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Abstract 
 
Neutrophils are abundant white blood cells at the frontline of innate immunity. Upon stimulation, 
neutrophils rapidly activate effector functions such as the oxidative burst and neutrophil 
extracellular traps (NETs) to eliminate pathogens. However, little is known about how neutrophil 
metabolism powers these functions. Our metabolomic analysis on primary human neutrophils 
revealed that neutrophil metabolism is rapidly rewired upon pro-inflammatory activation, with 
particularly profound changes observed in glycolysis and the pentose phosphate pathway (PPP). 
We found that the stimulation-induced changes in PPP were specifically coupled with the 
oxidative burst. The oxidative burst requires a large amount of NADPH to fuel superoxide 
production via NADPH Oxidase (NOX). Isotopic tracing studies revealed that in order to maximize 
the NADPH yield from glucose metabolism, neutrophils quickly adopt near complete pentose 
cycle during the oxidative burst. In this metabolic mode, all glucose is shunted into the oxidative 
PPP, and the resulting pentose-phosphate is recycled back to glucose-6-phosphate, which then 
re-enters the oxidative PPP. To enable this recycling, net flux through the upper glycolytic enzyme 
glucose-6-phosphate isomerase (GPI) is completely reversed. This allows oxidative PPP flux in 
neutrophils to reach greater than two-fold of the glucose uptake rate, far exceeding other known 
mammalian cells and tissues. Intriguingly, the adoption of this striking metabolic mode is 
completely dependent on an increased demand for NADPH associated with the oxidative burst, 
as inhibition of NOX resets stimulated neutrophils to use glycolysis-dominant glucose metabolism, 
with oxidative PPP flux accounting for less than 10% of glucose metabolism. Together, these data 
demonstrated that neutrophils have remarkable metabolic flexibility that is essential to enable the 
rapid activation of their effector functions. 
 
Graphic Abstract 
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 Introduction 
 

Neutrophils are the most abundant leukocytes in circulation, with a crucial role in innate immunity. 
During infection, circulating neutrophils migrate towards the infected site upon sensing pathogen-
associated molecular patterns (PAMPs) and other molecular signals [1]. They act rapidly to 
eliminate pathogens with reactive oxygen species (ROS), anti-bacterial peptides and proteases, 
and neutrophil extracellular traps (NET) [2,3]. The production of ROS is a major component of 
immune defense in neutrophils, as ROS not only acts directly as a powerful weapon against 
pathogens, it can also activate granular proteases and induces subsequent NET release [4–6]. 
The rapid production of ROS upon activation is called an oxidative burst, which is catalyzed by a 
multi-component enzyme NADPH oxidase (NOX) [7].  
 
Emerging studies have highlighted the vital role of metabolism in both supporting and 
orchestrating immune functions [8–11]. It has been revealed in several immune cell types, such 
as T-cells, macrophages and NK cells, that the transition into a specific functional state is often 
coupled to specific reprogramming of cellular metabolism [12–14]. In contrast, very little is 
currently known about neutrophil metabolism [15]. In neutrophils, the activation of effector 
functions is associated with substantial metabolic demands. For instance, the oxidative burst 
requires a large amount of NADPH to drive the reduction of oxygen. Several recent studies using 
nutrient perturbation and metabolic inhibitors showed that the oxidative burst and NET release 
are significantly impacted by glucose metabolism [16–20], demonstrating the importance of 
metabolism in neutrophil function. However, more comprehensive and in-depth understanding of 
specific metabolic rewiring associated with neutrophil activation is still lacking. Importantly, as 
neutrophils are at the first line of immune defense, they have the unique ability to turn on anti-
pathogen functions very quickly. Therefore, a critical question in neutrophil metabolism is to 
understand how they efficiently utilize limited metabolic resources to support substantial increases 
in metabolic demand in a very short time. 
 
Here we measured the rapid metabolic changes in primary human neutrophils upon pro-
inflammatory activation and identified the specific changes that are directly coupled to the 
oxidative burst. Using isotopic tracing with a comprehensive set of glucose tracers, we discovered 
that to support the oxidative burst, neutrophils adopt near complete pentose cycle, a metabolic 
mode with ultra-high NADPH yield that has not been shown in other mammalian cells. During the 
oxidative burst, net flux through upper glycolytic enzyme GPI is completely reversed, enabling 
substantial recycling of pentose carbon and allowing oxidative PPP flux in neutrophils to reach 
over two- fold the glucose uptake rate. Interestingly, the rapid switch to pentose cycle is entirely 
on-demand; in the absence of oxidative burst, neutrophils use typical glycolysis as the dominant 
route for glucose metabolism. This discovery reveals impressive and unique metabolic flexibility 
in neutrophils that is essential for their function in innate immunity.    
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Results 

 
Primary human neutrophils rapidly reprogram metabolism upon stimulation 
 
To investigate the metabolic alterations associated with neutrophil activation, we isolated primary 
human neutrophils from the peripheral blood of independent, healthy donors, and stimulated each 
set of cells with three types of stimulation:  (1) Phorbol myristate acetate (PMA), a protein kinase 
C activator; (2) N-formylmethionyl-leucyl-phenylalanine (fMLP), a bacterial-peptide analog; and 
(3) the combination of lipopolysaccharide (LPS), a pathogen associated molecular pattern, and 
interferon-γ (IFNγ), a pro-inflammatory cytokine. These stimulations are commonly used to 
activate neutrophils and induce pathogen eliminating functions including oxidative burst and NET 
release [21]. Analysis of metabolite levels in stimulated and unstimulated neutrophils revealed 
very rapid metabolic rewiring -- just 30 minutes of stimulation was sufficient to induce many 
significant metabolic alterations that were consistent across donors (Fig.1A). Interesting 
similarities were observed in the metabolic responses induced by the three stimulations. 
Particularly, all detected intermediates in the pentose phosphate pathway (PPP) and many 
intermediates in glycolysis accumulated with all three stimulations. The accumulation in PPP 
intermediates is the most profound change among measured metabolites, especially upon PMA 
stimulation (generally over 10-fold), likely because PMA is the most potent and fast-acting 
stimulation. We therefore focused on the metabolic rewiring included by PMA in subsequent 
experiments.  
 
Rewiring of the pentose phosphate pathway is coupled to the oxidative burst 
 
As PPP was the most dramatically altered metabolic pathway upon stimulation, we tested how 
PPP activity affects the activation of major neutrophil effector functions: the oxidative burst and 
NET release. The oxidative burst can be measured by NOX-dependent increase in oxygen 
consumption rate (Fig.1B). PMA induced oxidative burst in a dose-dependent manner, with higher 
dose causing a higher and earlier oxidative burst peak, and the peak plateaued by 100nM PMA 
(Fig.1C). The oxidative burst has a high demand for NADPH. Inhibiting the oxidative PPP, a 
NADPH producing pathway, with either 6-aminonicotinamide (6-AN) or glucose-6-phosphate 
dehydrogenase inhibitor (G6PDi) inhibited the oxidative burst in a dose-dependent manner, 
almost as completely as directly inhibiting NOX with inhibitor diphenyleneiodonium chloride (DPI) 
(Fig.1D, Fig S1A,B). NET release starts shortly after oxidative burst ends. NET production was 
suppressed when NOX was inhibited by DPI (Fig. 1E), suggesting that PMA-induced NET release 
is largely dependent on NOX produced ROS. Inhibiting oxidative PPP with either G6PDi or 6-AN 
also partially suppressed NET release in PMA stimulated neutrophils (Fig.1E, Fig S1C). These 
results are consistent with previous findings [16–18,20,22], indicating that oxidative PPP is 
required for the oxidative burst, and supports NET release, in activated neutrophils.  
 
We then sought to understand if the observed changes in PPP and glycolysis are coupled to the 
oxidative burst. As the oxidative burst is a time-dependent process whose magnitude varies 
depending on the dose of stimulation (Fig.1C), we examined to what extent the metabolite levels 
change in correlation with the oxidative burst over time and across different dosages of PMA. 
Upon stimulation of 100nM PMA, significant accumulation of metabolites in PPP and glycolysis 
occurred as soon as 10 minutes, and generally reached peak level by 30 minutes (Fig.1F), when 
the oxidative burst reached its peak. With increasing dose of PMA, metabolites in PPP also 
increased, and reached maximal at 20-100nM PMA, similar to the dose response of oxidative 
burst (Fig 1G). Treatment of NOX inhibitor DPI completely prevented the accumulation of PPP 
metabolites at any PMA dose. In contrast, glycolytic intermediates, such as fructose-1,6-
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bisphosphate (FBP) and dihydroxyacetone phosphate (DHAP), increased with increasing PMA 
dose, but were largely unaffected by NOX inhibition (Fig 1G). These data strongly suggest that 
the stimulation-induced accumulation in PPP, but not glycolysis, metabolites are directly coupled 
to the oxidative burst. This profound accumulation of PPP intermediates is consistent across 
donors, and is dependent on the activity of oxidative PPP, as inhibiting oxidative PPP with G6PDi 
significantly dampens the PMA-induced accumulation of PPP intermediates, but not glycolytic 
intermediates (Fig S2). 
In sum, these data illustrated specific coupling between rewiring of PPP and the oxidative burst—
the oxidative burst requires oxidative PPP activity, and the rewiring of PPP is dependent on the 
activation of oxidative burst. 
 
Neutrophils switch to using oxidative pentose phosphate pathway as the dominant route 
for glucose metabolism during the oxidative burst 
 
To directly measure changes in metabolic flux through PPP, we fed cells with 1-13C-glucose and 
traced the labeling of downstream metabolites. The oxidative PPP specifically releases the C1 
carbon of G6P as CO2, while glycolysis retains this carbon. Therefore, if 1-13C-glucose is 
metabolized via glycolysis, three-carbon lower glycolytic metabolites, such as DHAP and lactate, 
would be 50% unlabeled and 50% 1-labeled, due to the cleavage of fructose-1,6-bisphosphate 
by aldolase. Alternatively, if 1-13C-G6P is metabolized via the oxidative PPP, and the resulting 
unlabeled pentose-phosphate returns to glycolysis via non-oxidative PPP, it would generate 
unlabeled lower glycolytic metabolites (Fig. 2A)[23]. In order to understand the rewiring of glucose 
metabolism that is specifically coupled to the oxidative burst, rather than a general result of 
stimulation, we compared the tracing results in neutrophils under two conditions: in both 
conditions neutrophils were stimulated with 100nM PMA for 30min, with one group treated with 
NOX inhibitor DPI, which serves as the no oxidative burst control, and the second group without 
the treatment of DPI, which corresponds to peak oxidative burst. We found that without oxidative 
burst (PMA+DPI), DHAP and lactate were close to 50% labeled, indicating glycolysis was the 
major route for glucose metabolism. However, during oxidative burst (PMA), this labeled fraction 
dropped sharply to below 5%. Treatment of 50µM G6PDi, which partially inhibits oxidative PPP, 
partially prevented the loss of labeling (Fig. 2B). To verify if the loss of labeling is specific to the 
C1 position, we also performed parallel U-13C-glucose labeling as a control, and found in all the 
conditions, uniformly labeled glucose labeled lower glycolytic intermediates substantially (>90%) 
(Fig. 2C). Together these data show that oxidative burst causes neutrophils to switch from using 
glycolysis to using oxidative PPP as the dominant route for glucose metabolism. 
 
This labeling study also revealed significant changes in the source of PPP and glycolytic 
intermediates. Without oxidative burst, pentose-phosphates were slightly above 50% labeled (Fig. 
2D, Fig S3A). Since flux through the oxidative PPP produces unlabeled of pentose-phosphates, 
and flux through the non-oxidative PPP results in mainly 1 or 2-labeled pentose-phosphate, this 
result shows that in the absence of oxidative burst, both oxidative and non-oxidative PPP 
contribute significantly to the production of pentose-phosphates. However, during oxidative burst, 
pentose-phosphates were very close to 100% unlabeled (Fig. 2D, Supp Fig3A), suggesting in this 
condition oxidative PPP makes the greatest net contribution to pentose production. The overflow 
of pentose-phosphates from oxidative PPP can be converted by non-oxidative PPP to F6P and 
GAP, which can be further metabolized via glycolysis. We found that F6P also showed significant 
loss of labeling during the oxidative burst (Supp Fig 3B), suggesting the non-oxidative PPP 
contributes significantly to the production of F6P. Very intriguingly, the significant loss of labeling 
is also observed in G6P (Fig. 2E), indicating that unlabeled F6P from non-oxidative PPP is likely 
recycled back to G6P via reversed GPI activity. 
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Neutrophils recycle carbon via reversed GPI flux to maximize NADPH yield from glucose  
 
The 1-13C-glucose tracing revealed that during oxidative burst essentially all G6P is shunted into 
oxidative PPP instead of glycolysis and pointed to the intriguing possibility of substantial carbon 
recycling via reversed upper glycolysis.  As this recycling is beyond what 1-13C-glucose tracing 
can reliably measure, due to near complete lack of labeling downstream of pentose-phosphates, 
we further probed the re-distribution of glucose metabolism flux using a 1,2-13C-glucose tracer. 
When this tracer enters the oxidative PPP, the labeled C1 carbon is cleaved and released as 
13CO2, resulting in less labeling enrichment in downstream compounds. If carbon recycling occurs, 
each glucose molecule can enter the oxidative PPP for more than one round, thus there is a 
chance to additionally release the C2 carbon as 13CO2, resulting in even lower labeling enrichment 
in downstream metabolites. Here we consider three extreme scenarios to analyze the expected 
average labeling enrichment, i.e. the average number of labeled atoms per molecule, in end-
products pyruvate and lactate (Fig 3A). (i) Full glycolysis: When 100% of the 1,2-13C glucose is 
metabolized via glycolysis with no oxidative PPP activity, all labeled carbon is retained in 
downstream metabolites. Each 1,2-13C glucose is converted to one unlabeled pyruvate (C4-C6) 
and one 2-labeled pyruvate molecule (C1-C3), thus the average labeling enrichment in pyruvate 
and lactate would be (0+2)/2=1. (ii) Full non-cyclic oxidative PPP: In this scenario, oxidative PPP 
flux is 100% of glucose uptake rate, there is no conversion between G6P and F6P. For every 
three molecules of 1,2-13C glucose, three labeled carbons are lost as CO2 via the oxidative PPP, 
resulting in three 1-labeled pentose-phosphates. These 3 pentose phosphates (15 carbons total 
with 3 labeled) are subsequently converted by non-oxidative PPP to 1 GAP and 2 F6P, which can 
be further metabolized via glycolysis to 5 pyruvate (still 15 carbons total with 3 labeled). This 
results in an average labeling of 3/5=0.6. (iii) Full pentose cycle: In this situation, similar to 
scenario (ii), all G6P is metabolized via the oxidative PPP. However, instead of entering lower 
glycolysis, the F6P produced from the non-oxidative PPP is all recycled back to G6P via reversed 
GPI activity. The G6P can then re-enter the oxidative PPP, losing additional labeled carbons as 
CO2 . As such, average labeling enrichment in pyruvate or lactate will be lower than that observed 
in scenario (ii), i.e. <0.6, with the exact number depending on the degree of carbon scrambling in 
the non-oxidative PPP. In this scenario, each molecule of glucose can go through oxidative PPP 
three times, with a net production of 3 CO2, one pyruvate, and 6 NADPH (Fig 3A). This is the 
maximal NADPH yield per glucose molecule possible in cells without substantial activity of 
fructose-1,6-bisphosphatase (FBPase), which is a gluconeogenetic enzyme necessary to fully 
recycle GAP. We found that the average labeling enrichment in lactate is below 0.3 in stimulated 
neutrophils during oxidative burst, indicating cells engage in pentose cycle with substantial 
reversed GPI activity and oxidative PPP flux is greater than 100% of glucose uptake. In contrast, 
in absence of the oxidative burst, the average labeling enrichment in lactate is very close to 1 (Fig 
3B), indicating glycolysis is the major route of glucose metabolism in this condition.  
 
To further verify the carbon recycling during oxidative burst, we performed 3-2H-glucose labeling. 
This tracer can be directly converted to 2H labeled G6P by hexose kinase (HK). However, when 
cells engage in pentose cycle, the deuterium at the C3 position is transferred to NADPH when 
G6P first entered oxidative PPP, therefore, G6P generated by recycling via reversed GPI is 
unlabeled (Fig 3C). We found that without oxidative burst, the majority of G6P is deuterium labeled, 
while during oxidative burst, G6P is mostly unlabeled (Fig 3D). This result further supported that 
during oxidative burst neutrophils adopt substantial pentose cycle. 
 
In addition to average labeling enrichment, we measured the specific labeling patterns of various 
glycolysis and PPP intermediates from 1,2-13C-glucose (Fig 3E, FigS4), which represented the 
features of glucose metabolism in neutrophils. A few key observations are highlighted below. In 
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pentose-phosphates, we observed a large increase in 1-labeled fraction during oxidative burst, 
suggesting that oxidative PPP becomes the major route for ribose production. In lower glycolytic 
compounds like DHAP, the M+1/M+2 ratio increased over 20-fold during oxidative burst, 
indicating a drastic increase of oxidative PPP activity, which uniquely separates C1 from C2 [24]. 
In G6P, we saw a drastic increase in the 1-labeled fraction during oxidative burst. This is 
consistent with substantial carbon recycling. Furthermore, we noticed that without oxidative burst, 
there is a significant fraction of G6P that is 4-labeled or unlabeled, in addition to the 2-labeled 
form that directly results from HK activity. This suggests GPI and non-oxidative PPP are highly 
reversible even at baseline. These interpretations are intriguing while qualitative. We next sought 
to get a quantitative understanding from these labeling results.   
 
We performed metabolic flux analysis based on measured labeling patterns of eight glycolytic and 
PPP intermediates using Isotopomer Network Compartmental Analysis (INCA) platform [25]. The 
simulation yielded a nice fit with the experimental data (Fig S5) and revealed substantial re-
distribution of glucose metabolism flux coupled to oxidative burst (Fig 3F). To identify features of 
neutrophil metabolism that are consistent across donors, we performed this analysis in 
neutrophils from 5 independent donors (in 3 of them we were also able to include DPI treated 
control). Selected key net fluxes are shown in Fig 3G, and the full results are presented in Table 
S1. We found that coupled to the activation of oxidative burst, oxidative PPP flux increased from 
less than 10% to over 200% of glucose uptake rate, and GPI net flux flipped from almost 100% 
relative to glucose uptake towards F6P to more than 100% reversed (Fig 3F,G). Meanwhile, 
glycolysis is nearly uncoupled, the net flux from F6P to GAP dropped close to zero, and lower 
glycolysis (GAP->lactate) became mainly supplied by PPP-derived GAP. This suggests during 
the oxidative burst neutrophils approach the maximal NADPH yield that can be generated from 
glucose. Together, this study revealed with high confidence that oxidative burst is coupled to a 
drastic shift from glycolysis-dominant glucose metabolism to near complete pentose cycle.  
 
The switch to pentose cycle is rapid and correlated with the magnitude of oxidative burst 
 
We next investigated how the re-distribution of glucose metabolism flux, which is indicated by the 
changes in average labeling enrichment in lactate from 1,2-13C-glucose, occurs over time upon 
stimulation. We found that as soon as 10 minutes after stimulation, the labeling enrichment in 
lactate dropped from close to 1, which corresponds to glycolysis-dominant glucose metabolism, 
to well below 0.6, which indicates substantial pentose cycle (Fig 4A). This shows the switch to 
pentose cycle occurs very quickly, consistent with data in Fig 1 showing the accumulation of PPP 
intermediates and the activation of oxidative burst occurs within a short timeframe. The lactate 
labeling enrichment further decreased to below 0.3 at 30 minutes, when oxidative burst peaks, 
and raised to slightly below 0.5 at 60 minutes, when the oxidative burst dampened (Fig 4A). This 
temporal correlation between glucose metabolism rewiring and the oxidative burst suggests that 
neutrophils can rapidly adjust metabolic strategy and engage PPP to supply NADPH according 
to the changing demand associated with the oxidative burst.  
 
We also measured the average labeling enrichment in lactate 30 minutes after stimulation with 
various doses of PMA. We found labeling enrichment decreased with increasing PMA 
concentration, and reached minimum when PMA concentration is increased to ~100nM, the dose 
where peak oxidative burst reaches maximal (Fig 4B, Fig S6). As our data showed neutrophils 
stimulated with 100nM PMA use near complete pentose cycle, and thus approach the upper limit 
of NADPH yield from glucose, this likely reflects that maximal metabolic capacity defines the 
maximal magnitude of oxidative burst. Treating cells with 50µM of G6PDi, which partially inhibited 
oxidative PPP, partially rescued the lactate labeling enrichment to above 0.6 (Fig 4B), confirming 
the decrease in labeling indeed reflects the increase of oxidative PPP flux. Eliminating oxidative 
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burst by DPI treatment brings lactate labeling enrichment back to near 1 with any dose of PMA 
(Fig S6). These results showed that the extent of glucose metabolism rewiring is quantitively 
coupled with the magnitude of oxidative burst. 
 
Mechanisms for the switch to pentose cycle  

 
As this study revealed impressive metabolic flexibility in neutrophils, we are interested in the 
mechanism allowing neutrophils to rapidly switch to pentose cycle on-demand. The labeling 
results showed this switch can occur within 10 minutes, a timeframe much faster than many 
mechanisms such as transcriptional regulation typically allows. We therefore reasoned that direct 
regulation by metabolites plays a major role in driving this metabolic reprogramming.  
 
NADPH and NADP+ are classical regulators of oxidative PPP flux. Drop in NADPH/NADP+ ratio 
has been shown to effectively drive the rapid activation of oxidative PPP flux from E.coli to human 
cells [26–28]. We found that upon PMA stimulation, NADPH dropped to a non-detectable level as 
soon as 10 minutes, stayed minimal at 30 minutes, and slightly increased by 60 minutes, while 
NADP+ continued to accumulate over time (Fig 4C). Furthermore, the depletion of NADPH and 
the profound accumulation of NADP+ is induced by PMA stimulation in a dose-dependent manner. 
20nM PMA was sufficient to cause NADPH to drop below detection and NADP+ to increase to 
maximal level, while inhibiting NOX with DPI fully prevented the depletion of NADPH (Fig 4D). 
These results showed that NOX activity, which rapidly consumes NADPH and oxidizes it to 
NADP+, dynamically controls NADPH/ NADP+ ratio. Upon activation, a drastic decrease in this 
ratio can act as an indication for NADPH demand and drive a rapid increase in oxidative PPP flux. 
The strong correlation between NADPH/NADP+ ratio and lactate labeling enrichment over time, 
as well as across PMA doses, supports that the decrease of NADPH/NADP+ ratio plays an 
important role in inducing the switch to pentose cycle in activated neutrophils. 
 
Another key reaction enabling the pentose cycle is reversed GPI activity. This reversibility of GPI 
is permitted by its thermodynamic status, as GPI reaction has a very a small ΔG0 [29]. Our labeling 
study and metabolic flux analysis revealed significant back and forth GPI gross flux at baseline 
(Table S1), suggesting GPI rests at a near equilibrium state in neutrophils. Therefore, the net flux 
direction can be easily flipped by changes in the concentration ratio between F6P and G6P, i.e. 
the reaction quotient of GPI. During oxidative burst, F6P/ G6P ratio increases in a time-dependent 
and PMA dose-dependent manner from around 0.5 at baseline to around 1.5 during maximal 
oxidative burst (Fig 4E,F). This increase is likely due to high oxidative PPP activity that rapidly 
consumes G6P, and increased non-oxidative PPP flux that produces F6P from the overflowing 
pentose-phosphates. ROS-driven inhibition of lower glycolytic enzymes may also contribute 
[30,31]. The theoretical ΔG0 of GPI reaction predicts the reaction Keq is within the range of 
F6P/G6P in neutrophils. Therefore, the increase in F6P/G6P ratio is sufficient to rapidly reverse 
the net reaction direction based on thermodynamic control. These results suggest that near-
equilibrium upper glycolysis enables the remarkable metabolic flexibility in neutrophils. 
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Discussion  
 
Cells can utilize nutrients through different metabolic routes to generate cofactors, energy, and 
biosynthetic precursors at different proportions according to their needs. Specific to glucose, 
particular metabolic demands for ATP, NADPH and ribose is best matched with different flux 
distribution strategies through glycolysis and PPP [32]. Glycolysis produces the most energy and 
potential energy substrates, at the rate of 2 ATP and 2 pyruvate per glucose. Oxidative PPP 
produces 2 NADPH and one ribose, while partially oxidizing glucose, reducing its potential to 
further generate energy. In cells where biosynthetic demand for ribose exceeds the need for 
NADPH, ribose can be additionally produced from non-oxidative PPP. This occurs in some 
proliferating cells such as cancer cells [33–35]. When cells have large demand for NADPH but do 
not need as much ribose, which is the case for many non-proliferating cells like neutrophils, the 
ribose resulting from oxidative PPP can be shunted back to glycolysis as F6P and GAP via non-
oxidative PPP. If the demand for NADPH further exceed the need for other factors, some or all 
F6P can be recycled back to G6P for additional NADPH production via oxidative PPP. This forms 
the pentose cycle, which produces 6 NADPH, 1 ATP and 1 pyruvate per molecule of glucose. 
 
The pentose cycle has been proposed in theory as a high NADPH yield glucose metabolism 
strategy for decades, however, to our knowledge, substantial pentose cycle where oxidative PPP 
flux exceeds total glucose phosphorylation rate has never been shown in mammalian cells. In 
typical mammalian cells and tissues, oxidative PPP is usually a minor route for glucose 
metabolism, with flux less than 10% of glycolysis [36,37]. In conditions involving increased 
NADPH demands, such as during oxidative stress and fatty acid synthesis, oxidative PPP flux 
can be higher [26,37–39]. In some of these conditions, there is some carbon recycling at gross 
flux level [26], i.e., GPI is more reversible, while the net flux is still towards F6P. In neutrophils, 
without oxidative burst, oxidative PPP flux is 5-10% of glucose uptake, but strikingly, within 30 
minutes upon stimulation, it raises to over 2-fold of glucose uptake, far exceeding any known cells 
and tissues.  
 
Many pathways can potentially contribute to cellular NADPH production. Interestingly, using 3-
2H-glucose labeling approach [40], we found that without stimulation, active hydride of NADPH 
barely labels from 3-2H-glucose, suggesting oxidative PPP is not the major route for cellular 
NADPH production at baseline, which is consistent with low oxidative PPP flux measured by 13C 
labeling. The fraction of 2H labeled NADPH increased drastically upon PMA stimulation, indicating 
oxidative PPP becomes the dominant source for NADPH production during oxidative burst (Fig 
S7). This suggested that neutrophils specifically rely on the upregulation of oxidative PPP, rather 
than other pathways that also contribute to NADPH production at baseline, to fulfill the large 
increase of NADPH demand associated with the oxidative burst. It is estimated that in many cell 
types, due to strong inhibition by NADPH and ATP, and relatively low NADP+ availability, oxidative 
PPP is running at a small fraction of its potential activity [41,42]. This can give cells large reserved 
metabolic capacity in oxidative PPP to produce NADPH on demand. The metabolite-driven 
regulation mechanism allows cells to immediately respond to changes in redox status, and the 
near-equilibrium upper glycolysis and non-oxidative PPP gives neutrophils remarkable flexibility 
to efficiently use glucose for NADPH production. Together, it allows neutrophils to rapidly power 
up effector functions and act as the frontline fighters against infection. 
 
The substantial rewiring of PPP is an impressive example of neutrophils’ metabolic flexibility, but 
it is not the only pathway that changes during neutrophil activation. We have observed other rapid 
metabolic alterations with each of the stimulations (Fig 1A). Some of these changes, including the 
changes in glycolytic intermediates, are mainly independent of the oxidative burst (Fig 1G). The 
accumulation in glycolytic intermediates is likely caused by the translocation of glucose 
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transporter induced by stimulation [16,43]. This can increase glucose uptake rate, which would 
further increase the supply for oxidative PPP, as well as support other neutrophil functions upon 
stimulation. Understanding the metabolism in neutrophils is critical for understanding how these 
important cells work to provide a frontier of innate immunity. This study demonstrated neutrophil 
metabolism is substantially rewired upon stimulation, and this rewiring is essential for neutrophil 
functions. Future studies on the reprogramming of a wider range of pathways and its connection 
with other neutrophil functions will provide a more comprehensive picture of metabolic regulations 
in neutrophils. This knowledge can also help guide design of metabolic interventions to modulate 
innate immunity.  
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Methods 
 
Neutrophil isolation, culture, and stimulation 
 
Human neutrophils were isolated from 8 ml of blood freshly collected from healthy donors, 
following the protocol approved by the University of Wisconsin Institutional Review Board 
(protocol number 2019-1031-CP001). Informed consent was obtained from all participants. 
Neutrophils were purified using the MACSxpress Whole Blood Neutrophil Isolation Kit (Miltenyi 
Biotec 130-104-434) followed by erythrocyte depletion (Miltenyi Biotec 130-098-196) according 
to the manufacturer’s instructions. Neutrophils were spun down at 300x g for 5 minutes. Plasma 
was aspirated off and the cells were resuspended in RPMI-1640 without glutamine (VWR, 
VWRL0106-0500) supplemented with 5mM L-glutamine (Fisher Scientific, BP379-100) and 0.1% 
Human Serum Albumin (Lee Biosolutions, 101-15), and kept at 37oC in incubators with 5% CO2. 
Purity of isolated cells was checked by flow cytometry using antibodies against neutrophil surface 
markers: CD11b (PE) (Biolegend, 301305) and CD15 (AlexFluor700) (Biolegend, 301919),  and 
viability of cells was checked using viability dye Ghost Dye 450 (Tonbo Biosciences, 13-0863). 
Typically, isolated cells are >90% CD11b+ CD15+ (Fig S8), and > 95% viable. All experiments 
were performed within 5 hours after blood collection and isolation.   
 
For stimulation, 1.5-3 million neutrophils were aliquoted into 1.5mL Eppendorf tubes and 10ul of 
100X stimuli stock solution was added to 1mL cell resuspension. The stimuli was either 1) Phorbol 
12-myristate 13-acetate (PMA) (Cayman Chemical, 10008014)  2) N-formylmethionyl-leucyl-
phenylalanine (fMLP) (Cayman Chemical, 59880-97-6) or 3) Lipopolysaccharide (LPS) (Sigma-
Aldrich L3024) + interferon-γ (IFNγ) (R&D Systems 485-MI). In experiments involving inhibitors, 
diphenyleneiodonium chloride (DPI) (Sigma-Aldrich, D2926), G6PDi (obtained from Rabinowitz 
lab at Princeton University [20]), or 6-aminonicotinamide (6-AN) (Cayman Chemical 329-89-5), 
was added at the same time as stimulation at indicated concentrations.  
 
Assay for the oxidative burst 
 
The oxidative burst was measured by stimulation-induced oxygen consumption rate using the XF-
96e extracellular flux analyzer (Seahorse Bioscience) following protocol developed by Seahorse 
[44]. To attach neutrophils at the bottom of assay plates (Seahorse Bioscience), neutrophils were 
plated in culture wells precoated with Cell-Tak (Corning) at 4 × 104 cells per well, and spun at 
200x g for 1 minute with minimal acceleration/deceleration, then incubated for 1 h at 37 °C. Assays 
were performed in regular neutrophil culture media (RPMI-1640 media supplemented with 0.1% 
human serum albumin). Inhibitors DPI, G6PDi, or 6-AN or vehicle control were added just before 
starting the assay. After several baseline oxygen consumption rate measurements, PMA was 
injected through the injection ports to simulate the oxidative burst, and the oxygen consumption 
rates was continuously monitored throughout the course of oxidative burst.  
 
NET release assay 
 
NET release was quantified by the increase of extracellular DNA over time following previously 
developed protocol [45]. Briefly, neutrophils were plated in at 4 × 104 cells per well in 96-well 
tissue culture plate precoated with Cell-Tak (Corning) and spun at 200x g for 1 minute with 
minimal acceleration/deceleration. Cytotox Green Reagent (IncuCyte 4633) was added to culture 
media at 1:4000 to stain extracellular DNA, and images were captured every 20 minutes after 
stimulation for 5 hours using IncuCyte live cell imager in standard culture condition (37C, 5% CO2). 
Representative images are show in Fig S1C. And the fluorescent area outside of cells, which 
indicate NET, was quantified by imagine analysis using IncuCyte S3 Basic Analysis software.  
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Metabolomics and isotopic tracing 
 
To extract intracellular metabolites, neutrophils were quickly spun at 500x g for 3 minutes at 4C, 
followed by a quick wash by PBS. Every 2 million of pelleted neutrophils were extracted with 150ul 
cold liquid chromatography–mass spectrometry (LC–MS) grade acetonitrile:methanol:water 
40:40:20  (v:v:v), and the samples were spun at 15,000rpm  for 5 minutes at 4C to remove any 
insoluble debris. The soluble metabolite samples were analyzed using a Thermo Q-Exactive mass 
spectrometer coupled to a Vanquish Horizon Ultra-High Performance Liquid Chromatograph, 
using the following two analytical methods. (i) Samples in extraction solvent were directly loaded 
on to LCMS. The samples were separated on a 2.1 × 150mm XBridge BEH Amide (2.5μm) 
Column (Waters), using a gradient of solvent A (95% H2O, 5% ACN, 20mM NH4AC 20mM NH4OH) 
and solvent B (20% H2O, 80% ACN, 20mM NH4AC 20mM NH4OH). The gradient was: 0min, 100% 
B; 3min, 100% B; 3.2min 90% B; 6.2min 90% B; 6.5min 80% B; 10.5min 80% B; 10.7min 70% B; 
13.5min 70% B; 13.7min 45% B; 16min 45% B; 16.5min 100% B; 22min 100% B. Flow rate was 
0.3ml/ min and column temperature was 30°C. Analytes were measure by MS using full scan. (ii) 
Samples were dried down under N2 flow and resuspended in LC–MS grade water as loading 
solvent. Metabolites were separated on a 2.1×100mm, 1.7 µM Acquity UPLC BEH C18 Column 
(Waters) with a gradient of solvent A (97/3 H2O/methanol, 10mM TBA, 9mM acetate, pH 8.2) and 
solvent B (100% methanol). The gradient was: 0min, 5% B; 2.5min, 5% B; 17min, 95% B; 21min, 
95% B; 21.5min, 5% B. Flow rate was 0.2 ml/min. Data were collected with full scan. Settings for 
the ion source were: 10 aux gas flow rate, 35 sheath gas flow rate, 2 sweep gas flow rate, 3.2 kV 
spray voltage, 320 °C capillary temperature and 300 °C heater temperature. The identification of 
metabolites reported here was based on exact m/z and retention times, which were determined 
with chemical standards. Data were analyzed with Maven.  
To determine the molar ratio of F6P / G6P, the concentration of F6P and G6P was quantified 
using an external calibration curve generated with G6P and F6P standards. 
For all experiments involving stable isotope tracers, including 1-13C-glucose, 1,2-13C-glucose, U-
13C-glucose, and 3-2H-glucose (all from Cambridge Isotope), the isotopically labeled glucose was 
substituted for unlabeled glucose at the same concentration in RPMI culture media. The natural 
13C abundance was corrected from the raw data. 
 
Metabolic Flux analysis  
 
Metabolic flux analysis was performed using the INCA software suite [25]. INCA is implemented 
in Matlab and simulates isotopic distributions according to the elementary metabolite unit (EMU) 
framework [46]. We estimated intracellular fluxes by solving a nonlinear least-squares regression 
problem that minimizes the variance-weighted sum of squared residuals (SSR) between 
simulated and measured isotopic distributions of intracellular metabolites, under the assumption 
of pseudo steady state. The network model includes all reactions in glycolysis and PPP, as shown 
in Table S1. Labeling data from 1,2-13C-glucose tracer experiments corrected for naturally 
occurring heavy isotopes were entered into INCA. Reversible reactions were modeled as a 
forward and backward reaction. Net fluxes equal forward flux minus backward flux, and exchange 
flux equals the smaller flux between forward and backward fluxes. Using the optimal solution, we 
calculated 95% confidence intervals for all estimated fluxes by performing a parameter 
continuation.  
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Figure Legends 
 
Figure 1. Rapid changes in pentose phosphate pathway is coupled with the oxidative burst. 
A. Heatmap showing metabolomic changes in primary human neutrophils in response to 
stimulation of PMA (100nM), fMLP (100nM), or LPS (1µg/ml) and IFNγ (20ng/ml) for 30min. Each 
row represents results from one donor. Color represents fold change comparing to the 
unstimulated neutrophils from the same donor, with saturating color indicates 3-fold change or 
greater. B. Schematic showing the oxidative burst in neutrophils. NADPH oxidase (NOX), which 
is stimulated by PMA and inhibited by DPI, produces superoxide using NADPH as the electron 
donor. Oxidative PPP produces NADPH and can by inhibited by G6PDi or 6-AN. C. The oxidative 
burst induced by varying doses of PMA. Mean ± SD N=6. D. The oxidative burst is inhibited by 
the treatment of G6PDi (50µM), 6-AN (5mM), or DPI (10μM). Mean ± SD N=6.  E. NET release 
induced by PMA stimulation (100nM added at time 0) is suppressed by the treatment of G6PDi 
(50µM), 6-AN (5mM), or DPI (10μM). Mean ± SD N=6. F. Changes in the abundances of PPP 
and glycolytic intermediates over time after stimulation with 100nM PMA. Relative level is 
normalized to unstimulated neutrophils. * indicates the level in marked condition is below reliable 
quantitation. G. Relative abundances of specific metabolites after 30min stimulation with varying 
doses of PMA, with or without the treatment of 10μM DPI.  
 

Figure 2. Neutrophils switch to using oxidative PPP as the dominant route for glucose 
metabolism during the oxidative burst. A. Schematic illustrating major expected isotopomers 
when 1-13C-glucose is fully metabolized via glycolysis (left) or oxidative PPP (right). Some 
isotopomers generated from reversible activity are shown in grey shade. B, C. Labeling pattern 
of DHAP and lactate from 1-13C-glucose (B) or U-13C-glucose (C). D, E. Labeling pattern of 
ribulose-5-phosphate (D) and G6P (E) from 1-13C-glucose in neutrophils with or without oxidative 
burst.  
 

Figure 3. Neutrophils adopt pentose cycle during oxidative burst. A. Schematic illustrating 
the net reactions, NADPH yield, and expected labeling patterns from 1,2-13C-glucose, when cells 
metabolize glucose 100% via glycolysis, 100% via oxidative PPP, or via pentose cycle with fully 
reversed GPI net flux (oxidative PPP flux is 300% of total glucose metabolism). B. Average 
labeling enrichment of lactate from 1,2-13C-glucose, measured in neutrophils from 3 donors, with 
or without oxidative burst. C. Schematic showing hexose kinase (HK) activity generates 2H-
labeled G6P from 3-2H-glucose, whereas pentose cycle generates unlabeled G6P. D. Labeling 
pattern of G6P from 3-2H-glucose. E. Labeling patterns of selected metabolites from 1,2-13C-
glucose. F. Metabolic flux distributions in neutrophils from one representative donor with or 
without oxidative burst. Numbers next to the reaction indicate net flux, which are normalized to 
HK flux as 100. Dotted line indicates the net flux of the reaction is not significantly different from 
0 (Zero flux is within confidence interval range).  G. Relative net flux of key reactions determined 
in different donors (indicated by different colors). Solid bars are the fluxes in absence of oxidative 
burst (30min after stimulation with 100nM PMA, with 10μM DPI treatment) and hatched bars are 
the fluxes during oxidative burst (30min after stimulation with 100nM PMA). Error bars indicate 
the confidence intervals from each flux analysis.  
 

Figure 4. Changes in metabolic state over time and with varying doses of PMA. A, B. 
Average labeling enrichment of lactate from 1,2-13C-glucose changes over time after stimulation 
with 100nM PMA (A), and with varying doses of PMA at 30min (B). C,D. Relative abundances of 
NADPH and NADP+ change over time after stimulation with 100nM PMA (C), and with varying 
doses of PMA at 30min (D).  E,F. Reaction quotient of GPI, i.e., the ratio between F6P and G6P 
concentrations, increases over time after simulation with 100nM PMA (E), and changes with 
increasing dose of PMA or the treatment of 10μM DPI or 50μM G6PDi (F). Mean ± SD. Nd 
indicates the level is below reliable detection. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


-30 0 30 60 90 120 150 180

50

100

150

200

250

Oxidative Burst

Time (minutes)

O
C

R
(p

m
ol

/m
in

)

6AN

CTRL

DPI

G6PDi

PMA
Injection

0

1

2

3

4

0

1

2

3

0

10

20

30

40

50

0

10

20

30

40

0

10

20

30

0

50

100

150

200

250

Time (minutes)

Fo
ld

 C
ha

ng
e

* *

0

20

40

60

80

100 S7P
CTRL
+DPI

0

10

20

30

40

50
Ribulose-5-phosphate

CTRL
+DPI

0

10

20

30

40 R5P

0.0

0.5

1.0

1.5

2.0 FBP

0.0

0.5

1.0

1.5

2.0 DHAP
CTRL
+DPI

-30 0 30 60 90 120 150 180

50

100

150

200

250

Oxidative Burst

Time (minutes)

O
C

R
(p

m
ol

/m
in

)

100nM PMA
500nM PMA

20nM PMA

100nM
PMA

0

5

10

15

20
6PG

R
el

at
iv

e 
A

bu
nd

an
ce

PMA:

0

1.58

-1.58

log2 
Fold 

Change

Glycolysis
PPP

PM
A

fM
LP

LP
S+

IF
N
γ

Q
   

   
C 

   
   

G
   

   
 Q

   
   

 C
   

   
 G

   
   

 Q
   

   
 C

   
   

 G
Do

no
r

Hy
po

xa
nt

hi
ne

M
et

hi
on

in
e 

Su
lfo

xi
de

Fr
uc

to
se

-1
,6

-b
is

ph
os

ph
at

e
La

ct
at

e
3P

G
DH

AP
IM

P
In

os
in

e
Ri

bu
lo

se
-5

-p
ho

sp
ha

te
Ri

bo
se

-5
-p

ho
sp

ha
te

Se
dh

ep
tu

lo
se

-7
-p

ho
sp

ha
te

NA
DP

+
6P

G
G

lu
ta

th
io

ne
 (r

ed
uc

ed
)

Hy
po

ta
ur

in
e

Ta
ur

in
e

NA
D+

AT
P

AD
P

AD
P-

rib
os

e
AM

P
G

lu
ta

m
at

e
2-

Hy
dr

ox
yg

lu
ta

ra
te

Tr
yp

to
ph

an
NA

DH
Cr

ea
tin

e
Al

an
in

e
UD

P-
N-

Ac
et

yl
gl

yc
os

am
in

e
He

xo
se

 p
ho

sp
ha

tte
G

lu
ta

th
io

ne
 d

is
ul

fid
e

Al
ph

a-
ke

to
gl

ut
ar

at
e

As
pa

rti
c 

ac
id

Hy
dr

ox
yp

ro
lin

e
G

lu
ta

m
in

e
Se

rin
e

Di
sa

cc
ha

rid
e

G
lu

co
se

Th
re

on
in

e
M

et
hi

on
in

e
Ty

ro
si

ne
Le

uc
in

e
Ph

en
yl

al
an

in
e

Va
lin

e

Cy
st

ei
ne

As
pa

ra
gi

ne

Glucose

G6P Ribulose- 
5-phosphate

Glycolysis

Oxidative Pentose 
Phosphate Pathway

NADPH

Membrane

2O2.-

2O2

2e-

NADP+

NADPH Oxidase
Complex 

(NOX)

G6PDi 6-AN

DPI

6PG

PMA

A B

C D E

F G

Time (minutes)

Time (minutes) Time (minutes)

Time (minutes) Time (minutes)

0 50 100 150 200
0

500000

1000000

1500000

NET Release

Time (minutes)

To
ta

lO
bj

ec
tA

re
a

(u
m

2 /Im
ag

e)

PMA
G6PDi
6AN
DPI

0nM 2nM 10nM 20nM 100nM 1000nM

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

PMA: 0nM 2nM 10nM 20nM 100nM 1000nM

PMA: 0nM 2nM 10nM 20nM 100nM 1000nM PMA: 0nM 2nM 10nM 20nM 100nM 1000nM

PMA: 0nM 2nM 10nM 20nM 100nM 1000nM PMA: 0nM 2nM 10nM 20nM 100nM 1000nM

Fo
ld

 C
ha

ng
e

Fo
ld

 C
ha

ng
e

Fo
ld

 C
ha

ng
e

Fo
ld

 C
ha

ng
e

Fo
ld

 C
ha

ng
e

S7P

Ribulose-5-phosphate

R5P

FBP DHAP

6PG

6040200 6040200

6040200 6040200

6040200 6040200

F6P

Figure 1
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 

The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


P

NADPH NADPH

P

P P

CO2

Flux through Pentose Phosphate Pathway 

P
P

P

Glucose

G6P

F6P

FBP

Ribulose-5-
phosphate

DHAP GAP
P

P
P

P

P

Pyruvate Lactate

P

P

Flux through Glycolysis 

P

P

Glucose

G6P

F6P

FBP

DHAP GAP
PP

Pyruvate Lactate

P

P

DHAP

0.0

0.2

0.4

0.6

0.8

1.0
G6PRibulose-5-phosphate

Lactate

DHAP

M+0
M+1
M+2
M+3

Lactate

A B 1-13C-Glucose Labeling C U-13C-Glucose Labeling

D E

M+0
M+1
M+2
M+3

Fr
ac

tio
n

Fr
ac

tio
n

M+0 M+1 M+2 M+0 M+1 M+2
0.0

0.2

0.4

0.6

0.8

1.0

PMA
+DPI

0.0

0.5

1.0

Fr
ac

tio
n

Fr
ac

tio
n

Fr
ac

tio
n

Fr
ac

tio
n

PMA PMA
+G6PDi

PMA
+DPI

PMA PMA
+G6PDi

PMA
+DPI

PMA PMA
+G6PDi

PMA
+DPI

PMA PMA
+G6PDi

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

P
P

PMA+DPI
PMA

M+0
M+1
M+2
M+3

M+0
M+1
M+2
M+3

PMA+DPI
PMA

Ribulose-5-
phosphate

Figure 2
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 

The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


Oxidative Burst
100nM PMA

Glucose

X5P

No Oxidative Burst
100nM PMA + 10µM DPI

S7P
E4P

100

Lactate

3PG
213

6PG 

NADPH yield
per glucose 

Full
Glycolysis 

100%
oxPPP 

Full
Pentose
Cycle 

Ribulo5P 

CO2 NADPH

G6P

F6P

FBP

DHAP GAP

NADPH
Glucose

X5P

S7P
E4P

100

Lactate

3PG
104

6PG Ribulo5P 

CO2 NADPH

G6P

F6P

FBP

DHAP GAP

NADPH

101

106

106

213

7 7

4

2

-189

4

4

104

289 289

192

96

R5P
R5P

G1P G1P8 0

Glucose

G6P

F6P

Ribulo5P

NADPH

P

NADPH

P
P

P P

HK

GPI

PMA
+DPI

PMA
0.0

0.5

1.0

G6P

Fr
ac

tio
n

M+0
M+1

100nM PMA

A B

C D E

F G

G6P

0.0

0.2

0.4

0.6

0.8

1.0
DHAP

0.0

0.2

0.4

0.6
Ribulose-5-Phosphate

Fr
ac

tio
n

Fr
ac

tio
n

Fr
ac

tio
n

M+0 M+1 M+2 M+0 M+1 M+2M+3 M+4 M+0 M+1 M+2 M+3 M+4
0.0

0.2

0.4

0.6

DonorM
0.0

0.5

1.0

Lactate

A
ve

ra
ge

La
be

lin
g

En
ric

hm
en

t

Full Glycolysis

Full Oxidative PPP
(no cycling)

Pentose Cycle

100nM PMA+ 10µM DPI 100nM PMA

DonorT DonorG

-200

-100

0

100

200

300

DonorR
DonorJ
DonorM
DonorG
DonorT

PMA+DPI
PMA

G6PD GPI PFK GAPDH
G6P      6PG G6P      F6P F6P      FBP GAP      1,3BPG

N
et

 F
lu

x

Full non-cyclic Oxidative 
Pentose Phosphate Pathway 

G6P

Full Glycolysis Full Pentose Cycle

Oxidative PPP

Non-oxidative
PPP

Glycolysis

Overall

F6P

F6P 2 Pyruvate

Glucose 2 Pyruvate

R5P X5P S7P GAP

X5P

E4P F6P

GAP F6P

2 F6P 2 FBP

GAP Pyruvate

Glucose 5/3 Pyruvate + CO2 + 2 NADPH

3 Ribulose-5P 2 F6P  

Glucose Pyruvate + 3 CO2 + 6 NADPH

2 F6P 2 G6P

3 G6P 3 Ribulose-5P + 3 CO2 + 6 NADPH

4 Pyruvate

+

+ +

+

GAP Pyruvate

Glucose

3 Ribose-5P 2 X5P + R5P

S7P GAP+

E4P

GAP+

=+

Label Enrichment (2 + 0) 13C carbons
2 Pyruvate 

(2+1+0+0+0) 13C carbons
5 Pyruvate

< 0.6 

Eqn.1b,c

Eqn.2b,c

Eqn.3cEqn.3bEqn.1a

Eqn.2a

Sum of Eqn.a Sum of Eqn.b Sum of Eqn.c

=1 =0.6 

100nM PMA+ 10µM DPI

Eqn.4cEqn.4b

Figure 3
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 

The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


1.0

Lactate

PMA Dose:

Full Glycolysis

Full Oxidative PPP
(no cycling)

Pentose Cycle

0 20 40 60
0.0

0.2

0.4

0.6

0.8

1.0

Lactate

Time (minutes)

Full Glycolysis

Full Oxidative PPP
(no cycling)

Pentose cycle

0 20 40 60
0.0

0.5

1.0

F6P / G6P

0.0

0.5

1.0

1.5

2.0

PMA Dose:

0

5

10

15

20

PMA Dose:

0.0

0.5

1.0

1.5

NADPH

PMA Dose:

nd nd nd nd

0 20 40 60
0

2

4

6

8

10

NADP+

0 20 40 60
0.0

0.5

1.0

1.5

NADPH

La
be

lin
g 

En
ric

hm
en

t

nd nd

A B

C D

E F

NADP+

F6P / G6P

Time (minutes)

Time (minutes)

Time (minutes)

Fo
ld

 C
ha

ng
e

Fo
ld

 C
ha

ng
e

G
PI

 re
ac

tio
n 

qu
ot

ie
nt

La
be

lin
g 

En
ric

hm
en

t
R

el
at

iv
e 

A
bu

nd
an

ce
R

el
at

iv
e 

A
bu

nd
an

ce
G

PI
 re

ac
tio

n 
qu

ot
ie

nt

0nM 2nM 10nM 20nM 100nM 1000nM 100nM
PMA
+DPI

100nM
PMA

+G6PDi

0.5

0.0

0nM 2nM 10nM 20nM 100nM 1000nM 100nM
PMA
+DPI

100nM
PMA

+G6PDi

0nM 2nM 10nM 20nM 100nM 1000nM 100nM
PMA
+DPI

100nM
PMA

+G6PDi

0nM 2nM 10nM 20nM 100nM 1000nM 100nM
PMA
+DPI

100nM
PMA

+G6PDi

Figure 4

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


14 
 

References 
 
1.  de Oliveira S, Rosowski EE, Huttenlocher A: Neutrophil migration in infection and 

wound repair: going forward in reverse. Nat Rev Immunol 2016, 16:378–391. 
2.  Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, Weinrauch Y, 

Zychlinsky A: Neutrophil extracellular traps kill bacteria. Science 2004, 303:1532–5. 
3.  Mayadas TN, Cullere X, Lowell CA: The multifaceted functions of neutrophils. Annu 

Rev Pathol Mech Dis 2014, 9:181–218. 
4.  Nguyen GT, Green ER, Mecsas J: Neutrophils to the ROScue: Mechanisms of 

NADPH oxidase activation and bacterial resistance. Front Cell Infect Microbiol 2017, 
7:373. 

5.  Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, Weinrauch Y, 
Brinkmann V, Zychlinsky A: Novel cell death program leads to neutrophil 
extracellular traps. J Cell Biol 2007, 176:231–241. 

6.  Reeves EP, Lu H, Jacobs HL, Messina CGM, Bolsover S, Gabellall G, Potma EO, Warley 
A, Roes J, Segal AW: Killing activity of neutrophils is mediated through activation of 
proteases by K+ flux. Nature 2002, 416:291–297. 

7.  Winterbourn CC, Kettle AJ, Hampton MB: Reactive Oxygen Species and Neutrophil 
Function. Annu Rev Biochem 2016, 85:765–792. 

8.  O’Neill LAJ, Kishton RJ, Rathmell J: A guide to immunometabolism for 
immunologists. Nat Rev Immunol 2016, 16:553–565. 

9.  Klein Geltink RI, Kyle RL, Pearce EL: Unraveling the Complex Interplay Between T 
Cell Metabolism and Function. Annu Rev Immunol 2018, 36:461–488. 

10.  Poznanski SM, Barra NG, Ashkar AA, Schertzer JD: Immunometabolism of T cells and 
NK cells: metabolic control of effector and regulatory function. Inflamm Res 2018, 
67:813–828. 

11.  Olenchock BA, Rathmell JC, Vander Heiden MG: Biochemical Underpinnings of 
Immune Cell Metabolic Phenotypes. Immunity 2017, 46:703–713. 

12.  Ryan DG, O’Neill LAJ: Krebs Cycle Reborn in Macrophage Immunometabolism. 
Annu Rev Immunol 2020, 38:289–313. 

13.  Maciver NJ, Michalek RD, Rathmell JC: Metabolic regulation of T lymphocytes. Annu 
Rev Immunol 2013, 31:259–283. 

14.  O’Brien KL, Finlay DK: Immunometabolism and natural killer cell responses. Nat Rev 
Immunol 2019, 19:282–290. 

15.  Kumar S, Dikshit M: Metabolic Insight of Neutrophils in Health and Disease. Front 
Immunol 2019, 10:2099. 

16.  Rodríguez-Espinosa O, Rojas-Espinosa O, Moreno-Altamirano MMB, López-Villegas EO, 
Sánchez-García FJ: Metabolic requirements for neutrophil extracellular traps 
formation. Immunology 2015, 145:213–224. 

17.  Awasthi D, Nagarkoti S, Sadaf S, Chandra T, Kumar S, Dikshit M: Glycolysis 
dependent lactate formation in neutrophils: A metabolic link between NOX-
dependent and independent NETosis. Biochim Biophys Acta - Mol Basis Dis 2019, 
1865. 

18.  Azevedo EP, Rochael NC, Guimarães-Costa AB, de Souza-Vieira TS, Ganilho J, Saraiva 
EM, Palhano FL, Foguel D: A Metabolic Shift toward Pentose Phosphate Pathway Is 
Necessary for Amyloid Fibril- and Phorbol 12-Myristate 13-Acetate-induced 
Neutrophil Extracellular Trap (NET) Formation. J Biol Chem 2015, 290:22174–83. 

19.  Rice CM, Davies LC, Subleski JJ, Maio N, Gonzalez-Cotto M, Andrews C, Patel NL, 
Palmieri EM, Weiss JM, Lee J-M, et al.: Tumour-elicited neutrophils engage 
mitochondrial metabolism to circumvent nutrient limitations and maintain immune 
suppression. Nat Commun 2018, 9:5099. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


15 
 

20.  Ghergurovich JM, Garcamp JC, Wang J, Schmidt E, Zhang Z, TeSlaa T, Patel H, Chen L, 
Britt EC, Piqueras-Nebot M, et al.: A small molecule G6PD inhibitor reveals immune 
dependence on pentose phosphate pathway. [date unknown], doi:10.1038/s41589-
020-0533-x. 

21.  Mantovani A, Cassatella MA, Costantini C, Jaillon S: Neutrophils in the activation and 
regulation of innate and adaptive immunity. Nat Rev Immunol 2011, 11:519–531. 

22.  Siler U, Romao S, Tejera E, Pastukhov O, Kuzmenko E, Valencia RG, Meda Spaccamela 
V, Belohradsky BH, Speer O, Schmugge M, et al.: Severe glucose-6-phosphate 
dehydrogenase deficiency leads to susceptibility to infection and absent NETosis. 
J Allergy Clin Immunol 2017, 139:212-219.e3. 

23.  Katz J, Wood HG: The Use of Glucose-C14 for the Evaluation of the Pathways of 
Glucose Metabolism*. 1960. 

24.  Lee WNP, Boros LG, Puigjaner J, Bassilian S, Lim S, Cascante M: Mass isotopomer 
study of the nonoxidative pathways of the pentose cycle with [1,2-13C2]glucose. 
Am J Physiol - Endocrinol Metab 1998, 274. 

25.  Young JD: INCA: A computational platform for isotopically non-stationary 
metabolic flux analysis. Bioinformatics 2014, 30:1333–1335. 

26.  Kuehne A, Emmert H, Soehle J, Winnefeld M, Fischer F, Wenck H, Gallinat S, Terstegen 
L, Lucius R, Hildebrand J, et al.: Acute Activation of Oxidative Pentose Phosphate 
Pathway as First-Line Response to Oxidative Stress in Human Skin Cells. 2015, 
doi:10.1016/j.molcel.2015.06.017. 

27.  Christodoulou D, Link H, Fuhrer T, Kochanowski K, Gerosa L, Sauer U: Reserve Flux 
Capacity in the Pentose Phosphate Pathway Enables Escherichia coli’s Rapid 
Response to Oxidative Stress. 2018, doi:10.1016/j.cels.2018.04.009. 

28.  Ben-Yoseph O, Camp DM, Robinson TE, Ross BD: Dynamic Measurements of 
Cerebral Pentose Phosphate Pathway Activity In Vivo Using [1,6-13C2,6,6-2H2] 
Glucose and Microdialysis. J Neurochem 1995, 64:1336–1342. 

29.  Flamholz A, Noor E, Bar-Even A, Milo R: EQuilibrator - The biochemical 
thermodynamics calculator. Nucleic Acids Res 2012, 40:D770. 

30.  Ralser M, Wamelink MM, Kowald A, Gerisch B, Heeren G, Struys EA, Klipp E, Jakobs C, 
Breitenbach M, Lehrach H, et al.: Dynamic rerouting of the carbohydrate flux is key 
to counteracting oxidative stress. J Biol 2007, 6. 

31.  Stincone A, Prigione A, Cramer T, Wamelink MMC, Campbell K, Cheung E, Olin-
Sandoval V, Grüning NM, Krüger A, Tauqeer Alam M, et al.: The return of metabolism: 
Biochemistry and physiology of the pentose phosphate pathway. Biol Rev 2015, 
90:927–963. 

32.  Berg J, Tymoczko J, Stryer L: Biochemistry 6th Edition. W.H. Freeman Company; [date 
unknown]. 

33.  Patra KC, Hay N: The pentose phosphate pathway and cancer. Trends Biochem Sci 
2014, 39:347–354. 

34.  Ying H, Kimmelman AC, Lyssiotis CA, Hua S, Chu GC, Fletcher-Sananikone E, Locasale 
JW, Son J, Zhang H, Coloff JL, et al.: Oncogenic kras maintains pancreatic tumors 
through regulation of anabolic glucose metabolism. Cell 2012, 149:656–670. 

35.  Boros LG, Lerner MR, Morgan DL, Taylor SL, Smith BJ, Postier RG, Brackett DJ: [1,2-
13C2]-D-glucose profiles of the serum, liver, pancreas, and DMBA-induced 
pancreatic tumors of rats. Pancreas 2005, 31:337–343. 

36.  Brekke E, Morken TS, Sonnewald U: Glucose metabolism and astrocyte-neuron 
interactions in the neonatal brain. Neurochem Int 2015, 82:33–41. 

37.  Jalloh I, Carpenter KLH, Grice P, Howe DJ, Mason A, Gallagher CN, Helmy A, Murphy 
MP, Menon DK, Carpenter TA, et al.: Glycolysis and the pentose phosphate pathway 
after human traumatic brain injury: Microdialysis studies using 1,2-13C2 glucose. J 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838


16 
 

Cereb Blood Flow Metab 2015, 35:111–120. 
38.  Jin ES, Lee MH, Murphy RE, Malloy CR: Pentose phosphate pathway activity 

parallels lipogenesis but not antioxidant processes in rat liver. Am J Physiol - 
Endocrinol Metab 2018, 314:E543–E551. 

39.  Dusick JR, Glenn TC, Lee WP, Vespa PM, Kelly DF, Lee SM, Hovda DA, Martin NA: 
Increased Pentose Phosphate Pathway Flux after Clinical Traumatic Brain Injury: A 
[1,2- 13 C 2 ]glucose Labeling Study in Humans. J Cereb Blood Flow Metab 2007, 
27:1593–1602. 

40.  Fan J, Ye J, Kamphorst JJ, Shlomi T, Thompson CB, Rabinowitz JD: Quantitative flux 
analysis reveals folate-dependent NADPH production. Nature 2014, 
doi:10.1038/nature13236. 

41.  Yoshida A, Lin M: Regulation of glucose 6 phosphate dehydrogenase activity in red 
blood cells from hemolytic and nonhemolytic variant subjects. Blood 1973, 41:877–
891. 

42.  Holten D, Procsal D, Chang HL: Regulation of pentose phosphate pathway 
dehydrogenases by NADP+ NADPH ratios. Biochem Biophys Res Commun 1976, 
68:436–441. 

43.  Maratou E, Dimitriadis G, Kollias A, Boutati E, Lambadiari V, Mitrou P, Raptis SA: 
Glucose transporter expression on the plasma membrane of resting and activated 
white blood cells. Eur J Clin Invest 2007, 37:282–290. 

44.  Pamela Swain NR and BPD: Modulation of oxidative burst with exposure to 
cytokines in neutrophil cell activation. J Immunol 2018,  

45.  Gupta S, Chan DW, Zaal KJ, Kaplan MJ: A High-Throughput Real-Time Imaging 
Technique To Quantify NETosis and Distinguish Mechanisms of Cell Death in 
Human Neutrophils. J Immunol 2018, 200:869–879. 

46.  Antoniewicz MR, Kelleher JK, Stephanopoulos G: Elementary metabolite units (EMU): 
A novel framework for modeling isotopic distributions. Metab Eng 2007, 9:68–86. 

 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 26, 2020. ; https://doi.org/10.1101/2020.11.25.396838doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.25.396838

	Main Text FiguresG.pdf
	Figure1
	Figure2
	Figure3
	Figure4




