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Abstract

Previous studies have demonstrated augmented levels of diacylglycerols (DAG) in the frontal 

cortex and plasma of Alzheimer’s disease (AD) patients. We extended these findings from non-

targeted liopidomics studies to design a lipidomics platform to interrogate DAGs and 

monoacylglycerols (MAG) in the frontal cortex and plasma of MCI subjects. Control subjects 

included both aged normal controls and controls with normal cognition, but AD pathology at 

autopsy, individuals termed non-demented AD neuropathology (NDAN). DAGs with saturated, 

unsaturated, and polyunsaturated fatty acid substituents were found to be elevated in MCI frontal 

cortex and plasma. Tandem mass spectrometry of the DAGs did not reveal any differences in the 

distributions of the fatty acid substitutions between MCI and control subjects. While 

triacylglycerols were not altered in MCI subjects there were increases in monoacylglycerol levels 

both in the frontal cortex and plasma. In toto, increased levels of DAGs and MAGs appear to 

occur early in AD pathophysiology and require both further validation in a larger patient cohort 

and elucidation of the lipidomics alteration(s) that lead to the accumulation of DAGs in MCI 

subjects.
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INTRODUCTION

Mild cognitive impairment is the prodromal phase prior to conversion to Alzheimer’s 

disease in a significant proportion of dementia patients [1]. Increasing our understanding of 

the molecular changes that occur in MCI patients will be extremely useful in defining the 

biochemical basis both for the development of MCI and for the conversion from MCI to 

dementia. In this regard, non-targeted lipidomics studies have revealed elevated levels of 

diacylglycerols (DAG) in the plasma of Alzheimer’s disease (AD) patients [2–3]; the frontal 

cortex of AD subjects [4–5], and the temporal cortex of mixed dementia subjects with AD 

and subcortical ischemic vascular dementia [6], but not in subjects only with subcortical 

ischemic vascular dementia [6]. These data indicate that altered DAG levels may be specific 

to the AD process. In addition, in our previous work we detected elevated DAGs in the 

plasma [2] and frontal cortex [5] of MCI subjects. Therefore, it appears that augmented 

levels of brain and circulating DAGs occur early in the AD disease process.

These may represent new seminal observations in research efforts to define early 

biochemical alterations in the etiology of sporadic AD. DAG pools in all tissues are tightly 

regulated since these glycerolipids serve multiple critical roles. These roles include: i) 

precursors for structural glycerophospholipids [7], ii) precursors for triacylglycerols (TAG) 

and monoacylglycerols (MAG), including the endocannabinoid 2-arachidonyl-glycerol [8–

10], iii) mediators of signal transduction via activation of protein kinase C (PKC), protein 

kinase D (PKD), Ca(2+)/calmodulin-dependent protein kinase (PKCaMII), 

RasGRP1/Ras/Erk MAPK, chimaerins, and munc13 proteins that regulate neurotransmitter 

release [11–15], iv) regulation of immunological synapse function [16] and respiratory burst 

in immune cells like microglia [17]; v) required in the Golgi for transport carrier biogenesis 

[18]; vi) nuclear signal transduction [19], and vii) structural roles in the endoplasmic 

reticulum and nuclear envelope [20–21].

In light of the diverse structural and signal transduction roles of DAG pools, we undertook a 

targeted lipidomics analysis of DAGs, and MAGs in the frontal cortex and plasma of MCI 

subjects. These analyses were conducted with high- resolution (0.2 to 3 ppm mass error) 

mass spectrometric [22].

Materials and methods

Study participants

The plasma samples used in this study were from subjects described in a previous 

publication [2]. These plasma samples underwent 2 freeze-thaw cycles. Similarly, the frontal 

cortex samples were from donors described in a previous publication [5]. The patient 

demographics are briefly outlined in Table 1. Written informed consent was obtained from 

all participants of the Oregon Health and Science University aging study. Tissue and 

postmortem CSF were provided to the Oregon Brain Bank by volunteer subjects who gave 

informed consent. The study was approved by the Oregon Health and Science University 

Institutional Review Board.
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Lipid Extraction and Analysis

Lipids were extracted from 100 μL of EDTA plasma or brain tissue (10 to 20 mg) with 

methy-tert-butyl ether and methanol containing [2H8]arachidonic acid [13C18]stearic acid, 

[2H5]MAG 18:1, [2D5]DAG 36:0, [13C3]DAG 36:2, glyburide, and bromocriptine as 

internal standards [2, 5, 23–25]. Extracts were dried by centrifugal vacuum evaporation and 

dissolved in isopropanol : methanol : chloroform (4:2:1) containing 15 mM ammonium 

acetate. Constant infusion lipidomics (5 μL per min) were performed utilizing high-

resolution (140,000 at 200 amu) data acquisition, with sub-millimass accuracy on an 

orbitrap mass spectrometer (Thermo Q Exactive) [26]. Washes (500 μL) with methanol 

followed by hexane/ethyl acetate (3:2), between samples, were used to minimize ghost 

effects.

In positive ion electrospray ionization (ESI), the cations of monoacylglycerols (MAG) and 

the ammonium adducts of diacylglycerols (DAG) were quantitated. The cations of 

bromocriptine and glyburide were used to monitor for potential mass axis drift. For the 

majority of DAGs and MAGs, relative concentrations were obtained by determining the 

ratio of the endogenous lipid peak area to the peak area of a stable isotope internal standard. 

For the plasma DAGs 34:2, 36:2, and 38:4, absolute plasma concentrations were measured 

using analytical standards of each DAG for the 8 point standard curves.

Fatty Acid Analysis of DAGs and MAGs

MS2 of DAGs was conducted to determine if there were alterations in the fatty acid 

substitutions of DAGs in MCI subjects. Precursor ions were selected with unit mass 

resolution while the product ions were monitored with high-resolution analysis. In positive 

ion ESI the major ions monitored resulted from the loss of NH3 and the individual fatty 

acids, with the loss of the sn-2 fatty acid predominating. Using these data the dominant fatty 

acid combination for each DAG is presented as 1.0 and the minor fatty acid combinations 

presented as a fraction of 1.0 The dominant ion for MS2 of MAG was the fatty acid 

substitution with loss of OH.

Plasma Glucose

50 μL of plasma was extracted with cold acetonitrile:methanol (8:1) containing 

[13C6]glucose as the internal standard. The samples were centrifuged at 30,000 ×g and 4°C 

for 20 min. To 100 μL of the supernatant were added 100 μL of Girard’s Reagent T (20 

mg/ml methanol) and 20 μL of glacial acetic acid. The samples were heated at 70°C, with 

shaking, for 30 min. Next the samples were cooled and dried by vacuum centrifugation prior 

to dissolution in acetonitrile:methanol (4:1) for direct flow analyses in positive ESI 

[294.1659 (endogenous)/300.1861(internal standard)]. Washes (500 μL) with methanol 

followed by hexane/ethyl acetate (3:2), between samples, were used to minimize ghost 

effects. Standard curves utilized 8-point calibration.

Statistical Analysis

R values (ratio of endogenous lipid peak area to the peak area of an appropriate internal 

standard) were calculated. For plasma glucose and several DAGs absolute levels were 

calculated utilizing 8 point standard curves with analytical standards and [13C6]glucose, 
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[2H5]DAG 36:0, or [13C3]DAG 36:2 as the internal standard. In the case of brain samples R 

values were corrected for the wet weight of the tissue analyzed. Data are presented as mean 

± SEM. Data were analyzed with the Kruskal-Wallis test, followed by the Dunn’s t test to 

compare groups to the controls.

Results

DAGs

DAG levels were significantly elevated both in the frontal cortex (Fig. 1) and the plasma 

(Fig. 2) of MCI subjects, suggesting that this an early biochemical change in the lipidome 

that may play a role in the pathogenesis of AD. Increased DAGs included DAGs with 

saturated, unsaturated, and polyunsaturated fatty acid substitutions. MS/MS analysis of the 

fatty acid substituents of these augmented DAG pools revealed that the fatty acid profiles of 

monitored DAGs were not altered in the cortex (Table 2) or plasma (Table 3) of MCI or 

dementia patients.

Plasma Glucose

Plasma glucose levels were not significantly different between groups (Fig 2). While there 

were several subjects with high plasma glucose levels in each cohort, there was no 

correlation between plasma glucose and plasma DAG levels.

MAGs

MAG levels also were elevated in the plasma of MCI patients, except for MAG 16:0 (Fig. 3; 

upper panel) and in the frontal cortex of MCI subjects (Fig. 3; lower panel).

DISCUSSION

Our data confirm and extend the previous demonstrations of augmented DAG levels in AD 

frontal cortex [4–5] and mixed dementia temporal cortex [6], and AD plasma [2–3], to 

include MCI patients. Since MCI generally represents the prodromal phase in the 

progression to dementia, it is important to define if DAGs participate in the development of 

MCI and/or in the conversion of MCI to frank dementia.

DAGs function in a number of critical roles as structural lipids, as precursors for 

glycerophospholipid synthesis, and as mediators of signal transduction The levels of DAGs 

are strictly regulated to maintain their functions in these diverse roles [8]. This regulation 

appears to involve 4 major metabolic pathways for DAGs (Fig. 4A): i) conversion to 

glycerophospholipids; ii) phosphorylation via DAG kinase (DGK) to generate phosphatidic 

acids; iii) hydrolysis by diacylglycerol lipase (DGL), lipoprotein lipase (LPL), and hormone-

sensitive lipase (HSL) to generate MAGs; and iv) acylation by DAG acyltransferase 

(DGAT) to synthesize TAGs. With regard to these potential regulatory pathways for DAGs, 

miR-34a, a negative regulator of DAG kinase [14], is up-regulated in the hippocampus and 

frontal cortex in AD [27], suggesting that conversion of DAGs to PA by DAG kinase (Fig. 

4A) may be decreased in AD brain. Previous reports of lipase activities in AD are less 

consistent with our observations of DAG and MAG pools in AD and MCI, therefore 
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requiring further investigation. These include increased DAG lipase in hippocampal 

microglia [28] and hippocampal membranes [29] in AD while MAG lipase levels appear to 

be decreased in AD hippocampal pyramidal neurons [28] but augmented in hippocampal 

membrane preparations [29].

With regard to metabolic sources of DAGs, glycerophospholipid degradation (Fig 4A and B) 

represents a major pathway with a large precursor pool. Since phosphatidylglycerol and 

phosphatidylinositol levels appear to be unaltered in AD frontal cortex [4–5] and MCI 

cortex [5] alterations in the CDP-glycerol pathway do not appear to be involved. In contrast, 

the selective deceases in phosphatidylethanolamines (PE) in AD frontal cortex [4–5], in the 

absence of alterations in phosphatidylserines, phosphatidylinositols, or 

phosphatidylcholines, suggest that PE degradation may contribute to elevated DAG levels. 

Augmentation of DAG levels, via PE degradation, are most likely to proceed via a 

combination of direct conversion to DAG by phospholipase C (PLC); metabolism to 

phosphatidic acid by phospholipase D (PLD) and subsequent conversion to DAG by 

phosphatidic acid phosphatase (PAP); and deacylation of PE to 

lysophosphatidylethanolamine (LPE) by phospholipase A2 (PLA2) with sequential 

metabolism of LPE to DAG (Fig. 4B). In this regard, a number of these enzymes involved in 

DAG synthesis (Fig. 4B) have been found to be altered in AD. Specific enzyme and gene 

changes include: 1) Increased levels of several PLC isoforms in AD brain [30–31]; 2) PLD3 

gene variants have been reported as a risk factor for AD [32–35] and PLD accumulation 

occurs in neuritic plaques in AD [36]. Increased gene expression of autotaxin 

(lysophosphatidate phosphatase) has also been reported for AD frontal cortex [37]; and 3) 

PLA2 gene variants which have been reported as a risk factor for AD [38–39]. The 

conjecture that these metabolic pathways may be the main routes to augmented DAG levels 

in MCI and AD cannot rule out potential contributions by other glycerophospholipids since 

the size of the pools of these lipids far exceeds that of the DAGs. Alterations in the steady-

state levels of glycerophospholipid pools may be minimally impacted but still substantially 

augment DAG levels. In this regard, while decreased PE levels were observed in AD frontal 

cortex [4–5], there were no such decrements in PE levels in MCI frontal cortex [5]. 

Similarly, phosphatidic acid and TAG levels are unaltered in AD [4–5] and MCI cortex [5]. 

As discussed above these data are not sufficient to exclude their potential contribution to 

elevated DAG levels in MCI and AD. However, the low levels of TAGs in the CNS, the 

observations that TAG levels are unaltered in AD and MCI frontal cortex [4–5], and the 

report of low lipoprotein lipase (LPL, Fig. 4A) in AD brain and CSF [40] strongly suggest 

that TAG pools are not a major metabolic source for DAGs in MCI and AD brain. 

Decrements in LPL levels may be the result of neuroinflammation in AD [41] which 

potently down-regulates LPL mRNA [42].

Other metabolic sources of DAG include de novo synthesis from the glycolytic pathway and 

from sphingolipid metabolism. Metabolic syndrome, which may represent a risk factor for 

AD in some patients [43], can lead to elevated DAG levels via augmented glycolysis [44]. 

However, hyperglycemia was not a factor in our MCI and AD cohorts, indicating that this is 

a minor source for increased circulating levels of DAGs. In the case of sphingolipid 

metabolism, DAGs are produced from phosphatidylcholines in the synthesis of 
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sphingomyelins via the transfer of the phosphocholine headgroup to a ceramide, catalyzed 

by sphingomyelin synthase [8]. However, there are no significant alterations in the levels of 

sphingomyelins or phosphatidylcholines in the frontal cortex of AD [4–5] or MCI [5] 

subjects.

Another aspect of our study was the inclusion of brain samples from control subjects termed 

non-demented AD neuropathology (NDAN). These individuals possessed normal cognition, 

but at autopsy were found to have significant AD neuropathology [45–46]. Despite the 

presence of AD neuropathology, this group did not demonstrate elevations in DAGs or 

MAGs, suggesting that these biochemical changes may be specific to the processes leading 

to the deterioration of cognitive function.

In toto, these data suggest that alterations in a number of enzymes regulating lipid 

metabolism may be involved in the observed changes in DAG levels in MCI and AD. 

However, the majority of these observations have been reported for tissue samples obtained 

from AD patients and not from MCI patients. This complicates interpreting the role(s) of 

these enzymes in the early phases of the AD disease process. Therefore, mechanism(s) for 

augmented DAG levels in the frontal cortex in MCI remain to be more accurately defined 

(Fig. 4A and B). The data to-date suggests that further investigation of the following 

pathways is a rational next step: 1) glycerophospholipid → DAG; 2) glycerophospholipid → 

PA → DAG; 3) glycerophospholipid → lysoglycerophospholipid → lysophosphatidic 

acid→ phosphatidic acid →DAG; and 4) lysophosphatidic acid → MAG (Fig. 4). As a part 

of these investigations, we also need to assess lipin family proteins which are key regulators 

in lipid metabolism both as phosphatidic acid phosphatases and as transcriptional co-

activators regulating the expression of genes involved in lipid metabolism [47–48]. In this 

regard, lipin 1γ is highly expressed in human brain [48].
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Figure 1. 
Levels of diacylglycerols (DAG) in the frontal cortex gray matter of subjects previously 

diagnosed as mild cognitive impairment (MCI; > 85 yr.; N=19). The control groups included 

young controls (YC; < 85 yr.; N=20) with no neurological or cognitive impairment and old 

controls (OC; >85 yr; N=8.) with no cognitive impairment but significant AD 

neuropathology at autopsy. Y axis is the ratio of the peak area of the endogenous lipid to the 

peak area of a stable isotope internal standard, corrected for tissue wet weight. The data are 

presented as mean ± SEM. All DAG levels in the MCI group were significantly (p < 0.05) 

increased above YC values while OC were not different from YC.
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Figure 2. 
Levels of diacylglycerols (DAG) in the plasma of control subjects (MMSE 25–30), MCI 

subjects (MMSE 19–24), moderate dementia patients (MMSE 10–18), and severe dementia 

patients (MMSE 4–9). Y axis is the ratio of the peak area of the endogenous lipid to the peak 

area of a stable isotope internal standard, in the upper graph but is presented as nM in the 

lower graph. The data are presented as mean ± SEM. All DAG levels in the MCI, moderate 

dementia, and severe dementia groups were significantly (p < 0.05) increased above young 

controls (YC) values.
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Figure 3. 
Levels of monoacylglycerols (MAG) in plasma (Upper panel) and frontal cortex gray matter 

(Lower panel). Tissue samples were from subjects previously diagnosed as mild cognitive 

impairment (MCI; > 85 yr.; N=19). The tissue controls included young controls (YC; < 85 

yr.; N=20) with no neurological or cognitive impairment and old controls (OC; >85 yr; 

N=8.) with no cognitive impairment but significant AD pathology at autopsy. The plasma 

samples were obtained from control subjects (MMSE 25–30), MCI subjects (MMSE 19–24), 

moderate dementia patients (MMSE 10–18), and severe dementia patients (MMSE 4–9). Y 
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axis is the ratio of the peak area of the endogenous lipid to the peak area of a stable isotope 

internal standard and were corrected for wet weight in the case of tissues. The data are 

presented as mean ± SEM. *, p < 0.05 vs. controls.

Wood et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Presentation of DAG synthesis and metabolism. Figure A presents a broad overview of the 

interrelationships of DAGs with a number of other lipid pools while Figure B focusses on 

pathways involving glycerophospholipid metabolism and the associated enzymes reported to 

be altered in AD (see Discussion). AGPAT, acylglycerol-3-phosphate acyltransferase; ATX, 

autotaxin (lysophospholipase D); CDPPT, CDP-diacylglycerol-inositol/glycerol 

phosphatidyltransferase; CEPT, choline and ethanolamine phosphotransferases; CL, 

cardiolipin; DAG, diacylglycerol; DAGL, diacylglycerol lipase; DGAT, diacylglycerol 
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acyltransferase; DHAP, dihydroxyacetone phosphate; DGK, diacylglycerol kinase; FA, fatty 

acid; G-3-P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate acyltransferase; GPL, 

glycerophospholipid; HSL, hormone-sensitive lipase; LPA, lysophosphatidic acid; LPAT, 

lysophospholipid acyltransferase; LPL, lipoprotein lipase; MAG, monoacylglycerol; MGL, 

monoacylglycerol lipase; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; PC, 

phosphatidylcholines; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, 

phosphatidylinositol; PLA2, phospholipase A2; PLC, phospholipase C; PLD, phospholipase 

D; PCT, phosphatidic acid cytidyltransferase; PS, phosphatidylserine; TAG, triacylglycerol; 

TAGL triacylglycerol lipase. Enzymes that have been reported to be elevated in AD are 

highlighted with an up arrow while enzymes that are decreased are highlighted with a down 

arrow.
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Table 1

Patient information for the clinical groups.

Plasma Samples:

MMSE Stratification MMSE Age Age Range N

25–30 29.0 ± 1.5 68.4 ± 10.8 58–89 25

19–24 21.1 ± 2.0 69.8 ± 7.7 57–79 16

10–18 15.4 ± 2.4 74.8 ± 3.5 57–82 8

4–9 7.2 ± 2.2 68.4 ± 6.6 57–76 5

Brain Samples:

Group Age N

Young Controls 67.3 ± 11.8 20

Old Controls 91.5 ± 4.2 8

MCI 90.5 ± 7.9 19
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Table 2

Fatty acid substituents of DAGs in brain samples, as determined by MS2. In positive ion ESI the major ions 

monitored resulted from the loss of NH3 and the individual fatty acids, with the loss of the sn-2 fatty acid 

predominating. Using these data the dominant fatty acid combination for each DAG is presented as 1.0 and the 

minor fatty acid combinations presented as a fraction of 1.0.

DAG Fatty Acids YC (N = 19) OC (N=8) MCI (N=17)

32:0 16:0/16:0 1.0 1.0 1.0

32:1 16:0/16:1 1.0 1.0 1.0

18:0/14:1 0.16 ± 0.010 0.19 ± 0.031 0.15 ± 0.005

34:1 16:0/18:1 1.0 1.0 1.0

16:1/18:0 0.021 ± 0.0011 0.024 ± 0.0031 0.020 ± 0.0013

36:1 18:0/18:1 1.0 1.0 1.0

16:0/20:1 0.047 ± 0.0021 0.043 ± 0.0051 0.047± 0.0012

36:2 18:1/18:1 1.0 1.0 1.0

18:0/18:2 0.085 ± 0.0052 0.88 ± 0.14 0.83 ± 0.0054

36:3 18:1/18:2 1.0 1.0 1.0

18:0/18:3 0.077 ± 0.0063 0.078 ± 0.0094 0.079 ± 0.0055

36:4 16:0/20:4 1.0 1.0 1.0

18:2/18:2 0.048 ± 0.007 0.048 ± 0.012 0.061 ± 0.010

38:4 18:1/20:3 1.0 1.0 1.0

18:0/20:4 0.27 ± 0.016 0.30 ± 0.019 0.31 ± 0.022

16:1/22:3 0.15 ± 0.0042 0.14 ± 0.0037 0.16 ± 0.0052

38:5 18:1/20:4 1.0 1.0 1.0

18:2/20:3 0.018 ± 0.0022 0.022 ± 0.003 0.02 ± 0.002

38:6 16:0/22:6 1.0 1.0 1.0

18:2/20:4 0.095 ± 0.005 0.10 ± 0.016 0.097 ± 0.0041

40:6 16:0/24:6 1.0 1.0 1.0
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