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Abstract
Blood is the primary matrix for metabolite profiling, providing a means for biomarker identification, pharmacokinetic/

pharmacodynamic analysis and disease monitoring. Conventional methodologies of blood sample collection require 
blood drawn by venous puncture.  However, this technique allows for residual ex vivo metabolic activity of the blood 
matrix, thus presenting a challenge to capturing a physiologically representative readout of the metabolome. Blood 
that is not immediately processed is subjected to extended periods of ex vivo metabolism. Even when samples are 
transported by cold storage, some enzymatic processes remain active. The dried blood spot (DBS) collection technique 
renders cells metabolically inactive in a short span of time.  We demonstrate that whole blood deposited onto a DBS card 
decreases uptake and metabolism of U13C-glucose after 4 hours, as analyzed by mass spectrometry.  The cells also 
exhibit no further metabolic activity for up to 24 hours, whilst blood stored in a collection tube continue to actively uptake 
and metabolize U13C-glucose for up to 24 hours post-collection.  Given that glycolysis is one of the most active pathways 
in blood cells, the ability to arrest glucose metabolism in a short amount of time is important to accurately capture the 
metabolite profile at the time of collection.  We assert that this likely extends beyond glucose metabolism, as blood cells 
are capable of taking up other extracellular nutrients.  We believe blood collection using the DBS technique offers an 
informative readout of the metabolome, compared to conventional blood collection, which is critical for population health 
and precision medicine applications.
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Introduction
Analysis of blood collected via deposition onto filter paper, 

also known as dried blood spot analysis (DBS) is primarily used in 
newborn screening to diagnose inborn errors of metabolism [1]. DBS 
is also utilized for drug monitoring  [2,3], genomics [4], proteomics 
[5,6] and metabolomics analysis [7,8] in both clinical and pre-clinical 
settings.  While the clinical applications are well-established, their 
use in pre-clinical studies has become increasingly popular in recent 
years, for example their utility in animal pharmacokinetic studies [9]. 
Blood collected during clinical trials for PK/PD or blood parameter 
determination is often transported to offsite locations for processing and 
analysis, introducing pre-analytical sources of variability.  From venous 
puncture to delivery of the sample at the analysis site, a substantial 
amount of time may pass and the sample matrix may undergo metabolic 
changes.  The same challenges hold true in situations where clinical sites 
may not strictly follow protocols for handling and processing.

Studies have shown that blood left unprocessed and maintained at 
room temperature for as little as two hours post-collection is sufficient 
to alter metabolite readouts [10]. In particular, large increases in 
hypoxanthine and sphingosine-1-phosphate levels have been observed 
in whole blood samples that were left to coagulate at room temperature 
to be processed for separation of serum [10]. It is worth noting that 30-
60 minutes is the recommended time to allow for clot formation and 
separation of serum  [11], but sometimes there are extenuating logistical 
circumstances that prohibit immediate processing.  Another study 
reported dramatic changes in glucose, pyruvate and lactate in blood 
samples when exposed to room temperature conditions for 24 hours 
[12].  The delay time in processing blood samples and the temperature at 
which samples are stored are most detrimental to the blood metabolome 
[13]. Steps such as maintaining collection tubes on ice can minimize 

the impact, but metabolism is only slowed during the 4-6 hour periods 
tested [13]. However, these studies did not investigate longer cold storage 
times.  Interestingly, recent work by others have shown that metabolite 
profiles can detect delays in blood sample processing greater than 2 
hours from the blood draw.   In the study by Jain et al., a total of 149 of 
803 metabolites changed during the 20 hour period in which samples 
were subjected to processing delays [14]. These data demonstrate that 
the unprocessed whole blood creates a skewed metabolic signature. 
Glucose, creatinine, acylcarnitines, urea, uric acid, ammonia, bilirubin, 
bile acids, cholesterol, amino acids and fatty acids [15] are examples 
of the types of metabolites that are often characterized in a clinical 
setting through blood tests that could possibly be affected by metabolic 
processes that remain active post-collection. In addition to the effects 
of temperature and processing time on blood metabolism, the venous 
blood drawing process subjects cells to extensive hemolysis which has 
been shown to have profound effects on blood metabolite profiles [10]. 

Given that cells exhibit active metabolism in the ex vivo setting, 
measuring metabolites in a matrix where metabolism is quickly 
quenched is highly desirable. In this study, we compared uptake and 
metabolism of uniformly 13C labeled (U13C) glucose in a tube against 
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blood sampled directly onto a DBS card containing dry U13C-glucose 
(Figure 1A). We also compared uptake and metabolism of U13C-
glucose in a tube against blood transferred to a DBS card over a 24 hour 
period (Figure 1A).  Other studies have used stable-isotope techniques 
in vivo to study blood cell metabolism [16] but as far as we are aware, 
this is the first study to compare ex vivo U13C-glucose metabolism on a 
DBS card with traditional blood collection techniques. 

Methods
Materials

U13C-glucose was obtained from Cambridge Isotope Laboratories, 
Inc. (Andover, MA).  Tributylamine and acetic acid were obtained 
from Sigma-Aldrich (St. Louis, MO). Whatman 903 protein saver DBS 
cards, LC-MS grade water, LC-MS grade Methanol and DPBS were 
obtained from Fisher Scientific (Pittsburgh, PA).  K2-EDTA-coated 
tubes and alcohol prep swabs were obtained from Beckton-Dickinson, 
BD (Franklin Lakes, NJ). Accu-chek lancets were obtained from Roche 
(Basel, Switzerland).

Preparation and collection of samples

Written informed consent was provided by the subjects prior to 
participating in the study.  Research use of samples was conducted in 

accordance with the terms outlined within the informed consent form 
and the terms set forth therein and with the tenets of the Declaration 
of Helsinki. Diets and other physiologic parameters were not controlled 
in this study.  A total of 6 healthy volunteers (3 male and 3 female) were 
sampled (mean age 30 ± 7).

A stock solution of U13C-glucose (100X) was made up at 500 mM 
in DPBS. Whole blood samples from six overnight fasted donors were 
collected by venipuncture using a 21g butterfly needle into K2-EDTA-
coated tubes and immediately transferred to a 5 mL non-coated tube 
containing the 100X stock of U13C-glucose, for a final concentration of 
5 mM (n=3). 50 µL of the U13C-glucose spiked blood was transferred 
by pipette to create one spot each on two separate DBS cards and left to 
dry for 4 and 24 hours.  For whole blood samples left in the coated tube, 
at 4 and 24 hours, 100 µL was transferred to a fresh tube.  Metabolism 
was quenched by snap freezing the tube in liquid nitrogen for 5 minutes.  
The whole blood samples were stored at -80°C for a week until analysis.  

For samples that were collected by self-administered fingerstick, 
DBS cards were first pre-treated with 25 µL of a 1X-U13C-glucose stock 
in DPBS to yield a final concentration of 5 mM after addition of blood. 
The cards were then allowed to dry overnight at room temperature.  
Donors prepped their fingers by first disinfecting with an alcohol wipe, 
letting it dry and then sampled blood with a lancet, spotting enough to 

Figure 1:  Schematic of blood collection protocol and glycolysis and pentose phosphate pathways.  (A) Blood was collected in standard blood collection tubes and 
incubated with U13C-glucose for 4 hours.  Liquid blood was either spotted onto a DBS card, or stored in liquid for 4 and 24 hours prior to quenching of metabolism and 
metabolomics analysis.  Blood was also directly spotted onto a DBS card by fingerstick previously coated with U13C-glucose and allowed to dry before analysis.  (B) 
Glycolysis pathway and (C) pentose phosphate pathway metabolites whose isotopic enrichment was measured in blood samples.
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cover each of the four spots on the card. The blood spots were left to dry 
for four hours at room temperature.  Due to the small volume of blood 
collected from a single fingerstick, only one card of four blood spots 
was collected per donor via fingerstick.  

Blood from DBS cards was extracted either at 4 or 24 hours. A 
6-millimeter spot was cored using a manual puncher (GE Healthcare) 
and transferred to a tube containing 300 µL 80% ice cold methanol.  
The puncher was rinsed with 50% methanol and dried in between 
cards to prevent cross-contamination. The spots in 80% cold methanol 
were then sonicated for 10 minutes. Whole blood samples for all time 
points were extracted at 24 hours post collection as follows:  Whole 
blood was thawed at room temperature for 10 minutes.  100 µL of whole 
blood was aliquoted into an Eppendorf tube and 900 µL 80% ice cold 
methanol was added. The tubes were sonicated for 10 minutes.  Both 
DBS and whole blood samples were then centrifuged at 14,000rpm for 
10 minutes at 4°C.  The entire 300 µL DBS lysate and 100 µL whole 
blood supernatant was transferred to a 96 well plate and evaporated to 
dryness overnight in a centrifugal evaporator (Labconco, Kansas City, 
MO).  Dried DBS lysate was stored at -80C for a week until analysis.  
Samples were removed from the freezer, reconstituted in 50 µL LC-
MS grade water and spun to remove excess debris at 14,000 rpm for 10 
minutes at 4°C just prior to analysis.

Liquid Chromatography Mass Spectrometry (LC-MS/MS) 
analyses of samples

Glucose metabolites and their isotopically labeled forms were 
quantified using an LC-MS technique adapted from a method 
previously described by Lu et al. [17]. Briefly, 10 µL of sample was 
injected and separated using a Waters Acquity UPLC over a 25-minute 
tributylamine ion-pair/methanol gradient.  A Thermo TSQ Vantage 
triple-quadrupole mass-spectrometer was operated in negative mode, 
collecting SRM (selected reaction monitoring) for the metabolites of 
interest and their isotopically labeled forms (Supplementary Table 1).  
The following values were used to operate the mass spectrometer: spray 
voltage, -3250V, vaporizer temperature, 300°C, capillary temperature, 
360°C, auxiliary gas, 15AU, sheath gas, 32AU, sweep gas, 0.5AU, 
collision gas, 1.5 m Tor, dwell time 30 ms.

Mass spectrometry data processing

Data was processed by first converting the files into the common 

mzML format using the MSConvert tool [18]. Peak areas for 
metabolites and their isotopically labeled forms were integrated using 
the freeware MAVEN metabolomics data processing tool [19].  Post-
processing calculations were done using in-house scripts through 
R-Studio. Correction for the natural abundance of C13 was done first, 
followed by calculation of isotope enrichment and total metabolite pool 
sizes.  Fraction isotope enrichment calculations were done by dividing 
each isotopologue by the summation of all isotopologues for a given 
metabolite, including both labeled and unlabeled forms.  Pool size 
calculations were carried out by summing all data for all isotopologues, 
both labeled and unlabeled forms.

For isotope-enrichment data shown in heat maps, the average of all 
replicates for the fully-labeled isotopologue within each donor is shown.  
For pool size data, first the replicates for each donor were averaged at 
the specified time points.  Fold-change was calculated by dividing the 
24 hour pool size by the 4 hour pool size for each donor.  The fold-
changes at each time point were then averaged.  Standard deviations of 
the fold-change values were used to calculate and plot the associated 
errors of measurement.

Statistical analysis

All data was analyzed by GraphPad Prism software.  Data displayed 
in heat maps are the average of fraction enrichment replicates for each 
of the six donors at the relevant time points. Two-tailed T-tests were 
used for pairwise analysis. Appropriate post-hoc tests were performed 
as detailed in the figure legends.  

Results
Isotopic enrichment of glycolytic and pentose phosphate path-
way intermediates in blood sampled directly onto a DBS card 
was lower when compared to conventional blood collection

A comparison of metabolites enriched by U13C-glucose in liquid 
whole blood and spotted onto a DBS card (WB to DBS) versus fingerstick 
deposited DBS blood samples followed by 4 hours of drying (DBS) is 
detailed in Figure 2.  Whole blood that was transferred to a DBS card 
showed a marked decrease in the fraction enrichment of downstream 
metabolites of glucose, when compared to whole blood left in a tube.  

Figure 2:  Heat map of glycolysis and pentose phosphate pathway metabolite enrichment by U13C-glucose after 4 hours, in whole blood to DBS, and blood collected 
directly onto a DBS card. Whole blood to DBS (WB to DBS) samples showed enrichment of glycolysis and pentose phosphate metabolites, while blood spotted directly 
onto a DBS card (DBS) showed much less enrichment after 4 hours.  Data is shown as average of replicates for each individual donor and analyzed by multiple T-tests 
comparing each metabolite followed by the false discovery rate test and two stage step up method of Benjamini, Krieger and Yekutieli. (*p<0.05, **p<0.0001).
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Whole blood spotted onto a DBS card arrests glucose metab-
olism compared with conventional blood collection

We then compared the uptake and metabolism of U13C-glucose in 
whole blood stored for 4 and 24 hours at room temperature in a tube 
prior to quenching of metabolism (WB) with liquid whole blood that 
was incubated with U13C-glucose and transferred to a DBS card and 
subsequently dried (WB to DBS). A heat map demonstrating lower 
enrichment of glucose metabolites in WB to DBS versus WB, as well 
as the p-values for each time point comparison is detailed in Figure 
3 and Table 1.  Whole blood that was stored in a tube for 4 hours 
was significantly more enriched for glycolytic and pentose phosphate 
pathway intermediates when compared with whole blood spotted onto 
a DBS card (Figure 3, WB 4 hours compared with WB to DBS 4 hours, 
p<0.001). Comparison between whole blood stored for 4 hours and 
24 hours demonstrated progressive enrichment of glycolytic pathway 
metabolites at 24 hours (Figure 3, WB 4 hours compared with WB 24 
hours, p<0.01), suggesting that prolonged storage of blood in liquid 
form at room temperature allows metabolic processes to continue.  
Furthermore, comparing 4 hours with the 24 hours drying times of the 
DBS samples, there is no further enrichment of glucose metabolites 
(Figure 3, WB to DBS 4 hours compared with WB to DBS 24 hours, 
p>0.1). Given this information, we affirm that during the drying time 
on the card, blood cells begin to slow ex vivo glucose metabolism. 

Pyruvate, lactate and ATP accumulate in whole blood stored 
in liquid form

Lactate is the end product of glucose metabolism in the erythrocyte 
due to their lack of mitochondria.  In their physiological environment, 
erythrocytes excrete about 20% of the lactate delivered and taken –
up daily to the liver and kidneys and converted to glucose as part of 
the Cori Cycle [20].  Therefore, production and accumulation of the 
excretion product lactate is indicative of a metabolically active blood 
cell.  In this study, comparing 4 hour against 24 hour pool sizes, there is 
approximately a 3-fold increase in total pyruvate and a 4-fold increase 
in the total amount of lactate produced in stored whole blood (WB) 
compared to blood spotted onto a DBS card (WB to DBS), both from 
labeled and unlabeled glucose sources.  (Figure 4A, p<0.0001).  We 
also demonstrate that whole blood shows a statistically significant 16% 
increase in their ATP levels over a 24 hour period when compared to 
the 4 hour time point (Figure 4B, p<0.05), while ATP levels remain 
consistent in blood cells left to dry on a DBS card. This observation 
of increased ATP is consistent with increased activity of the ATP-
producing enzyme lactate dehydrogenase, which also forms lactate. 
Of note, this is one of the two active ATP-producing enzymes that are 
active in the mature erythrocyte.

Discussion
Herein, we utilized an isotope labeling metabolomics approach to 

Figure 3:  Heat map of glycolysis and pentose phosphate pathway metabolites enriched by U13C-glucose in whole blood or whole blood spotted onto a DBS card 
and dried for 4 and 24 hours.  (A) Whole blood samples (WB) at both 4 and 24 hours show much more enrichment of glycolysis and pentose phosphate metabolites 
compared with blood spotted directly onto a DBS card (WB to DBS) at  4 and 24 hours.  Blood spotted onto a DBS card shows no further enrichment when comparing 
4 and 24 hour values. Data is shown as average of replicates for each individual donor and analyzed by multiple T-test comparing each metabolite followed by the false 
discovery rate test and two stage step up method of Benjamini, Krieger and Yekutieli. 

Metabolite WB vs. WB to DBS 4 hours WB vs. WB to DBS 24 hours WB 4 vs. 24 hours WB to DBS 4 vs. 24 hours
Glucose-13C (6) 0.47 0.36 0.85 0.82

Hexose-phosphate-13C (6) 1.63E-07 4.55E-12 2.11E-09 0.74
Fructose-1,6-Bisphosphate-13C (6) 1.02E-05 9.74E-09 5.81E-08 0.94

Dihydroxyacetone-phosphate-13C (3) 9.28E-04 7.72E-11 4.71E-09 0.65
2,3-Diphosphoglycerate-13C (3) 1.51E-07 1.20E-14 7.17E-12 0.14

3-Phosphoglycerate-13C (3) 3.68E-07 3.00E-15 5.78E-12 0.13
Phosphoenolpyruvate-13C (3) 1.14E-06 4.30E-14 1.20E-10 0.25

Pyruvate-13C (3) 7.53E-07 5.44E-10 2.26E-08 0.27
Lactate-13C (3) 1.88E-11 1.40E-14 8.41E-12 0.18

6-phosphogluconate-13C (6) 3.41E-04 1.64E-07 6.35E-05 0.69
Ribose-5-phosphate-13C (5) 1.16E-08 6.45E-10 1.68E-04 0.65

Ribulose & Xylulose-5-phosphate-13C (5) 2.64E-11 2.58E-09 1.20E-03 0.49

Table 1:  p-values for pairwise comparison of isotopic enrichment across multiple time points, depicted in Figure 3.
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determine de novo synthesis of glucose metabolites by supplementing 
an isotopically labeled form in the ex vivo setting.  By forming heavy 
metabolic products from the supplied heavy substrates, we were able 
to assess the metabolic activity of blood cells once removed from 
the body.  This approach allows for precise determination of kinetic 
metabolic rates, whereas steady-state experiments only allow for static 
measurements of metabolite pool sizes. It also provides information 
on many enzymatic activities and isotope-enrichment was shown 
to be highly reproducible in whole blood, across all donors tested, 
regardless of gender (Supplementary Figure 1).  With this information, 
we investigated whether DBS exhibited differential enrichment of 
glycolytic (Figure 1B) and pentose phosphate pathway (Figure 1C) 
intermediates by U13C-glucose when compared with whole blood, 
to determine if DBS offered a better means for characterizing the 
metabolome. Active metabolism in stored samples may alter the 
analyzed blood metabolome and provide inaccurate information of the 
physiologically relevant profile.

We observed that blood sampled by finger prick demonstrated 
decreased enrichment of the U13C-glucose itself when compared 
to whole blood, despite being treated with the same 5 mM final 
concentration. This is possibly due to the directly spotted blood 
beginning to dry immediately preventing the glucose from entering 
into solution.  The inability for glucose to be incorporated into solution 
accounts for the subsequent observation that DBS samples demonstrate 
lower enrichment of glucose metabolites when compared to WB 
samples, where glucose is readily solubilized and incorporated into its 
downstream products.   

Conventionally collected blood demonstrated active metabolism 
of U13C-glucose into the downstream heavy products and metabolite 
pool sizes dramatically changed over a 24 hour period. As evidenced 
here, the DBS technique overcomes some of the challenges associated 
with obtaining accurate readouts from whole blood stored in a tube, as 
blood cell glucose metabolism is arrested in as little as the four hour 
drying time and extends to at least 24 hours later.  Four hours was the 
earliest time point tested on the DBS card, as the blood takes several 
hours to be fully dry [21]. No further isotopically labeled products 
were produced from U13C-glucose after drying and total pool sizes 
of metabolites remain constant.  Given the decrease in enrichment 
on DBS cards during this four hour period when compared to whole 
blood, it is evident that as the blood sample dries on the card the ability 
of the cells to utilize glucose is greatly diminished.  Additionally, the 
lack of change in metabolite pool sizes measured also demonstrates the 
room temperature stability of the metabolites measured throughout a 
full day of drying on a DBS card.  

Figure 4:  Fold change values of pyruvate, lactate and ATP pool sizes of stored whole blood and whole blood spotted on a DBS card, comparing 4 and 24 hour 
time points. (A)  Pyruvate and lactate pool sizes are significantly higher in stored liquid whole blood (WB) than in blood spotted onto a DBS card (WB to DBS) when 
comparing 4 and 24 hour time points. Data is pooled from six individual donors and analyzed by two-tailed T-test with Welch’s correction (****p<0.0001).  (B) ATP levels 
are higher in stored liquid whole blood than blood spotted onto a DBS card when comparing 4 and 24 hour time points.  Data is pooled from six individual donors and 
analyzed by two-tailed T-test with Welch’s correction (*p<0.05).   

Previous studies done in liquid whole blood report staggering 
alterations in glycolytic flow, especially accumulation of lactate when 
erythrocytes are removed from circulation [22]. The accumulating 
lactate and subsequent perturbation of the lactate/pyruvate ratio disturbs 
the NAD/NADH ratio and can further disturb activity of metabolic 
enzymes upstream. The glyceraldehyde-3-phosphate dehydrogenase 
(3-PGAD) enzyme of glycolysis is directly affected by the NAD/
NADH ratio and allows metabolite upstream to accumulate [22].  Our 
data shows that the DBS technique is able to prevent accumulation of 
pyruvate and lactate, while whole blood shows significant accumulation 
of these excretion products over a 24-hour-period, indicating persistent 
enzymatic activity. Aside from intracellular activities, it is important 
to note that the extracellular plasma matrix contains active enzymes 
which can catalyze metabolic reactions, such as acetylcholinesterase, 
glutamate-pyruvate transaminase and lactate dehydrogenase [23]. 
Studies have shown that certain enzymes are stable/catalytically active, 
even in situations of cold storage [23]. In particular, the previous study 
reports that there are changes in the activity of lactate dehydrogenase 
and alkaline phosphatase in whole blood under cold storage after just 
one day. In addition, they also report decreasing sodium levels and 
increasing potassium levels after one day of cold storage. Therefore, the 
whole blood matrix is active in several aspects, including ion flux and 
both intracellular/extracellular metabolic activities.  

Since the blood matrix is comprised of 99% red blood cells and 
only 1% white blood cells [24], we attribute the majority of glucose 
metabolism to erythrocytes.  While the active metabolic pathways of the 
erythrocyte are relatively few in number when compared to other cell 
types due to a lack of mitochondria, they are capable of taking up other 
nutrients as well.  Besides glucose, erythrocytes maintain active adenine 
salvage pathways, as they are unable to produce ATP de novo.  Adenine, 
hypoxanthine, and S-adenosylmethonine (SAM) can all provide the 
purine backbone for nucleotide salvage, whether it be directly or by 
formation as a metabolic product [25].  Furthermore, erythrocytes rely 
on the uptake of fatty acids for membrane repair, again due to their 
inability for de novo synthesis [26]. This is especially true in situations 
of oxidative stress, as reactive oxygen species (ROS) contribute to the 
degradation and integrity of the erythrocyte membrane. Although the 
dynamics of uptake of these nutrients were not investigated in this 
study, we can infer that since the extremely active glucose metabolic 
pathway is quenched through the DBS technique, other metabolic 
pathways will follow suit. 

Conclusion
Whole blood stored in liquid form is subject to residual metabolic 
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enzymatic activity in the ex vivo setting, and therefore may lead to 
inaccuracies in metabolite profiles. Herein, we assert that collection 
of blood through the DBS technique provides advantages over liquid 
blood, especially when investigating metabolic processes.   Our 
data suggests that challenges associated with blood collection and 
subsequent metabolite profiling can be mitigated through the use of 
DBS as a collection and storage technique. Furthermore, it is non-
invasive, relatively inexpensive, can be self-collected, and uses smaller 
volumes of blood compared to venipuncture.  Use of DBS also simplifies 
transportation of samples, which can benefit both pre-clinical and 
clinical studies. Careful consideration of the analytes of interest, their 
stability, and any residual enzymatic activity that may affect their 
measurement is crucial when selecting a sample collection and storage 
process. The DBS technique can be widely applied and may be useful to 
prevent enzymatic activities when assessing biomarker identification, 
pharmacodynamic analysis, disease monitoring and precision medicine 
studies. However, one of the disadvantages of the DBS technique is the 
inability to fractionate the blood sample into plasma or serum and 
requires that whole blood is the matrix of interest.
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