 

performance in trained male cyclists (5).  

 Nitrate supplementation has been repeatedly shown to raise plasma nitrite levels, 

decrease oxygen cost of exercise at submaximal workloads, improve resting blood 

pressure, and improve exercise performance in healthy male subjects (5, 24, 26).  Bailey 

et al. showed that the exercise improvements may be due to reduced ATP cost of muscle 

force production (2).  Nitrate supplementation has not only been studied in healthy males, 

but in diseased individuals.   

Nitrate Supplementation in Diseased Populations  

 Not only has nitrate supplementation been shown to be an ergogenic aid in 

healthy populations, it also has positive effects in diseased populations.  In 2011, Kenjale 

et al. tested the effects of dietary nitrate supplementation, in the form of beetroot juice, on 

patients with peripheral artery disease using a randomized, cross-over, design.  Peripheral 

artery disease results in failure of the peripheral arteries to adequately supply blood and 

oxygen to working tissues and presents as pain in the calves during exercise.  The authors 

hypothesized that beetroot juice would increase plasma nitrite, exercise tolerance, and 

decrease fractional oxygen extraction in the gastrocnemius.  Eight subjects, consisting of 

an even split between males and females, with an average age of 67 were recruited from 
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Duke University Medical Center through physician referral.  At each testing visit, resting 

blood draws were taken followed by consumption of either beetroot juice containing 

1,127 mg of nitrate or a placebo in the form of orange juice.  Blood draws were repeated 

prior to, during, and after a maximal exercise test on a treadmill.  Oxygenation of the 

gastrocnemius was measured during the test by near-infrared spectroscopy.  The placebo 

elicited no changes in plasma nitrite while the beetroot juice increased plasma nitrite 3 

hours post supplementation.  After beetroot supplementation, subjects walked 18% longer 

before the onset of calf pain, and had a 17% longer peak walking time compared to the 

placebo.  Gastrocnemius fractional oxygen extraction was significantly lower during 

exercise after the beetroot juice which the authors suggested to be indicative of a greater 

increase in blood volume to the region following beetroot juice consumption.  Kenjale et 

al. concluded that dietary nitrate supplementation is effective at increasing NO signaling 

in areas of hypoxia while increasing exercise tolerance and decreasing fractional oxygen 

extraction from working tissue in peripheral artery disease patients (21). 

 Benefits of dietary nitrate supplementation have also been shown in patients with 

osteoarthritis by Pietrzkowski et al.  The purpose of the study was to test whether beet 

extract at a dose of at least 35 mg two times per day could reduce pain associated with 

osteoarthritis disorders.  Three groups consisting of eight subjects each were asked to 

take one capsule containing red beet extract 30 minutes prior to eating a meal for ten 

days.  Group one received 100 mg, group two received 70 mg, and group three received a 

35 mg dose.  The McGill pain and Energy score questionnaires were given at days one, 

five, and ten as a means of quantifying osteoarthritis symptoms.  Blood samples were 

also taken at days one, five, and ten.  Results showed that ingestion of red beet extract 
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reduced McGill pain scores in a dose and time-dependent relationship with a peak 

reduction of 33% compared to the first day.  Blood samples showed significant reduction 

in serum TNF-alpha levels, but only in subjects who initial TNF-alpha levels were greater 

than 1 pg/ml.  TNF-alpha is a signaling cytokine that represents acute systemic 

inflammation.  Serum levels of advanced oxidation protein products, which are created 

during oxidative stress, were reduced up to 48% after ten days of supplementation.  The 

authors concluded that a dose response relationship was seen with supplementation of red 

beet extract greater than 35 mg on pain.  Beneficial effects of red beet supplementation 

can also be seen on markers of systemic inflammation (37).  These results are promising 

because reducing systemic inflammation in ICU patients may have important therapeutic 

effects.   

 In 2015, Berry et al. examined the effects of acute nitrate supplementation on 

exercise performance in chronic obstructive pulmonary disease patients.  Fifteen subjects 

were randomized in a single-blind, crossover design to receive either beetroot juice or a 

placebo in the form of prune juice.  During the initial testing visit, subjects preformed a 

graded exercise test on a cycle ergometer.  The subject’s peak work rate was defined as 

the highest wattage maintained for at least 30 seconds.  The primary outcome of the study 

was exercise time at 75% of the subjects’ peak work rate.  A washout period of seven 

days was utilized between supplementation periods.  Blood test results indicated beetroot 

juice containing 470 mg of nitrate successfully increased plasma nitrate and nitrite 

compared to the placebo.  Exercise time was significantly longer following the beetroot 

supplementation versus the placebo by an average of 28.8 seconds.  Berry et al. 
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concluded that acute nitrate supplementation can improve exercise performance in 

patients with chronic obstructive pulmonary disease (4). 

 Similarly, Kerley et al. examined the benefits of acute nitrate supplementation in 

chronic obstructive pulmonary disease patients.  Eleven chronic obstructive pulmonary 

patients recruited were then randomly assigned to either consume a high nitrate beetroot 

juice (800 mg of nitrate) or nitrate depleted beetroot juice as a placebo in a double-blind 

crossover design.  The authors hypothesized that dietary nitrate supplementation would 

increase incremental shuttle walk test performance.  Incremental shuttle walk tests were 

administered before and three hours after supplementation.  A seven-day washout period 

separated each experimental procedure.  Incremental shuttle walk distance significantly 

increased after consuming the nitrate rich beetroot juice versus the placebo by an average 

of eleven meters.  Significant increases in plasma nitrate and nitrite were also observed 

due to the nitrate rich beetroot juice.  The authors concluded that acute dietary nitrate 

supplementation is effective at increasing exercise capacity in chronic obstructive 

pulmonary disease patients and that nitrate supplementation may be beneficial in this 

diseased population (22).  

 In 2016, Eggebeen et al. tested if a low single dose or a one week dosing of 

dietary nitrate supplementation could improve exercise tolerance in patients with 

preserved ejection fraction heart failure.  Utilizing a cross-over design, twenty heart 

failure patients were enrolled in an initial comparison of a single acute dose of nitrate rich 

beetroot juice and a nitrate depleted placebo.  A second period utilized an all-treated 

design with a week of daily nitrate supplementation.  The primary outcome was 

submaximal aerobic endurance measured by cycling time to exhaustion at 75% of the 
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participants’ maximal power output.  Secondary measures included resting blood 

pressure, plasma nitrate, and plasma nitrite.  Single dose supplementation had no impact 

on submaximal performance, but one week of nitrate supplementation improved 

submaximal performance by 24% compared to the placebo period.  Plasma nitrate and 

nitrite were increased in both dosing schemes, while resting systolic blood pressure was 

reduced.  The authors concluded that one week of dietary nitrate supplementation 

significantly improves resting blood pressure and submaximal endurance in patients with 

preserved ejection fraction heart failure (8). 

Research shows acute dietary nitrate supplementation can improve exercise 

performance in chronic obstructive pulmonary disease and heart failure patients, reduces 

inflammation and pain in osteoarthritis patients, and improves exercise tolerance in 

peripheral artery disease patients (4, 8, 21, 22, 37).  Neither acute or chronic nitrate 

supplementation has not been tested in ICU patients.  If nitrate supplementation can have 

a positive impact on a population susceptible to ICUAW, it could help in the 

rehabilitation of these patients.   

Nitric Oxide and Critically Ill Patients 

Increases in nitric oxide levels have been reported in ICU patients, and may be a 

contributing factor to circulatory and metabolic abnormalities triggering ICU patients into 

a catabolic state.  A catabolic state can result in impaired protein synthesis and an 

increase in protein breakdown leading to loss of muscle mass, decreased functional 

capacity, and compromised recovery (29, 42).  Paradoxically, while NO levels have been 

reported to be elevated, arginine, a precursor for the production of NO, has been reported 

to be lower (29).  Limited trials with arginine supplementation have produced mixed 
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results with some studies demonstrating survival benefits while others failed to do so.  

One concern with arginine supplementation is that it could lead to hemodynamic 

instability; however this has not been shown to occur (28).  As such, it has been 

suggested that future studies examine the effect of arginine or nitrate supplementation on 

outcomes in ICU patients. 

Verona et al. examined nitrite levels in patients who successfully or 

unsuccessfully completed spontaneous breathing trials when being weaned from 

mechanical ventilation.  Thirty-four mechanically ventilated patients were included in the 

study.  Thirty-eight percent of patients failed weaning from mechanical ventilation and 

had significantly lower blood nitrite concentrations compared to patients who 

successfully completed weaning (1.66 mmol NaNO2/g protein versus 2.29 mmol 

NaNO2/g protein respectively).  The authors concluded that lower plasma nitrite levels 

may be a predictor of weaning failure in mechanically ventilated ICU patients (43).  

Whether nitrate supplementation could increase nitrite levels and improve weaning from 

mechanical ventilation is not known.  

Morgan et al. studied aerterio-venous nitric oxide differences in ICU patients with 

sepsis.  The authors utilized a case-control prospective design to compare healthy 

subjects matched by age and gender to the ICU patients.  Eighty-seven ICU patients and 

52 control subjects were included in the study.  In the control subject’s arterial plasma, 

whole blood, and red blood cell nitrite levels were significantly higher than venous 

levels.  In sepsis patients, significant arterio-venous differences were lacking.  Patients 

who did not survive did not have differences in any measured nitrite levels.  The authors 
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concluded that pathologic disruption of systemic nitrite utilization in sepsis is common 

and may impair microvascular blood flow (35).   

Nitric oxide is known to be produced from two main pathways and nitrate 

supplementation may have a positive impact on physical function in ICU patients.  

Because the use of antibacterial mouthwash has been shown to attenuate the reduction of 

nitrate to nitrite and antibacterial mouthwash is given to mechanically ventilated ICU 

patients, it is unknown whether ICU patients receiving increased levels of dietary nitrate 

would exhibit increased nitrite levels and thus benefit from nitrate ingestion.  Therefore, 

the primary purpose of this study was to examine the effects of acute nitrate 

supplementation in ICU patients on blood nitrite levels.  The secondary purpose was to 

examine physical function at hospital discharge in patients receiving chronic nitrate 

supplementation during a hospital stay.  A successful intervention to increase NO levels 

in ICU patients could help in the treatment of this population.  
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Methods 

Patients and Design 

Twenty-two patients (12 males and 10 females) from the medical ICU at Wake 

Forest Baptist Medical Center were recruited for this double blind randomized control 

trial.  A study nurse screened patients who had either begun spontaneous breathing trials, 

or had been extubated within the prior 24 hours.  To be included in the study, patients 

must have been older than 55 years of age, mechanically ventilated via an endotracheal 

tube or mask for seven days or less, had the ability to walk without assistance prior to 

their ICU stay, a BMI less than 50 or body mass greater than or equal to 60 kg, and 

currently hospitalized or transferring for less than 15 days.  Patients were excluded if they 

had cognitive impairment prior to their ICU stay, an acute stroke, neuromuscular or liver 

disease, hip fracture or any pathological fracture, received cancer treatment within the 

last 6 months, moribund, on nitroglycerine or nitrate preparations used with angina, 

active gastrointestinal bleeding, receiving any type of renal replacement therapy, any 

conditions which prohibit swallowing prior to study enrollment, or if they were 

participating in another research study.  Informed consent was obtained from either the 

patient, or an authorized representative if the patient was unable to provide consent.  

Once the patient was able to provide consent, s/he was reconsented.  Patients were 

randomized to receive either a nitrate rich beetroot juice (BRJ) or a nitrate deleted BRJ 

(placebo).  Patients received supplementation once daily during hospitalization up to a 

maximum of 14 days.  Beetroot juice supplements were provided to the patients by the 

medical center’s pharmacy.  Blood samples to measure plasma nitrate and nitrite were 

collected prior to initial supplementation then two to three hours’ post supplementation.  
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The Short Physical Performance Battery (SPPB) was used to assess physical function at 

hospital discharge or at day 14 of supplementation, whichever came first.  Hospital length 

of stay, ICU length of stay, and Acute Physiology and Chronic Health Evaluation 

(APACHE) data were collected using hospital records.   

Study Arms 

 Patients receiving the nitrate rich BRJ received a once daily BRJ supplement 

(Beet It Shot, James White Drinks, UK) from a single 70 mL bottle containing 400 mg of 

nitrate.  Each bottle delivers 72 kcals with 16 grams of carbohydrates and 2.5 grams of 

protein.   

 The patients in the placebo group received the same BRJ supplement; however, 

the nitrate had been removed from the beverage by the manufacturer.  The beverage 

contained the same amount of kcals, protein, and carbohydrates as the nitrate rich BRJ.  

For both groups, if the subject remained intubated, or unable to drink, the supplement 

was administered through the feeding tube.  All patients were instructed to avoid high 

sources of nitrate in their diet.  

Measurements  

 For the primary outcome of plasma nitrate and nitrite levels, blood samples were 

collected in 2.7 mL vials prior to initial BRJ supplementation and about two to three 

hours post supplementation.  The vials were immediately centrifuged and the plasma was 

removed and stored in a freezer at -80 degrees until analysis of nitrate and nitrite could be 

done.  Nitrite and nitrate were measured separately using an ENO-20 NOx analyzer.  In 

the analyzer nitrate and nitrite are reduced in a sample chamber to release NO which then 

goes to a reaction chamber where the released NO reacts with ozone to form a 
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chemiluminescent compound.  The amount of light is detected on a photodiode and is 

proportional to the amount of NO released by the nitrate or nitrite sample.  For nitrite 

measurement, the sample chamber contains sodium or potassium iodide in glacial acetic 

acid to reduce nitrite to NO.  For nitrate, vanadium chloride effectively reduces the nitrate 

to nitrite then to NO under acidic conditions at 50 degrees Celsius.   

 The secondary outcome of physical function was assessed using the SPPB at day 

14 of supplementation or hospital discharge.  The SPPB is based on timed measurements 

of three standing balance tests, walking speed, and ability to rise from a chair.  Each test 

is assigned a score ranging from zero to four, with four being the highest level of function 

and zero being an inability to complete the test.  Total SPPB scores range from zero to 

twelve and are calculated by adding the three scores.  The SPPB has been well validated, 

has shown good reliability, and responsiveness in older populations (12).    

 Hospital and ICU length of stay were defined as the hospital calendar days, or any 

portion of a calendar day, at the enrolling hospital.  If the patient was at another facility 

before being transferred to Wake Forest Baptist Medical Center those days were also 

included.  The Acute Physiology and Chronic Health Evaluation (APACHE) scores were 

calculated based on values from the day of study enrollment (48).   

Statistical Analyses 

 For the primary outcome, differences in nitrite and nitrate between pre and post 

BRJ supplementation were analyzed within groups using a paired samples t-test.  

Physical function scores and demographics were analyzed between groups with an 

independent samples t-test.  All data were analyzed using SPSS version 24.0.  All tests 

were two-sided and significance set a p<0.05.    
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Results 

 Patient demographics at the time of consent are shown below in Table 1.  There 

were no significant differences in any of the patient characteristics between the two 

groups.  No significant difference was seen between groups for number of days receiving 

the beverage (5.0 ± 0.8 vs 5.9 ± 1.4) (p=.580).  Those in the active BRJ group were in the 

hospital significantly longer prior to study enrollment than those in the placebo group 

(3.9 ± 0.4 vs 2.0 ± 0.4 respectively) (p=.005).  Five of the 22 subjects were still intubated 

at the time of initial nitrate load.  Mean (± SD) of days between first dosing and 

extubation for the five intubated subjects was 2.2 ± 1.8 days.  (Mean (± SEM) plasma 

nitrate levels pre and post juice consumption are shown in Figure 1.  Plasma nitrate levels 

for the placebo group were unchanged from pre to post juice consumption (p=.860); 

whereas nitrate levels in the active BRJ group increased by an average of 219.2 uM 

(p=.002) from pre to post juice consumption.  Mean (± SEM) plasma nitrite levels pre 

and post juice consumption are shown in Figure 2.  Plasma nitrite levels for the placebo 

group were unchanged from pre to post juice consumption (p=.966); whereas nitrite 

levels in the active BRJ group increased by an average of 144.2 nM (p=.016) from pre to 

post juice consumption.  Mean (± SEM) Short Physical Performance Battery scores for 

the placebo and active BRJ group were 3.5 ± 0.9 and 2.0 ± 0.9 respectively.  There was 

no significant difference (p=.250) between the groups.  No adverse events were reported 

during the study. 
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 Active BRJ Placebo  

 Mean ± SEM Mean ± SEM P 

Gender, m/f 6/5 6/5 1.000 

Age, yr 69.1 ± 3.2 67.9 ± 2.6 0.777 

Weight, kg 88.9 ± 4.9 93.0 ± 7.6 0.654 

BMI, kg/m2 30.6 ± 1.9 31.3 ± 1.7 0.781 

ICU length of stay 3.4 ± 0.4 3.5 ± 0.4 0.758 

Hospital length of stay 9.6 ± 1.7 9.4 ± 1.8 0.914 

MV days 2.3 ± 0.3 2.1 ± 0.3 0.696 

Days in hospital prior 

to study enrollment 

3.9 ± 0.4 2.0 ± 0.4 0.005 

APACHE III 62.9 ± 7.6 62.4 ± 6.7 0.961 

Table 1. Data are mean ± one standard error of the mean. Yr is years, kg is kilograms, m 

is meters, length of stay is in days, MV is mechanical ventilation, APACHE III is acute 

physiology and chronic health evaluation. 
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Figure 1. Mean ± one standard error of the mean plasma nitrate levels for the placebo and 

active beetroot beverage. Means are shown for both pre-beverage and post beverage 

consumption. Pre and post beverage nitrate levels for the placebo were not significantly 

different compared to pre-beverage levels. Pre and post beverage nitrate levels for the 

active beetroot juice were significantly elevated compared to pre-beverage levels 

(p=.002). 
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Figure 2. Mean ± one standard error of the mean plasma nitrite levels for the placebo and 

active beetroot beverage. Means are shown for both pre-beverage and post beverage 

consumption. Pre and post beverage nitrite levels for the placebo were not significantly 

different. Pre and post beverage nitrite levels for the active beetroot juice were 

significantly elevated (p=.016). 
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Figure 3.Dot plot of individual scores for the Short Physical Performance Battery. 
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Discussion 

 The results of this study showed that acute supplementation of nitrate rich BRJ, as 

compared to a nitrate depleted placebo, was effective at increasing plasma nitrate and 

nitrite in ICU patients even with the use of a daily antibacterial mouthwash.  However, 

despite the increase in plasma nitrite levels, no significant difference was seen in physical 

function at hospital discharge when comparing patients who received nitrate rich beetroot 

juice versus those who received nitrate depleted beetroot juice.    

 The placebo group did not show differences between pre and post nitrate or nitrite 

levels.  Pre nitrite levels in the placebo group were slightly elevated compared to what is 

typically seen in normal healthy populations.  Three patients did have baseline nitrite 

levels ranging from 270 to 408 nM.  Kehmeler et al. reported nitrite levels from 35 to 

1193 nM in ICU patients (20). 

This study showed an average increase in nitrite levels of 144.2 nM in the active 

BRJ group.  This is lower than the increases found with beetroot juice supplementation in 

similar studies with diseased patients.  When comparing nitrate rich beetroot ingestion 

versus a placebo, Kerley et al. saw an average increase in plasma nitrite of 612 nM in 

COPD patients and Kenjale et al. saw an average increase in plasma nitrite of 943 nM in 

peripheral artery disease patients (21, 22).  Our nitrate load (400 mg) was considerably 

less than the loads used in the other two studies (800 mg and 1,127 mg respectively), and 

could help explain the lower magnitude of increase.  Using a nitrate load of 470 mg 

versus a placebo, Berry et al. reported a 315 nM increase in plasma nitrite levels (4).  One 

possible explanation for the differences in nitrite levels could be due to the fact that ICU 

patients are sicker than COPD or peripheral artery disease patients.  Another possibility is 
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that even though the antibacterial mouthwash the ICU patients received did not prevent a 

significant increase in plasma nitrite levels, it may have blunted the conversion of nitrate 

to nitrite enough to account for the smaller change.   

 A previous study has shown that a chlorhexidine mouthwash attenuated, but did 

not completely abolish, the conversion of nitrate to nitrite by oral bacteria.  Govoni et al. 

had subjects gargle with 10 mL of a chlorhexidine based mouthwash twice for one 

minute each prior to nitrate supplementation and they still saw plasma nitrite levels rise 

by 50 to 70 nM (14).  Yet, in this study, ICU patients receiving a twice daily antibacterial 

mouthwash still saw a significant increase in plasma nitrite.  This could be because the 

mouthwash was administered to the patients via a cotton swab, and the volume of 

chlorhexidine did not kill as much of the bacteria as a full mouth rinse would.  Another 

possibility is that the nitrate to NO pathway is being facilitated by bacteria other than 

those found in the oral cavity.  Sobko et al. has demonstrated that NO can be generated 

by gut bacteria in the presence of either nitrite or nitrate.  The highest levels of NO were 

generated from nitrite; however, a few tested strains of bacteria produced NO from 

nitrate, albeit in smaller quantities.  Additionally, these same investigators showed that 

bacteria found in human feces was capable of producing NO following nitrate or nitrite 

supplementation (38).  More recently Tiso and Schectner found that several species of 

enteric bacteria are able to generate nitrite in the presence of nitrate (41).  While it is not 

known if bacteria in the microbiome of ICU patients could account for this increase in 

nitrite levels, recent research has shown that critically ill patients undergo dysbiosis at 

several organ sites including the gastrointestinal tract (1).  Additionally, it has been 

shown that plasma nitrite/nitrate (NOx) levels are positively associated with Actue 
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Physiology, Age, and Chronic Health Evaluation (APACHE) III scores in critically ill 

patients, although the source of elevated nitrate and nitrite levels was not identified (34).  

If the oral bacteria were killed by the chlorhexidine mouthwash and the gut bacteria had 

to make up for the conversion of nitrate to nitrite this could help explain our lower 

magnitude of increased nitrite when compared to similar studies.   

 Nitrate supplementation did not have a significant effect on physical function, as 

measured by the SPPB, in this study.  No significant differences were seen between 

groups, but both groups had very low scores (3.5 and 2.0 respectively).  The SPPB is 

scored from 0 to 12 with 0 representing the lowest functioning and 12 representing the 

highest.  Of note, eight of the twenty-two participants scored a zero on the SPPB, 

indicating that a hospital stay of even 9.5 days is enough to severely impair physical 

functioning.  Volpato et al. showed in older hospitalized adults that low SPPB scores (0 

to 4)  at hospital discharge had a greater risk of rehospitalization or death compared to 

patients with higher scores (8 to 12) (45).  Previous studies showed nitrate 

supplementation had positive effects on exercise performance and tolerance across 

healthy and diseased populations (4, 5, 21, 22, 25, 26).  Ours is the first study to examine 

the effects of nitrate supplementation on physical function in ICU patients.  The lack of a 

positive effect of nitrates on physical function could be because these patients are too 

deconditioned for an ergogenic aid to have a significant impact on their physical function.  

Assessing physical function at hospital discharge also may be too soon of a follow up to 

see any benefits, a longer follow up period, combined with continuous supplementation, 

may lead to a significant improvement in physical function in ICU patients.  Previous 

studies have demonstrated this delayed benefit.  Morris et al. compared physical 
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rehabilitation to the usual care in acute respiratory failure ICU patients.  No differences 

were seen in SPPB scores at hospital discharge, but those receiving the rehabilitation 

therapy had significantly higher scores at 6 months than compared to those in the 

standard care group (36).  Future studies should examine physical function past hospital 

discharge.  

 The study had several strengths.  First, it was a double-blind randomized 

controlled trial which is the gold standard for research design.  Additionally, no adverse 

events were reported with supplementation.  Since nitrate supplementation lowers resting 

blood pressure, there is a concern when administering nitrates to already hypotensive 

patients (27).   

The study was not without its limitations.  As previously noted, nitrate 

supplementation was relatively short, a longer supplementation period may lead to higher 

physical function scores.  Our nitrate load was also lower than previous studies.  Higher 

loads may lead to greater increases in nitrite while maintaining zero adverse events.  

Finally, even with the potential benefits, nitrate supplementation may not be effective 

enough on its own to impact physical function in patients as deconditioned as these ICU 

patients.  Future studies should examine physical function past hospital discharge and 

utilize a higher nitrate load.  Additionally, future studies should pair nitrate 

supplementation with an early exercise intervention.    

In conclusion, nitrate supplementation was able to significantly increase plasma 

nitrate and nitrite in ICU patients even in the presence of a daily antibacterial mouthwash.  

Even though physical function was not improved, there is still potential for nitrate 
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supplementation to help these patients.  Combining nitrate supplementation with some 

type of early exercise intervention may be the most beneficial to ICU patients.    
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