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Abstract  

Assessment of nitric oxide (NO) dynamics in immune cells, commonly measured using 

NO surrogates such as inducible nitric oxide synthase (iNOS) rather than NO itself, has 

been effective in understanding pathophysiology across a wide range of diseases. 

Although the intracellular measurement of NO is now feasible, many technical issues 

remain unresolved. The principle aim of our study was to determine the effect of storage 

time of whole blood on nitric oxide (NO) level expression in leukocytes. This is important 

because immune cells remain chemically dynamic even after they are removed from the 

circulation, and the impact of storage time must be known to optimally quantify the effect 

of a disease or condition on NO dynamics in circulating leukocytes. We measured NO 

levels using the fluorescent probe, diaminofluorescein (DAF-2DA), and flow cytometry in 

monocytes, neutrophils, and natural killer cells from healthy subjects immediately after 

blood draw (Time 0) and 30, 60, and 120 minutes following the blood draw. There was 

no significant difference among the 4 study time points in NO (DAF-2) levels, though 

there was wide intra-subject variability at all time points. Using LPS stimulation, we 

compared iNOS (the more traditional surrogate marker of NO dynamics) with NO (by 

DAF-2) in either natural killer cells or monocytes. In these experiments, we found no 

difference in the response patterns. We did find that within a 2-hour interval from blood 

draw to sample processing, there was a remarkably wide intra-subject variability in 

expression of intracellular NO (DAF-2) in leukocytes of healthy individuals at baseline 

and over time. The mechanism(s) for these differences are not known but could clearly 

confound efforts to detect changes in NO metabolism in white blood cells. We speculate 

that rapid pulsatility of NO could explain the wide variability seen.  

 

Keywords: nitric oxide, flow cytometry, healthy leukocytes, inducible nitric oxide, subject 

variability  
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Abbreviations: DAF-2DA, diaminofluorescein; eNOS, endothelial nitric oxide synthase; 

iNOS, inducible nitric oxide synthase; MFI, mean fluorescence intensity; NK, natural 

killer; NOS, nitric oxide synthase; nNOS, neuronal nitric oxide synthase; NO, nitric oxide 
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Highlights:  

 

• No consistent effect of 2-hour storage time on nitric oxide (DAF-2) levels in healthy 

leukocytes 

• Wide variability in nitric oxide (DAF-2) levels in leukocytes from healthy subjects 

• No increase in NO (DAF-2) or iNOS detected post LPS stimulation in healthy 

leukocytes  
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1. Introduction 

Measuring intracellular nitric oxide (NO) in leukocytes is increasingly explored in 

disease pathophysiology, diagnosis, and as a prognostic indicator. Direct measures of 

NO have previously been difficult to make in cells due to the short NO half-life and low 

NO concentrations [1]. Direct measurement of intracellular NO became possible with the 

development of a fluorescent probe, diaminofluorescein (DAF-2DA), [2]. Previous 

studies have utilized DAF-2DA with flow cytometry to measure intracellular NO in 

different clinical settings including optimization of concentration and incubation time [3-

7]. To our knowledge, the effect of whole blood storage duration on NO detection as 

measured by flow cytometry, which can have substantial impacts on intracellular 

inflammatory mediators, has not been previously described. Furthermore, it is not known 

how stable NO detection in leukocytes is over time. These are important factors to 

consider when developing protocols to use flow cytometry to detect intracellular NO in 

leukocytes of healthy and disease states.  

The purpose of our study was to establish whether time before processing of 

blood exerted any effect on NO (DAF-2) detection in leukocytes. We hypothesized that 

with storage of whole blood for up to 2 hours, there would be an increase in NO (DAF-2)  

detection as measured by flow cytometer in granulocytes, monocytes, and natural killer 

(NK) cells in healthy adults. This was based on previous studies demonstrating 

activation of neutrophils in whole blood over time during storage [8, 9] as well as reactive 

oxygen species production increasing over time at room temperature [10].  

The second aim was to measure both inducible nitric oxide synthase (iNOS) and 

NO (DAF-2) using flow cytometry, and to determine whether iNOS increased in a similar 

manner as NO when stimulated with LPS in monocytes and NK cells. iNOS is involved in 

immune response, binds calmodulin at physiologically relevant concentrations, and 

produces NO as an immune defense mechanism.  
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2. Methods 

2.1. Subjects 

Fifteen healthy male (21-48 years old) were recruited for this study from the 

Institute for Clinical and Translational Science (ICTS) Normal Blood Donor Program. 

Participants are screened for infectious agents and were excluded for this study if they 

were on any prescribed medication or had taken any over the counter medications over 

the past 48 hours.  Donors were consented with the approval of the University of 

California, Irvine, Institutional Review Board. Whole blood was drawn into 4 x 10 ml 

separate EDTA vacutainers and taken to the laboratory within 30 minutes of blood draw 

for all experiments.   

 

2.2. Time Experiments and Loading with Diaminofluorescein (DAF-2DA) (baseline, 30, 

60, and 120 minutes post blood draw) 

Blood from ten healthy males was used for this experiment. Intracellular NO 

levels were determined using conversion of the colorless DAF-2DA, a membrane-

permeable indicator for NO (Sigma, MO, USA) to the green fluorescent DAF-2. Whole 

blood was drawn into vacutainers that were opened only to be used at the specified 

time. Blood was loaded with 10 µL DAF-2 DA (5 mM stock in DMSO, final concentration 

50 µM) per 1 ml of whole blood for 30 minutes at 370 C either immediately after blood 

draw (Time 0) or after sitting at room temperature for 30, 60, and 120 minutes. Blood 

was ready to be used for cell surface marker staining.  

 

2.3. Surface Marker Staining and Processing of DAF-2DA Loaded Samples 

100 µl of DAF-2DA loaded blood was aliquoted into 12 x 75 mm tubes for 

leukocyte surface marker staining for monocytes (CD14-AF647, Biolegend, CA, USA, 

M5E2 clone), granulocytes (CD16 PE, Biolegend, 3G8 clone), and natural killer cells 
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(CD56 PECy3, Biolegend, MEM-188 clone) antibodies used per manufacturer’s 

instructions.  Briefly, tubes with NO (DAF-2DA) and surface antibodies and controls were 

incubated for 30 minutes in the dark, and red blood cells were  lysed for 8 minutes in the 

dark with 3 mL RBC lysis buffer (0.15M Ammonium Cl, 10mM Potassium Bicarbonate, 

0.1mM EDTA).  Tubes were centrifuged at 300 x g for 10 minutes, supernatant was 

carefully removed, and cell pellet washed 2 x with 4 mL of wash solution (1XPBS-no Ca 

or Mg, 1% heated inactive fetal calf serum, 0.02% NaN3) and centrifuged again as 

above. Cells were resuspended in 500 µL of 1 x phosphate buffer saline (1XPBS Irvine 

Scientific, Irvine, CA, USA). Samples were read on the BD C6 Accuri flow cytometer as 

described in Section 2.6.  

 

2.4. Lipopolysaccharide (LPS) 

 1 ml of blood from 5 healthy males was aliquoted into 2 tubes, one without LPS 

and one with LPS (1 mg/ml). Tubes were placed for 2 hours in a 5% CO2 incubator at 

370 C before both tubes were loaded with DAF-2A as described in Section 2.2.  Blood 

was ready to be used for cell surface marker staining.  

 

2.5. Intracellular Nitric Oxide Synthase (iNOS) Detection 

A series of experiments were performed to detect simultaneous iNOS  and NO 

(DAF-2) in leukocytes, with and without LPS stimulation.  Samples were processed as 

above, with NO (DAF-2) and surface marker staining, in addition to determining 

intracellular iNOS levels. Briefly, cells and controls were resuspended in 100 µL of 

permeabilization buffer (eBioscience) with the anti-iNOS antibody (ABCAM, clone 4E5) 

and tubes were placed on ice for 20 minutes in the dark. All iNOS samples were run in 

parallel with isotype controls (ABCAM, mouse IgG1 isotype #ab91353), which was used 

to determine background negative control staining.  Both iNOS and isotype-incubated 
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cells were washed, centrifuged, and resuspended in 100 µL of 1 x PBS with a secondary 

rat monoclonal anti-mouse IgG1 antibody labeled with phycoerythrin (PE) (ABCAM, 

clone SB77e), incubated on ice for 15 minutes, washed, centrifuged, and resuspended 

in 500 µL 1 x PBS prior to being read on the flow cytometer.   

  

2.6. Flow Cytometry and Gating Strategies  

All samples were collected on the ACCURI C6 cytometer (BD California, USA) 

equipped with a 488nm, 640nm lasers with 530/30,585/40,670LP, and 675/25 filter sets. 

Briefly, 100 µL of sample was collected identifying singlets and forward side scatter 

(FSC) and side scatter (SSC) was used to identify specific cell populations (neutrophils, 

monocytes and lymphocytes). Surface markers delineated specific populations 

granulocytes (CD16 PE) on FL-2, or NK cells (CD56 PEcy3) on FL-3 or monocytes 

(CD14 AF647) on FL-4 and NO (DAF-2) positive cells always displayed on the FL-1 

(FITC channel) We included 7-amino-actinomycin D (7-AAD) in a subset of the samples 

to evaluate the % of viable cells over time and found less than 1% dead cells in our 

leukocyte populations.  Data was analyzed using the Accuri C6 plus software.  
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Figure 1 
Representative gating strategy: An example at 0 minutes identifies leukocyte 

subpopulations using forward side (FSC) and side scatter (SSC) (A), singlets (B), CD14 

positive were identified (C) and used to identify NO positive CD14 cells (D). CD14 

positive cells were back-gated on scatterplot to confirm they were monocytes (A). 

 

2.7. Statistical Analysis 

We present data for both mean fluorescence intensity (MFI) and percent of NO 

(DAF-2) /iNOS positive cells as both approaches are used in flow cytometry studies. 

Individual data are shown in Figures 2 and 3 and summary statistics presented are 

median and interquartile range. The linear mixed model, a statistical model appropriate 
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for repeated measurements from the same study subject, was applied to examine the 

effect of time and LPS on MFI of NO (DAF-2) activity and percent of NO (DAF-2)  

positive cells in monocytes, granulocytes, and NK cells. The linear mixed model was 

also used to examine the effect of LPS on iNOS positive cells in monocytes and NK 

cells. All analysis was performed using SAS 9.4 (Cary, NC) and the significance level 

was set at 0.05. 

 

3. Results 

3.1. NO Level in Response to Time 

There was no significant difference among the 4 study time points for MFI of NO 

(DAF-2)  activity (all p > 0.5) or percent of positive NO (DAF-2)  cells (all p > 0.1) in any 

of the leukocyte subtypes (Figure 2). The median MFI from all time points was 6447 

(IQR 3474-16495) in monocytes, 13257 (IQR 9256-23711) in granulocytes, and 5323 

(IQR 4061-8552) in NK cells. The median percent of double positive cells, positive for 

NO (DAF-2) and leukocyte cell surface marker, was 41.4% (IQR 31.7-51.9%) in 

monocytes, 9.5% (IQR 1.9-36.1%) in granulocytes, and 2.4% (IQR 0.3-6.0%) in NK 

cells.   
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Figure 2: The effect of time on observed NO activity in different leukocyte subtypes. The 

mean fluorescence intensity (MFI) of NO (DAF-2)  activity) in monocytes, granulocytes, 

and NK cells is shown at 0, 30, 60, and 120 minutes post blood is presented in the top 

figures. The percent of double positive cells (positive for NO and surface marker) in 

monocytes, granulocytes, and NK cells is shown at 0, 30, 60, and 120 minutes post 

blood draw in the bottom figures.  The results are expressed in bar graphs showing the 

median with interquartile range and includes scatter of all individual points. No significant 

difference in NO activity was observed between time points in leukocyte subtypes.  

 

3.2. NO and iNOS in Monocytes and NK Cells  

 In monocytes, the median percent of NO (DAF-2) positive cells pre-stimulation 

was 29.9% (IQR 24.0-34.6%) and post LPS stimulation was 39.4% (IQR 16.7-42.7%). In 

NK cells, the median percent of NO (DAF-2) positive cells pre-stimulation was 7.4% 

(IQR 3.7-12.0%) and post LPS stimulation was 10.1% (IQR 6.0-17.7%). In monocytes, 

the median percent of iNOS positive cells was 0.9% (IQR 0.1-1.4%) pre-stimulation and 

0.9% (IQR 0.2-1.7%) post LPS stimulation. In NK cells, the median percent of iNOS 
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positive cells was 3.2% (IQR 0.9-3.7%) pre-stimulation and 3.0% (IQR 1.0-3.6%) post 

LPS stimulation. There was no significant difference in percent of NO (DAF-2) positive 

cells (all p > 0.5) or percent of iNOS positive cells (all p > 0.3) before and after LPS 

stimulation in either monocytes or NK cells (Figure 3).  

 

N
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Figure 3. Observed percent of NO (DAF-2) positive cells and iNOS positive cells in 

monocytes and NK cells with and without LPS stimulation.  No significant difference was 

observed between control and LPS stimulation in monocytes and NK cells. Bar graphs 

represent the median % and interquartile range of NO (DAF-2) positive and iNOS 

positive cells. 

 

4. Discussion  

We found that in 4 different time points over a 2-hour period there was a wide 

range of variability in NO (DAF-2) levels with no consistent pattern of NO level change. 

The variation over time may be due to physiologic changes that occur in the cells 

naturally. Egger et al. found individual variations in polymorphonuclear leukocyte 

(granulocyte) function with storage of blood samples [10], which suggests that storage 

alone may cause variation possibly due to cells being activated and deactivated naturally 
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or through the processing stages. The half-life of NO is seconds to minutes depending 

on its concentration and environment [11], thus our studies are a virtual snapshot of a 

molecule that has a rapid flux throughout the cell. The concentration of NO is dependent 

on both its rate of appearance and disappearance. It is possible that either of these rates 

may vary widely and therefore elude easy recognition of patterns of NO detection.   

Another possible mechanism is that NO appearance and disappearance from 

leukocytes is pulsatile. We speculate that NO detection at baseline in leukocytes may be 

produced in a pulsatile manner, which is why we see variation in NO levels taken at 4 

separate time points. Depending on the rate of the pulsatile waveform, a clear pattern 

may not be able to be determined at the time intervals we sampled (time 0, 30, 60, and 

120 minutes). More frequent measurements and/or multiple blood sampling from a 

single individual would be necessary to determine if it is pulsatile in nature.  

NO is produced from three types of nitric oxide synthase (NOS). Neuronal NOS 

(nNOS) and endothelial NOS (eNOS) are known to be constitutively expressed and 

produce low amounts of NO in a pulse like manner, while iNOS produces NO in immune 

and inflammatory cells at high concentrations when activated [11]. Saluja et al. found 

constitutive expression of all 3 NOS mRNA isoforms in monocytes and lymphocytes 

from healthy subjects using real time PCR however studies show that monocytes 

produce little to no NO in cell culture models due to epigenetic silencing [12,13]. If iNOS 

is constitutively expressed like nNOS and eNOS, it may also produce NO in a similar 

pulsatile manner. The immune system may have a population of cells that are always 

activated so as to respond rapidly to a stimulus, therefore leading to a cycle of cells 

activating and deactivating to maintain homeostasis and prevent damage. This could be 

due to pulsatile production of NO that cannot be seen when randomly sampling a group 

of cells. A pulsatile production of NO was measured at baseline in mouse gut over 80 
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seconds [14], suggesting that NO measurements need to be taken over seconds to 

minutes to see the pulsatile pattern of production.  

Intracellular NO levels in leukocytes using flow cytometry have been evaluated in 

different disease states. Detection of NO in monocytes and neutrophils of septic patients 

was found to be higher compared to healthy controls [3]. In contrast, patients with 

chronic granulomatous disease were found to have half the level of NO detected in their 

neutrophils compared to controls [5]. In neutrophils of patients with Kawasaki disease, 

higher NO detection was seen compared to other febrile illnesses and afebrile controls 

[6]. Detection of NO in leukocytes can vary not only based on underlying disease but 

also with timing of the illness and treatment. In the same study of patients with Kawasaki 

disease, NO levels in neutrophils were also found to significantly decrease after IVIG 

treatment and were significantly higher in the early days of the illness [6]. These studies 

demonstrate the potential value of measuring intracellular NO in leukocytes in various 

disease states. The detection of intracellular NO using flow cytometry has been used to 

further understand the pathophysiology of Kawasaki disease, correlated clinical 

outcomes in septic patients, and to monitor immunologic status in chronic graph 

nephropathy patients on immunosuppressive therapy [3, 6-7].  

When looking at intracellular NO (DAF-2) levels in leukocytes from healthy 

individuals, we found wide individual variation both over time and among subjects at 

baseline. There is evidence that baseline NO levels are different in healthy people who 

are sedentary versus those who exercise regularly [15], therefore variations may be 

partly related to the overall lifestyle of the different subjects.  

The second aim of the study was to examine intracellular NO (DAF-2) along with 

the iNOS protein in different leukocyte subtypes using flow cytometry and to determine if 

iNOS changes in a parallel way to NO with LPS stimulation. We found low percent levels 

of iNOS in monocytes and NK cells measured by flow cytometry. We did not find a 
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significant increase in percent of NO (DAF-2) positive cells or percent of iNOS positive 

cells after LPS stimulation. Previous studies have reported a lack of iNOS protein 

expression in NK cells from unstimulated healthy donors [16] and iNOS detection in 

monocytes being dependent on the technique used in healthy controls [17]. Disease 

states, like inflammatory bowel disease, reveal a significant increase in iNOS detection 

in monocytes compared to healthy controls [18]. Therefore, iNOS, like NO, may not be 

easily detected in leukocytes from healthy subjects as compared to leukocytes from 

disease states.  

Our study is limited by a small sample size. Blood manipulation that occurs with 

processing samples can potentially activate leukocytes and therefore cause variability in 

intracellular NO detection, but this risk is equal for all sample sizes if processed the 

same way. Expression of NO was measured using flow cytometry with no additional 

confirmation using other methods; to our knowledge, there are no other methods of 

measuring intracellular NO directly. While our study examined the presence of 

intracellular NO, we did not examine the source of the NO production. Finally, there are 

technical factors that can contribute to the variability of NO detection by DAF probes 

including NO-independent chemical reactions with DAFs, such as with hydrogen 

peroxide [19,20], that may contribute to the fluorescence detected or leakage of the DAF 

dye from the permeabilization step. However, we used appropriate controls for each 

sample in each experiment to address factors that could influence NO detection.   

5. Conclusion  

We found substantial variability but no consistent pattern of NO (DAF-2) 

detection in leukocytes from healthy subjects over a 2-hour time window from blood 

draw to processing. We speculate that NO may be produced in a pulsatile manner which 

cannot be seen with the time intervals sampled in this study. Multiple frequent sampling 

of NO may be needed to determine a more accurate estimation of the pattern of NO in 
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leukocytes. The behavior of iNOS is distinct from the pattern of NO, thus iNOS cannot 

be reliably used as a surrogate for NO patterns in circulating leukocytes. Therefore, 

when using flow cytometry to detect intracellular NO to shed light on pathophysiology, 

clinical outcomes, or monitoring of various disease states, one should be aware that 

there is great individual variation that may be seen in leukocytes of healthy individuals.  
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