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Abstract

Hepatic lipase (HL) is an important enzyme in the clearance of triacylglycerol (TAG) from the 

circulation, and has been proposed to have pro-atherogenic as well as anti-atherogenic properties. 

It hydrolyzes both phospholipids and TAG of lipoproteins, and its activity is negatively correlated 

with HDL levels. Although it is known that HL acts preferentially on HDL lipids, the basis for this 

specificity is not known, since it does not require any specific apoprotein for activity. In this study, 

we tested the hypothesis that sphingomyelin (SM), whose concentration is much higher in VLDL 

and LDL compared to HDL, is an inhibitor of HL, and that this could explain the lipoprotein 

specificity of the enzyme. The results presented show that the depletion of SM from normal 

lipoproteins activated the HL roughly in proportion to their SM content. SM depletion stimulated 

the hydrolysis of both phosphatidylcholine (PC) and TAG, although the PC hydrolysis was 

stimulated more. In the native lipoproteins, HL showed specificity for PC species containing 

polyunsaturated fatty acids at sn-2 position, and produced more unsaturated lyso PC species. The 

enzyme also showed preferential hydrolysis of certain TAG species over others. SM depletion 

affected the specificity of the enzyme towards PC and TAG species modestly. These results show 

that SM is a physiological inhibitor of HL activity in lipoproteins and that the specificity of the 

enzyme towards HDL is at least partly due to its low SM content.
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1. Introduction

Hepatic lipase (HL) is a lipolytic enzyme that plays a critical role in the clearance of 

triacylglycerol (TAG) from the plasma and in the metabolism of HDL as well as other 
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lipoproteins [1–3]. It hydrolyzes both TAG and phospholipids of the lipoproteins, its 

substrate preference being intermediate between that of lipoprotein lipase (LPL) which is 

specific for TAG, and of endothelial lipase which is specific for phospholipids. 

Quantitatively, however, HL hydrolyzes more TAG than phospholipids in plasma [4]. HL is 

a major determinant of LDL subfraction distribution [5]. Together with LPL, it is 

responsible for the clearance of TAG from the circulation. However, unlike LPL which is 

important for clearance of both diet-derived (chylomicron) and endogenous (VLDL) TAG, 

HL is more important for the clearance of endogenous TAG from VLDL, LDL and HDL, 

and in re-modeling of these lipoproteins. Since the activity of HL is known to be inversely 

correlated with the plasma HDL levels [2] the study of factors which regulate HL activity is 

important in understanding the regulation of HDL metabolism. Whereas the regulation of 

HL transcription, synthesis and secretion from the liver have been well studied [1,6–8], the 

physiological factors that regulate its activity in the plasma compartment are not well 

understood. Furthermore, while it is known that HL acts preferentially on HDL compared to 

VLDL and LDL [4], the reason for this specificity is unknown, since it does not require an 

apoprotein cofactor for its activity. Our previous studies showed that sphingomyelin, the 

most abundant sphingolipid in the plasma lipoproteins, is an inhibitor of several lipolytic 

enzymes, including LCAT [9], secretory phospholipases II, V, and X [10,11], as well as 

endothelial lipase [12]. Since SM/PC ratio is lower in HDL than in VLDL or LDL [9], it is 

possible that SM also inhibits HL activity on lipoproteins, and this could explain its 

differential effects on lipoproteins. We tested this hypothesis in this study and the results 

presented here show that depletion of SM from the lipoproteins activated the hydrolysis of 

both TAG and PC in the lipoproteins and that the extent of activation is correlated with the 

initial concentration of SM in the lipoproteins. In addition, the specificity of the enzyme for 

various molecular species of PC and TAG was influenced by the presence of SM. These 

results show that SM plays an important physiological role in the regulation of HL activity 

and specificity, and thus indirectly influences HDL metabolism, and the subfraction 

distribution of LD and HDL.

2. Materials and Methods

2.1 Chemicals, reagents and substrates

Egg PC, egg SM, 1, 2-diheptadecanoyl-sn-glycero-3-phosphocholine (PC 17:0) and 1-

heptadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 17:0) were purchased from 

Avanti polar lipids Inc. (Alabaster, AL). Tripentadecanoin (TAG 15:0) was purchased from 

Nu-Chek Prep, Inc (Elysian, MN). Di-palmitoyl [14C] PC (55 mCi/mmole) and triolein (9, 

10-3H-oleoyl) (60 Ci/mmol) were purchased from American Radiochemicals Inc (St. Louis, 

MO). Sphingomyelinase (EC 3.1.4.12) from B. cereus (100 units/mg) was obtained from 

Sigma-Aldrich (St. Louis, MO). Methanol and chloroform are LC/MS grade from Fisher 

Chemical (Pittsburgh, PA). All other reagent used here are analytical grade.

2.2 Lipoproteins and HL

Pooled normal human plasma (never frozen) was obtained from a local blood bank. VLDL, 

LDL and HDL were isolated sequential ultracentrifugation according to published method 

[9]. The lipoproteins were dialyzed extensively against 10 mM Tris-0.15 M NaCl-1mM 
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EDTA pH 7.4, and stored at 4°C. Protein content was quantified by Coomassie Brilliant 

Blue assay, using bovine serum albumin (BioRad) as standard. The concentrations of SM 

and PC in the lipoproteins were determined from the estimation of lipid phosphorus, 

following the separation of the phospholipids by TLC. The SM/PC ratios of the lipoproteins 

were: 0.20 ± 0.01 for VLDL, 0.39 ± 0.036 for LDL, and 0.156 ± 0.003 for HDL. The 

lipoproteins were used for enzyme treatment within three weeks after preparation. Chinese 

Hamster Ovary cells stably transfected with human HL [13] were kindly provided by by Dr. 

John S. Hill, University of British Columbia. The cells were grown to confluence in 10% 

fetal calf serum in DMEM, and the medium was changed to DMEM containing 1% 

Nutridoma and 10 units/ml heparin. The medium was collected and replaced every day for 7 

days, and the pooled medium was cleared of cell debris by centrifugation and concentrated 

by ultrafiltration using Centriflo filters. The concentrated medium was stored in aliquots of 

10 ml each at −80 °C until use. Each tube was thawed only once before use.

2.3 Labeling of lipoproteins

VLDL, LDL, and HDL, freshly isolated from pooled human plasma were labeled with 

di[14C] PC 16:0 or [3H] triolein in order to trace the hydrolysis of lipoprotein PC or TAG by 

HL. To 1 ml of the lipoprotein containing 2 mg protein, 50 μl of ethanolic solution of di-

[14C] palmitoyl PC (0.2 μCi) was added, and the solvent was evaporated under nitrogen at 

room temperature. The labeled lipoproteins were further incubated under nitrogen for 30 

min at 37°C, and stored at 4 °C until use. The labeled lipoproteins were used for the HL 

assay within one week. Under these conditions, more than 95% of the label is associated 

with the lipoproteins after ultracentrifugation at the respective isolation densities of the 

lipoproteins.

2.4. SMase treatment

Freshly prepared lipoproteins (400 μg protein each), labeled with 14C-PC 16:0 or 3H-triolein 

were incubated with 0.1 units of B. cereus SMase at 37°C for 2h, and then heated at 65°C 

for 15 min to inactivate the SMase. The extent of SM degradation under these conditions 

was assessed by LC/MS after adding an internal standard of 12:0 SM, and in all cases over 

95% of SM was found be degraded with no effect on PC (see Figs 1–3, Supplemental Data) 

or TAG (not shown). The unlabeled lipoproteins were similarly depleted of SM by treatment 

with SMase.

2.5. HL activity on labeled lipoproteins

Control or SMase-treated HDL, LDL or VLDL (400 μg protein each) were incubated with 

500 μl of recombinant human HL containing 32 μg protein for the indicated periods of time 

at 37 °C and the reaction was stopped by adding 2 mL of methanol, and the total lipids were 

extracted by Bligh and Dyer [14] procedure. The total lipids were separated by silica gel 

TLC using the solvent system of chloroform: methanol: water 65:25:4 (v/v) for the PC-

labeled lipoproteins, and the solvent system of hexane-diethyl ether-acetic acid 70:30:1 (v/v) 

in the case of TAG-labeled lipoproteins. In the case of PC-labeled substrates, the spots 

corresponding to LPC, PC, and free fatty acids were scraped and their radioactivity 

determined in a liquid scintillation counter after addition of 0.5 ml water to each vial to 

maximize elution of the lipids from the silica gel. In the case of TAG-labeled substrates the 
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spots corresponding to TAG, MAG, and free fatty acids were scraped and their radioactivity 

determined in the scintillation counter after adding 0.5 ml water.

2.6. Molecular species analysis by LC/MS of unlabeled lipoproteins treated with HL

Control and SM-depleted HDL, LDL, and VLDL were treated with 0.5 ml of recombinant 

HL containing 32 μg protein for 4 h at 37 C. The enzyme reactions were stopped by the 

addition of methanol containing 1.0 μg each of the following internal standards: di 17:0 PC, 

17:0 LPC, tri-15:0 TAG. The total lipids were extracted by Bligh and Dyer procedure [14] 

and the molecular species of various lipids were analyzed by LC/MS using an AB Sciex 

QTRAP 6500 mass spectrometer coupled with Agilent 2600 UPLC system. The samples 

were diluted with Solvent A (80/19.5/0.5 chloroform/methanol/water). A normal phase silica 

column (Supelco Ascentis Si 3μ, 10cm×2.1mm) was used for LC separation. Mobile phase 

A consisted of 80/19.5/0.5 (v/v) chloroform/methanol/water and mobile phase B consisted 

of 60/34.5/5.5 chloroform/methanol/water (v/v). Both A and B were supplemented with 

0.1% of formic acid and 0.1% ammonium hydroxide. Chromatographic separations were 

accomplished with 100% solvent A for 5 min, then a linear gradient of 100% solvent A to 

100% solvent B from 5 to 30 min, and 100% solvent B from 30 to 35 min. The column 

temperature was held at 25°C. The flow rate was set to 350μL min−1. ESI-MS was 

performed in both positive and negative multiple reaction monitoring (MRM) mode for the 

quantitative and qualitative analysis of PC and TAG species (see Table-1 and Table-2, 

Supplemental Data, for the MRM values used). The spray voltage was 4.5kV, the source 

temperature was set at 450°C. Mass spectra were acquired and recorded by Analyst software 

(AB Sciex). The major PC species known to be present in the plasma lipoproteins were 

analyzed in MRM mode, with the precursor and product ion pairs as shown in Table-1, 

Supplemental Data. The position of the acyl groups in each PC as shown (conventionally 

sn-1 acyl group, followed by sn-2 acyl group) was assumed based on the known 

preponderance of saturated acyl groups at the sn-1 position, and the unsaturated acyl groups 

at sn-2. The TAG species were analyzed in neutral loss mode with the ammoniated 

precursor ion (Q1) and the product ion derived from the loss of individual ammoniated fatty 

acids (Q3) as shown in Table-2 of Supplemental Data. The position of the individual acyl 

groups was not determined for the TAG species. Quantitation of individual molecular 

species PC, LPC, and TAG was performed from the relative intensities of the various 

species and the corresponding internal standards (17:0–17:0 PC, 17:0 LPC, 15:0/15:0/15:0 

TAG respectively).

3. Results

3.1. Effect of SM on the hydrolysis of labeled PC in lipoproteins

VLDL, LDL, and HDL isolated from normal human plasma were labeled with trace 

amounts of di [14C]-palmitoyl PC, and aliquots of labeled lipoproteins were treated with 

bacterial SMase for 2 h at 37 °C. The SMase was then inactivated by heating the reaction 

mixture at 60 °C for 15 min. More than 95% of the SM was hydrolyzed under these 

conditions, as measured by LC/MS (see Figs 1–3, Supplemental Data). The SM-depleted 

and control lipoproteins (400 μg protein) were then incubated with recombinant HL (32 μg 

protein) for varying periods of time, and the radioactivity in PC, LPC and free fatty acids 
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was determined after the TLC separation of lipids. The HL activity was expressed as % of 

PC hydrolyzed. As shown in Fig. 1, the hydrolysis of labeled PC was stimulated in all 

lipoproteins by the depletion of SM. The extent of stimulation (on average 87% for VLDL, 

129% for LDL, and 22% for HDL) was positively correlated with the SM/PC ratio of the 

native lipoprotein, suggesting that the concentration of SM is a major determinant of the HL 

activity. There was no hydrolysis of PC by SMase alone, in the absence of HL(see Figs 1–3, 

Supplemental Data).

3.2. Effect of SM on the hydrolysis of labeled TAG in the lipoproteins

VLDL, LDL, and HDL were labeled with trace amounts of 3H-triolein (labeled in all 3 acyl 

groups) and the SM was depleted by SMase treatment as described above for the PC-labeled 

lipoproteins. The SM-depleted and control lipoproteins (400 μg protein) were treated with 

recombinant HL (32 μg protein) for various periods of time and the radioactivity in TAG 

and free fatty acids was determined after TLC separation of the lipids. The hydrolysis of 

TAG (expressed as % TAG hydrolyzed) was linear for 6 h in the case of VLDL but reached 

a plateau earlier in HDL and LDL (Fig. 2), possibly due to limited amount of endogenous 

TAG. In all cases the hydrolysis was stimulated by the depletion of SM. The average 

stimulation was about 23% in the case of HDL, 45% for LDL, and 18% for VLDL. Again 

the extent of stimulation appeared to correlate with the SM concentration in the native 

lipoprotein, as in the case of PC hydrolysis, suggesting an important role for SM in the 

hydrolysis of TAG by HL.

Fig 3 shows the comparative effects of SM depletion on PC and TAG hydrolysis by HL in 

the three lipoproteins (6 h incubation), as well as the SM/PC ratios in native lipoproteins. 

Depletion of SM stimulated the hydrolysis of PC more than that of TAG in all lipoproteins. 

However the differences were more marked in VLDL and LDL which are richer in SM. 

These results suggest that SM may have a greater inhibitory effect on PC hydrolysis than on 

TAG hydrolysis in the native lipoproteins.

3.3. Effect of SM on the hydrolysis of molecular species of PC in lipoproteins

Although the results with labeled PC showed that its hydrolysis is stimulated by SM 

depletion, it is important to study the effect of SM in native lipoproteins in order to 

determine its physiological relevance and its potential effect on the specificity towards 

molecular species of PC. For this purpose, we incubated isolated unlabeled lipoproteins 

before and after SM depletion with recombinant HL for 4 h at 37 °C, and determined the 

molecular species composition of PC by LC/MS/MS. In addition, the species of LPC 

generated were measured. From these results, the decrease in total PC as well as individual 

PC species was determined. Since the lipoproteins contain various molecular species of PC 

in unequal and varying amounts, the specificity of the enzyme was calculated by dividing 

the % contribution of individual species to the total decrease in PC by their initial 

concentration, as described previously for endothelial lipase [12]. By this criterion, a relative 

specificity value of greater than 1.0 indicates that the given species is preferred over the 

“average” PC, whereas a value lower than 1.0 indicates a lower preference than “average” 

PC.
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As shown in Fig 4, the hydrolysis of total PC was lower in native LDL and VLDL compared 

to HDL, although the only difference between HDL and LDL was statistically significant. 

SMase treatment increased the hydrolysis of PC in in all lipoproteins, although only the 

effect on LDL was statistically significant. These results support the results with labeled 

lipoproteins and show that LDL, which has the highest SM/PC ratio is affected most by SM 

depletion. The hydrolysis of individual molecular species of PC is shown in Fig 5. In all 

lipoproteins, quantitatively the major PC species hydrolyzed were 16:0–18:2, 16:0–18:1, 

16:0–20:4 and 18:0–18:2, which are also the most abundant. SM depletion stimulated the 

hydrolysis of all species. However the hydrolysis of some of the species reached statistical 

significance (compared to control with no HL) only after SM depletion suggesting that SM 

may protect certain PC species more than others from degradation by the lipase. When the 

relative specificity (selectivity) of HL was calculated as described above, the differences 

between the lipoproteins, as well as the effect of SM depletion, are more apparent (Fig. 6). 

Thus in native LDL, which has the highest SM/PC ratio, HL appears to preferentially 

hydrolyze the PC species containing polyunsaturated fatty acids at sn-2 position (16:0–22:6, 

18:0–20:4, 18:1–20:4, 18:2–20:4). In HDL, which has the lowest SM/PC ratio, the 

specificity towards these species is significantly lost. SM depletion in LDL reduced the 

specificity factor for many, although not all of these PC species.

3.4. LPC molecular species

Fig. 7 shows the increase in various species of LPC in the three lipoproteins following HL 

treatment before and after SM depletion. As expected from the results on PC species, and 

the known positional specificity of HL for the sn-1 acyl group, the most abundant LPC 

generated in all lipoproteins was 18:2 LPC, followed by 18:1 and 20:4 species. Treatment 

with SMase stimulated the formation of all unsaturated LPC species, including 22:6 LPC, 

although statistically significant effect of SM depletion was seen only in LDL. These results 

show that similar to endothelial lipase [12], the effect of HL is to increase unsaturated LPC 

species, whereas LCAT increases mainly the saturated LPC [15]. It may be noted that since 

the SMase was inactivated by heat before the addition of HL, the hydrolysis of LPC by 

SMase as observed in the endothelial lipase studies [12] is avoided. However it is possible 

that some hydrolysis of LPC has occurred by HL or SMase or other enzymes in lipoproteins 

because the increase in LPC is lower than the decrease in corresponding PC species (Fig. 5), 

especially in VLDL.

3.5. Hydrolysis of lipoprotein TAG by HL

Fig 8 shows the hydrolysis of lipoprotein TAG by HL before and after SM depletion. In 

terms of percentage of TAG hydrolyzed, HL hydrolyzed the TAG of HDL more efficiently 

than the TAG of LDL or VLDL. This is similar to the hydrolysis of PC in the three 

lipoproteins (Fig. 4). However in terms of the total TAG hydrolyzed, much greater amount 

of TAG was hydrolyzed in VLDL because of the high concentration of TAG in this 

lipoprotein. SM depletion activated the hydrolysis of TAG in all lipoproteins, but only the 

stimulation in LDL and VLDL was statistically significant. These results show that the 

hydrolysis of TAG by HL is also regulated by the SM content of the lipoprotein.
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3.6. Specificity of HL towards TAG species

Fig. 9 shows the decrease in various species of TAG following HL treatment in yhe native 

and SM-depleted lipoproteins. In all of the lipoproteins, the major TAG species hydrolyzed 

were 16:0/18:1/18:1, and 16:0/18:1/18:2. SM depletion stimulated the hydrolysis of most of 

the TAG species. However, while the decrease in the amount (from the control with no HL) 

of all TAG specie reached statistical significance in HDL before depletion of SM, it did not 

reach statistical significance in VLDL and LDL for many species until after SM depletion. 

This shows that SM may preferentially inhibit the hydrolysis of some TAG species 

(including the major species 16:0/18:1/18:1, and 16:0/18:1/18:2).

4. Discussion

The importance of HL in lipoprotein metabolism, in particular its effect on plasma HDL 

levels and function, is well established [1,2]. HL activity is negatively correlated with levels 

of plasma HDL cholesterol, as well as with small dense LDL particles, two of the most 

important but opposite markers of coronary heart disease, and consequently HL has been 

attributed to have both pro-atherogenic and anti-atherogenic effects [1]. The activity of the 

enzyme varies by up to 8-fold among normal individuals, but less than half of this variability 

is attributable to genetic polymorphism in the HL gene [1], indicating the activity is 

regulated by other factors in the circulation. The preference of HL for the hydrolysis of 

phospholipids and TAG of HDL was reported by several studies [4,16], but the basis for the 

specificity for HDL is not clear, since the enzyme does not require any specific apoprotein 

for its activity. The present studies show that the SM concentration of the substrate 

lipoprotein may be an important modulator of its activity. This property of HL is similar to 

that of several other lipolytic enzymes in the plasma, namely LCAT [9], secretory 

phospholipases [10,11], and endothelial lipase [12], all of which have been shown to be 

inhibited by SM. A common feature of these enzymes is that they all utilize PC as substrate, 

and since SM has several physicochemical characteristics similar to that of PC, but is 

resistant to hydrolysis by lipolytic enzymes, it could act as a competitive inhibitor of their 

activities [9]. In addition, SM may affect the surface properties of the lipoproteins and alter 

the binding of lipolytic enzymes to their substrate lipoproteins [17]. In contrast to the other 

enzymes inhibited by SM, HL hydrolyzes several plasma lipids including TAG, PC, PE, 

monoacylglycerol, and acyl CoA thioesters [4]. We also found that SM inhibited the 

hydrolysis of monoacylglycerol and PE in addition to that of PC and TAG (results not 

shown) supporting the hypothesis that SM interacts non-productively with the active site of 

the enzyme and thus acts as a competitive inhibitor.

It has been shown that HL hydrolyzes quantitatively more TAG than PC in the lipoproteins 

[4], and therefore the inhibition of TAG hydrolysis by SM could be physiologically 

significant in the clearance of TAG from the plasma. Previous studies [18,19] have in deed 

reported that incorporation of SM into TAG emulsions inhibited the clearance of those 

emulsions from the circulation, but this was attributed to an inhibition of LPL activity, and 

the possible contribution of HL for TAG clearance was not investigated in these studies. SM 

is the second most abundant phospholipid in the plasma, but its physiological role in 

lipoprotein metabolism in plasma is not well understood. The SM/PC ratio is increased in 
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abetalipoproteinemia [20,21] as well as in several hyperlipidemias [22–24], but the impact 

of this increase on the overall lipoprotein metabolism is not clear. Interestingly, the HL 

activity has been shown to be decreased in abetalipoprteinemia [25], as well as in Type I 

[26] and Type III [27] hyperlipoproteinemias, although the possible role of increased SM 

levels cannot be ascertained. While some previous studies in humans and mice suggested a 

pro-atherogenic role for SM [28–30], the recent multi-ethnic epidemiologic study in a large 

population indicated that SM has a modestly protective effect [31]. Since the atherogenic 

effects of HL also appear to be dependent on the concurrent presence of other lipoprotein 

abnormalities [1], it is possible that the inhibition of HL by SM in hyperlipidemic subjects 

may play a role in this variability.

The substrate specificity of HL towards the molecular species of PC was previously 

investigated by Duong et al [32] employing recombinant HDL containing only a single PC 

species at a time. These studies showed the order of specificity as 16:0–18:1>16:0–

18:2>16:0–22:6>16:0–20:4. However this order of preference may not be applicable to the 

physiological conditions where the PC species not only occur in varying concentrations, but 

also compete with each other. In another study [33], the molecular species composition was 

investigated in HL deficient mice, the rationale being that the species preferred by HL would 

accumulate in the absence of the enzyme. These studies revealed that 36:4 PC 

(presumably16:0–20:4 and 18:2–18:2), and 36:2 PC (presumably 18:0–18:2 and 18:1–18:1) 

accumulated in the HL-deficient mice, suggesting preference of the enzyme for these PC 

species. However this may not necessarily represent the specificity of HL, since these PCs 

are also quantitatively major species in the lipoproteins. Furthermore other phospholipase 

activities in plasma (LCAT, endothelial lipase sPLA2) could alter the PC species 

composition in the absence of HL. Our studies are performed in the absence of other 

lipolytic activities, and with the physiological substrates (native lipoproteins) which not only 

contain several PC species in varying concentrations, but also all other lipids and 

apoproteins that could influence the specificity of the enzyme. Whereas the major species 

hydrolyzed in terms of mass were 16:0–18:2 and 16:0–18:1 because of their higher 

concentrations, the selectivity, as calculated from the relative concentrations of the PC 

species, showed the enzyme preferring certain minor PC species, especially those containing 

polyunsaturated fatty acids at sn-2 position, such as 16:0–22:6, 18:0–20:4, and 18:1–

18:20:4. This is similar to the specificity exhibited by endothelial lipase, although 

endothelial lipase exhibited stronger preference for the polyunsaturated species compared to 

HL. Furthermore, the depletion of SM altered the specificity more modestly than observed 

for endothelial lipase.

Unlike the specificity towards PC species, the substrate specificity of HL towards the 

molecular species of TAG has not been investigated previously. Our results show that the 

major TAG species hydrolyzed in all the lipoproteins were 16:0/18:1/18:1, and 

16:0/18:1/:18:2. The relative specificity values show the enzyme preferring the more 

abundant species in VLDL. However in LDL the enzyme showed preference for the less 

abundant 16:0/16:0/18:2 and 16:0/18:0/18:2, before SM depletion, but showed loss of this 

specificity after SM depletion. In HDL there was no clear specificity for any TAG species.
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5. Conclusions

These studies show that SM modulates the hydrolysis of both PC and TAG by HL in plasma 

lipoproteins, and also affects the substrate specificity of the enzyme towards individual 

molecular species of TAG and PC. This property of SM may be important in the clearance 

of TAG from the circulation, and in the remodeling of lipoproteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Hepatic lipase is activated by sphingomyelin depletion from lipoprotein 

substrates

• The stimulation was greater in LDL and VLDL, compared to HDL

• Hydrolysis of phosphatidylcholine was stimulated more than that of 

triacylglycerol

• Hepatic lipase showed specificity for polyunsaturated phosphatidylcholines

• Sphingomyelin is a physiological regulator of hepatic lipase activity
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Fig. 1. Effect of SM depletion on the hydrolysis of labeled PC incorporated into lipoproteins
The lipoproteins were pre-labeled with dipalmitoyl [14C] PC, and an aliquot of the labeled 

lipoprotein was subjected to SMase treatment as described in the text. The SMase-treated 

and untreated lipoproteins were then incubated with recombinant HL (500 μl, 32 μg protein) 

for the indicated periods of time at 37 °C. The lipids were extracted, and the radioactivity in 

LPC, PC, and FFA was determined following their TLC separation. The results show the 

decrease in PC counts (%) compared to the control (incubated with no HL), and are mean ± 

SEM of 4 experiments. * p < 0.01 HL vs HL + SMase.
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Fig. 2. Effect of SM depletion on the hydrolysis of labeled TAG incorporated into lipoproteins
The lipoproteins were labeled with 3H triolein, and subjected to SMase treatment as 

described in the text. The SMase-treated and untreated lipoproteins were reacted with 

recombinant HL (32 μg protein) at 37 °C for the indicated periods of time. The lipids were 

extracted and the radioactivity in TAG and FFA was determined after TLC separation. The 

results shown are % decrease in TAG radioactivity from the control (no HL), and are mean 

± SEM of 4 experiments. * p,< 0.05 SMase-treated vs untreated samples.
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Fig. 3. SM/PC ratios of the lipoproteins, and the effect of SM depletion on the hydrolysis of 
labeled PC and TAG incorporated into lipoproteins
SM and PC values were determined from the estimation of lipid phosphorus following the 

separation of the lipids by TLC. The stimulation of PC or TAG hydrolysis by SM depletion 

was calculated from the samples of 6 h incubation with HL (Fig 1 and Fig 2). The values 

shown are mean ± SEM of 4 experiments.
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Fig. 4. Hydrolysis of PC in unlabeled lipoproteins
Unlabeled lipoproteins (400 μg each) were first treated with SMase, followed by heat-

inactivation of SMase, as described in the text. The SM-depleted and intact lipoproteins 

were then incubated with recombinant HL (32 μg protein) for 4 h at 37 °C.The lipids were 

extracted after adding an internal standard (17:0–17:0 PC) and the PC composition was 

analyzed by LC/MS/MS as described in the text, by MRM. The decrease in PC amount was 

calculated from the difference in the total PC between control (no HL) and experimental 

(with HL) samples. Values shown are mean ±SEM of 6 analyses (HDL) or 4 analyses (for 

VLDL and LDL), but were all obtained from the same batch of the enzyme..

* p< 0.05 compared to HDL; # p< 0.05 HL vs SMase + HL.
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Fig. 5. Hydrolysis of individual molecular species of PC in the lipoproteins
The SMase-treated and native lipoproteins (400 μg protein) were incubated with 32 μg 

recombinant human HL for 4 h at 37 °C (Fig. 4), and the composition of molecular species 

of PC was analyzed by LC/MS/MS, with 17:0 PC as the internal standard. The decrease in 

individual PC species from the control (no HL) values was calculated. Values shown are 

mean ± SEM of 4 separate analyses, performed with a single batch of enzyme and 2 

different batches of lipoproteins. * p< 0.05 compared to the control (no HL) values (not 

shown).
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Fig. 6. Selectivity of HL for the molecular species of PC in native lipoproteins
The relative specificity values were calculated by dividing the % contribution of each PC 

species to the total decrease in PC by the % concentration of the species in the native 

lipoprotein (incubated with no HL). The PC species with a value of > 1.0 are those preferred 

by the enzyme, whereas the PC species with values < 1.0 are poorer substrates than 

“average” PC.
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Fig. 7. LPC species generated by HL in lipoproteins
The SM-depleted and native lipoproteins were reacted with HL for 4 h (Fig. 5) and the 

molecular species of LPC were analyzed by LC/MS/MS. The values shown are mean ± 

SEM of 4 experiments, performed with a single batch of the enzyme and 2 different batches 

of lipoproteins. * p < 0.05 HL vs SMase + HL
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Fig. 8. Effect of SM depletion on TAG hydrolysis in lipoproteins
Unlabeled lipoproteins (400 μg protein) were first depleted of SM by SMase treatment as 

described in the text. The SMase-treated and native lipoproteins were incubated with 

recombinant human HL (32 μg) for 4 h, and the TAG composition was analyzed by MRM 

using 15:0/15:0/15:0 TAG as internal standard. The decrease in TAG from the controls 

(incubated with no HL) was calculated, and expressed either as % decrease (top) or as 

decrease in mass (bottom). The values shown are mean ± SEM of 4 analyses (two analyses 

performed in duplicate, with a single batch of enzyme). # p<0.05 compared to HDL; * p< 

0.05 HL alone vs SMase+ HL.
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Fig. 9. Hydrolysis of molecular species of TAG by HL
Unlabeled lipoproteins were first depleted of SM by SMase treatment as described in the 

text. The SM-depleted and native lipoproteins (400 μg) were then incubated with 

recombinant HL (32 μg) for 4 h and the TAG species were analyzed by MRM, using 

15:0/15:0/15:0 TAG as the internal standard. The decrease in each species compared to the 

control (samples incubated without HL) was calculated. The values shown are mean ± SEM 

of 4 analyses, as in Fig. 8.. * p< 0.05 compared to control.
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