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Abstract
Glucose-6-phosphate dehydrogenase (G6PD) is a determinant in the antioxidant status of the red
blood cell (RBC) and is also used as an indicator of cell age. However, it is unknown if the relationship
between antioxidant status, cell age, and RBC-derived adenosine triphosphate (ATP) occurs
immediately or over a period of time. Therefore, the development of a simultaneous determination
of G6PD activity (via the determination of nicotinamide adenine dinucleotide phosphate (NADPH))
in RBCs and the determination of deformation-induced RBC-derived ATP is described. The NADPH
and ATP were determined while undergoing a chemically-induced aging process via inhibition of
G6PD with dehydroepiandroesterone (DHEA). Upon incubation with DHEA for 30 minutes,
NADPH levels measured in a flow stream decreased to 7.96 ± 1.10 μM from an original value of
13.20 ± 1.80 μM in a 0.02% solution of RBCs. In order to demonstrate a direct relationship between
G6PD activity and deformation-induced ATP release from RBCs, a simultaneous microflow
determination of G6PD activity and ATP release was performed. Upon inhibition with DHEA,
NADPH levels decreased to 8.62 ± 0.29 μM from its original value of 12.73 ± 0.50 μM while ATP
release decreased from 0.21 ± 0.07 μM to 0.06 ± 0.02 μM. These values were validated by an
examination of NADPH levels in, and ATP release from, RBC fractions containing younger and
older cells (separated by cell density centrifugation). This determination provides evidence that
antioxidant status in the RBC and its ability to release ATP, a known stimulus of nitric oxide
production, are closely related.
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Introduction
Diabetes is one of the most common diseases found worldwide with an estimated 40 million
people having been diagnosed with type 2 diabetes and its associated secondary complications
such as retinopathy, neuropathy and cardiovascular diseases that include angina, heart attack
and high blood pressure.1–4 A vast amount of research involving diabetes and complications
is focused on areas such as insulin secretion and resistance, pancreatic beta cells, and
maintenance of blood glucose levels.5,6

Reports suggesting a weakened antioxidant defense system in RBCs obtained from humans or
animal models with type 2 diabetes were initially reported nearly a decade ago.7–9 As a result
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of this weakened antioxidant defense, the RBCs of these individuals are more prone to oxidant
insult and are believed to be less deformable in comparison to RBCs obtained from healthy
individuals. Indeed, it has been reported that the RBCs from people with type 2 diabetes are
less deformable than those RBCs obtained from healthy controls.10–12

In its reduced form glutathione (GSH), a small tripeptide, is the main non-enzymatic
antioxidant in the RBC and readily undergoes oxidation to the dimer (GSSG) to protect such
important cellular components as proteins from oxidant insults (figure 1).13–15 Under normal
conditions, cells are capable of regenerating GSH at the expense of the reducing factor
nicotinamide adenine dinucleotide phosphate (NADPH). Though other cells have several
methods to produce NADPH, RBCs rely solely on the enzyme glucose-6-phosphate
dehydrogenase (G6PD) for regeneration of NADPH, thereby rendering G6PD activity
important to the antioxidant status of the RBC.16

It is well established that G6PD deficient individuals are subjected to high oxidative stress due
to lack of NADPH production, and hence a weakened antioxidant defense system.7,17,18 G6PD,
the key regulatory enzyme of the pentose phosphate pathway, regenerates NADPH during
oxidation of glucose-6-phosphate (G6P) to 6-phosphogluconate (6GP). Though G6P levels
appear to be normal in RBCs obtained from people with diabetes, it is established that G6PD
activity in the RBCs from diabetes patients is deficient compared to healthy individuals,19–
21 thus resulting in decreased NADPH levels in the RBCs from people with diabetes.

In addition to its importance in the RBC as a major determinant in oxidative stress, G6PD
activity is also employed as an indication of cell aging22 because cell age is often inversely
related to G6PD activity.23 While other methods exist for estimating cellular aging, the G6PD
activity in the RBC is of interest due to its reported relationship to diabetic complications
through the increased activity of the aldose reductase pathway.24–26 It is reported that inhibition
of this pathway with aldose reductase inhibitors such as tolrestat leads to an increase in the
activity of the pentose phosphate pathway (and a subsequent increase in G6PD activity) and
hence NADPH levels.27,28 Conversely, activation of the aldose reductase pathway leads to an
apparent decrease in pentose phosphate pathway activity, which is associated with a decrease
in G6PD activity and, hence, cellular NADPH levels.

Recently, we were able to demonstrate that deformation-derived ATP release from the RBC
is clearly related to the cellular antioxidant defense status, and that the RBC’s ability to recover
from oxidant insults depends upon G6PD activity.29 Importantly, ATP is a recognized stimulus
of nitric oxide (NO) production in endothelial cells.30 Therefore, a link may exist between the
oxidant status (and cell aging process) in the RBC and the potent vasodilator, NO.

Here we have developed a method to simultaneously monitor G6PD activity (via cellular
NADPH levels) in RBCs, and the ability of the RBC to release ATP. In order to establish this
relationship between G6PD activity and ATP release, RBCs were chemically “aged” by
inhibiting G6PD activity with dehydroepiandroesterone (DHEA), a well known
noncompetitive steroid inhibitor of G6PD.31–34 To further emphasize the relationship between
G6PD activity and ATP release, we also confirm that the RBCs from patients with type 2
diabetes have reduced levels of NADPH.29 Moreover, studies were also performed to
determine if aged cells, reported as G6PD activity (through measurement of NADPH), releases
less ATP upon stimulation than their younger counterparts. To perform such experiments, the
separation of young and old fractions of RBCs obtained from whole blood was performed,
followed by the monitoring of cellular NADPH levels and deformation induced ATP release.
Importantly, the method developed here is the first attempt to monitor cellular antioxidant
status and its effect on RBC-derived ATP levels, simultaneously. Furthermore, this technique
not only enables simultaneous monitoring of these important analytes, but also enables this
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analysis under conditions of continuous flow, an essential parameter of blood flow and
deformation-induced ATP release.

Experimental
Collection of RBCs

All procedures involving animals or humans in this study were performed under protocols
approved by the appropriate Animal Investigation Committee or Institutional Review Board.
Rabbit RBCs were obtained from male New Zealand White rabbits (2.0–2.5 kg). Rabbits were
anesthetized with ketamine (8.0 mg kg−1, im) and xylazine (1.0 mg kg−1, im) followed by
pentobarbital sodium (15 mg kg−1 iv). After tracheotomy, the rabbits were mechanically
ventilated (tidal volume 20 mL kg−1, rate 20 breaths min−1; Harvard ventilator). A catheter
was placed into a carotid artery, heparin (500 units, iv) was given, and after 10 min, animals
were exsanguinated. Human blood was obtained by venipuncture and collected in to a
heparinized tube. To prepare the RBCs from the collected blood sample, whole blood was
centrifuged at 500 × g at 4°C for 10 min. The plasma and buffy coat were removed and stored
for other experiments within the laboratory. RBCs were resuspended and washed 3 times in a
physiological salt solution (PSS). The PSS was prepared by combining TRIS buffer (25 mL,
prepared by mixing 50.9 g of TRIS in 1 L of distilled and deionized water (DDW)) and Ringer’s
(164.2 g NaCl, 7.0 g KCl, 5.9 g CaCl2.2H2O, and 2.5 g MgSO4 in 1 L DDW). After the addition
of dextrose (0.50 g) and albumin bovine fraction IV (fatty acid free, 2.5 g) to the above mixture,
the solution was diluted to 500 mL with DDW and the pH was adjusted to 7.35–7.45. The PSS
was then triple filtered using a filter with 0.45 μM pores (Corning, Fisher Scientific). Cells
were prepared on the day of use and studied within 8 h of removal from the animal or human
subject. Human diabetes subjects were adults with hemoglobin A1c values of 7 % or higher.

Separation of RBCs into age-based fractions
RBCs were separated into fractions based on cell density centrifugation. In a 15 mL tube, 2
mL of a solution of Percoll (Sigma Chemical Co, St. Louis, MO) having a density of 1.115 g
mL−1 were added to the bottom of the tube. Next, 2 mL of a similar solution of Percoll having
a density of 1.105 g mL−1 were slowly added on to the top of the first 2 mL of the higher density
solution. Finally, 1 mL of RBCs (70% hematocrit) was added to the top of the Percoll layers.
The tube containing the Percoll and RBCs was then centrifuged at 3000 × g at 4 °C for 15 min.
After centrifugation, two layers of RBCs are present; those having a density of less than the
1.105 g mL Percoll solution will appear at the top of the tube and represent those RBCs having
the lowest density; these RBCs are considered the “younger” of the RBCs in the original RBC
sample.35,36 Those below the higher density Percoll solution are the more dense, or aged,
RBCs. These separated RBC fractions were removed by pipette and diluted to a hematocrit of
7% using the PSS described above. ATP release and NADPH levels measurements were made
with 7% and 0.02% hematocrit RBCs, respectively using the methods described below.

Measurement of NADPH levels
The general schematic for all flow-based measurements is shown in figure 2. The activity of
the G6PD enzyme was monitored by measuring the cellular NADPH levels. A 200 μM NADPH
stock solution was prepared by dissolving NADPH (0.0043 g) in 25 mL of DDW. NADPH
standards (0.0– 20.0 μM) were prepared by diluting the stock solution of NADPH in DDW,
accordingly.

A 0.02 % hematocrit of RBCs was used in all the experiments where NADPH was
quantitatively measured. Specifically, NADPH was determined using the Vybrant Cytotoxicity
Assay Kit (Invitrogen Corp., Carlsbad, CA). In this assay, NADPH reduces resazurin to
generate the fluorescence product resorufin. To determine NADPH, an aliquot of the reaction
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mixture was placed in a 500 μL syringe (Hamilton, Fisher Scientific). NADPH standards, or
the RBCs, were placed in another syringe and both solutions were pumped through 30 cm
sections of microbore tubing, having an internal diameter of 50 μm (Polymicro Technologies,
Phoenix, AZ), at a rate of 1.0 μL min−1 using a dual syringe pump (Harvard Apparatus, Boston,
MA). The two streams were combined at a mixing T-junction having an internal volume of
560 nL (Upchurch Scientific, Oak Harbor, WA). The now combined content was allowed to
flow through a 90 cm long segment of microbore tubing having an internal diameter of 150
μm. The larger bore tubing resulted in a slower linear rate of the stream, thus enabling the
required incubation period prior to detection of the resultant fluorescence using a flow-through
fluorescence detector (Jasco, FP-2020 fluorescence detector). The total time taken for a single
measurement was 30 min. The fluorescence emission intensity was measured at 587 nm
(excitation at 563 nm).

In order to determine the effect of a G6PD inhibitor (DHEA) on the cellular NADPH
concentrations, a 1 mM DHEA solution was prepared by dissolving DHEA (0.0043 g) in the
aforementioned PSS. The required volume of RBCs was placed in a 10 ml volumetric flask
containing DHEA and diluted up to the mark with PSS creating a 7% RBC solution in 100
μM DHEA. This mixture was incubated for 30 min at room temperature prior to diluting the
RBC mixture to a measurable hematocrit of 0.02 %. This hematocrit enabled a quantitative
signal to be generated without excessive spectral interference from the complex matrix,
especially the hemoglobin in the RBC. The diluted RBCs containing the DHEA were then
allowed to react with the resazurin reaction mixture.

Measurement of ATP release
A 100 μM ATP stock solution was prepared by dissolving ATP (0.0619 g) in DDW and diluting
to 1.00 L in DDW. ATP standards (0.0 – 1.5 μM) were prepared by diluting aliquots of the
stock ATP solution in PSS. To prepare the luciferin/luciferase mixture required for
chemiluminescence determination of ATP, luciferin (2 mg, Sigma) was dissolved in 20 mL of
DDW. A 5 mL aliquot of this luciferin was added to a vial containing a solid mixture of
luciferin/luciferase (FLE-50, Sigma).

To measure the ATP release, the luciferin/luciferase mixture was placed in a 500 μL syringe.
ATP standards, or RBCs, were placed in the second syringe and both solutions were pumped
through 30 cm sections of microbore tubing having an internal diameter of 50 μm at a rate of
6.7 μL min−1 using the dual syringe pump mentioned above. The streams containing the
luciferin/luciferase mixture and ATP standard/RBCs were combined at the mixing T-junction.
The combined stream flowed through a segment of microbore tubing having an internal
diameter of 75 μm, allowing the detection of the resultant chemiluminescence from the reaction
of the ATP (either in standard form or that released from RBCs) using a photomultiplier tube
(PMT; Hamamatsu Corporation, Hamamatsu, Japan) placed in a light excluding box. The
polyimide coating was removed from the microbore tubing on the segment over the PMT to
facilitate light transport through the tubing and to the PMT.

Simultaneous detection of ATP and NADPH
A required volume of RBCs was placed in a 10 mL volumetric flask and diluted with PSS to
prepare a 7 % hematocrit of RBCs. Next, approximately 285 μl of this solution was diluted up
to 100 ml in DDW to create a solution of RBCs with hematocrit of 0.02 %.

For the simultaneous determination of ATP and NADPH, two dual syringe pumps were
employed as shown in figure 2. NADPH standards or the 0.02 % RBCs were placed in one
syringe and the resazurin reaction mixture was placed in another and both were pumped at a
rate of 1.00 μL min−1 through 50 μm internal diameter tubing.
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The content of the two streams were combined at a mixing-T and incubated for 30 min by
passing through the 90 cm long, 150 μm internal diameter microbore tubing. The resultant
fluorescence was detected online with the flow-through fluorescence detector mentioned
above. Simultaneous to the NADPH measurements, the ATP release from a 7% hematocrit of
RBCs was measured as described above. These measurements were repeated with the RBCs
in the presence of the DHEA.

Results and Discussion
It is well known that the antioxidant defense system of the RBCs obtained from people with
type 2 diabetes is deficient in comparison to those RBCs obtained from healthy individuals.7,
17 This is believed to be the result of decreased levels of cofactor NADPH due to a reduced
activity of G6PD.19–21 NADPH acts as a substrate for glutathione reductase (GSHred), an
enzyme that helps maintain GSH in its reduced, antioxidant form. In its reduced form, GSH is
the most abundant non-enzymatic antioxidant in RBCs.37 Upon oxidant insult, GSH is oxidized
to its dimeric form GSSG, thereby protecting important cellular components and membrane
proteins from being subjected to oxidant stress. Upon decrease of NADPH, GSHred activity
decreases, thereby resulting in lower levels of reduced GSH and subsequent weakening of
cellular antioxidant defense.

Recently, we hypothesized that a decrease in the pentose phosphate pathway, or an increase in
the aldose reductase pathway, would lead to a more stiffened RBC membrane and an
accompanying decrease in ATP release from these RBCs when subjected to deformation.
Although a relationship between the pentose phosphate pathway and RBC-derived ATP was
established29, the simultaneous measurement of G6PD activity and ATP release was not
performed.

It has been reported in the literature that people with diabetes have RBCs with lower
concentrations of NADPH in comparison to the RBCs obtained from healthy controls. As
shown in the data in figure 3, the NADPH level in the RBCs obtained from the patients with
diabetes was about 50% less in comparison to healthy human controls. This result is in
agreement with previously reported non-flow based NADPH measurements in RBCs obtained
from people with type 2 diabetes.28,29 In addition, a determination of ATP release from the
RBCs obtained from the type 2 diabetes group (and a control group who were not diagnosed
with type 2 diabetes) was also performed. The data in figure 3 provide evidence that G6PD
activity (measured as NADPH concentrations in the RBC) is related to the ability of the cell
to release ATP.

The data in figure 3 suggest that G6PD activity is related to the cell’s ability to release NO-
stimulating ATP. It is well established that as cells age, the G6PD activity within the cell
decreases resulting in a smaller RBC that is more dense and, importantly, less deformable.
Therefore, to further verify the relationship between G6PD activity and ATP release, RBCs
from healthy rabbits were separated based on cell density centrifugation as described above.
The cellular NADPH levels and deformation induced ATP release were measured in these
young and old fractions obtained from the whole sample of RBCs. As shown in figure 4, both
NADPH concentration in, and deformation-induced ATP release from, the RBCs are
significantly different in the younger and older fractions. As expected, both NADPH levels
and ATP release from the RBCs obtained from the less dense, “younger” fraction are greater
than the more dense RBCs with less G6PD activity. In the younger fraction, the NADPH level
is 11 % greater compared to the older fraction, while the ATP release was 56 % greater in the
younger RBC fraction compared to the older portion of the cells.
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The results in figure 4 provide further evidence that NADPH concentrations in the RBC, an
indicator of G6PD activity, are decreased in the aged cell. While this has been reported
previously by other groups,38,39 the results here expand on previous results to show the
relationship between this G6PD activity and ATP release. However, neither the data in figure
3, nor figure 4 demonstrates whether this relationship between G6PD activity and ATP release
is a phenomenon that forms over a lengthy period of time (e.g., hours to days) or if it occurs
immediately. To gain a more clear understanding of this relationship, a measurement scheme
would need to be developed to measure NADPH in the presence of RBCs in a flow stream
simultaneously with the deformation-induced ATP release from the RBC. Flow based
measurements provide a closer mimic to the actual circulation and stimulate flow-induced ATP
release from the RBC. Without the flow, the relationship between the NADPH concentration
and ATP release from the RBC could not be determined.

As a first step towards developing such a simultaneous detection method, a qualitative and
quantitative measurement of NADPH under conditions of continuous flow was performed
using NADPH standards. The schematic for this measurement is shown in figure 2 and the
obtained data are shown in figure 5a. Once the method was established using NADPH
standards, the measurement of NADPH levels in normal rabbit RBCs and chemically aged
RBCs (by inhibiting G6PD with DHEA) was performed. As summarized in figure 5b, the
DHEA-induced aging (via inhibition of the G6PD and the pentose phosphate pathway) resulted
a decrease in NADPH level from original value of 13.2 ± 1.8 μM (in normal RBCs) to 8.0 ±
1.1 μM (in RBCs incubated in DHEA) in a 0.02% solution of RBCs, a 39% decrease in NADPH
concentrations.

Although there are reports suggesting a relation between decreased G6PD activity and
increased RBC stiffness, this is the first attempt to monitor the consequences of these
characteristics simultaneously and quantitatively while permitting the forces required (flow)
to induce the ATP release. The experimental setup shown in figure 2 was used to measure both
G6PD activity and deformation induced RBC-derived ATP release. As expected, a direct
relationship between decreased NADPH levels and the decreased values of deformation-
induced RBC-derived ATP is measured (figure 6a). Figure 6b shows that the decrease in ATP
release is proportional to the decrease in the cellular NADPH levels. Upon inhibition with the
DHEA, the ATP release decreased to 0.06 ± 0.02 μM, down from an initial value of 0.21 ±
0.07 μM in 7 % RBCs. In a similar manner, the initial concentration of NADPH (12.73 ± 0.50
μM) decreased to 8.62 ± 0.29 μM upon addition of DHEA.

Conclusions
It is well established that G6PD deficient individuals are subjected to high oxidative stress and,
hence, stiffening of the cell membrane due to oxidation of important membrane proteins.13,
15 This effect is pronounced in RBCs where G6PD is the sole producer of NADPH, an essential
cofactor in the antioxidant defense mechanism. In type 2 diabetes, RBCs are under high
oxidative stress and are believed to be less deformable, leading to lowered levels of
deformation-induced ATP release. Also G6PD activity is an indication of cell aging and upon
aging cell membranes become more stiffened due to a weakened oxidative defense system.

Here we were able to measure cellular NADPH levels in the RBC (via a fluorescence based
assay) and deformation-derived ATP release from the RBC (via chemiluminescence assay)
simultaneously, under continuous flow conditions. Results are consistent with the expected
pattern of a direct relationship between NADPH concentrations in the RBC and deformation-
derived ATP release from these cells. With a decrease in NADPH concentration, there is a
decrease in deformation derived ATP release from the RBC. A similar trend was observed with
chemically aged (via inhibition of G6PD) RBCs, as well as young and old fractions of RBCs
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separated from whole blood. RBCs obtained from people with type 2 diabetes showed the same
trend confirming that oxidative stress leads to a decrease in deformation derived ATP release.
Due to the ability of ATP to stimulate NO production in other cells (e.g., endothelial cells and
platelets), the RBC thus becomes a potential determinant of blood flow in the diabetic
circulation. Perhaps more evident from the work reported here, however, is the potential use
of NADPH and ATP as biomarkers of oxidative stress in the RBC.
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Fig. 1.
Schematic representation of an antioxidant defense mechanism in RBCs involving the pentose
phosphate pathway.
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Fig. 2.
Schematic representation of the flow-based system employed to quantitatively determine the
concentration of NADPH and ATP release from the RBCs obtained from either rabbits or
humans. For NADPH determinations alone, only the NADPH and probe streams were
employed.
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Fig. 3.
Measurement of cellular NADPH levels and ATP release from RBCs obtained from people
with type 2 diabetes and healthy controls. The black bars represent NADPH (n = 5 individuals)
and the gray bars represent ATP release (n = 8 individuals). There is an approximate 50%
decrease in NADPH concentrations and a 78% decrease in ATP release from the RBCs from
diabetic patients as compared to healthy individuals. The values between the two groups are
significantly different (p < 0.01).
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Fig. 4.
NADPH and ATP levels in young and old fractions of RBCs. The black bars represent the
fluorescence intensity corresponding to NADPH while the gray bars represent the
chemiluminescence intensity corresponding to ATP release from the RBCs (n= 3 rabbits). The
values between the two groups are significantly different (p < 0.01).
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Fig. 5.
Quantitative measurement of cellular NADPH levels using flow through fluorescence
detection. (a) An NADPH standard (lower trace) in comparison with NADPH levels in 0.02
% RBCs (top trace) and chemically aged RBCs (middle trace). (b) Quantitative representation
of NADPH levels in 0.02 % rabbit RBCs and DHEA inhibited rabbit RBCs (n= 6 rabbits).
There is a 39 % decrease in NADPH concentration upon incubation with the G6PD inhibitor
DHEA for 30 min. The values in the absence and presence of DHEA are significantly different
(p < 0.01).
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Fig. 6.
(a) Qualitative representation of simultaneous detection of NADPH levels and deformation
induced ATP release from rabbit RBCs. NADPH levels were measured using a fluorescence
based G6PD assay, while ATP release was measured using chemiluminescence. The bottom
two traces represent ATP release from normal RBCs (higher of the pair) and G6PD inhibited
(lower of the pair) RBCs. The top two traces represent NADPH levels in 0.02% RBCs in the
absence (higher of the pair) and presence (lower trace of the pair) of DHEA. (b) Quantitative
representation of simultaneously detected NADPH levels and deformation derived ATP
release. The black bars represent NADPH concentration (n= 5 rabbits), while the gray bars
represent ATP release (n= 5 rabbits). The values between the two groups are significantly
different (p < 0.01).
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