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Abstract

The use of dried blood spots (DBS) has many advantages over traditional plasma and serum 

samples such as the smaller blood volume required, storage at room temperature, and ability for 

sampling in remote locations. However, understanding the robustness of different analytes in DBS 

samples is essential, especially in older samples collected for longitudinal studies. Here we 

analyzed the stability of polar metabolites and lipids in DBS samples collected in 2000-2001 and 

stored at room temperature. The identified and statistically significant molecules were then 

compared to matched serum samples stored at −80°C to determine if the DBS samples could be 

effectively used in a longitudinal study following metabolic disease. Four hundred polar 

metabolites and lipids were identified in the serum and DBS samples using gas chromatograph-

mass spectrometry (GC-MS), liquid chromatography-MS (LC-MS) and LC-ion mobility 

spectrometry-MS (LC-IMS-MS). The identified polar metabolites overlapped well between the 

sample types, though only one statistically significant metabolite was conserved in a case-control 

study of older diabetic males with high body mass indices, triacylglycerides and glucose levels, 

and low amounts of high density lipoproteins and non-diabetic patients with normal levels, 

indicating that degradation in the DBS samples affects quantitation. Differences in the lipid 

identifications indicated that some oxidation occurs in the DBS samples. However, thirty-six 

statistically significant lipids correlated in both sample types indicating that the lipids did not 

degrade as much as the polar metabolites in the DBS samples and quantitation was still possible.

*Corresponding authors: Erin S. Baker, Address: 902 Battelle Blvd., P.O. Box 999, MSIN K8-98, Richland, WA 99352, Phone: 
509-371-6219, Fax: 509-371-6564, erin.baker@pnnl.gov, Kristin E. Burnum-Johnson, Address: 902 Battelle Blvd., P.O. Box 999, 
MSIN K8-98, Richland, WA 99352, Phone: 509-371-6335, Fax: 509-371-6564, kristin.burnum-johnson@pnnl.gov. 

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2018 March 15.

Published in final edited form as:
Rapid Commun Mass Spectrom. 2017 March 15; 31(5): 447–456. doi:10.1002/rcm.7808.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Lipidomics; Metabolomics; Ion Mobility Spectrometry; Mass Spectrometry

INTRODUCTION

The evaluation of human disease is often aided by longitudinal studies in order to determine 

the occurrence of biological changes that may disrupt a system's stability. To perform 

longitudinal studies, biofluids are usually collected over an extended period of time to gain a 

more accurate understanding of the onset of disease and its progression. Blood is often used 

in these studies since is easy to collect and it flows through all organs, allowing the study of 

many molecular changes occurring in the body. Hospital and research-based studies 

normally use serum and plasma even though these sample types have two main challenges. 

First, acquiring plasma and serum requires a health professional to prepare from whole 

blood and second to avoid degradation these sample types must be stored at −80°C which 

requires valuable freezer space and energy (Figure 1). Thus to address these limitations, 

other blood-based sample types such as dried blood spots (DBS) are of great interest.

DBS offer a simpler way of storing and acquiring blood samples and have been used for 

disease surveillance [1-5], drug resistance [6, 7], clinical and pre-clinical pharmacokinetic 

studies [8, 9], population studies [10, 11] and global newborn screening of metabolic 

diseases since the 1960s [12]. DBS samples have many benefits compared to standard serum 

and plasma samples in that collection is less invasive for the patient (normally a finger or 

heel prick), storage and transport cost is lower, and sampling does not require a health 

personnel so it can be performed anywhere [13]. These benefits are of particular interest for 

studies in remote locations and those having large cohorts where thousands of samples are 

collected and must be stored. However, there is a great need to understand molecular 

stability in DBS samples stored over an extended period of time in order to determine how 

reliable their molecular results are compared to serum or plasma.

Previous studies have shown that molecular stability in DBS samples is analyte and storage 

condition dependent [14-17]. For example, valine was found to be stable for up to 14 years 

in DBS samples when stored at room temperature, while other amino acids and 

acylcarnitines degraded over time [18]. Lipids containing polyunsaturated fatty acids 

(PUFA) and oxylipins were also found to be sensitive to storage conditions and susceptible 

to oxidative damage. Ideal storage conditions for DBS small molecule studies were found to 

be in low gas-permeable zip-closure bags with desiccant, humidity indicator cards, and 

lower temperatures (4°C or −80°C) for enhanced stability [14, 16]. Further, lipidomics 

studies focusing on PUFA or oxylipins often use DBS filter paper pretreated with butylated 

hydroxytoluene and a chelating agent, and then stored at −80°C (ideal) indefinitely to 

prevent degradation or room temperature for up to 6 months [19-22]. However, due to 

interest in longitudinal studies, sometimes samples collected 10-20 years ago are not stored 

under optimal conditions or these conditions are not available in remote areas. That being 

said, Koulman et al. [23] investigated the rate of lipid oxidation in infant DBS and whole 

blood samples. They noted that only 5% of the original lipids underwent oxidation in the 
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DBS samples when tested after 6 days storage at 40°C to expedite degradation, and no 

oxidized lipids were observed in the serum or plasma samples. Here, we evaluated whether 

DBS samples collected in 2000-2001 would be useful time points in a large cohort 

longitudinal study following metabolic disease progression by comparing the identified and 

statistically significant metabolites and lipids in serum and DBS samples for a case-control 

study of older diabetic males with high body mass indices (BMIs), triacylglycerides (TGs) 

and glucose levels, and low amounts of high density lipoproteins (HDL) compared to older 

non-diabetes males with normal levels. The available DBS samples were stored at room 

temperature after collection so there were concerns as to whether the metabolites and lipids 

degraded over time compared to the serum samples stored at −80°C.

MATERIALS AND METHODS

Patient samples

Matched DBS and serum samples were simultaneously collected in 2000-2001 from 10 

overnight fasted male participants having an average age of 75.5 years +/− 6.15. The 

institutional review boards at the participating institutions approved the protocol and the 

study participants provided informed consent. Case participants included 5 diabetic men 

with BMI, TGs and glucose levels, and low amounts of HDL. The 5 control participants had 

normal metabolic profiles (normal BMIs, TGs, HDL and glucose levels) as shown in Table 

1. Participants having drug and medical conditions that resulted in lipid abnormalities/

obesity/insulin resistance were eliminated from the study. Also those being treated for 

metabolic disturbances with lipid lowering agents and other drugs were removed to focus on 

the endogenous metabolic syndrome rather than drug/medically induced metabolic 

abnormalities.

The preparation scheme for each sample type is shown in Figure 1. For the serum samples, 

10 mL of whole blood was drawn and centrifuged so the serum could be extracted. For the 

DBS samples, 500 μL of blood was collected and 125 μL of that was blotted in four areas on 

a Whatman FTA Classic Card. The DBS were stored at room temperature in the dark until 

analysis, while serum was stored at −80°C. A ¼” diameter punch was taken from a single 

DBS for analysis and 25 μL of serum was utilized.

Polar metabolite and total lipid extraction

Polar metabolites and lipid extracts were derived from the same sample type (DBS or serum) 

using a modified Folch extraction in June 2015 and analyzed with MS shortly after [24, 25]. 

The DBS punch from each patient was transferred into to a 2.0 mL tube where 50 μL of 

water and then 1200 μL of −20°C 2:1 chloroform/methanol were added. Each sample was 

vortexed for 30 sec then transferred into a shaker at 22°C for 60 min at 600 rpm. The 

samples were vortexed again for 30 sec and then 250 μL of water was added to induce a 

phase separation. The sample was gently inverted several times, placed at room temperature 

for 5 min and then centrifuged at 10,000 × g for 5 min at 4°C and put on ice to maintain the 

clear phase separation. Finally, 400 μL of the top polar layer was removed, dried in a 

speedvac, and stored at −80°C for analysis of polar metabolites, while 700 μL of the bottom 

nonpolar layer was removed, dried in a speedvac, and stored at −20°C in 250 μL of 2:1 
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chloroform/methanol for lipid analyses. Serum lipids were extracted using a similar 

procedure except 25 μL of serum was used and then 600 μL of −20°C 2:1 chloroform/

methanol was added. After vortexing and shaking, 125 μL of water was added to induce a 

phase separation and 200 μL of the top polar layer and 350 μL of the bottom nonpolar lipid 

layer were removed and stored as outlined above. Prior to analysis, the total lipid extracts 

were dried down and then reconstituted in 70 μL and 100 μL of MeOH for the DBS and 

serum samples. To generate pooled case and control samples for LC-MS/MS and LC-IMS-

MS analyses, 5 μL aliquots from each reconstituted DBS and serum sample were removed 

and combined.

GC-MS Instrumental Analyses

Polar metabolites were chemically derivatized and analyzed by GC-MS as reported 

previously [26]. Briefly, samples were derivatized by adding 20 μL of methoxyamine 

solution (30 mg/ml in pyridine) and agitating at 37°C for 90 min to protect the carbonyl 

groups and reduce carbohydrate isoforms. Then, 80 μL of N-methyl-N-

(trimethylsilyl)trifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) was 

added to each sample to trimethylsilyate the hydroxyl and amine groups for at least 30 min. 

The samples were allowed to cool to room temperature prior to analysis by GC-MS. Data 

collected by GC-MS were processed using the MetaboliteDetector software, version 2.5 beta 

[27]. For these steps, Agilent .D files were converted to netCDF using Agilent Chemstation 

followed by conversion to binary files using Metabolite Detector. Retention indices of 

detected metabolites were calculated based on analysis of the FAMEs mixture, followed by 

chromatographic alignment across all analyses after deconvolution. Metabolites were 

initially identified by matching experimental spectra to a PNNL augmented version of the 

FiehnLib [28] containing spectra and validated retention indices for over 850 metabolites 

and additionally cross-checked by matching with the NIST14 GC-MS library. All metabolite 

identifications were manually validated to minimize deconvolution and identification errors 

during the automated data processing.

LC-MS/MS and LC-IMS-MS Instrumental Analyses

All extracted lipids in this manuscript were analyzed by LC-MS/MS using a Waters 

NanoAquity UPLC system interfaced with a Velos Orbitrap mass spectrometer (Thermo 

Scientific, San Jose, CA) and an Agilent 6560 Ion Mobility QTOF MS system (Agilent, 

Santa Clara, CA) [29, 30]. For the LC-MS/MS analyses, 7 μL of the reconstituted total lipid 

extracts (TLEs) were injected onto a Waters column (HSS T3 1.0 mm × 150 mm × 1.8 μm 

particle size). Pooled case and control samples were injected 1 time each and individual 

samples were analyzed in triplicate. Lipids were separated using a 92 min gradient at a flow 

rate of 30 μL/min (Table S1). Mobile phase A was a 40:60 mixture of ACN/H2O containing 

10 mM ammonium acetate and mobile phase B was a 10:90 mixture of ACN/IPA containing 

10 mM ammonium acetate. Samples in the Velos were analyzed in both positive and 

negative ionization using HCD (higher-energy collision dissociation) and CID (collision-

induced dissociation) to obtain high lipidome coverage. Normalized collision energies of 30 

and 35 were used for CID and HCD fragmentation, respectively. Both CID and HCD were 

set to a maximum charge state of 2, an isolation width of 2 m/z units, and an activation Q 

value of 0.18 for CID. LC-MS/MS raw data files from the pooled samples were imported 
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into an in-house developed software LIQUID (Lipid Informed Quantitation and 

Identification) for manual identification of lipid molecular species (available at http://

github.com/PNNL-Comp-Mass-Spec/LIQUID). Confident lipid identifications were 

determined by examining the tandem mass spectra for diagnostic ion fragments along with 

associated chain fragment information. In addition, the isotopic profile, extracted ion 

chromatogram, and mass error of the measured precursor ions were examined for lipid 

species. To align the individual patient samples and gap-fill the mass spectrometry data, the 

identified lipid name, observed m/z, and the retention time from each analysis was used as a 

target database for feature identifications across all LC-MS/MS runs. To perform 

identification, all datasets were grouped by sample type and ionization mode, and 

unidentified features were matched to their identified counterparts using MZmine2 [31]. 

Aligned features were manually verified and peak apex intensity values were exported for 

statistical analysis.

The LC-IMS-MS analyses were performed in both positive and negative ion mode and 

collected from 100-3200 m/z at a MS resolution of 40,000. The LC-IMS-MS data were 

analyzed using in-house PNNL software for deisotoping and feature finding the 

multidimensional LC, IMS and MS data [32]. Features were then compared to the AMT tag 

database generated from LC-MS/MS for identification and quantitation [33].

Statistical analysis

The triplicate runs for the serum and DBS samples from the 10 patients resulted in 60 LC-

MS and 60 GC-MS datasets. Polar metabolites and lipids were statistically analyzed 

separately for each instrument type, allowing a thorough comparison of each group. The 

RMD-PAV algorithm [34] was used to identify any outlier biological samples and then 

further examined by Pearson correlation. One outlier was identified in the lipid serum 

negative ionization run and removed from further analyses. Median centering was used for 

normalization of the datasets prior to qualitative and quantitative statistical tests [35]. Both 

polar metabolites and lipids were analyzed using an ANOVA (quantitative comparison) with 

a Dunnett test correction and a Bonferroni-corrected g-test (qualitative comparison) to 

compare the patients to the associated controls, where adjusted p-values of less than 0.05 

were considered statistically significant. Principal component analysis scores were also 

computed using sequential projection pursuit without imputing missing values [36].

RESULTS AND DISCUSSION

Prior to performing a large patient cohort longitudinal study with DBS samples stored at 

room temperature, there was great interest in understanding the degradation that occurs in 

the DBS samples versus matched serum. To compare the DBS and serum samples, we 

analyzed the overlapping metabolites and lipids in a case-control samples collected in 

2000-2001 since they constitute a time point of interest for a longitudinal study. The case 

patients were older males with high BMI, TG and glucose levels and low HDL, while the 

controls were older males with normal levels (Table 1). Each patient had both serum and 

DBS samples taken simultaneously and triplicate GC-MS, LC-MS and LC-IMS-MS 

analyses were conducted on each metabolite and lipid extract. A total of 400 unique small 
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molecules were identified in the DBS and serum samples including 336 lipids and 64 polar 

metabolites (Figure 2 and Tables S2-S5). The identified and statistically significant lipids 

and metabolites (those increasing or decreasing in the patient groups with p-values <0.05) 

were compared to determine degradation and assess if differences between the patient 

groups were similar in the two sample types. These comparisons are detailed below.

Identified and Statistically Significant Polar Metabolites

Previous studies have shown that polar metabolites can degrade in DBS studies [14-16], so 

their analysis in the serum and DBS sample types was of great interest to compare their 

stability. In the serum and DBS samples analyzed by GC-MS for the case-control patients, a 

total of 64 polar metabolites (Tables S2-S3) were identified across thirteen super classes 

(Figure 3) with most correlating to amino acids (22 identifications) and carbohydrates (12 

identifications comprising monosaccharides, sugar acids and sugar alcohols). Of the 64 

identified polar metabolites, 61 were in common between the serum and DBS samples, 

indicating that if degradation occurs in the DBS samples, the polar metabolites were not 

completely lost.

Upon comparison of the polar metabolites in the case-control patient samples, eleven were 

found to be statistically significant in serum and three in the DBS samples (Figure 2). 

Heatmaps illustrating the statistically significant polar metabolites in the two patient groups 

are shown in Figure 4. In serum, the statistically significant polar metabolites were made up 

of five amino acids (glutamic acid, L-valine, aminomalonic acid, glycine, and glutamine), 

three carbohydrates (glucose, mannose, and galacturonic acid), two organic acids (2-

hydroxybutyric acid and carbonate ion), and one aliphatic acyclic compound (urea), and they 

all increased in the case patients except glycine, glutamine, aminomalonic acid, and 

carbonate ion. Previous studies have implicated 2-hydroxybutyric acid as an early biomarker 

for both insulin resistance and impaired glucose regulation [37] as well as type 2 diabetes 

[38]. Glucose and branched chain amino acids such as valine have also been observed to 

increase in prediabetes and diabetes patients, while glycine and glutamine decreased [39]. 

These correlations therefore showed that our serum analyses matched well with other case-

control studies for similar patient types [37-39].

For the DBS samples, two carbohydrates (threonic acid and glycerol) and one amino acid 

(glycine) were identified as significant with threonic acid increasing in the case patients 

while the others decreased (Figure 4). Glycine was the only polar metabolite found to be 

statistically significant in both DBS and serum samples, and in both instances it decreased in 

the case patients. A previous study by Lustgarten et al. [40] showed glycine from serum was 

a biomarker in overweight and functionally limited older people (average BMI 27 and age 

77.8 yrs) for both insulin sensitivity and regional fat deposits, and serves as a homeostasis 

model assessment for insulin resistance. In addition to glycine, Lustgarten et al. [40] 

identified 4 additional polar metabolites as biomarkers in the study, two of which (glutamine 

and 2-hydroxybutyric acid) were also identified as statistically significant in our serum 

study. The trends in the case participants (a decrease of glycine and glutamine and increase 

in 2-hydroxybutyric acid) also match those reported [40]. Since these polar metabolites were 

not observed as statistically significant in the DBS samples stored at room temperature, they 
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appear less stable under these conditions; hence the DBS samples would not be highly 

informative if used as early time points for the longitudinal studies. Nonetheless, glycine 

being statistically significant in both sample types may be related to metabolic diseases of 

the case study presented here, so not all metabolite changes were lost in the DBS samples.

Identified and Statistically Significant Lipids

Due to the molecular differences between lipids and polar metabolites, lipids were analyzed 

separately to understand the number of identified and statistically significant lipids in the 

DBS and serum samples. A total of 336 lipids were identified using both LC-MS and GC-

MS across 6 lipid categories (fatty acyls, glycerophospholipids, glycerolipids, sphingolipids, 

prenols, and sterols) and comprising nineteen lipid subclasses (Figures 2 and 3 and Tables 

S4-S5) [41, 42]. Of the 336 lipids, 280 were identified in the serum and 194 were identified 

in the DBS with 140 in common. Glycerophospholipids were found to be the most 

commonly identified lipids in both groups covering ~50% of the identifications, while the 

greatest number of identified species belonged to TGs, diacylglycerophosphocholines (PCs), 

sphingomyelin (SMs), and monoacylglycerophosphocholines (LPCs) (Figure 3). Further 

analysis showed the most abundant lipid species in the control serum and DBS samples were 

free fatty acids (FFAs), HexCer (galactose or glucose ceramide), and LPCs. Differences 

between DBS and serum samples were observed in that MG and PS subclasses were not 

identified in serum, and PA and vitamin E subclasses were not observed in the DBS samples 

(Figure 3). Some of these differences however made sense as PS lipids are present in the 

lipid membrane of erythrocytes [43] and platelets [44], neither of which are typically found 

in serum.

Lipid isomers were also identified in the LC-MS and LC-IMS-MS studies and each was 

classified and quantitated separately (Tables S4-S5). In this study, isomers were defined as 

those separated in LC retention time but containing the same number of carbon and double 

bonds. Nineteen isomer groups were identified with ten LPCs, one PC, three LPEs, three 

Cers (ceramide), and two SMs (sphingomyelin); however only the one PC and six of the 

LPCs overlapped in both sample types. Each lipid isomer was quantitated separately and 

several interesting trends were observed. First, when examining the two SM isomer groups 

identified in both the serum and DBS, SM(d18:1/24:1) and SM(d18:1/26:1), it was quickly 

noted that the isomers identified in the serum were different than the ones observed in the 

DBS sample, indicating a change in sn1/sn2 arrangement or double bond position. Another 

interesting observation was that in the LC-IMS-MS data, many of the TGs had multiple IMS 

peaks but coeluted in the LC dimension (Figure 5), and were not considered separately using 

our criteria as additional separation techniques were needed for their full identification. 

Thus, there is great interest in combining IMS with ozonolysis to understand what each TG 

species is and where the double bonds are located [45].

To assess the degradation of lipids in the DBS samples, we searched for twenty-one 

common short-chain oxidation products of PCs in the MS/MS data. A total of nine oxidized 

PCs (oxPCs) were identified in the DBS samples whereas only one was identified in serum. 

Reis et al. [46] performed oxidation reactions with PC(16:0/18:2(9Z,12Z)) and noted that 

the dominant oxidized by-products were oxPC with dicarboxylic acid and aldehyde 
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structures (i.e., PC(16:0/9:0(COOH)) and PC(16:0/9:0(CHO)). Examining the raw peak 

apex intensities for the PCs identified in the DBS samples, PC(16:0/18:1), PC(16:0/18:2), 

and PC(18:0/18:2) were the most abundant PCs with PC(16:0/9:0(COOH)) and 

PC(18:0/9:0(COOH)) being the most abundant oxPCs. If the oxPCs were generated from the 

same precursors then over the course of DBS storage, approximately 3-4% of the precursor 

formed the associated oxidation products. These results align nicely with the findings of 

Koulman et al. [23] who reported a 5% degradation upon accelerated oxidation.

Evaluation of the statistically significant lipids (those different in the case-control study by 

p-value <0.05) illustrated 118 in serum, 81 in DBS, and 36 in common for both sample types 

(Figure 2 and S1). For the most part, the statistically significant lipids decreased in the case 

samples except for the glycerolipids (MG [only 1 lipid detected in DBS], DGs, and most 

TGs) and diacylglycerophosphoethanolamines (PEs, with one exception in serum), which 

were higher. Also the direction of change agreed for all the overlapping statistically 

significant lipids except (PE(18:0/20:4) and TG(16:0/16:0/18:0)) as shown in Figure 6. The 

changes for (PE(18:0/20:4) were greatly significant in serum (p-value = 0.009) while it 

approached the cutoff in the DBS samples (p-value = 0.0488) possibly indicating its 

differences. The variance for TG(16:0/16:0/18:0) was less clear but could be due to TG 

isomers that co-elute as shown in Figure 5 by the LC-IMS-MS data.

It is not surprising that glycerolipids were upregulated in the case patients since they have 

well-established relationships with obesity, insulin resistance, and diabetes [39, 47-49]. Both 

MGs and DGs have been identified as signaling molecules with regards to insulin activity 

and obesity [48], and plasma TGs are not only a signature for insulin resistance but 

predictors of type 2 diabetes [47]. The other lipid subclass shown to be higher in the case 

participants was PE, but this signature was not retained in the DBS samples as only one 

significantly changing PE was observed versus five in serum. Four LPEs however did 

increase in the serum and three in the DBS samples. Increased PEs has also been positively 

correlated with type 2 diabetes and prediabetes [50], possibly due to more lipoprotein 

production in particular VLDL which have high levels of PE [51, 52] or the increase of PEs 

in membranes enhancing the binding of amyloid fibers of the islet amyloid polypeptide [53]. 

Thirteen free fatty acids were also identified in both sample types; however palmitoleic acid 

(16:1n-9) and hexanoic acid (6:0) were only found to be statistically significant in the DBS 

samples. Palmitoleic acid increased in the case patients and has been associated with the risk 

of type 2 diabetes and insulin resistance in men [54]; however, lifestyle can influence its 

levels [55]. Hexanoic acid was found to decrease in the case patients and while its role is 

less clear, a recent study noted that the relative abundance of hexanoic acid in plasma from 

obese individuals is associated with the levels of certain fungi in the human gut [56]. Other 

exceptions where lipids were noted to increase include Cer(d18:1/26:0) and Cer(d18:1/26:1), 

which may be due to the degradation of SM lipids (the loss of the choline head group forms 

Cer) especially since SM(d18:1/26:1) was noted to be lower in the cases versus controls. 

Other SM lipids, however, trended the same direction as the ceramides with the same chains 

lengths (e.g., (d18:1/23:0) and (d18:1/24:0)). All of these findings show that the statistically 

significant lipids found in both the DBS and serum samples correlate with current literature 

on the case-control study. Further, they support that lipids could be analyzed in older DBS 

samples and provide important information in longitudinal studies.
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SUMMARY

The analyses of patient-matched serum and DBS samples collected in 2000-2001 from older 

male diabetic patients with high BMIs, TGs and glucose levels, and low HDL levels and 

non-diabetic male patients with normal levels, illustrated that the number of identified polar 

metabolites in each sample type overlapped extremely well. However, when the statistically 

significant polar metabolites were evaluated in the case-control study, only glycine was 

conserved in both. The lipidomic analyses showed much better agreement between the 

sample types with thirty-six statistically significant lipids in common for the sample types, 

indicating lipids are more robust in the older DBS samples. Thus, this study indicates that 

serum samples are needed for longitudinal study of polar metabolites if DBS samples are 

stored at room temperature. Conversely, because most lipid changes are preserved, they 

could be used in patient analyses of older DBS samples. Results from this study indicate that 

further analyses are needed to address questions relating to polar metabolites and lipids in 

fresh DBS and serum samples, or DBS samples stored at cooler temperatures for long time 

periods. The robustness of the lipids in the older samples nonetheless indicate they will 

probably correlate well in fresh samples and those stored at cooler temperatures, but the 

stability of polar metabolites cannot be predicted from this study.
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Figure 1. 
A schematic illustrating the differences in sample collection and preparation for serum and 

DBS samples.
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Figure 2. 
Venn diagrams illustrating the number of serum and DBS small molecule identifications and 

the overlap between the sample types. The small molecules were then separated into polar 

metabolite and lipid identifications and those statistically significant among the patient 

groups.
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Figure 3. 
The small molecule distribution of (A) polar metabolites and (B) lipid subclass 

identifications for the serum and DBS samples. Parentheses show the number of 

identifications per pie chart. Abbreviations are: CHO=cholesterol; Cer=ceramide; 

HexCer=hexosylceramide; SM= sphingomyelin; PA=diacylglycerophosphate; 

PC=diacylglycerophosphocholine; LPC= monoacylglycerophosphocholine; 

PE=diacylglycerophosphoethanolamine; LPE= monoacylglycerophosphoethanolamine; 

PEP=PE plasmalogen; PG=diacylglycerophosphoglycerol; 

PI=diacylglycerophosphoinositol; PS=diacylglycerophosphoserine; MG=onoacylglycerol; 

DG=diacylglycerol, TG = triacylglycerol; FFA=free fatty acids.
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Figure 4. 
Heatmaps illustrating the polar metabolites found to have statistically significant changes in 

the patient groups.

Kyle et al. Page 16

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2018 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
The1-s nested IMS-MS spectra for (TG(48:0) + NH4)+ extracted at LC elution time = 71.8 

min. Only 1 LC peak was observed for TG(48:0), but 4 IMS peaks were present indicating 

the co-eluting isomers.
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Figure 6. 
(A) Heatmaps illustrating the lipid subclasses found to have statistically significant changes 

in the patient groups from the LC-MS/MS and LC-IMS-MS analyses. (B) A direct 

comparison of each statistically significant lipid subclass and individual lipid species in the 

serum and DBS samples.
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Table 1

Case & Control Patient Criteria

Cases Controls

BMI ≥ 30 kg/m2 18.5 ≤ BMI < 25

HDL < 40 mg/dL HDL ≥ 40 mg/dL

TG ≥ 150 mg/dL TG < 150 mg/dL

Diabetes (d1fgluc≥126 mg/dL) Normoglycemic (d1fgluc<100 mg/dL)
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