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Synthesis and secretion of hepatic triglycerides (TAG) associ-
ated with very-low-density lipoprotein (VLDL) play a major role
in maintaining overall lipid homeostasis. This study aims to
identify factors affecting synthesis and secretion of VLDL-TAG
using the growth hormone– deficient Ames dwarf mouse model,
which has reduced serum TAG. Proteomic analysis coupled
with a bioinformatics-driven approach revealed that these mice
express greater amounts of hepatic cathepsin B and lower
amounts of liver fatty acid– binding protein (LFABP) than their
wildtype littermates. siRNA-mediated knockdown of cathepsin
B in McA-RH7777 cells resulted in a 39% increase in [3H]TAG
associated with VLDL secretion. Cathepsin B knockdown was
accompanied by a 74% increase in cellular LFABP protein levels,
but only when cells were exposed to 0.4 mM oleic acid (OA)
complexed to BSA. The cathepsin B knockdown and 24-h treat-
ment with OA resulted in increased CD36 expression alone
and additively. Co-localization of LFABP and cathepsin B was
observed in a distinct Golgi apparatus–like pattern, which
required a 1-h OA treatment. Moreover, we observed co-local-
ization of LFABP and apoB, independent of the OA treatment.
Overexpression of cathepsin B resulted in decreased OA uptake
and VLDL secretion. Co-expression of cathepsin B and cathep-
sin B–resistant mutant LFABP in McA-RH7777 cells resulted in
an increased TAG secretion as compared with cells co-express-
ing cathepsin B and wildtype LFABP. Together, these data indi-
cate that cathepsin B regulates VLDL secretion and free fatty
acid uptake via cleavage of LFABP, which occurs in response to
oleic acid exposure.

The liver is responsible for the synthesis and secretion of
very-low-density lipoproteins (VLDL).2 This important physi-
ological process helps to distribute energy-rich triglycerides to

peripheral tissues and to maintain triglyceride balance within
the hepatocyte. The secretion process is tightly regulated, as the
development of hepatic steatosis leads to defective secretion of
VLDL (1). Steatosis is characterized by the formation of triglyc-
eride-rich lipid droplets within the cell, which may progress
into non-alcoholic fatty liver disease. When triglyceride avail-
ability is high VLDL, synthesis may continue unimpeded (2),
and the blood becomes rich with remnant low-density lipopro-
tein particles, which can become oxidized and taken up by
macrophages dwelling within major arteries (3). This drives the
formation and propagation of atheromatous plaque, which is
the major underlying cause of cardiovascular disease (4). This
highlights the importance of understanding the mechanisms
responsible for regulating the process of VLDL assembly and
secretion.

Triglycerides are derived from the esterification of free fatty
acids (FFA) to glycerol. FFA are delivered from the portal vein,
chylomicron remnants, and lipolysis in adipose tissue and can
be synthesized de novo in the liver (5). Import of FFA across the
plasma membrane is mediated by CD36, also known as free
fatty acid translocase (6). After membrane translocation, tri-
glyceride synthesis occurs in the smooth endoplasmic reticulum
membrane, where liver fatty acid– binding protein (LFABP)
delivers the fatty acid substrate to avoid the detergent-like
effects of non-esterified free fatty acids within the cell (7).
Very-low-density lipoprotein production begins with the
simultaneous synthesis and translocation of apolipoprotein
B100 (apoB100) on the rough endoplasmic reticulum (ER).
For the stability of this molecule to be maintained, initial
lipidation by microsomal triglyceride transfer protein must
occur in the rough ER (8). In the absence of sufficient tri-
glyceride, the poorly lipidated apoB100 molecule is sorted
for degradation, which is the fate of most apoB100 molecules
(2). Thus, the availability of LFABP-delivered FFA for
triglyceride synthesis in the ER represents the first line in
regulating VLDL assembly.

Regulation of VLDL secretion, lipolysis, and gene expression
by growth hormone has been long established in vivo (9). Exog-
enous administration of growth hormone, which has been used
commercially as an anti-aging product, medically as a form of
hormone replacement, and industrially for the growth of live-
stock, has been shown to increase VLDL secretion as well as
triglyceride esterification by hepatocytes in vitro (10). Growth
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hormone increases triglyceride availability for VLDL synthesis,
as both VLDL secretion and cellular triglyceride content in-
crease in parallel (11) due to increased availability of free fatty
acids for triglyceride synthesis, which occurs independent of
increased lipolysis in peripheral tissues. The exact molecular
mechanism by which exogenous growth hormone regulates
fatty acid availability for triglyceride synthesis has not been
established and warrants further study due to the importance of
this process in maintaining lipid homeostasis.

Interestingly, cathepsin B knockout mice are resistant to
diet-induced hepatic steatosis (12). Despite being initially char-
acterized as a lysosomal protease, cytosolic localization of
cathepsin B in response to oleic acid and tumor necrosis factor
� (TNF�) in a Bax-dependent manner has been observed (13).
This suggests an intimate relationship between the cytosolic
activity of cathepsin B and VLDL secretion, as both processes
depend upon hepatic free fatty acid flux. Compounding the
blatant nature of this association is the fact that cytosolic local-
ization of cathepsin B correlates with disease severity in
patients with non-alcoholic fatty liver disease (12). It has also
been shown that in this population, decreased hepatic cathep-
sin B levels accompany increased serum triglycerides, suggest-
ing a role for cathepsin B in worsening dyslipidemia. Cathepsin
B has also been described previously as the �-secretase respon-
sible for cleaving amyloid precursor protein in Alzheimer’s dis-
ease, which provided insight into possible targets of cathepsin B
degradation (12, 14) as specific cleavage of peptides on the
C-terminal side of the cognate Val-Lys-Met sequence by
cathepsin B was established in vitro. After cross-referencing
this sequence with the VLDL transport vesicle (VTV) pro-
teome, we identified LFABP as a candidate protein that may be
regulated by cathepsin B cleavage (15).

In the present study, we sought to identify the mechanism by
which growth hormone regulates triglyceride availability for
VLDL synthesis in vitro. Ames dwarf mice lack an anterior pitu-
itary gland and growth hormone secretion due to a naturally
occurring mutation in the prop-1 gene (16). This deficiency of
growth hormone leads to reduced VLDL triglyceride secretion
compared with wildtype littermates (17), which makes the
model an exceptional candidate for identifying factors that
relate growth hormone to VLDL secretion. To identify proteins
that may be related to reduced VLDL secretion, we performed
two-dimensional differential gel electrophoresis (2D-DIGE)
analysis of hepatocyte whole-cell lysates isolated from Ames
dwarf mice compared with their wildtype littermates. Our data
indicate that Ames dwarf mouse liver expresses greater
amounts of cathepsin B and less LFABP than wildtype litter-
mates. With this information, we proceeded to examine the
role of cathepsin B in VLDL secretion and regulation of FFA-
trafficking protein expression in rat hepatoma cells (McA-
RH7777 cells) in vitro. We report that cathepsin B regulates
FFA availability for triglyceride synthesis by degradation of
LFABP and regulation of CD36 expression, which occurs in
conjunction with oleic acid exposure. This in turn regulates
the rate of VLDL secretion in an oleic acid– dependent
manner.

Results

Differential protein expression in Ames dwarf whole-cell
lysates

In an attempt to identify factors that affect synthesis and
secretion of VLDL-TAG, we decided to use the Ames dwarf
mice because these growth hormone– deficient mice have
reduced serum TAG along with increased hepatic TAG levels
(18). We first sought to identify proteins that were differentially
expressed in Ames dwarf mice livers that could explain their
reduced VLDL secretion and serum TAG when compared
with their wildtype littermates. Differential analysis of protein
expression in Ames dwarf mice livers was performed by
2D-DIGE against matched samples from their wildtype litter-
mates. Cy3 dye (green) was used to label Ames dwarf whole-cell
lysates, and wildtype samples were labeled with Cy5 dye (red).
Of several proteins that were uniquely or highly expressed in
Ames dwarf mice, we identified a protein spot (white circle; Fig.
1) at �25 kDa with an isoelectric point of 5.0 –5.5, which was
putatively identified as cathepsin B by cross-referencing with
the ExPASy protein data bank. This protein was of particular
interest because of its relevance to the current study. Our
results indicate that Ames dwarf liver (Fig. 1) expresses greater
amounts of cathepsin B than wildtype littermates.

We validated this observation with immunoblot analysis,
which shows 227% increased expression of cathepsin B in (df/
df) whole cell lysates when compared with wildtype littermates
(Fig. 2, A and B). We decided to further investigate the potential
role of cathepsin B in regulating VLDL assembly due to its
robust expression in the liver of Ames dwarf mice and previous
studies indicating that cathepsin B knockout mice are resistant
to diet-induced hepatic steatosis (19). We hypothesized that
the previously reported phenotype of reduced VLDL secretion
may be in part due to increased expression of cathepsin B, lead-
ing to decreased expression of VLDL and FFA trafficking pro-
teins as a result of cathepsin B cleavage. Interestingly, we
observed a 56% decrease in expression of the FFA-trafficking

Figure 1. 2D-DIGE analysis of Ames dwarf whole-cell lysates. Shown is
2D-DIGE analysis of hepatic proteins from Ames dwarf (df/df) and WT mice.
Whole-cell lysate proteins (300 �g) from hepatocytes of df/df and WT mice
were labeled with Cy3 and Cy5 dye, respectively. Post-labeling, equal
amounts of proteins from each sample were mixed together and solubilized
in 2D gel buffer followed by isoelectric focusing using a total of 50,500 V-h.
After equilibration, proteins were separated by 4 –20% SDS-PAGE, and the gel
was scanned utilizing Typhoon TRIO (GE Healthcare).
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protein LFABP in (df/df) hepatocyte whole-cell lysates when
compared with wildtype littermates (Fig. 2, A and B).

Previous studies have established that cathepsin B cleaves the
proteins at the Val-Lys-Met (VKM) sequence in vitro (14). Our
laboratory has previously published a comprehensive pro-
teomic analysis of the VTV (15), which was used to compile a
list of relevant proteins containing this sequence, which were all
retrieved from the UniProt protein data bank. We were able to
identify the VKM cleavage sequence within LFABP (Fig. 2C), a
protein that has been implicated in trafficking fatty acids to the
ER from the cell surface receptor CD36, also known as FFA
translocase (20). It is well-established that apoB translation
occurs at a somewhat steady rate and that apoB stability
depends upon ER TAG availability (5). Thus, we proposed a
mechanism in which cathepsin B restricts the flow of FFA to the
ER for TAG synthesis by cleavage of LFABP. This would lead to
reduced VLDL secretion by limiting ER TAG availability. This
observation provides a potential mechanistic basis for the
observed decrease in VLDL secretion seen in Ames dwarf mice
as well as the increased rate of TAG esterification and VLDL
secretion induced by GH administration. These observations
may also provide insight into the role of the cathepsin B in the
progress of NAFLD from simple steatosis by disrupting normal
secretion of VLDL and uptake of FFA.

Impact of cathepsin B siRNA treatment on FFA-trafficking
protein expression and VLDL secretion

To substantiate this hypothesis, we wanted to determine
whether genetic knockdown of cathepsin B would lead to
increased LFABP protein levels. Treatment with cathepsin

B–specific siRNA delivered by Lipofectamine resulted in an
80% decrease in expression of the cathepsin B protein when
compared with whole-cell lysates from control siRNA–treated
cells (Fig. 3, A and B). Under the conditions of cathepsin B
knockdown in McA-RH7777 cells, 1 h of 0.4 mM OA complexed
with BSA treatment led to a 74% increase in levels of LFABP
protein when compared with control siRNA–treated cells (Fig.
3, A and B). The observed difference in LFABP protein levels
was not observed when cells were deprived of oleic acid stimu-
lation (data not shown). This provides evidence for a mecha-
nism in which cathepsin B cleavage of cytosolic LFABP occurs
in an oleic acid– dependent manner.

A pulse-labeling approach was used to determine whether
cathepsin B knockdown increases VLDL secretion. We tested
this under the conditions of treatment with 0.4 mM OA com-
plexed with BSA for 24 h as well as treatment with 0.2 mM BSA
alone in PBS to analyze the impact of cathepsin B knockdown
under conditions of elevated and reduced FFA availability,
respectively. Interestingly, McA-RH7777 cells treated with 0.4
mM OA complexed with BSA for 24 h and cathepsin B–specific
siRNA express a 70% greater amount of the cell surface FFA
translocase CD36 when compared with OA-treated cells trans-
fected with control siRNA (Fig. 3, C and D). Without pretreat-
ment with 0.4 mM OA complexed with BSA, cathepsin B knock-
down alone resulted in a 31.5% increase in CD36 expression
relative to control siRNA (Fig. 3, C and D). Under conditions of
OA pretreatment and cathepsin B knockdown, we observed a
39% increase in TAG secretion into the medium after 1 h when
compared with control siRNA (Fig. 4A) as measured by

Figure 2. Cathepsin B and LFABP expression in Ames dwarf mice. A, immunoblots of hepatocyte whole-cell lysates of Ames dwarf (df/df) and WT mice. 40
�g of protein from whole-cell lysates was resolved on a 12% SDS-polyacrylamide gel, trans-blotted onto a nitrocellulose membrane, and probed with the
indicated antibody. B, the amount of cathepsin B (CatB), LFABP, and �-actin per 40 �g of fraction protein (as shown in A) was determined by analyzing protein
band density using ImageJ (National Institutes of Health). The results are the mean � S.D. (error bars) (n � 4). Bars labeled with asterisks show p values using
one-way ANOVA: ***, p � 0.001. Bars labeled with ns show non-significant p values. C, the sequences of established VTV protein components, which were
previously identified by our laboratory (15), were mined from the UniProt protein database. The library of protein sequences was scanned for the VKM
sequence recognized by cathepsin B using the Microsoft Word search function. LFABP was the only identified protein.
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[3H]TAG dpm counting. The observed increase in [3H]TAG
was maintained above 20% through the 2-, 4-, and 6-h time
points (Fig. 4A). Without 24-h OA pretreatment, we observed a
15% increase in TAG secretion after 1 h relative to the control
siRNA (Fig. 4A), which remained above 10% through the 2-, 4-,
and 6-h time points but did not meet statistical significance.

We then sought to determine whether the increase in TAG
secretion observed under conditions of cathepsin B knockdown
was due to an increased number of VLDL particles secreted.
The VLDL particle contains only one apoB molecule, whereas
TAG content may vary slightly (21). As such, the number of
VLDL particles secreted will be proportional to apoB secretion.
Medium time points analyzed in the pulse-labeling experiment
were subjected to immunoblotting, and the results show that
cathepsin B knockdown resulted in a 115% increase in secretion
of apoB into the medium relative to cells treated with control
siRNA at the 1-h time point (Fig. 4B), which was consistent
across the remaining time points. These results indicate that
cathepsin B knockdown leads to an increased number of VLDL
secreted from McA-RH7777 cells, which is in line with our
proposed mechanism.

With this established, we sought to determine to what extent
cathepsin B knockdown would impact cellular TAG content in
McA-RH7777 cells after the 24-h chase period. An equal mass
of whole-cell lysate (50 �g) from knockdown and control
siRNA–treated samples was subjected to TAG extraction, and
the final organic phase containing TAG was analyzed by

[3H]TAG dpm counting. Cathepsin B knockdown resulted in a
32% decrease in cellular [3H]TAG content after a 1-h chase
period (Fig. 4C). This result is expected and occurs as a result of
increased VLDL-TAG secretion, which was observed under
these conditions (Fig. 4, A and B). These data suggest that the
observed increase in VLDL secretion is a result of increased
LFABP and CD36 levels (Fig. 3, A–D), secondary to cathepsin B
knockdown. This promotes greater FFA availability for TAG
synthesis in the ER, which leads to increased stability of nascent
VLDL, resulting in increased secretion of VLDL. This process
occurred in an oleic acid– dependent manner, suggesting cleav-
age of LFABP that requires translocation of cathepsin B from
the lysosome.

Overexpression of cathepsin B decreases VLDL secretion and
cellular TAG

To increase our confidence in the proposed mechanism, we
decided to overexpress cathepsin B in McA-RH7777 cells. We
optimized an overexpression protocol using the pCI-Neo vec-
tor containing the cathepsin B gene insert. After transfection
with the plasmid-containing insert, we observed a significant
(240%) increase in cathepsin B expression relative to con-
trol cells transfected with the empty vector (Fig. 5, A and B). To
determine the effects of cathepsin B overexpression on LFABP
and CD36, we treated McA-RH7777 cells (cathepsin B–
overexpressing and control) with 0.4 mM OA complexed with
BSA for 1 h and carried out immunoblotting. Our immunoblot

Figure 3. Knockdown of cathepsin B by siRNA transfection increases LFABP and CD36 expression in McA-RH7777 cells. A, McA-RH7777 cells were
transfected with either control siRNA (siControl) or cathepsin B siRNA (siCatB), followed by 1-h treatment with 0.4 mM OA-BSA. 40 �g of protein from whole-cell
lysates of either siControl or siCatB cells was resolved on a 12% SDS-polyacrylamide gel, trans-blotted onto a nitrocellulose membrane, and probed with the
indicated antibody. B, the amount of cathepsin B (CatB), LFABP, and �-actin per 40 �g of cellular protein (as shown in Fig. 3A) was determined by analyzing
protein band density using ImageJ. The results are the mean � S.D. (error bars) (n � 4). Bars labeled with asterisks show p values using one-way ANOVA: **, p �
0.005; ***, p � 0.001. Bars labeled with ns show non-significant p values. C, samples analyzed were representative whole-cell lysates from a pulse-chase
experiments with OA-BSA pretreatment. Cells were treated with OA-BSA (�OA) or just BSA (�OA), as indicated. ImageJ was used for quantification. D, the
amount of CD36 and �-actin per 40 �g of fraction protein (as shown in Fig. 3C) was determined by analyzing protein band density using ImageJ. The results are
the mean � S.D. (n � 3). Bars labeled with asterisks show p values using one-way ANOVA: *, p � 0.05; **, p � 0.005. Bars labeled with ns show non-significant p
values.
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analysis of McA-RH7777 whole-cell lysates clearly indicated
that cells that were overexpressing cathepsin B and treated with
0.4 mM OA complexed with BSA for 1 h expressed significantly
less LFABP than control cells treated similarly and expressing
only the empty vector (Fig. 5, A and B). The same conditions
resulted in significantly decreased CD36 expression (Fig. 5, A
and B). We speculated that cells overexpressing cathepsin B
would secrete a reduced VLDL as a result of decreased FFA
uptake and TAG synthesis. We performed a similar pulse-la-
beling protocol as was described for siRNA treatment, with the
exception of withholding 24-h OA-BSA pretreatment. Secre-
tion of TAG into the medium was decreased by 24% after 2 h in
cells overexpressing cathepsin B, as measured by [3H]TAG dpm
counts, and remained above a 15% decrease through the 6- and
24-h time points (Fig. 5C). This result is in line with the pro-
posed mechanism in which LFABP cleavage by cathepsin B
results in reduced TAG availability for VLDL secretion.

With this in mind, we sought to determine the impact of
cathepsin B overexpression on cellular retention of our
[3H]TAG. We found that overexpression of cathepsin B led to a
23% decrease in cellular [3H]TAG compared with control cells
expressing only the empty vector after the 24-h pulse chase (Fig.
5D). We surmised that this could be attributed to reduced
uptake of the [3H]oleic acid during the pulse phase. This sug-
gests that the observed reduction on [3H]TAG secretion seen

under conditions of cathepsin B overexpression can be attrib-
uted to decreased FFA uptake as a result of cathepsin B regula-
tion of LFABP and CD36 protein levels.

Thus far, we have established that knockdown of cathepsin B
leads to increased LFABP and CD36 when cells are treated with
physiologically relevant concentrations of 0.4 mM OA com-
plexed with BSA. We have also established that this leads to
increased VLDL secretion, as measured by [3H]TAG dpm
counts and VLDL-apoB100, and a decrease in cellular [3H]TAG.
Furthermore, cathepsin B overexpression leads to decreased
FFA uptake and reduced VLDL secretion as a by-product of this
mechanism. In our proposed mechanism, cytosolic cathepsin B
regulates LFABP, which in turn regulates TAG availability for
VLDL secretion.

OA treatment is required for co-localization of LFABP with
cathepsin B but not with apoB

Our next goal was to visualize interaction of LFABP with
apoB (a VLDL core protein) and cathepsin B. Dual labeling of
McA-RH7777 cells was performed to test whether LFABP co-
localizes with apoB as well as cathepsin B. Co-localization of
LFABP with apoB and cathepsin B was performed with or with-
out 0.4 mM OA complexed with BSA (OA-BSA) pretreatment
to determine what impact these conditions have on interaction
between the two proteins. In the absence of OA, when cells

Figure 4. Cathepsin B knockdown increases VLDL secretion and reduces cellular TAG in McA-RH7777 cells. A, 0.3 � 106 McA-RH7777 cells were plated
in each well of two 6-well plates and transfected using Lipofectamine RNAiMAX at a final concentration of 25 nM cathepsin B-specific siRNA (siCatB) or siRNA
control (siControl). 24 h after transfection, three wells of each were supplemented with 0.4 mM OA complexed with BSA (with OA pretreatment) or 0.2 mM BSA
alone (without OA pretreatment). 48 h after transfection, each well was washed and subjected to a 1-h pulse with OA-BSA– and BSA– bound 2-�Ci [3H]oleic acid
in DMEM supplemented with 5% FBS. The pulse was removed, and each well was washed twice with fresh medium to remove residual label and filled to 3 ml
with DMEM supplemented with 0.5% FBS. 200-�l aliquots of medium were collected at the indicated time points, TAG was extracted (see “Experimental
procedures”), and [3H]TAG dpm were determined. The data are the mean � S.D. (error bars) (n � 6). Bars labeled with asterisks show p values using one-way
ANOVA: *, p � 0.01; **, p � 0.002. Bars labeled with ns show non-significant p values. B, 30 �l of medium from cells treated with cathepsin B–specific siRNA
(siCatB) or siRNA control (siControl) at the indicated pulse-chase time points was resolved on a 12% SDS-polyacrylamide gel, trans-blotted onto a nitrocellulose
membrane, and probed with the indicated antibody. The amount of secreted VLDL-apoB100 was determined by analyzing protein band density using ImageJ.
The results are the mean � S.D. (n � 3). Bars labeled with asterisks show p values compared with control siRNA using one-way ANOVA: **, p � 0.001. C, 50 �g
of protein from McA-RH7777 whole-cell lysates treated with cathepsin B–specific siRNA (siCatB) or siRNA control (siControl) was adjusted to a final volume of
200 �l with PBS. The diluted lysates were then subjected to solvent TAG extraction as described under “Experimental procedures,” and [3H]TAG dpm were
determined. The data are the mean � S.D. (n � 3). Bars labeled with asterisks show p values compared with control siRNA using one-way ANOVA: **, p � 0.005.
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were treated with 0.4 mM BSA alone (BSA), co-localization of
LFABP with apoB was determined based on the presence of a
yellow (Fig. 6A, top right) staining pattern in the merged
LFABP/apoB image. However, we did not observe any differ-
ence in co-localization of LFABP and apoB when cells were
treated with OA-BSA for 1 h (Fig. 6A, bottom right). To ascer-
tain co-localization of LFABP with apoB, we quantified our
data. As shown in Fig. 6F, a Pearson correlation coefficient of
0.92 was observed between LFABP and apoB after BSA treat-
ment (no OA-BSA treatment), whereas 1 h after OA-BSA treat-

ment, a Pearson correlation coefficient of 0.94 was observed.
These data suggest that LFABP co-localizes with apoB indepen-
dent of OA treatment.

Interestingly, no co-localization of LFABP and cathepsin B
was observed when cells were treated with BSA alone (Fig. 6B,
top right corner), indicating that under these conditions, the
two proteins are segregated from each other in McA-RH7777
cells. However, when cells were subjected to 1 h of OA-BSA
treatment, two very important changes in protein distribution
occur. The staining pattern of LFABP formed a distinctive ring

Figure 5. Cathepsin B overexpression decreases VLDL secretion and FFA uptake. A, McA-RH7777 cells (0.3 � 106) were plated in each well of two 6-well
plates and transfected using Lipofectamine 2000 with each well containing a final mass of 2.5 �g of the PCI-Neo vector containing the cathepsin B gene insert
(PCI CatB; n � 3) or empty vector (PCI Empty; n � 3). 48 h after transfection, each well was washed and subjected to a 1-h pulse, with 0.4 mM OA complexed with
BSA and BSA-bound 2 �Ci of [3H]OA in DMEM supplemented with 5% FBS. The pulse was removed, and each well was washed twice with fresh medium to
remove residual label and filled to 3 ml with DMEM supplemented with 0.5% FBS. McA-RH7777 cell lysate (40 �g of protein) was resolved on a 12% SDS-
polyacrylamide gel, trans-blotted onto a nitrocellulose membrane, and probed with the indicated antibody. B, the amount of cathepsin B (CatB), LFABP, CD36,
and �-actin per 40 �g of whole-cell lysate protein (as shown in Fig. 5A) was determined by analyzing protein band density using ImageJ. The results are the
mean � S.D. (error bars) (n � 4). Bars labeled with asterisks show p values using one-way ANOVA: **, p � 0.002; ***, p � 0.001. Bars labeled with ns show
non-significant p values. C, McA-RH7777 cells (0.3 � 106) were plated in each well of two 6-well plates and transfected with PCI-Neo vector containing the
cathepsin B gene insert (n � 3) or empty vector (n � 3) using Lipofectamine 2000 and subjected to the same pulse-chase protocol as described above (Fig. 5A).
200-�l aliquots of medium were collected at the indicated time points and subjected to TAG extraction as described under “Experimental procedures,” and
[3H]TAG dpm were determined. The data are the mean � S.D. (n � 3). Bars labeled with asterisks show p values using one-way ANOVA: *, p � 0.02; **, p � 0.005.
Bars labeled with ns show non-significant p values. D, 50 �g of protein from McA-RH7777 whole-cell lysates treated with PCI-Neo vector containing the
cathepsin B gene insert (CatB overexpression; n � 3) and empty vector (Control; n � 3) was adjusted to a final volume of 200 �l with PBS. The diluted lysates were
then subjected to TAG extraction (see “Experimental procedures”), and the final organic layer containing [3H]TAG was subjected to liquid scintillation counting
to determine cellular retention of the [3H]OA label incorporated into [3H]TAG. The data are the mean � S.D. (n � 3). Bars labeled with asterisks show p values
using one-way ANOVA: **, p � 0.002.
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with a Golgi-like pattern, which is not evident with BSA-alone
treatment (Fig. 6B, top left and middle left), and cathepsin B
staining became diffuse and consistent with a cytosolic distri-
bution (Fig. 6B, second column from the left, bottom two pan-
els). Co-localization of LFABP and cathepsin B was observed in
a diffuse cytosolic pattern as well as a more concise and distinc-
tive pattern, which is consistent with localization to the Golgi
apparatus (Fig. 6B, far right middle panel). In both dual-labeling
experiments, OA-BSA treatment resulted in nuclear redistri-
bution of LFABP, which is consistent with the previously
described role of LFABP in delivery of hydrophobic ligands to
the nucleus (Fig. 6, A and B). After a 24-h treatment with OA-
BSA, the diffuse staining of cathepsin B is more apparent (Fig.
6B, bottom left panels), and the distinct ring of co-localization
observed after 1 h is overwhelmed. We next quantified co-lo-
calization of LFABP and cathepsin B. 1 h after treatment with
OA-BSA, cathepsin B and LFABP demonstrated a Pearson cor-
relation coefficient of 0.99 (Fig. 6F, top right). Under the condi-
tion of BSA-alone treatment (control), a Pearson correlation
coefficient of 0.5 was observed (Fig. 6F, top right). This indicates
that cathepsin B and LFABP do not co-localize in the absence of
OA but that 1 h after exposure to OA-BSA, there is a strong
degree of co-localization between cathepsin B and LFABP. 24 h
after treatment with OA-BSA, a Pearson correlation coeffi-
cient of 1.10 was observed, but the increase in co-localization
due to prolonged OA-BSA exposure was not statistically sig-
nificant (Fig. 6E, top right). This suggests that prolonged
exposure to OA-BSA may slightly exacerbate the degree of
cathepsin B redistribution, but 1 h of exposure is sufficient
for significant interaction between the two proteins in the
hepatic cytosol.

To validate the redistribution of cathepsin B from the
lysosome, dual labeling with the lysosomal marker LAMP1

Figure 6. Effects of OA treatment on co-localization of cathepsin B with
LFABP. A, McA-RH7777 cells were treated with either BSA alone (No OA-treat-
ment; top) or 0.4 mM OA complexed with BSA (1-hour OA-treatment; bottom)
for 1 h followed by double labeling with LFABP (FITC, green) and apoB (Texas

red); the merged image shows co-localization. B, McA-RH7777 cells were
treated with either BSA alone (No OA-treatment; top) or 0.4 mM OA complexed
with BSA (1-h OA treatment; middle) for 1 h or 0.4 mM OA complexed with BSA
for 24 h (24-h OA treatment; bottom) followed by double labeling with LFABP
(FITC, green) and cathepsin B (CatB) (Texas red); the merged image shows no
co-localization of proteins. C, McA-RH7777 cells were treated with either BSA
alone (No OA-treatment; top) or 0.4 mM OA complexed with BSA (1-hour OA-
treatment; bottom) for 1 h followed by double labeling with cathepsin B (CatB)
(FITC, green) and LAMP1 (Texas red); the merged image shows co-localization.
D, McA-RH7777 cells were treated with either BSA alone (No OA-treatment;
top) or 0.4 mM OA complexed with BSA (1-hour OA-treatment; bottom) for 1 h
followed by double labeling with cathepsin B (FITC, green) and GOS28 (Texas
red); the merged image shows co-localization. E, McA-RH7777 cells were
treated with either BSA alone (No OA-treatment; top) or 0.4 mM OA complexed
with BSA (1-hour OA-treatment; bottom) for 1 h followed by double labeling
with LFABP (FITC, green) and GOS28 (Texas red); the merged image shows
co-localization. A–E, nuclei were stained with DAPI. F, co-localization of pro-
teins was assessed by determining the Pearson correlation coefficient for all
images (A–E). G, McA-RH7777 cells were treated with either BSA alone (No
OA-treatment) or 0.4 mM OA complexed with BSA (1-hour OA-treatment) for
1 h, and ER, Golgi, lysosomes, and cytosol were prepared from the treated
cells (see “Experimental procedures”). Equal amounts of proteins (40 �g)
from the purified fractions of ER, Golgi, lysosomes (Lyso), and cytosol
(Cyto) were resolved by 12% SDS-PAGE, transblotted onto a nitrocellulose
membrane, and probed with specific antibodies against the indicated
proteins. The data are representative of three independent experiments.
The levels of CatB per 40 �g of either cytosolic or lysosomal protein (as
indicated) under different treatments (either BSA alone (No OA-treatment)
or 0.4 mM OA complexed with BSA (1-hour OA-treatment)) were deter-
mined by analyzing protein band density using ImageJ. The results are the
mean � S.D. (error bars) (n � 3). Bars labeled with asterisks show p values
using one-way ANOVA: **, p � 0.001.
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was performed after 1-h treatment of McA-RH7777 cells
with either OA-BSA or BSA alone (Fig. 6C). As can be seen in
Fig. 6C, OA-BSA treatment resulted in cytosolic distribu-
tion of cathepsin B (Fig. 6C, bottom left); however, there
was no effect of OA treatment on LAMP1 distribution. Anal-
ysis of a Pearson correlation coefficient suggests that co-lo-
calization of cathepsin B and LAMP1 was unaffected by OA
(Fig. 6F).

Dual labeling of cathepsin B (Fig. 6D) and LFABP (Fig. 6E)
with the Golgi marker, GOS28, was performed to determine
whether the punctate area of co-localization observed between
LFABP and cathepsin B after 1 h of OA-BSA treatment was in
fact at the Golgi level. A Pearson correlation coefficient of 0.55
was observed between cathepsin B and GOS28 without OA
treatment (BSA alone–treated cells), whereas 1 h after OA-BSA
treatment, a Pearson correlation coefficient of 0.6 was ob-
served; this difference was not statistically significant (Fig. 6F).
Similarly, analysis of a Pearson correlation coefficient suggests
that co-localization of LAFABP and GOS28 was unaffected by
OA (Fig. 6F); however, quantification by these means may be
confounded by the nearly ubiquitous distribution of LFABP
and the punctate distribution of GOS28. This suggests that a
degree of co-localization between these two proteins does exist
but that it is not impacted by OA (Fig. 6F). Interestingly, these
data reflect close proximity of secreted cathepsin B and GOS28
in the Golgi compartment and suggest that lysosomal cathepsin
B redistributed after OA-BSA treatment is not significantly
recruited to the Golgi.

Because our data suggest that 1 h of exposure to OA-BSA
significantly enhances the cytosolic localization of cathepsin B
and in an attempt to directly demonstrate the localization of
cathepsin B and LFABP under different conditions (with or
without OA-BSA treatment), we isolated and purified ER,
Golgi, lysosomes, and cytosols from McA-RH7777 cells that
were treated with either BSA alone or 0.4 mM OA complexed
with BSA for 1 h. The purity and characterization of these sub-
cellular fractions were determined by marker proteins. LAMP1,
a lysosomal marker protein, was present only in lysosomes,
whereas ER, Golgi, and cytosol did not contain this protein (Fig.
6G). Sar1b, a cytosolic protein, was enriched in cytosol. ER and
Golgi contain some Sar1b, which is consistent with prior pub-
lished data (42); however, lysosomal fraction was devoid of
Sar1b (Fig. 6G). Calnexin, an ER marker protein, was enriched
in the ER, but other fractions were free from ER marker protein
(Fig. 6G). GOS28 was present in Golgi, but the ER, lysosomes,
and cytosol were free from Golgi marker protein (Fig. 6G).
These data characterize subcellular fractions and demonstrate
their purity. As shown in Fig. 6G, cathepsin B is predominantly
present in lysosomes and cytosol, whereas ER and Golgi frac-
tions contain significantly lesser amounts of cathepsin B. Inter-
estingly, OA-BSA exposure resulted in a marked increase in
cytosolic cathepsin B as compared with no OA treatment (BSA
alone; Fig. 6G). We determined the levels of other proteins
under both (with and without OA-BSA treatment) conditions;
however, no significant difference was observed (Fig. 6G; pro-
tein band density data not shown).

Direct cleavage of LFABP by cathepsin B requires the VKM
cognate sequence

To clearly demonstrate the specific role of cathepsin B in
cleaving cytosolic LFABP, an overexpression protocol was
established using wildtype LFABP and an LFABP mutant,
which contained two amino acid point mutations in the cog-
nate cleavage sequence (VKM3 VNL) (Fig. 7A). To establish
the validity of our overexpression protocol and the stability of
our LFABP mutant, immunoblot analysis was performed using
whole-cell lysates transfected with the PCIneo vector contain-
ing no insert, the LFABP mutant, and wildtype LFABP. Trans-
fection with either the mutant or wildtype LFABP– containing
vector resulted in a 100% increase in intensity of the 14 kDa
LFABP band when compared with cells expressing the empty
vector (Fig. 7B). There was no observable difference in intensity
of the 14 kDa LFABP band between cells transfected with the
mutant-containing plasmid and cells transfected with the wild-
type LFABP– containing plasmid (Fig. 7B). This suggests equal
efficiency in overexpression of the two proteins and no loss of
stability due to the two amino acid point mutations.

Previous reports have shown that the three-amino acid
sequence VKM is specifically recognized by cathepsin B in
vitro, whereas the VNL sequence is not (14). Under conditions
of co-transfection with the PCIneo plasmid containing the rat
cathepsin B gene and the PCIneo plasmid containing the wild-
type rat LFABP gene, there is a 40% decrease in intensity of the
14 kDa band representative of LFABP when compared with
cells co-transfected with the cathepsin B plasmid and the VNL
mutant LFABP plasmid (Fig. 7C). This demonstrates that dis-
ruption of the cognate VKM sequence in LFABP produces an
LFABP mutant with resistance to cathepsin B cleavage. Impor-
tantly, this difference was dependent on treatment with 0.4 mM

OA complexed with BSA (OA-BSA). When OA-BSA treatment
was withheld in cells expressing only the empty pCI vector, the
quantity of the 14-kDa LFABP protein contained in whole-cell
lysates was increased 100% when compared with cells co-trans-
fected with cathepsin B– and wildtype LFABP– containing
plasmids, which were treated with OA-BSA (Fig. 7C). Co-trans-
fection with the LFABP mutant and cathepsin B further dem-
onstrated resistance of the mutant to OA-BSA–induced cleav-
age by cathepsin B, as a modest 30% decrease in intensity of the
14 kDa LFABP band was observed as a result of OA-BSA treat-
ment (Fig. 7C). This supports our mechanism in which lyso-
somal cathepsin B redistributes to the hepatic cytosol after
OA-BSA exposure, followed by cleavage of LFABP through rec-
ognition of the cognate VKM cleavage sequence. This observa-
tion supports the proposed role of cathepsin B in turnover of
LFABP protein in the hepatic cytosol under normal conditions.

Lending further support to this mechanism is the production
of a 10-kDa LFABP fragment induced by OA-BSA treatment,
which is representative of the 82 N-terminal amino acids of
LFABP, before the VKM cleavage sequence. This fragment was
only observed under conditions of OA-BSA treatment and
overexpression of LFABP or the cleavage resistant mutant, sug-
gesting that cytosolic translocation of cathepsin B is necessary
for the cleavage event described in this manuscript to occur.
Mutation of the VKM cleavage sequence within LFABP
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resulted in a 50% reduction in intensity of the 10-kDa fragment
(Fig. 7C). This lends further support for direct cleavage of
LFABP at the VKM amino acid sequence by cathepsin B in
hepatic cytosol.

To clearly demonstrate the direct cleavage of LFABP at the
VKM amino acid sequence by cathepsin B, we treated either
recombinant wildtype LFABP or mutant LFABP (VKM 3
VNL) with recombinant cathepsin B in the presence of ATP at
37 °C for 30 min. As was expected, our immunoblotting data
suggest that wildtype LFABP and mutant LFABP migrated
slightly differently on SDS-PAGE because of their different
sequence. However, both proteins migrated very close to cyto-
solic LFABP (Fig. 7D). As shown in Fig. 7D, wildtype LFABP
was cleaved when treated with cathepsin B in the presence of
ATP, whereas mutant LFABP was unaffected under the same
treatment. These data unambiguously prove our findings that
cathepsin B directly cleaves LFABP at the VKM sequence.

With the biochemical mechanism of direct LFABP cleavage
by cathepsin B established, we sought to validate the physiolog-
ical relevance of our findings using the [3H]TAG pulse-chase
assay employed previously. Overexpression of the cleavage-re-
sistant LFABP mutant resulted in a consistent and significant
increase in [3H]TAG secretion relative to cells overexpressing
wildtype LFABP at 1, 2, and 6 h after the pulse was removed
(Fig. 7E). The cleavage-resistant mutant displayed 	20%
increase in [3H]TAG secretion into the medium when com-
pared with cells overexpressing the wildtype LFABP after 24 h
(Fig. 7E).

Discussion

The liver is responsible for maintaining energy homeostasis
in the body through processes such as gluconeogenesis, fatty
acid synthesis, and VLDL secretion. The precise balancing of
these processes is required to maintain the necessary availabil-
ity of each metabolite, and a failure to effectively regulate any
poses serious consequences to general health. Hypersecretion
of VLDL, which may occur as a result of insulin resistance, is a
major risk factor for the development of atherosclerosis, high-

lighting the importance of developing a detailed understanding
of this process (22, 23). Regulation of VLDL secretion is con-
trolled by TAG availability as well as hormonal milieu, and deg-
radation of apoB at the ER level has long been established as
essential to directing this process (24). Flux of FFA to the ER is
mediated by the lipid-binding and trafficking protein LFABP
and the cell surface receptor CD36, which mediates the trans-
location of FFA across the cell membrane (7). TAG synthesized
from this pool is added to the apoB molecule by microsomal
triglyceride transfer protein as it is synthesized and simultane-
ously transported across the ER membrane, into the ER lumen.
In the absence of sufficient TAG, this process is stalled. This
causes hsp70 and hsp90 to bind to unfolded portions of the
stalled apoB molecule, which is ubiquitinated by the E3 ligase
gp78. This targets the core VLDL protein for degradation by the
ERAD system in the cytosol (24). This highlights the impor-
tance of understanding processes that regulate FFA flux, which
is essential to VLDL secretion and thus relevant to cardiovas-
cular disease.

Once synthesized, the nascent VLDL particle must be traf-
ficked between the ER and Golgi, and due to the size of nascent
VLDL, a special packaging system is required for transportation
(5, 25, 26). The VLDL transport vesicle, or VTV, is biochemi-
cally distinct from other COPII-derived vesicles that are
responsible for the movement of nascent proteins between the
ER and Golgi (15, 27, 28). Electron microscopy has revealed that
VTVs, which contain apoB100, are 100 –120 nm in diameter,
whereas protein transport vesicles, which contain the secretory
protein albumin, are 55–70 nm (25). This process is the rate-
limiting step in the secretion of VLDL, which highlights the
importance of understanding its regulation at the molecular
level (25).

After delivery to the cis-Golgi lumen, several steps are
required in maturation of the VLDL particle before secretion
into the blood. The addition of complex carbohydrate moieties
leads to increased buoyancy of the lipid-rich VLDL particle
(29), whereas phosphorylation of the apoB backbone leads to

Figure 7. Effects of co-expression of cathepsin B and either wildtype LFABP or cathepsin B–resistant LFABP (mutant LFABP) on VLDL-TAG secretion.
A, sequence of cathepsin B–resistant LFABP (mutant LFABP), which contains two amino acid point mutations in the cognate cleavage sequence (VKM3 VNL).
B, 0.3 � 106 McA-RH7777 cells were plated in each well of two 6-well plates and transfected using Lipofectamine 2000 with each well containing a final mass
of 2.5 �g of the PCI-Neo vector containing the empty vector (Control; n � 3), mutant LFABP gene insert (Mutant; n � 3), or wildtype LFABP gene insert (WT; n �
3). 40 �g of protein from whole-cell lysates was resolved on a 12% SDS-polyacrylamide gel, trans-blotted onto a nitrocellulose membrane, and probed with the
indicated antibody. The expression levels of wildtype LFABP (WT) and mutant LFABP (Mutant) and endogenous LFABP present in cytosol (Control) were
determined by analyzing protein band density using ImageJ. The results are the mean � S.D. (error bars) (n � 3). Bars labeled with asterisks show p values
compared with control siRNA using one-way ANOVA: **, p � 0.002. C, 0.3 � 106 McA-RH7777 cells were plated in each well of two 6-well plates and
co-transfected using Lipofectamine 2000 with each well containing a final mass of 2.5 �g of the PCI-Neo vector containing the empty vector (Control; n � 3),
cathepsin B � mutant LFABP gene inserts (Mutant; n � 3), or cathepsin B � wildtype LFABP gene inserts (WT; n � 3). Post-transfection, cells were treated with
BSA alone (�OA) or with 0.4 mM OA complexed with BSA (�OA) for 1 h. 40 �g of protein from whole cell lysates was resolved on a 12% SDS-polyacrylamide gel,
trans-blotted onto a nitrocellulose membrane, and probed with the indicated antibody. The levels of wildtype LFABP (14 kDa; LFABP) and degraded LFABP (10
kDa; cleaved LFABP) under different treatments (�OA or �OA) were determined by analyzing protein band density using ImageJ. The results are the mean �
S.D. (n � 3). Bars labeled with asterisks show p values compared with control siRNA using one-way ANOVA: **, p � 0.001. D, either 1 �g of recombinant wildtype
LFABP protein (WT LFABP) or 1 �g of recombinant mutant LFABP protein was incubated with or without 1 �g of recombinant cathepsin B at 37 °C for 30 min
in the presence or absence of ATP, as indicated (total reaction volume 20 �l). Postincubation, the reaction was stopped by placing the tubes on ice and by
adding 2� Laemmli’s sample buffer, and the proteins were resolved by 12% SDS-PAGE, transblotted, and probed with specific antibodies against the LFABP
protein. As a control, 40 �g of cytosolic proteins were probed by immunoblotting with anti-LFABP antibodies. The data are representative of three indepen-
dent experiments. E, 0.3 � 106 McA-RH7777 cells were plated in each well of two 6-well plates and co-transfected using Lipofectamine 2000 with each well
containing a final mass of 2.5 �g of the PCI-Neo vector containing the empty vector (Control; n � 3), cathepsin B � mutant LFABP gene inserts (Mutant; n � 3),
or cathepsin B � wildtype LFABP gene inserts (WT; n � 3). 48 h after transfection, each well was washed and subjected to a 1-h pulse, with 0.4 mM OA complexed
with BSA (�OA) and BSA-bound 2 �Ci of [3H]OA in DMEM supplemented with 5% FBS. The pulse was removed, and each well was washed twice with fresh
medium to remove residual label and filled to 3 ml with DMEM supplemented with 0.5% FBS. 200-�l aliquots of medium were collected at the indicated time
points and subjected to TAG extraction as described under “Experimental procedures,” and [3H]TAG dpm were determined. The data are the mean � S.D. (n �
3). Bars labeled with asterisks show p values using one-way ANOVA: *, p � 0.05; **, p � 0.002.
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structural rearrangements (30). The addition of further triglyc-
eride within this compartment is still a matter of debate, with
groups showing conflicting evidence for each case (31, 32). It
has also been established that VLDL acquires apoA1 in the
Golgi lumen, which is not present on the nascent VLDL during
transport in the VTV, although the explicit role for this modi-
fication has not been established (33). Secretion of mature
VLDL occurs by the formation of distinct post-Golgi VLDL
transport vesicles (PG-VTVs), which are able to fuse with the
plasma membrane (33). PG-VTVs are 300 –350 nm in diameter
and able to accommodate up to three mature VLDL particles
(33).

The present study establishes that Ames dwarf mouse liver
has 227% increased expression of the cysteine protease cathep-
sin B and 56% decreased expression of the FFA trafficking pro-
tein LFABP, which contributes to their observed reduction in
VLDL secretion and serum TAG relative to wildtype litter-
mates (17). We have also shown that LFABP co-localizes with
apoB, suggesting that LFABP plays some not yet described role
in the assembly and trafficking of VLDL beyond delivery of
FFA. Based on the size similarity of pre-chylomicron transport
vesicles (PCTVs) and PG-VTVs, this may be related to post-
Golgi trafficking of VLDL, but further study is required to sub-
stantiate this hypothesis

It has been observed that cathepsin B is able to translocate to
the cytosol upon stimulation with oleic acid or TNF� (12, 13).
Analysis of the VTV proteome revealed that LFABP, one of the
most abundant cytosolic proteins in hepatocytes, contains the
cognate VKM cleavage sequence, which is cleaved by cathepsin
B in vitro (14). The results of the present study show that knock-
down of cathepsin B with siRNA leads to reduced degradation
of LFABP, resulting in a 74% increase in LFABP protein expres-
sion when exposed to at least 0.4 mM OA complexed with BSA
for 1 h. 1 h of OA-BSA exposure was also sufficient to redistrib-
ute the staining pattern of cathepsin B and LFABP, inducing
co-localization of cathepsin B with LFABP in the cytosol, which
was not observed without oleic acid treatment in the present
study. A distinct Golgi-like pattern of cathepsin B staining was
observable across all dual-labeling experiments and consistent
with robust secretion of this protein by the liver. Co-localiza-
tion of GOS28 with LFABP was observed to a greater extent
than with cathepsin B, but OA-BSA did not significantly
increase co-localization with either protein as determined by
the Pearson coefficient. 24 h after OA-BSA treatment, a slight
and not statistically significant increase in the degree of co-lo-
calization between LFABP and cathepsin B was observed. How-
ever, under these conditions, the degree of cytosolic cathepsin
B distribution is increased, as is the nuclear localization of
LFABP.

Regulation of LFABP levels by protease cleavage has been
suggested previously (34, 35), with reports showing increased
stability of LFABP bound to oleic acid. Taken with the present
data, this suggests that cathepsin B mediates turnover of LFABP
after delivery of FFA cargo. Using overexpression of the VKM
3 VNL cleavage-resistant LFABP mutant, we established that
cathepsin B specifically recognizes and cleaves after the Val-
Lys-Met sequence in McA-RH7777 cytosol. This observation
was validated physiologically and biochemically, as overexpres-

sion of the mutant LFABP resulted in a 20% increase in
[3H]TAG associated with VLDL secreted into the medium
when compared with cells overexpressing wildtype LFABP
after 24 h and a significant 66% increase in LFABP protein,
which was also contingent on OA-BSA treatment.

Elevation of cytosolic cathepsin B could be driven by condi-
tions of elevated serum FFA or chronic TNF� production,
which are both observed in insulin resistance, and may contrib-
ute the progress of hepatic steatosis through the novel mecha-
nism described in this study (36). Thus, the suppression of ele-
vated FFA concentration, or inhibition of cytosolic cathepsin B
activity or redistribution, could serve to slow down the progres-
sion of hepatic steatosis through restoring functional VLDL
secretion and FFA uptake by the liver. A 39% increase in
[3H]TAG secretion after 1 h by McA-RH7777 cells supple-
mented with 0.4 mM OA complexed with BSA for 24 h was
observed as a result of cathepsin B knockdown. This is logically
supported by a previous twin study (37) showing increased
atherosclerotic cardiovascular disease in association with
increased cystatin C levels, which is an endogenously produced
inhibitor of cathepsin B. This suggests that cathepsin B inhibi-
tion may be effective in restoring VLDL secretion and slowing
the progress of hepatic steatosis, but this may result in
unwanted increases in VLDL secretion and risk for atheroscle-
rotic cardiovascular disease, which must also be managed care-
fully. Previous studies in NAFLD patients have observed
impaired autophagy and suppressed cathepsin B expression
(38). This may be a result of prolonged increases in lysosomal
permeability, leading to cathepsin B redistribution from the
lysosome due to chronically elevated OA-BSA or TNF� expo-
sure. In the aforementioned study, NAFLD patients presented
with drastic increases in serum TAG. This is in agreement with
our observations in the present study, where cathepsin B
knockdown leads to increased VLDL secretion. Increased
VLDL secretion observed in the present study was accompa-
nied by a 70% increase in expression of CD36 and LFABP, sug-
gesting increased FFA uptake and distribution for TAG synthe-
sis as a result of cathepsin B knockdown. Without OA
pretreatment, [3H]TAG secretion was increased by 15% after
1 h, and CD36 expression increased by 31.5% as a result of
cathepsin B knockdown. These results suggest that cathepsin B
regulates cellular CD36 and LFABP protein levels and that this
mechanism restricts the flow of FFA via LFABP and CD36 for
TAG synthesis and VLDL secretion.

This mechanism may help to explain why cathepsin B knock-
out mice are resistant to diet-induced hepatic steatosis, as
cathepsin B knockdown resulted in a 32% decrease in cellular
TAG as measured by retention of the [3H]TAG. This observa-
tion was attributed to the increase in VLDL-apoB secretion.
Interestingly, cathepsin B overexpression resulted in a 24%
decrease in [3H]TAG secretion after 2 h as well as a 23%
decrease in retention of our [3H]TAG after 24 h of secretion.
This is in agreement with decreased FFA uptake during the
initial pulse period, which was attributed to decreased expres-
sion of LFABP and CD36 under conditions of cathepsin B
overexpression.

A role for cathepsin B in regulating gene expression may exist
through LFABP cleavage, as LFABP has been shown to deliver
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hydrophobic ligands to the nucleus and regulate PPAR� signal-
ing (7). Thus, cathepsin B localization may influence PPAR�
signaling secondary to ligand delivery by LFABP, in addition to
the impact on VLDL and FFA trafficking described in the pres-
ent study. This phenomenon could contribute to worsening
dyslipidemia. It has also been observed that PPAR� signaling in
conjunction with IL-6 –mediated inflammation contributes to
increased LFABP expression and post-prandial increases in
FFA uptake (39). Disruption of this process by cathepsin B
could lead to systemic increases in FFA as a result of reduced
hepatic FFA uptake by LFABP and CD36, which would most
certainly be compensated for by the body in some way, or man-
ifest in a pathology. Elevated serum FFA would lead to inflam-
mation and peripheral insulin resistance as a result of the toxic
effect of elevated serum FFA. This could have a downstream
impact of increased pyruvate carboxylase flux and thus lead to
the progression of type II diabetes mellitus by elevating hepatic
acetyl-CoA (40).

Experimental procedures

Reagents

Immunoblot reagents were attained from Bio-Rad. ECL
(enhanced chemiluminescence) reagents were purchased from
GE Healthcare. Albumin was purchased from Sigma. Recombi-
nant rat growth hormone was purchased from Abcam (catalog
no. ab68388). Other reagents were of analytical grade and pur-
chased from local vendors. Ames dwarf (df/df) mice were a gift
of Dr. Michal Masternak. All animal procedures were per-
formed in accordance with University of Central Florida insti-
tutional animal care and use committee (IACUC) guidelines
and in strict agreement with the IACUC-approved protocol.

Antibodies and recombinant proteins

Rabbit polyclonal antibodies targeting cathepsin B, apoB,
and LFABP were purchased from Santa Cruz Biotechnology.
Anti-rabbit IgG antibodies conjugated to HRP were purchased
from Santa Cruz Biotechnology. Wildtype recombinant rat
LFABP was purchased from Novus Biologicals (Littleton, CO).
Mutant rat LFABP (VKM 3 VNL; amino acids 83– 85) was
generated commercially (GenScript USA Inc., Piscataway, NJ).
Recombinant rat cathepsin B protein was purchased from
Lifespan BioSciences, Inc. (Seattle, WA).

Cell culture

Rat hepatoma cells (McA-RH7777 cells) obtained from
American Type Culture Collection (ATCC) were maintained
on Dulbecco’s modified Eagle’s medium (Life Technologies)
supplemented with 5% fetal bovine serum (ATCC) and 1% pen-
icillin/streptomycin (Sigma). Additional treatments were per-
formed as indicated in the figure legends. Cell lysates were col-
lected with radioimmune precipitation assay buffer (Thermo
Scientific, Rockford, IL). Lysis and extraction buffer was sup-
plemented with protease inhibitor (Roche Applied Science)
according to the manufacturer’s instructions.

Immunoblotting

Protein concentrations were determined by the Bradford
method as described previously (8). Samples were resolved by

SDS-PAGE with gel concentrations indicated in figure legends.
Proteins were then transferred to nitrocellulose membranes
(Bio-Rad), and detection was performed using ECL (GE Health-
care) and autoradiography film (MIDSCI, St. Louis, MO).

2D-DIGE

Samples were prepared resolved, and analyzed according to
the manufacturer’s instructions. Briefly, an equal mass of pro-
tein was labeled with Cy3 or Cy5 fluorescent dye. The samples
were then mixed, loaded onto an 11-cm IPG strip, and sub-
jected to isoelectric focusing for 21 h using a total of 50,500 V-h.
After isoelectric focusing, the IPG strip was equilibrated,
loaded onto a 4 –20% gradient Tris-HCl gel, resolved, and
scanned using a Typhoon TRIO imager (GE Healthcare). The
ExPASy protein database was used for putative identification of
protein spots.

Treatment of hepatocytes with oleic acid

Rat hepatocytes (McA-RH7777 cells) were washed with
warm (37 °C) PBS and incubated with 0.4 mM OA complexed
with BSA in DMEM containing 5% FBS for either 1 or 24 h (as
indicated in the figure legends). For the control, cells were
treated with BSA (0.2 mM) alone in DMEM.

Pulse labeling

[3H]Oleic acid (45.5 Ci/mm) was purchased from PerkinEl-
mer Life Sciences. For pulse-labeling experiments, 0.3 � 106

cells were plated in each well of a 6-well plate. Transfections
were performed simultaneously with plating as described
below. For experiments requiring RNA interference, medium
was discarded after 48 h, and the cells were washed twice using
fresh medium without penicillin/streptomycin. Cells were
incubated in 0.4 mM OA complexed with BSA containing 2 �Ci
of BSA-bound [3H]oleic acid for 1 h. The pulse was then dis-
carded, and the cells were washed twice as described previously
to remove residual labeled oleic acid and given fresh 5% FBS-
containing DMEM. 200-�l aliquots were taken at the indicated
time intervals. Radioactivity (dpm) associated with [3H]TAG
was measured from 100-�l medium aliquots by liquid scintilla-
tion counting using a Tri-Carb 2910TR liquid scintillation ana-
lyzer (PerkinElmer Life Sciences). For experiments requiring
plasmid transfection, cells were removed from transfection
medium after 4 h of exposure, given fresh medium, and pulsed
48 h after plating as described.

TAG extraction

Protein concentrations were determined by the Bradford
method as described previously (8). Whole-cell lysates from
McA-RH7777 cells were collected as described previously, with
any prior treatment indicated in the figure legend. 50 �g of
whole cell lysate protein with [3H]TAG was diluted to 200 �l
with PBS and mixed with 1.5 ml of isopropyl alcohol/n-hep-
tane/deionized H2O (80/20/2; v/v/v), vortexed vigorously, and
allowed to settle. 1 ml of n-heptane and 0.5 ml of deionized H2O
were added. The mixture was vortexed thoroughly and then
spun until separation of the organic layer. The organic layer was
collected and mixed with 2 ml of 0.5 N NaOH/EtOH/deionized
H2O (1/5/5; v/v/v), vortexed vigorously, and spun until separa-
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tion of the organic layer. The organic layer (n-heptane) contain-
ing [3H]TAG was subjected to liquid scintillation counting as
described previously (28, 41– 43).

siRNA transfection

McA-RH7777 cells were transfected using Lipofectamine
RNAiMax (ThermoFisher Scientific) according to the manufa-
cturer’s instructions. A final concentration of 25 nM cathepsin B
siRNA (Silencer select predesigned siRNA, Life Technologies, cat-
alog no. s134210) was used as indicated. To exclude or minimize
off-target effects of siRNA, we utilized several approaches. First,
we used different concentrations of siRNA for optimization and
used the minimal concentration that gave the maximal knock-
down. Second, we used several siRNA against the same target and
used different transfection protocols.

Preparation of ER, Golgi, lysosomes, and cytosol

For the preparation of ER and Golgi, McA-RH7777 cells were
washed once with buffer A (136 mM NaCl, 11.6 mM KH2PO4, 8
mM Na2HPO4, 7.5 mM KCl, 0.5 mM dithiothreitol, pH 7.2) and
resuspended in 0.25 M sucrose in 10 mM Hepes containing 50
mM EDTA and protease inhibitors (Roche Diagnostics GmbH,
Mannheim, Germany) and homogenized using Parr cell disrup-
tion vessel at 1,100 p.s.i. for 40 min followed by isolation and
purification of the ER and Golgi using a sucrose step gradient as
described previously (25, 44).

Lysosomes were prepared using a slight modification of the
method described by Stahn et al. (45). In brief, McA-RH7777
cells were washed once with buffer A and resuspended in 0.25 M

sucrose in 10 mM Hepes containing 50 mM EDTA and protease
inhibitors (Roche Diagnostics GmbH) and homogenized using
a Parr cell disruption vessel at 1,100 p.s.i. for 40 min followed by
spinning of the homogenate at 750 � g for 10 min. The pellet
was discarded, and the post-nuclear supernatant was centri-
fuged at 3,300 � g for 10 min. The supernatant (post-mitochon-
drial) was collected and spun at 16,000 � g for 20 min, and the
pellet containing lysosomes was collected.

Cytosol was prepared from McA-RH7777 cells using the
same procedure as reported earlier (25, 44)). In brief, McA-
RH7777 cells were washed once with buffer B (25 mM Hepes,
125 mM KCl, 2.5 mM MgCl2, 0.5 mM DTT, and protease inhib-
itors, pH 7.2) and homogenized using a Parr cell disruption
vessel at 1,100 p.s.i. for 40 min, followed by ultracentrifugation
at 40,000 rpm for 95 min (Beckman Rotor 70.1 Ti). The result-
ant supernatant (cytosol) was collected, dialyzed overnight
against cold buffer B at 4 °C, and then concentrated to a final
concentration of protein �20 mg/ml using a Centricon filter
(Amicon, Beverly, MA) with a 10-kDa cutoff.

Plasmid transfection

pCI-Neo vector containing rat Cathepsin B gene insert (Ref-
Seq number NM_022597.2) and pCI-Neo vector containing rat
wildtype LFABP gene insert (RefSeq number NM_012556.2) or
cathepsin B-resistant mutant LFABP gene insert were pur-
chased from Life Technologies. Transfection was carried out
using Lipofectamine 2000 according to the manufacturer’s
instructions.

Statistical analysis

Data were compared using GraphPad software (GraphPad
Prism version 5 software for Mac OS X version) employing
either a two-tailed t test or a one-way analysis of variance
(ANOVA).

Author contributions—S. T. designed and carried out the experi-
ments and analyzed the results. S. S. performed all small animal sur-
geries to isolate primary hepatocytes, carried out confocal and
immunoblotting experiments, and analyzed the results. S. S. and
F. M. performed 2D-DIGE experiments. O. Z. performed several
experiments to ascertain the reproducibility. M. M. M. provided
Ames dwarf mice and analyzed the results. S. A. S. conceived and
designed the experiments and analyzed the results. S. T. and S. A. S.
wrote the paper.
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