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Abstract

DHA (docosahexaenoic acid) is an essential fatty acid that is required for the normal development 

and function of the brain. Because of its inability to synthesize adequate amounts of DHA from 

the precursors, the brain has to acquire DHA from plasma through the blood brain barrier (BBB). 

Recent studies demonstrated the presence of a transporter at the BBB that specifically transports 

DHA into the brain in the form of lysophosphatidylcholine (LPC-DHA). However, the mechanism 

by which LPC-DHA is generated in the plasma is not known. Our previous studies showed that 

there are at least three different enzymes - lecithin cholesterol acyltransferase (LCAT), endothelial 

lipase (EL), and hepatic lipase (HL), which can generate LPC-DHA from sn-2 DHA 

phosphatidylcholine. Here we determined the relative contributions of these enzymes in the 

delivery of DHA to the brain by measuring the brain DHA levels in the mice deficient in each of 

these enzymes. The results show that the brain DHA levels of LCAT-deficient mice or EL-

deficient mice were not significantly lower than those of their littermates. However, brain DHA 

was significantly decreased in HL deficient mice (13.5% of total fatty acids) compared to their 

littermates (17.1%) (p<0.002), and further decreased to 8.3% of total fatty acids in mice deficient 

in both HL and EL. These results suggest that HL activity may be the major source for the 
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generation of LPC-DHA in the plasma necessary for transport into the brain, and EL might 

contribute to this process in the absence of HL.
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1. Introduction

Docosahexaenoic acid (DHA), which is highly concentrated in the brain and retina, is an 

essential omega-3 fatty acid that is required for the normal development and function of the 

brain and retina. The presence of DHA in the membranes helps maintain proper membrane 

fluidity in neuronal cells, which is important for the optimal functioning of membrane 

receptors and transporters, signal transduction and neurotransmission [1–3]. Furthermore, 

DHA counteracts the pro-inflammatory effects of arachidonic acid, and the metabolic 

products of DHA (resolvins, protectins, maresins) play critical roles in the resolution of 

inflammation [4]. Deficiency of DHA is associated with several neurodegenerative diseases 

such as Alzheimer’s disease, Parkinson’s disease, dementia, schizophrenia, amyotrophic 

lateral sclerosis and Huntington disease [1, 3, 5]. Because of its inability to synthesize 

adequate amounts of DHA from the precursors, the brain has to acquire DHA from the 

plasma through the blood brain barrier (BBB). Plasma DHA occurs in several molecular 

forms including phospholipids, triacylglycerols (TAG), and cholesteryl esters (CE) all of 

which are carried by various lipoproteins, and free (unesterified) DHA and 

lysophosphatidylcholine (LPC)-DHA which are primarily bound to albumin. Among these, 

only the albumin-bound forms (free DHA and LPC-DHA) [6, 7] are known to be transported 

through the blood brain barrier. Although previous studies suggested that free DHA is the 

predominant source of brain DHA [6], more recent studies support the view that LPC is the 

major carrier of DHA responsible for brain enrichment [8], because of the presence of a 

specific transporter in the BBB, Mfsd2a (major facilitator superfamily domain-containing 

protein a) which transports LPC-DHA but not free DHA [9]. Furthermore, the deficiency of 

this transporter results in defective brain development and impaired brain function in mice as 

well as in humans [10]. Our laboratory has demonstrated that dietary LPC-DHA enriches 

brain DHA efficiently, whereas dietary free DHA and triacylglycerol DHA at equivalent 

dose have virtually no effect on brain DHA content [8, 11]. Although the presence of LPC-

DHA in the plasma has been reported by several studies [12–15], the mechanism by which it 

is formed is not known. Since LPC is not stored in the tissues, it is reasonable to assume that 

LPC-DHA is formed by the action of a phospholipase A1 (PLA1) in the tissues or plasma, 

because DHA is present exclusively at the sn-2 position of phospholipids. Our previous 

studies showed that there are three potential enzymes in plasma which can generate LPC-

DHA. The first is LCAT, which normally transfers a fatty acid from the sn-2 position of PC 

to cholesterol, but alters its positional specificity in presence of 16:0-22:6 PC, and transfers 

16:0 to cholesterol, generating LPC-DHA as byproduct [16, 17]. This enzyme is essential 

for the maturation of HDL in the plasma, and its deficiency results in the absence of mature 

HDL, increased free cholesterol/cholesteryl ester ratio, and impaired reverse cholesterol 

transport [18]. The second enzyme is endothelial lipase (EL) which exhibits strong PLA1 
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activity towards polyunsaturated PCs, and generates LPC-DHA [19, 20]. Unlike LCAT, EL 

activity is negatively correlated with plasma HDL levels, and its deficiency leads to 

increased HDL [21]. The third enzyme is hepatic lipase (HL) which hydrolyzes both TAG 

and phospholipids of the lipoproteins, preferably the intermediate density lipoproteins (IDL) 

and the HDL, and therefore HL deficiency leads to increased levels of HDL and IDL in the 

plasma [22]. The substrate preference of HL is intermediate between that of lipoprotein 

lipase (LPL) which is more specific for TAG, and of endothelial lipase which is more 

specific for phospholipids. It also generates LPC-DHA in plasma lipoproteins [23]., and 

probably in the liver. Based on these studies, we reasoned that if one of the three enzymes is 

essential for the generation of LPC-DHA and subsequent transport of DHA into the brain, its 

deficiency should result in a decrease of brain DHA levels. The results presented here show 

that hepatic lipase may be the most important enzyme for the generation of LPC-DHA 

required for the enrichment of brain DHA, although endothelial lipase may also contribute to 

a smaller extent.

2. Materials and Methods

2.1. Animals:

All animal procedures were carried out in accordance with the guidelines of NIH Guide for 

the care and use of laboratory animals, and were approved by the Institutional Animal Care 

and Use committee (Protocol numbers 11-049 and 14-046). The generation and 

characterization of LCAT-deficient animals has been described previously [24]. Plasma 

(EDTA) and tissue samples from male LCAT-deficient mice and their wild type littermates 

(4-month old) were obtained in the fasting state. The samples were kept frozen at −80 °C 

until the analysis.

C57BL/6 WT mice and HL KO mice were obtained from Jackson laboratories, and the EL 

KO and HL,EL DKO (double knockout) mice were generated as described previously [25] 

[26]. Mice were maintained in a monitored small animal facility at the University of 

Pennsylvania under IACUC-approved protocols. Mice were fed ad libitum with standard 

chow diet and were maintained with a 12h on/12h off light cycle with light off from 7:00 

p.m. to 7:00 a.m., daily. Blood was collected via retro-orbital bleeding, under isoflurane 

anesthesia and using EDTA-coated tubes. Plasma was obtained by ultracentrifugation 

(10000 rpm, 7min at 4°C). Plasma and tissues were obtained from male EL KO (19-week 

old) and their WT littermates, male HL KO mice (25-week old), and male HL-EL-DKO 

mice (16-week old), after the animals were fasted for 4h.

2.2 Lipid Extraction and analysis:

Total lipids were extracted from plasma and various tissues by a modified method of Bligh 

and Dyer procedure. The tissue (100 mg) was homogenized at 4 °C in a glass homogenizer 

three times with 800 μl each of 50% methanol in water containing 0.01N HCl. A mixture of 

internal standards of tri-15:0 TAG, di-17:0 PC, di-15:0 PE and 17:0 LPC (10 μg each) was 

included in the methanolic HCl. Chloroform (2 ml) was added and the sample vortexed for 

30s, followed by 1ml water and vortexing for 30s. The sample was centrifuged and the 
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chloroform layer was transferred to another glass tube, and the lipids were concentrated 

under nitrogen and re-dissolved in chloroform before further analysis.

2.3 Analysis of fatty acids by GC/MS

The fatty acid composition of lipids in all tissues was analyzed by GC/MS after conversion 

to methyl esters. Briefly, the lipids were evaporated under N2 and dissolved in 0.5 ml 

toluene containing 25 μg each of 17:0 and 22:3 free fatty acids and 250 μg butylated 

hydroxytoluene. Methanolic HCl (0.3 ml of 8% HCl in methanol) was then added and the 

reaction mixture was heated under nitrogen at 100 °C for 1 h. The acid was neutralized by 

adding 1.0 ml of 0.33N NaOH and the fatty acid methyl esters were extracted twice with 3 

ml of hexane. The pooled hexane extracts were evaporated under nitrogen and re-dissolved 

in 30ul of hexane and 1 ul was injected into GC/MS. The analysis was carried out using a 

Shimadzu QP2010SE GC/MS equipped with a Supelco Omega wax column 

(30m×0.25mm×0.25μ) as described previously. Total ion current in the range of 50-400 m/z 

was used to quantify the fatty acids, using 17:0 as the internal standard.

2.4 LC/MS analysis of DHA molecular species of LPC, PC, PE and TAG

LC/MS analysis of molecular species was performed on an AB Sciex 6500 QTRAP mass 

spectrometer coupled with Agilent 2600 UPLC system, as described previously [8]. 

Quantification of DHA-containing molecular species PC, LPC, PE and TAG was performed 

from the relative intensities of the various species and corresponding internal standards 

(17:0-17:0 PC, 17:0 LPC, 15:0-15:0 PE, and 15:0-15:0-15:0 TAG respectively). The data 

processing was carried out using Analyst 1.62 (AB Sciex, USA).

2.3. Statistical analyses:

Statistical analyses were performed using GraphPad Prism 9.0 software (GraphPad 

Software, La Jolla California USA). Significance of difference between WT and KO groups 

was determined by unpaired t test (2-tailed).

3. Results

3.1. Brain DHA levels

The total DHA levels in the brains of mice deficient in various enzymes and their 

corresponding WT littermates are shown in Fig. 1. The DHA content was not significantly 

different in the brains of LCAT-deficient and EL-deficient animals relative to the 

corresponding WT littermates. However, there was a significant decrease of DHA (−19%, 

p<0.0001) in HL-deficient brains compared to their WT controls. The DHA level was 

further decreased (−55%, p<0.0001) by the absence of both HL and EL (HL EL DKO mice). 

These results suggest that HL activity may be the major contributor of DHA to the brain, 

although EL may also contribute under conditions of HL-deficiency.

3.2. Brain ARA levels and DHA/ARA ratios

In general, there is a reciprocal relationship between the tissue levels of DHA and ARA after 

dietary interventions, since these two essential fatty acids compete with each other for 
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enzymatic pathways. However, since all the PLA1 activities studied here also generate sn-2 

ARA LPC in addition to sn-2 DHA LPC, and since both these LPCs are transported by 

Mfsd2a pathway [9] it is of interest to determine whether the deficiency of the enzymes also 

affects the ARA content of the brain in the absence of dietary intervention. The ARA 

content of the brains of various knockout mice and their corresponding controls is shown in 

Fig. 2, and the DHA/ARA ratios are shown in Fig. 3. There was a significant increase in the 

ARA content of the brain in LCAT-deficient (+35%, p<0.02), and HL EL double knockout 

(+29%, p<0.0001) animals, but it was not significantly different in the EL or HL knockout 

mice, relative to their corresponding WT littermates. The DHA/ARA ratio was also 

significantly lower in LCAT-deficient (− 19%, p<0.05) and the double knockout mice 

(−71%, p<0.0001) (Fig. 3). These results suggest that HL deficiency affects the DHA 

content of the brain more severely than the ARA content. It may be noted that our previous 

studies showed that HL is relatively more active on DHA-containing PC species, compared 

to the ARA-containing PC species [23], supporting this conclusion.

3.3. Molecular species of DHA PC, and DHA PE in the brain of HL KO mice.

In order to determine whether HL deficiency affects the molecular species composition of 

the brain, we analyzed the DHA-containing molecular species of PC and PE by LC/MS/MS 

in HL KO mice, HL EL DKO mice and the corresponding WT littermates using selected ion 

monitoring. In the HL KO mice all major DHA species, except for 20:4-22:6 PC and PE, 

18:2-22:6 PC and PE were significantly decreased compared to the brains of WT littermates 

(Fig. 4). In the HL EL double KO mice all major PC species except for 20:4-22:6 PC were 

decreased (Fig. 5). Among the PE species containing DHA, there was actually a slight 

increase in 20:4-22:6 PE and 18:2-22:6 PE, although the other major PE species decreased 

significantly. The increase in 20:4-22:6 PE is consistent with the relative increase in brain 

ARA in the absence of HL and EL (Fig. 2).

3.4. Total DHA and LPC-DHA in plasma

The total DHA content in the plasma was not significantly different in LCAT-deficient or 

EL-deficient animals, compared to their WT littermates. However, the DHA levels were 

significantly lower in the HL KO and HL EL DKO mice, relative to their WT littermates 

(Fig. 6, top). Since the WT and the corresponding KO animals were on identical diets, this 

indicates a decreased secretion of DHA from the liver or increased catabolism in the absence 

of HL and EL. The LPC-DHA content of the plasma, determined by LC/MS/MS, was 

significantly decreased in EL, HL, and HL EL DKO mice (Fig. 6, bottom), the decrease 

being greater in the double KO mice compared to the single KO mice. This is in agreement 

with the relative decrease in brain DHA in the HL KO vs HL EL DKO mice.

3.5. Liver DHA levels

Since the source of LPC-DHA in plasma and the brain appears to be the liver [14], we have 

also determined the DHA content of the liver in various mouse genotypes. In contrast to the 

brain DHA levels, the LCAT deficient mice showed a significant decrease in the liver DHA 

levels. On the other hand, the HL-deficient, EL-deficient, and HL EL double knockout mice 

showed no significant difference from their normal littermate (Fig. 7).
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4. Discussion

These studies show a novel physiological function of HL in the development and function of 

the brain. The major known functions of HL are the hydrolysis of chylomicron remnants and 

IDL, the formation of LDL, and the hydrolysis of TAG-rich HDL to form small HDL. While 

these functions of HL are considered to be pro-atherogenic, it has also been reported that 

low HL activity is associated with increased cardiovascular risk, possibly because of its role 

in facilitating the reverse cholesterol transport [27]. Its potential role in the generation of 

LPC-DHA, as shown here, represents a novel beneficial function because LPC-DHA is the 

preferred molecular carrier of DHA into the brain [9]. We have previously shown that HL 

acts preferentially on phospholipids containing DHA at the sn-2 position, thus generating 

LPC-DHA [23]. Although the enzyme is secreted into the plasma in humans after heparin 

injection, its major site of activity is in the lipid metabolism of liver [28–30]. This enzyme is 

activated by apo E, but the apo E4 isoform is less effective than the apo E2 isoform [31]. It is 

well established that the carriers of apo E4 are at higher risk of developing Alzheimer’s, 

although the exact mechanisms by which apo E4 promotes Alzheimer’s are not yet clear. 

Previous studies suggested that apo E4 may affect blood brain barrier, impair amyloid 

clearance from the brain, increase inflammation, and accelerate DHA catabolism [32, 33]. 

Notably, the carriers of apo E4 have been reported to not benefit from dietary treatment with 

TAG-DHA, whereas the non-carriers show improvement in dementia under the same 

conditions [34]. Uptake of DHA by the brain was shown to be significantly lower in apo E4-

carrying mice compared to apo E2- mice [35]. Furthermore, it has been reported that plasma 

LPC-DHA levels were not increased by fish oil supplementation in apo E4 carriers, whereas 

they were increased in the non-carriers [36]. Since the TAG-DHA in the fish oil needs to be 

converted to LPC-DHA for efficient uptake of DHA by the brain, it is possible that one 

mechanism for the inability of fish oil supplements to benefit the apo E4 carriers is because 

of the inefficient generation of LPC-DHA through the HL reaction. In support of this 

hypothesis, our recent studies showed that mice carrying human apo E4 isoform have 

decreased plasma LPC-DHA content, and also lower DHA levels in the brain compared to 

the mice carrying human apo E3. Furthermore we showed that dietary LPC-DHA (in the 

form of lipase-treated krill oil) increased the brain DHA efficiently in the apo E4 mice as 

well as apo E3 mice, whereas untreated krill oil, which has little LPC-DHA, was ineffective 

[37].

In addition to HL, our studies indicate a potential role for EL in the supply of LPC-DHA to 

the brain. Although the deficiency of EL did not decrease brain DHA, it decreased the 

plasma LPC-DHA levels compared to the WT controls (Fig. 7). Furthermore, the deficiency 

of both HL and EL resulted in a greater decrease of brain DHA compared to the deficiency 

of HL alone. While EL and EL have similar specificity towards HDL phospholipids, HL 

plays a greater role in the hepatic metabolism of lipoproteins, and in the hydrolysis of PC-

DHA in the liver. EL is anchored to the plasma membrane of endothelial cells at the blood 

brain barrier, and is not released into the circulation. Therefore, its capacity to hydrolyze 

plasma PC may be limited, whereas HL may act on lipoprotein remnants and HDL in the 

hepatic capillaries as well as in the circulation. The expression of HL and EL is regulated in 

reciprocal manner during inflammation. Whereas HL is down-regulated during 

Sugasini et al. Page 6

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inflammation [38], EL is upregulated [39, 40]. Therefore, it is possible that EL plays a 

significant role in the generation of LPC-DHA under inflammatory conditions, and helps 

maintain the brain DHA levels at normal levels when the activity of HL is decreased (Fig. 

8). It would be of interest to determine whether plasma LPC-DHA or brain DHA are 

decreased significantly in EL KO animals under inflammatory conditions.

Although our studies show a significant decrease in brain DHA levels in HL deficiency, the 

possible effects on brain function in HL deficient animals or patients is not known. Gene 

polymorphism studies in human populations showed inconsistent results. Thus while Xiao et 

al [41] reported that LIPC G/A variant, which decreases HL expression, influences the 

memory scores and suggested potential susceptibility to Alzheimer’s disease, the results of 

Laws et al [42] showed no association with the disease. Further studies using HL-deficient 

animals, especially under chronic inflammatory conditions are warranted to resolve this 

question.
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Abbreviations used

ARA Arachidonic acid

BBB Blood brain barrier

DHA Docosahexaenoic acid

DKO Double gene knockout

EL Endothelial lipase

HL hepatic lipase

KO Gene knockout

LCAT Lecithin-cholesterol acyltransferase

LPC Lysophosphatidylcholine

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PLA1 or 2 Phospholipase A1 or A2

TAG Triacylglycerol

WT Wild type
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Highlights

• Deficiency of either LCAT or endothelial lipase (EL) did not affect brain 

DHA level

• Deficiency of hepatic lipase (HL) decreased brain DHA content by 19%

• Deficiency of both HL and EL decreased brain DHA by 55%

• HL may be primary source of lysophosphatidylcholine (LPC)-DHA for the 

brain uptake

• EL may provide LPC-DHA for the brain in the absence of HL
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Fig. 1. Brain DHA levels
The fatty acid composition of brains from LCAT KO, EL KO, HL KO and HL EL DKO 

mice, and their corresponding WT littermates was determined by GC/MS as described in the 

text. The values shown are % of DHA in the total fatty acids. Each KO group is compared 

with the corresponding WT littermates by unpaired t test. LCAT KO mice and EL KO mice 

did not show significant differences from their WT littermates, but the HL KO mice and HL 

EL DKO mice showed significantly lower DHA levels in the brain.

*** p<0.0001.
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Fig. 2. Brain ARA levels
Fatty acid composition was determined by GC/MS, and the percentage of ARA in the total 

fatty acids of the brains of various genotypes and the corresponding WT littermates is 

presented. Statistical significance between the KO mice and the WT littermates was 

determined by unpaired t test. A significant increase brain ARA was observed in LCAT KO 

mice and HL EL DKO mice.

** p<0.02; *** p<0.0001.
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Fig. 3. DHA/ARA ratios in the brain
The ratio of DHA/ARA was significantly decreased only in LCAT KO and HL EL DKO 

mice.

P<0.05; *** p<0.0001, WT vs KO (unpaired t test)
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Fig. 4. Molecular species of DHA-containing PC and PE species in the brains of HL KO and WT 
mice
The molecular species composition was determined by selected ion monitoring LC/MS/MS, 

as described in the text. Statistical significance between HL KO and WT littermates was 

determined by unpaired t test. N=6 per group. All major species except those containing 

18:2 and 20:4 showed a significant decrease in both PC and PE.
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Fig. 5. Molecular species of DHA-containing PC and PE species in the brains of HL EL DKO 
and WT mice
The molecular species composition was determined by selected ion monitoring in 

LC/MS/MS, as described in the text. Statistical significance between HL EL DKO mice and 

their WT littermates was determined by unpaired t test. N=4 per group. In the PC fraction, 

all major species except 20:4-22:6 PC showed a significant decrease in the DKO mice. In the 

PE fraction, 18:2-22:6, 18:0-22:6, and 20:4-22:6 species showed an increase in DKO mice, 

whereas all other specs showed a decrease compared to the WT littermates.
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Fig. 6. DHA levels in the liver
Fatty acid composition of livers from various KO mice and their WT littermates was 

determined by GC/MS. Unlike in the brain, the DHA concentration in the liver was not 

significantly decreased in HL KO or HL EL DKO mice, but the LCAT KO mice showed a 

significant decrease.

** p<0.005 compared to WT (unpaired t test)
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Fig. 7. Total DHA and LPC-DHA in plasma
Top panel: Total lipid DHA in the plasma was determined by GC/MS as described in the 

text. The values shown are mean ± SD of 4-6 samples for each cohort (% of total fatty 

acids). A significant decrease was observed only in HL KO and HL EL KO mice (unpaired t 

test).

Bottom panel: LPC-DHA was determined by LC/MS/MS, as described in the text, 

employing 17:0 LPC as internal standard, and the values shown (nmol/ml) are corrected for 

the differential response factors of 17:0 LPC and 22:6 LPC. A significant decrease in 
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LPCHA was observed in EL KO, HL KO, and HL EL DKO mice, but not in LCAT KO 

mice.
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Fig. 8. Potential roles of HL and EL in supplying DHA to the brain.
Dietary DHA is absorbed mostly as TAG in the chylomicrons (CM), which pass through 

adipose tissue, heart, and muscle, before entering the liver as CM remnants. Free DHA 

released from CM remnants is incorporated into sn-2 position of PC by the Kennedy 

pathway. Part of the PC-DHA is hydrolyzed by HL, to generate LPC-DHA, which is 

secreted into plasma, bound to serum albumin, and taken by the brain through the Mfsd2a 

pathway. In addition to HL, EL may also generate LPC-DHA to some extent in the plasma, 

especially at the blood brain barrier. Under inflammatory conditions, the relative 

contribution of EL may be increased because HL is down-regulated during inflammation 

[38], whereas EL is up-regulated [39, 40]. HL activity may also be decreased in carriers of 
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apo E4, leading to decreased transport of DHA into the brain. This might contribute to the 

increased risk of Alzheimer’s disease in apo E4 carriers.
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