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Abstract

The lean body weight phenotype of hepatic lipase (HL)–deficient mice (hl�/�)
suggests that HL is required for normal weight gain, but the underlying mech-

anisms are unknown. HL plays a unique role in lipoprotein metabolism per-

forming bridging as well as catalytic functions, either of which could

participate in energy homeostasis. To determine if both the catalytic and

bridging functions or the catalytic function alone are required for the effect of

HL on body weight, we studied (hl�/�) mice that transgenically express physi-

ologic levels of human (h)HL (with catalytic and bridging functions) or a cat-

alytically-inactive (ci)HL variant (with bridging function only) in which the

catalytic Serine 145 was mutated to Alanine. As expected, HL activity in post-

heparin plasma was restored to physiologic levels only in hHL-transgenic mice

(hl�/�hHL). During high-fat diet feeding, hHL-transgenic mice exhibited

increased body weight gain and body adiposity relative to hl�/�ciHL mice. A

similar, albeit less robust effect was observed in female hHL-transgenic relative

to hl�/�ciHL mice. To delineate the basis for this effect, we determined cumu-

lative food intake and measured energy expenditure using calorimetry. Inter-

estingly, in both genders, food intake was 5–10% higher in hl�/�hHL mice

relative to hl�/�ciHL controls. Similarly, energy expenditure was ~10% lower

in HL-transgenic mice after adjusting for differences in total body weight. Our

results demonstrate that (1) the catalytic function of HL is required to rescue

the lean body weight phenotype of hl�/� mice; (2) this effect involves comple-

mentary changes in both sides of the energy balance equation; and (3) the

bridging function alone is insufficient to rescue the lean phenotype of hl�/�

ciHL mice.

Introduction

Hepatic lipase (HL) is a multifunctional lipolytic enzyme

expressed in the liver that plays a central role in lipopro-

tein metabolism (Olivecrona and Bengtsson-Olivecrona

1993; Connelly 1999; Brunzell and Deeb 2001). Hepatic

lipase acts by catalyzing the hydrolysis of phospholipid

and triglyceride in circulating lipoproteins remodeling

them and reducing plasma lipid levels (Kuusi et al. 1979,

1980; Jackson 1983; Olivecrona and Bengtsson-Olivecro-

na 1993; Brunzell and Deeb 2001). For example, overex-

pression of human HL in rabbits and mice reduces
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plasma triglyceride and cholesterol levels (Fan et al.

1994; Dichek et al. 1998, 2004b). Hepatic lipase also acts

by bridging lipoproteins onto cell surfaces in proximity

to receptors for uptake (Ji et al. 1994, 1997). Once

secreted, HL attaches to surfaces of hepatocytes and

sinusoid endothelial cells via binding to heparan-sulfate

proteoglycans (HSPG) (Jansen et al. 1979; Kounnas et al.

1995; Sanan et al. 1997; Dichek et al. 1998). HSPG bind-

ing is a critical component of the bridging function

through which HL mediates cellular uptake of lipopro-

teins (Diard et al. 1994; Ji et al. 1997; Sendak et al.

2000). The binding of HL to HSPG requires interaction

between negatively charged sulfate residues on the HSPG

and positively charged amino acid residues in HL (van

Tilbeurgh H et al. 1994; Sendak et al. 2000). This inter-

action can be disrupted by competitive binding of other

positively charged molecules including heparin, as well

as by removal of negatively charged sulfate groups by

treatment with heparinase (Ji et al. 1997). Once bound

to HSPG, the catalytic function of HL hydrolyzes lipo-

protein remnants, intermediate density lipoproteins

(IDL), low-density lipoproteins (LDL), and high-density

lipoproteins (HDL), releasing-free fatty acids (FFA) and

smaller lipoprotein particles (Dichek et al. 1998).

The contribution of HSPG-binding to the bridging

function is illustrated by in vitro studies using McArdle

Rat Hepatoma 7777cells (Ji et al. 1997). Those studies

demonstrate that cellular binding and uptake of labeled

lipoproteins increases when the cells are incubated with

conditioned medium from cells transfected with either

functional human HL or catalytically inactive HL (ciHL)

(Ji et al. 1997). Thus, human HL can increase cell associa-

tion and uptake of lipoproteins via the bridging function,

even in the absence of its catalytic activity. Conversely,

disruption of the bridging function by abolishing HSPG

binding using heparinase decreases cell-association of

lipoproteins (Ji et al. 1997). Also, in in vivo studies, intra-

portal injection of heparin blocks the physical association

of HL with hepatocytes in mice with liver-directed trans-

genic expression of human HL, confirming the impor-

tance of the bridging function of HL (Dichek et al. 1998).

Thus, the catalytic and bridging functions of HL are com-

plementary, and the impact of HL on lipoprotein metab-

olism depends upon both.

Previous work examining the respective roles of

human HL’s catalytic and bridging functions in lipopro-

tein metabolism and atherosclerosis unexpectedly

revealed reduced weight gain in mice expressing supra-

physiologic levels of ciHL (Dichek et al. 2004b). Also,

recent work suggests that mice lacking HL are leaner

than normal controls, especially when fed an obesity-

promoting high-fat diet (HFD) (Chiu et al. 2010).

Although the underlying mechanisms remain unknown,

the effect involves both reduced food intake and a rela-

tive increase in energy expenditure, irrespective of diet

(Chiu et al. 2010). Also unknown is whether the cata-

lytic or bridging functions (or both) mediate HL’s effects

on energy homeostasis and obesity susceptibility (Dichek

et al. 1998, 2001, 2004a). To address this question, we

rescued mice lacking HL with transgenic expression of

the cDNA encoding either intact human HL (possessing

both its catalytic and bridging functions) or a catalyti-

cally inactive HL ((ci)HL) mutant (possessing its bridg-

ing function only). The resultant mice express

physiologic HL levels and were used to determine (1)

whether the catalytic function of HL is required to res-

cue the body weight phenotype of hl�/� mice, or (2) if

the bridging function alone is sufficient to mediate this

effect.

Materials and Methods

Genetically engineered mice

HL- deficient mice on the C57BL/6 background (hl�/�)
(Homanics et al. 1995) (http://jaxmice.jax.org/strain/

002056.html) were obtained from our colony at the Uni-

versity of Washington as described (Chiu et al. 2010).

The human HL- and ciHLcDNAs used to produce the

humanized mouse models were reported previously (Ji

et al. 1997). For comparison, data from WT (hl+/+)

C57BL/6 mice from our earlier study are included (Chiu

et al. 2010).

Human HL transgenic mouse model

Transgenic mice that express physiologic levels of human

HL were generated by the Transgenic Resources Program

at the University of Washington using a construct con-

taining sequences from the human apoE gene locus,

including the hepatic control region that directs transgene

expression to the liver (a gift from Dr. John Taylor at the

Gladstone Institutes of Cardiovascular Disease) (Dichek

et al. 1998) (Fan et al. 1994).

The human HL transgenic founder was 75% C57BL/6/

25% C3H background and was bred with hl�/� mice on

the C57BL/6 background. The resulting transgenic off-

spring was backcrossed with hl�/� to achieve at least 94%

C57BL/6 background.

Human ciHL gene targeted model

Mice expressing human catalytically inactive (ci) HL (Ji

et al. 1997) at physiologic levels were generated by

homologous recombination in C57BL/6 embryonic stem

cells in collaboration with Genoway (Lyon, France).
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Mouse HL sequences were amplified from an HL-

specific BAC clone derived from a BAC library of the

C57BL/6 mouse strain (Wellcome Trust Sanger Institute,

Hinxton, Cambridgeshire, UK). The targeting vector fea-

tures the Neomycin-positive selection cassette flanked by

loxP sites, a 6.1 kb long homology region, a 1.6 kb

short homology region, and the 1.6 kb ciHL cDNA (Ji

et al. 1997). The targeting vector disrupts the exon 2

coding sequence in the mouse HL gene by in-frame

fusion of the human ciHLcDNA with the murine ATG

transcriptional start site creating a humanized knock-in

allele. Sequence confirmation was performed by restric-

tion digests and DNA sequencing throughout the vector

construction. The targeting vector was linearized by

restriction digest and transfected into C57BL/6 ES cells

by electroporation. Successful homologous recombina-

tion at the 50 end of the mouse HL locus was detected

by PCR and confirmed by Southern blot analysis, which

verified the 30 homologous recombination event in three

clones that were positive for the 50 end screen. Southern

blot hybridization confirmed the absence of randomly

integrated copies of the targeting construct. Embryonic

stem cell clones demonstrating successful homologous

recombination were injected into blastocysts isolated

from albino C57BL/6 (C57BL/6J-Tyrc-2J/J) female mice.

The injected blastocysts were reimplanted into OF-1

pseudopregnant females for generation of chimeric off-

spring. Male offspring with >50% chimerism were bred

with C57BL/6 Cre recombinase-expressing deleter mice

to excise the neomycin selection cassette. Offspring with

black coat color (heterozygous for the knock-in allele)

were analyzed by PCR to verify excision of the neomy-

cin selection cassette and to confirm the absence of the

mouse HL (Table 1). Presence of the knock-in and

wild-type alleles was verified by Southern blot analysis.

Mice that were heterozygous for the knock-in allele

were mated with each other to produce homozygous

knock-in mice. Male and female mice were studied.

Mice were housed in a modified barrier facility with a

12-h light, 12-h dark cycle. All experiments were

approved by the Institutional Animal Care and Use

Committee and the Office of Animal Welfare of the

University of Washington.

Expression of human HL and ciHL

Presence of the hHL and ciHL transgenes was confirmed

in vivo by PCR that specifically detects human HL (Dichek

et al. 2004a). Hepatic lipase activities in plasma obtained

10 min after tail vein injection of heparin (150 U/kg body

weight) were determined as previously described with

[1-14C] trioleate-labeled emulsion (Iverius and Brunzell

1985). Specifically, hepatic lipase activities were obtained

after suppressing lipoprotein lipase activity with 1 mol/L

sodium chloride (Iverius and Brunzell 1985; Nilsson-Ehle

1987). HL protein expression was confirmed by Western blot

analysis using a monospecific polyclonal rabbit anti-human

HL antiserum as described (Dichek et al. 1998, 2001).

Diet study

Groups of male and female mice were weaned, caged

individually and fed a HFD containing 42% of calories

from fat and 0.15% (wt/wt) cholesterol (TD 88137, Har-

lan Teklad, Madison, WI) starting at 6–8 weeks of age.

Food intake and body weight were measured daily

between 9 and 11 AM for 3 months. Body lengths were

measured in adult mice (24–26 weeks old).

Adipocyte histology

Gonadal white adipose tissue (WAT) was fixed in 10% Neu-

tral Formalin and embedded in paraffin. For each tissue

sample, 5 lm thick sections were cut and stained by hema-

toxylin and eosin. Noncontiguous sections were visualized

using an Olympus BH-2 microscope and photographed

using an Olympus DP-72 camera at 209 magnification. The

area of image was 250,855.5 lm2. Between 148 and 295 cells

were counted per tissue by two blinded observers. The corre-

lation between observers was 0.94. The area of the section

was divided by the mean of the cell count from each observer

and expressed as adipocyte size in lm2.

Body composition and Calorimetry

Body composition was measured at age 22–24 weeks in

the Energy Balance Glucose Metabolism Core (EBGM) of

Table 1. Primer sequences to detect mouse HL and human ciHL.

Name Sequence Purpose

Forward 57533hom 50-ATG CGA CTA GAA AGA CCA GGA CCA CG-30 Detects mouse HL, 977 bp, In WT and heterozygous mice

Reverse 57534hom 50-AAG GCG ATT TCA CAA CCC CAA TAG G-30 Detects mouse HL, 977 bp, In WT and heterozygous mice

Forward 57545bct 50-AGG GTT ACA TCA CAC CAC CCA TCG TC-30 Detects the ciHL Cre-excised allele, 1683 bp

Reverse 57546bct 50-GAG AAA CAC AGG GGA CTT GTG TCC ATG-30 Detects the ciHL Cre-excised allele, 1683 bp
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the NIH-funded Nutrition Obesity Research Center

(NORC) at the University of Washington (depts.washing-

ton.edu/uwnorc/) using the EchoMRItm 3-in-1 Animal

Tissue Analyzer (Echo Medical Systems, Houston, TX).

Energy Expenditure, Respiratory Quotient, and Ambula-

tory Activity level were determined continuously over

36 h by indirect calorimetry and food intake continuously

monitored using the Comprehensive lab Animal Monitor-

ing System (Columbus Instruments Co., Columbus, OH)

also located within the EBGM Core as previously

described (Gelling et al. 2008; Morton et al. 2011). To

control for the influence of body size variation on total

energy expenditure, group comparisons involving this

outcome were adjusted for total body mass using analysis

of covariance (ANCOVA), as recommended (Kaiyala

et al. 2010; Kaiyala and Schwartz 2011).

Plasma measurements

Enzyme-linked immunosorbent assays (ELISA) were used

to measure leptin (Crystal Chem, Inc, Downer’s Grove,

IL) and insulin (ALPCO, Salem, NH). Blood glucose was

measured using Truetest glucose test strips and glucome-

ter (Nipro diagnostics, Osaka, Japan).

Plasma lipoproteins were separated by fast protein

liquid chromatography (FPLC) and cholesterol concentra-

tions were determined by a standard colorimetric assay as

described (Qian et al. 2007). All samples were from mice

fasted for 4–6 h except for glucose in which animals were

fasted for 16 h.

Measures of glucose homeostasis

At the end of the diet intervention, intraperitoneal glu-

cose tolerance testing (IPGTT) was performed in the

NIH-funded Mouse Metabolic Phenotyping Center of the

University of Washington. Groups of mice (n = 4/group)

from each of the 3 genotypes (hl�/�, hl�/� hHL and hl�/

� ciHL) were fasted for 16 h (overnight) and subse-

quently received a glucose bolus (1 g/kg ip). Blood glu-

cose levels were measured at 0, 15, 30, 60, and 120 min

and area under the curve analyses of the integrated glu-

cose response to the IPGTT were performed using the

trapezoidal rule (Purves 1992).

Measurement of adrenal stress response

In a separate study, WT, hl�/� hHL and hl�/� ciHL mice

on HFD were subjected to a 16 h fast and blood with-

drawn with minimal handling (<1 min) for duplicate cor-

ticosterone measurements, using the Mouse/Rat

corticosterone ELISA 55-CORMS-E01 kit, ALPCO Diag-

nostics (Salem, NH).

Statistical analyses

Results are expressed as mean � SD unless specified

otherwise. Student’s t-test for independent samples was

employed for two group analyses and one-way analysis of

variance (ANOVA) was used for three group comparisons

using Statview (SAS Institute, Cary, NC). Analysis of

covariance (ANCOVA) was used on pooled data from

male and female mice to compare energy expenditure

between genotypes after adjusting for differences in body

mass and composition. Statistical analyses of energy

expenditure were performed by the NORC Biostatistics

Subcore using SPSS (version 19, IBM Corp., Somers,

NY). No statistical analysis was performed for the histori-

cal data on WT mice.

Results

Expression of hHL and ciHL

Expression of active and inactive human HL in vivo was

confirmed by analysis of postheparin plasma and dem-

onstrated physiologic HL activity (in the range of human

HL activity) in hl�/� hHL mice but not in either hl�/�

mice that lack HL or in hl�/� ciHL mice rescued with

the catalytically inactive transgene (Table 2). As expected,

HL activity was present in preheparin plasma from WT

mice, reflecting the reduced heparin affinity of murine

HL that allows a large portion of HL to circulate

(Table 2). Background activity from incompletely sup-

pressed lipoprotein lipase was detected in pre-heparin

plasma from hl�/�, hl�/� ciHL, and hl�/� hHL mice as

well as in postheparin plasma from hl�/� and hl�/� ciHL

mice (Table 2). Western blot analysis confirmed the

presence of immunoreactive human HL in both hl�/�

hHL and hl�/� ciHL mice and its absence in hl�/� and

WT mice (Fig. 1).

Genotype differences in body weight and
body fat mass

Body weight at baseline was similar among the three

genotypes, HL-deficient mice alone or expressing either

intact hHL or catalytically inactive ciHL (Table 3). How-

ever, following exposure to HFD for three months, male

hl�/� mice rescued with transgenic expression of intact

hHL (possessing both the catalytic and bridging func-

tions) had significantly higher body weight (~15%) than

either male mice rescued with inactive ciHL (which con-

tains the bridging function, but is catalytically inactive) or

hl�/� male mice alone (P < 0.02 for both). In contrast,

there was no difference in body weight between hl�/�

mice and those rescued with the inactive ciHL (P = ns).
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A similar pattern was seen with body weight gain over

the course of the study, such that male hl�/� mice

rescued with the human active HL gained more weight

on the HFD than either hl�/� mice alone or those mice

rescued with ciHL (P < 0.05 for both) (Table 3).

In female hl�/� mice, rescue with transgenic expression

of intact hHL also resulted in significantly increased body

weight (11%) relative to those rescued with inactive, ciHL

(P = 0.05) (Table 2 and Fig. 2). In addition, there was a

trend toward increased body weight gain in hl�/� mice

rescued with intact hHL relative to mice rescued with the

inactive ciHL (Table 3). Historical data from female WT

mice with intact murine HL activity demonstrated a simi-

lar weight gain to the hHL-expressing mice (Table 3)

(Chiu et al. 2010). Taken together, these findings demon-

strate that the HL catalytic function rescues the lean phe-

notype of hl�/� mice although this effect is more

pronounced in male than in female mice.

To determine whether these differences in body weight

were due to changes in lean mass, fat mass or both, we

performed body composition analysis. The increased body

weight in HFD-fed male hl�/� mice rescued with intact

HL was characterized by an increase in body adiposity

relative to either hl�/� mice or hl�/� mice-expressing

ciHL (Table 3). In female mice a similar but weaker trend

was seen (Table 3). In contrast, body length of either gen-

der did not differ between genotypes, indicating that

changes of body weight and fat mass are not due to alter-

ations in linear growth (Table 3). The length of WT mice

from our previous study was comparable to the hl�/�

female mice in that study.

Adipocyte histology

Using histochemical analysis, we further revealed that

adipocytes from WAT of male hl�/� hHL were 33% larger

than from WAT of hl�/� ciHL mice (5599 � 1116 lm2

vs. 3726 � 1105 lm2; P = 0.09), indicating that the

increase in total fat mass induced by HL rescue is accom-

panied by a trend toward a proportional increase in adi-

pocyte size (Fig. 3). In our previous study, fat pads were

53% larger in WT when compared to hl�/�mice.

Together, these results suggest (1) that the resistance to

diet-induced obesity (DIO) conferred by HL deficiency

depends critically on absence of the enzyme’s catalytic

function; and (2) transgenic expression of an HL mutant

with intact bridging function is insufficient to reverse the

lean phenotype of mice lacking HL.

Table 2. Hepatic lipase activities in pre and postheparin plasma1.

Genotype

Male Female

Preheparin2 Postheparin3 Preheparin4 Postheparin5

WT (hl+/+) 5.0 � 0.3 9.0 � 0.2 5.7 � 0.5 8.7 � 0.4

hl�/� 1.1 � 0.3 2.1 � 0.5 0.7 � 0.1 1.2 � 0.1

hl�/� hHL 0.9 � 0.2 18.9 � 3.3 0.9 � 0.1 16.2 � 4.1

hl�/�ciHL 1.7 1.8 � 0.3 1.5 � 0.3 1.2 � 0.1

Homo sapiens6 NA 13.3 � 5.7 NA 7.1 � 3.2

1

HL activity measured as lEq FFA/mL/h.
2

n = 3 except hl�/�ciHL, n = 1.
3

n = 4 except WT, n = 3.
4

n = 3.
5

n = 4 except WT, n = 3.
6

From ref. (Carr et al. 2001); NA, not available.

ciHL 66 kD 66 kDhHL
Ctrl WT hl –/– ciHL hl –/– hHL hl –/– Ctrl

Figure 1. Western blot analysis for human HL immunoreactivity. Expression of human HL in postheparin plasma from hl�/� ciHL (Left panel)

and hl�/� hHL mice (Right panel) were assayed by Western blot using a monospecific antihuman HL polyclonal antibody (12). As expected

immunoreactivity was present in plasma from ciHL- and hHL- expressing mice and absent in negative control WT (with murine HL) and hl�/�

mice. Positive controls were plasma from hl�/� ciHL mice (Left panel) and hl�/� hHL (Right panel).
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Genotype differences in food intake, energy
expenditure, RQ, and activity

We next determined whether these genotype differences

in weight gain and body composition were due to

changes of food intake, energy expenditure, or both.

Cumulative food intake over the entire period of HFD

feeding was increased by 10% in female hl�/� mice-

expressing active HL compared with those expressing the

ciHL mutant (P = 0.02), and a similar trend was observed

in male hl�/� mice rescued with intact human HL (hl�/�

hHL) compared to those expressing ciHL, although the

difference did not reach statistical significance (Table 3).

These data suggest that increased food intake contributed

to the greater weight gain of HL-deficient mice rescued

with transgenic expression of human HL consistent with

the increased food intake in WT mice in our previous

study (Table 3).

Using indirect calorimetry, we found that energy

expenditure adjusted for total body mass was decreased

by 9% for a mean reduction of 0.064 � 0.023 kcal/h in

HL-deficient mice expressing active HL compared to mice

expressing the inactive ciHL mutant (P = 0.012). A simi-

lar result was obtained when energy expenditure was

adjusted for both lean and fat mass, which revealed a

mean reduction of 0.060 � 0.026 kcal/h (P = 0.03) in

HL-deficient mice expressing active HL (Table 4 and

illustrated in Fig. 4A).

In addition, we found that RQ was significantly

increased in HL-deficient mice expressing active HL

compared to mice expressing ciHL: RQ 0.883 � 0.038

for hl�/� hHL mice vs. 0.845 � 0.023 for hl�/� ciHL

mice, P = 0.01 (Fig. 4B). These results suggest that hl�/�

ciHL mice (lacking the catalytic function) preferentially

burn calories from fat, consistent with their lean

phenotype.

We also found a trend toward reduced ambulatory

activity levels in HL-deficient mice expressing active HL

compared with mice expressing inactive ciHL, with the

number of beam breaks being nonsignificantly lower in

hl�/� hHL than hl�/� ciHL mice (19,607 � 6747 vs.

31,743 � 17,491; P = 0.076) (Fig. 4C).

These results confirm previous evidence that HL defi-

ciency increases energy expenditure and fat oxidation in

mice, and demonstrates that the enzyme’s catalytic func-

tion is required to reverse these effects.

Table 3. Physical characteristics, food intake and metabolic responses to High-fat diet challenge.

Males Females
Female Historical

data15

hl�/�hHL (8) hl�/� (6) hl�/�ciHL (13) hl�/�hHL (8) hl�/� (8) hl�/�ciHL (11) WT(hl+/+) (5)

Weight (g) Baseline 23.7 � 1.1 23.9 � 0.6 23.3 � 1.6 19.5 � 0.8 19.3 � 1.0 19.1 � 4.4 19.0 � 1.3

Weight (g) End 37.2 � 4. 11 33.1 � 3.5 31.9 � 3.7 26.5 � 2.52 25.3 � 2.4 23.7 � 2.1 28.7 � 4.1

Delta weight (g) 13.5 � 4.43 9.1 � 3.2 9.4 � 3.5 7.0 � 2.64 5.5 � 2.2 4.6 � 1.6 9.7 � 3.0

Body fat (%) 39.7 � 6.0 32.8 � 8.0 32.8 � 8.05 31.3 � 5.56 29.8 � 66 26.7 � 7.97 34.0 � 6.1

Length (cm) 10.3 � 0.2 10.4 � 0.2 10.1 � 0.25 9.9 � 0.1 9.9 � 0.18 9.8 � 0.19 10.6 � 0.2

Cumulative Food

Intake (Kcal)

1099 � 897 1066 � 73 1019 � 88 1041 � 518,10 982 � 135 949 � 72 1124 � 135

Leptin (ng/mL) 52.3 � 24.65 21.4 � 12.311 43.3 � 8.48 47.1 � 21.45 37.1 � 3.77 18 � 11.6 12,13 NA

Insulin (ng/mL) 2.3 � 1.4 1.5 � 0.8 1.7 � 0.78 0.7 � 0.45 0.7 � 0.45 1.1 � 0.712 NA

Glucose (mg/dL) 207 � 347,14 161 � 257 143 � 238 167 � 247 158 � 207 151 � 236 NA

1P < 0.02 vs. male hl�/�ciHLmice.
2P = 0.05 vs. female hl�/�ciHL mice.
3P < 0.05 vs. male hl�/�ciHL and hl�/�mice.
4P = 0.07 vs. female hl�/�ciHL mice.
5n = 5.
6n = 7.
7n = 4.
8n = 6.
9n = 9.
10P = 0.02 vs. female hl�/�ciHL mice.
11n = 3.
12n = 8.
13P < 0.01 vs. female hl�/�hHL female mice.
14P = 0.01 vs. male hl�/�ciHL, and hl�/�mice.
15from ref (Chiu et al. 2010), NA, not available.
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Figure 2. The catalytic function of human HL rescues the lean phenotype of HL-deficient mice. HF-fed hl�/� hHL (filled diamonds), hl�/� open

diamonds) and hl�/� ciHL (open squares) male (A, B) and female (C, D) mice. hl�/� hHL, hl�/� and hl�/� ciHL mice were fed a HF-diet (42% of

calories from fat) and weighed daily for 3 months. Group differences in body weight on day 81 were analyzed by One-way ANOVA: a,

P < 0.02 vs. hl�/� hHL males; b, P < 0.02 vs. hl�/� hHL males; c, P = 0.05 vs. hl�/� hHL females. Results are shown as mean � SD.
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Genotype differences in plasma variables
and glucose homeostasis

Because plasma leptin levels reflect the degree of adipos-

ity, we postulated that values would be reduced in lean

hl�/� mice and that this effect would be reversed by

transgenic expression of intact HL, but not the ciHL

mutant. As expected, leptin levels were highest in mice

with active HL and decreased in both genotypes of mice

that lacked HL catalytic activity. Specifically, leptin levels

in female hl�/� hHL mice on the HFD were

47.1 � 22 ng/mL compared to 37.1 � 3.7 ng/mL and

18.0 � 11.6 ng/mL in hl�/� and hl�/� ciHL mice, respec-

tively (n = 4–8/group, P < 0.01) (Table 3). In male mice,

a similar trend was observed, although differences did not

achieve statistical significance.

Surprisingly, although plasma insulin levels were higher

in male than female mice (as expected) there were no

genotype differences despite substantial differences in

body weight and fat mass (Table 3). Nevertheless, plasma

glucose levels were considerably higher in male mice

expressing intact human HL (207 � 34 mg/dL) compared

to either hl�/� ciHL mice (143 � 23 mg/dL), or hl�/�

(161 � 25 mg/dL) (P = 0.01 for both comparisons). In

contrast, plasma glucose levels did not differ between

genotypes in female mice (Table 3).

To explore the glucose metabolic phenotype further, we

challenged the mice with an intraperitoneal glucose toler-

ance test (ipgtt). Surprisingly, despite distinct differences

in weight and fat mass in male mice the ipgtt was not dif-

ferent between the three genotypes (Fig. 5A), and area

under the curve (AUC) analyses of blood glucoses of all

three genotypes showed no difference in glucose tolerance

[AUC: hl�/� HL 425 � 75 (n = 4), hl�/� ciHL 418 � 99

(n = 4), and hl�/�433 � 59 (n = 4), P = NS]. Therefore,

in male mice, despite distinct differences in weight and

fat mass, there was no consistent difference in glucose tol-

erance between genotypes.

In contrast, in female mice, those with active HL dis-

played increased plasma glucose levels at 30, 60 and

120 min postglucose challenge (Fig. 5B), and increased

AUC analyses of blood glucoses: AUC: hl�/� HL

449 � 65 (n = 4), hl�/� ciHL 259 � 41(n = 4), and hl�/�

376 � 64 (n = 4), P < 0.005, compared with catalyti-

cally inactive ciHL-expressing mice. Therefore, in

females the differences in weight and fat mass was

accompanied by a modest difference in glucose tolerance

between genotypes.

Plasma lipoprotein cholesterol profiles

We previously demonstrated that supraphysiologic levels

of ciHL and hHL reduces the elevated plasma cholesterol

levels in HFD fed mice on the hl�/� genetic background.

There was minimal to no effect on triglyceride levels in

those studies. We speculated that much lower, physiologic

levels of ciHL and hHL would have minor effects on the

plasma cholesterol and indeed this speculation was borne

out by our results. Lipoprotein cholesterol profiles were

comparable among the hl�/�, hl�/� hHL, and hl�/� ciHL

genotypes (Fig. 6A–C).

Adrenal corticosterone response to stress

According to previous data in mice, HL is present in the

adrenal gland and HL activity may be required for a nor-

mal adrenal stress response. Also, in mice, HL deficiency

is associated with a decreased stress response. In turn, a

decreased adrenal stress response (adrenal insufficiency)

leads to reduced weight gain. We hypothesized that the

lack of rescue of the lean phenotype in hl�/� mice by

expression of ciHL, was due to reduced adrenal stress

response (because of absent HL activity). To assess the

adrenal stress response we measured plasma corticoste-

rone levels in WT, hl�/� hHL, and hl�/� ciHL mice in

response to a prolonged fast. We used plasma corticoste-

rone levels in the fed state as a control. Contrary to our

hypothesis, all three genotypes demonstrated similar corti-

costerone levels in response to the stress of fasting: [WT,

135 � 53 ng/mL (n = 4), hl�/� hHL, 111 � 41 ng/mL

Table 4. Energy expenditure in mice with active and inactive human hepatic lipase.

hl�/� ciHL (9) hl�/� hHL (15) Mean difference

EE adjusted for TBW (kcal/h)1 0.710 � 0.018 0.647 � 0.014 0.064 � 0.023#

EE adj for LBM (kcal/h) 0.699 � 0.019 0.653 � 0.015 0.046 � .024

EE adj for lean and fat mass (kcal/h) 0.708 � 0.020 0.648 � 0.015 0.060 � 0.026$

TBW, total body weight; LBM, lean body mass; EE, energy expenditure;

Values are shown as mean � SE.
1

Average bodyweight 32.8542 g;
#

P = 0.01.
$

P = 0.03.
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(n = 6), and hl�/� ciHL, 136 � 77 ng/mL (n = 4),

P = NS]. Simultaneously obtained baseline corticosterone

levels in a cohort of fed mice were [WT 13 � 7 ng/mL

(n = 4), hl�/� hHL, 36 � 33 ng/mL (n = 5), and hl�/�

ciHL, 35 � 32 ng/mL (n = 3), P = ns]. Based on these

results, it is unlikely that the lack of rescue of the lean

phenotype in hl�/� mice is caused by a reduced adrenal

stress response.

Discussion

Previous evidence suggests that mice deficient in HL exhi-

bit a lean phenotype and are protected against DIO. Here,

our findings demonstrate that the catalytic function of

HL is required for HFD-induced weight gain. Specifically,

rescue of HL-deficient mice with transgenic expression of

the intact human HL (possessing both its catalytic and

bridging functions) reverses the lean phenotype character-

istic of HL-deficiency, and this effect was not observed

when rescue was attempted with the catalytically inactive

HL mutant. Moreover, this rescue of body weight and

body fat gain was due to a combination of both reduced

energy expenditure and modestly increased food intake.

Taken together, these results highlight a novel anabolic

role for HL’s catalytic function to promote positive

energy balance during HFD feeding.

Existing data in mice and humans support a role for

HL in energy metabolism and weight regulation. In
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Figure 5. Effect of rescue of hepatic lipase deficiency on glucose

tolerance. Intraperitoneal glucose tolerance test (IPGTT) in HF-fed

hl�/�, hl�/� hHL and hl�/� ciHL in male (A) and female (B) mice.

Mice were fasted overnight and received 1 g/kg glucose by i.p. inj.
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mice, genetic studies indicate that quantitative trait loci

on chromosome 2, 5, and 7 are coincident for HL activ-

ity, percent body fat, and plasma cholesterol (Warden

et al. 1995; Mehrabian et al. 1998). In humans, two sep-

arate studies of premenopausal women found that

increased HL activity was correlated with increased

intra-abdominal fat (assessed by computed axial tomog-

raphy) (Despres et al. 1989; Carr et al. 1999) supporting

our current findings of increased weight gain in mice

with active human HL. Conversely, decreased intra-

abdominal fat was correlated with reduced HL activity

in a study designed to examine the effect of weight loss

on plasma lipids (Purnell et al. 2000) supporting our

current findings of reduced weight gain in mice without

active human HL. In addition, our previous work

showed that mice lacking HL have a lean phenotype

with reduced weight gain on a HFD (Chiu et al. 2010),

and our new data extend this work by showing that this

phenotype is reversed when hl�/� mice are rescued with

transgenic expression of fully functional human HL, but

not when they are rescued with a mutant HL that lacks

catalytic function. Since the bridging function of HL is

intact in both genotypes, this observation implies that

HL bridging to the cell surface does not impact energy

homeostasis when the catalytic function is absent. Thus,

the catalytic function of HL is required for normal

weight gain in mice fed a HFD.

Interestingly, the role of HSPG binding as sole media-

tor of the bridging function of the related enzyme, lipo-

protein lipase (LPL) has come into question (Beigneux

et al. 2007). Thus, a new accessory protein has been iden-

tified for LPL, glycosylphosphatidylinositol-anchored

high-density lipoprotein-binding protein 1(GPIHBP1)

(Beigneux et al. 2007; Davies et al. 2010). This protein

transports LPL from the subendothelial space across the

endothelial cell to its binding sites on the lumenal surface

(Beigneux et al. 2007; Davies et al. 2010). It is possible

that a protein similar to GPIHBP1 exists for hepatic

lipase to enable its transport to the lumenal surfaces of

endothelial cells, however such a protein remains to be

discovered.

A noteworthy distinction between the biology of mur-

ine and human HL is that the latter is largely bound

within the liver whereas the former is found largely in

plasma (Peterson et al. 1986; Dichek et al. 1998). The

localization of HL therefore differs between normal mice

and HL-deficient mice rescued with transgenic expression

of human HL. Although the basis for this difference is

incompletely understood, it likely reflects differences in

the bridging function that allows most HL in mice, but

not humans, to circulate in proximity to lipoproteins. In

this way, differences in the bridging function may influ-

ence the access of HL to lipoprotein substrates for both

hydrolysis and for uptake. Combined with our findings

that (1) transgenic expression of human HL appears to

reverse the body weight phenotype of hl�/� mice and that

the catalytic function is required for this effect, and (2)

expression of a HL mutant with intact bridging (but not

catalytic) function does not rescue the body weight phe-

notype of hl�/� mice, our data imply that the bridging

function (which determines whether HL is localized to

the liver or circulates in plasma) is not a key determinant

of its effects on energy homeostasis.
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Figure 6. FPLC profiles of plasma cholesterol from fasted, high- fat

fed male mice. (A) hl�/� (n = 4), (B) hl�/�hHL (n = 4), and (C) hl�/�

ciHL (pool of three mice). Plasma was fractionated by Superose 6

chromatography and fractions assayed for cholesterol. The

distribution of LDL and HDL are indicated by horizontal bars. (A and

B), Tracings represent the average � SD of four individual FPLCs.

(C), Tracing of sample pooled from three mice.
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This being said, our previous study revealed that dur-

ing HFD feeding, the increase in percent body fat in WT

mice (with murine HL) relative to hl�/� mice (32%)

(Chiu et al. 2010) was greater than our current finding in

hl�/� hHL mice (17%). The more modest increase in

body fat content of mice with human- compared with

murine HL may therefore stem from species differences

in the bridging function caused by differences in HSPG-

mediated cell surface binding (Peterson et al. 1986; Sanan

et al. 1997; Dichek et al. 1998). In normal, WT, mice, the

preponderance of HL in circulation should increase its

access to lipoprotein substrates enriched in triglyceride

and phospholipid, generating FFAs for energy and stor-

age. By comparison, lipoprotein substrates for liver-bound

HL (including remnants and IDL) would already have

been hydrolyzed by lipoprotein lipase (LPL) while passing

through muscle and adipose tissue and arrive at the liver

with reduced triglyceride (Kersten 2014; Olivecrona and

Bengtsson-Olivecrona 1993). Thus, it is possible that the

circulating HL in WT mice more effectively mobilizes

fatty acids for reesterification and storage than liver-

bound HL in hHL-expressing mice, and additional studies

are warranted to test this hypothesis.

Because weight gain reflects an imbalance between food

intake (energy supply) and energy expenditure (U.S.

Department of Health and Human Services PHS 2001),

we measured these parameters to further investigate the

cause of HL-mediated weight gain. Our finding that HL

catalytic function is associated with significantly reduced

energy expenditure identifies one potential mechanism to

explain the increased weight gain. Conversely, the

increased energy expenditure in mice without HL catalytic

function explains why they are protected against excessive

weight gain. We suspect that increased food intake in

hHL-expressing mice, attributable to the catalytic func-

tion, although modest, also contributes over time to the

increased weight gain in these mice. Additional studies

are needed to determine how changes of HL catalytic

activity favor positive energy balance.

Also, we found that in mice with rescue of HL catalytic

function, lipid oxidation was reduced (as reflected by

increased RQ), which suggests that (1) HL activity favors

whole body triglyceride storage over lipolysis and FFA

oxidation, and that (2) increased adipocyte size and fat

mass observed in hl�/� mice rescued with hHL may be

causally linked to reduced fat oxidation in keeping with

our findings in WT mice with physiologic levels of mur-

ine HL (Chiu et al. 2010). Finally, the modest reduction

in ambulatory activity level associated with HL expres-

sion, and as seen previously in WT mice, may also favor

weight gain in hl�/� hHL mice by reducing energy

demands. Altogether, results from our current study fur-

ther supports the idea that HL catalytic function rescues

the lean phenotype of hl�/� mice and extends this prop-

erty to the human HL enzyme.

Our current results extend our earlier findings of

increased weight gain, food intake, percent body fat, adi-

pocyte size and reduced energy expenditure in WT mice

(with murine HL) to hl�/� hHL mice with physiologic

levels of human HL (Table 3) and (Chiu et al. 2010).

Weight gain and obesity lead to serious metabolic

derangements including impaired glucose tolerance, insu-

lin resistance and diabetes (Centers-for-Disease-Control

2011). In the current study, the catalytic function was

associated with a gender-specific, modestly impaired glu-

cose tolerance in female mice only. The limited effect on

glucose homeostasis despite unambiguous differences in

body weight and fat mass was also evident in a previous

study in WT and hl�/� mice exposed to a HFD (Chiu

et al. 2010).

An alternative explanation for the lean phenotype in

HL-deficient mice might be reduced weight gain due to

adrenal insufficiency. Previous reports suggest that HL

may play a role in steroidogenesis, based both on its role

in lipoprotein metabolism and its additional localization

in adrenal and gonadal tissues (Jansen and H€ulsmann

1980; Jansen and Birkenhager 1981; Jansen and De Greef

1981; Dichek et al. 1998, 2006). In support of a role in

adrenal steroidogenesis HL-deficiency reduced the corti-

costerone response to chronic stress in hl�/� mice (Di-

chek et al. 2006). Also, in support of a role in gonadal

steroidogenesis, HL-deficiency has been linked to reduced

progesterone production and decreased litter size in hl�/�

mice (Wade et al. 2002). In our current study, we tested

the hypothesis that lack of rescue of the lean phenotype

in hl�/� mice by ciHL is caused by adrenal insufficiency.

However, our results demonstrate robust and indistin-

guishable adrenal corticosterone responses among the

three genotypes thus refuting our hypothesis and reducing

the likelihood that subclinical adrenal insufficiency con-

tributes to the lack of rescue of the lean phenotype in

hl�/� ciHL mice.

Our principal finding is that HL’s catalytic function

is required for weight gain. Additionally, we report that

the catalytic function mediates this weight gain via mul-

tiple mechanisms including reduced energy expenditure,

increased food intake, reduced fat oxidation and

increased adipocyte size. Although the specific pathways

through which these effects occur remain unknown, we

speculate that one of these involves the effect of HL

activity to increase lipoprotein hydrolysis and hence

FFA generation, and favoring diversion to fat deposition

rather than oxidation. As obesity now affects more than

400 million people (Nguyen and El-Serag 2010) and

predisposes to diabetes (Centers-for-Disease-Control

2011) and cardiovascular disease (Eckel and Krauss
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1998), chronic conditions with high morbidity and mor-

tality, the need is acute for novel obesity treatments.

Our data suggests that inhibition of hepatic lipase cata-

lytic activity could be investigated as a new approach to

obesity treatment.
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