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Abstract

Inflammation induces marked changes in lipid and lipoprotein metabolism. Proprotein convertase
subtilisin kexin 9 (PCSKO9) plays an important role in regulating LDL receptor degradation. Here we
demonstrate that LPS decreases hepatic LDL receptor protein but at the same time hepatic LDL
receptor mRNA levels are not decreased. We therefore explored the effect of LPS on PCSK9
expression. LPS results in a marked increase in hepatic PCSK9 mRNA levels (4 hours-2.5 fold
increase; 38 hours-12.5 fold increase). The increase in PCSK9 is a sensitive response with 1 ug LPS
inducing a %2 maximal response. LPS also increased PCSK9 expression in the kidney. Finally,
zymosan and turpentine, other treatments that induce inflammation, also stimulated hepatic
expression of PCSK9. Thus, inflammation stimulates PCSK9 expression leading to increased LDL
receptor degradation and decreasing LDL receptors thereby increasing serum LDL, which could have
beneficial effects on host defense.
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INTRODUCTION

Infection and inflammation induce marked changes in lipid and lipoprotein metabolism (for
review see [1]). In rodents, LPS administration, a frequently used model for gram negative
bacterial infection, increases VLDL and LDL levels while decreasing HDL levels [1]. Studies
have shown that LPS administration decreases LDL receptor protein levels in the liver, which
could lead to the decreased clearance of circulating LDL and account for the increase in serum
LDL levels [2,3]. However, the effects of LPS administration on LDL receptor mMRNA
expression in the liver have been variable with decreases in LDL receptor mRNA levels
observed soon after LPS administration followed by increases in LDL receptor mRNA levels
at later time points [2-4]. In contrast, the decrease in LDL receptor protein levels occurs rapidly
after LPS administration and persists for an extended period of time [2,3]. These results suggest
that while the initial decrease in hepatic LDL receptors could be due to a decrease in LDL
receptor mRNA levels the decrease observed at later time points must be due to other regulatory
pathways.
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Recent studies have shown that proprotein convertase subtilisin kexin 9 (PCSKD9), a serine
protease, plays an important role in regulating hepatic LDL receptor levels [5,6].
Overexpression of PCSK9 in mice results in a marked decrease in hepatic LDL receptors and
an increase in serum LDL [7-10]. Conversely, PCSK9 deficient mice (knock-out or antisense)
have a marked increase in hepatic LDL receptors and a 50% decrease in serum cholesterol due
to the increased clearance of LDL and HDL by the liver [11,12]. Together these studies indicate
that PCSK9 plays an important role in regulating hepatic LDL receptor protein levels and
consequently serum cholesterol levels. Moreover, parabiosis studies have demonstrated that
PCSKQ from a transgenic overexpressor mouse reduced LDL receptor levels in the liver of the
paired nontransgenic mouse [13]. Similarly, the administration of recombinant human PCSK9
to mice also reduced hepatic LDL receptors by approximately 90% within 60 minutes [14,
15]. Together these observations indicate that circulating PCSK9 lowers LDL receptor levels.
Furthermore studies have shown that PCSK9 binds to the LDL receptor on the plasma
membrane leading to the redistribution of LDL receptors from the cell surface to lysosomes
and their ultimate degradation [15-17].

Based on these observations we hypothesized that infection and inflammation stimulates the
expression of PCSK9 in the liver thereby decreasing hepatic LDL receptor protein levels
resulting in increases in circulating LDL levels.

MATERIALS AND METHODS

Materials

Animals

LPS (Escherichia coli 55:B5) was obtained from Difco Laboratories and diluted in pyrogenfree
0.9% saline. Zymosan A and TRI Reagent were purchased from Sigma (St. Louis, MO). Qil
of turpentine was purchased from BDH Laboratory Supplies (Poole, England). LightCycler ®
450 SYBR Green | Master was purchased from Roche Applied Science (Indianapolis, IN), and
iScript cDNA Synthesis Kit from BIO-RAD (Hercules, CA).

Female C57BL/6 mice (8 weeks old) were obtained from Charles River Laboratories
(Wilmington, MA). The animals were maintained in a normal-light-cycle room and were fed
Purina mouse chow (Ralston Purina, St. Louis, MO) and water ad libitum. The high cholesterol
diet was prepared by adding cholesterol to powdered mouse chow (2%). Animals were fed the
high cholesterol diet for 7 days. Animals were injected with saline, LPS (5 mg/kg body weight,
intraperitoneally), or zymosan A (80 mg/kg body weight, intraperitoneally) or Oil of
Turpentine (100 pl subcutaneously in left hind leg) and food was removed from both control
and treated animals after injection. These doses of LPS, zymosan, and turpentine were
previously shown to induce the acute phase response in mice, but are far below the lethal dose
[18]. At the indicated time after treatment, animals were administered halothane anesthesia
and euthanized and liver and kidney were snap-frozen in liquid nitrogen, placed in storage
tubes in a dry ice bath until the end of experiment, and then stored at —80°C until RNA
extraction. All experiments were performed according to protocols approved by the Animal
Studies Subcommittee of the San Francisco Veteran Affairs Medical Center.

Isolation of RNA and RT-PCR

Total RNA was isolated from 50 mg of snap-frozen liver and kidney tissue by the TRI Reagent
method from Sigma. Total RNA was then quantified by measuring absorption at 260 nm. The
reverse-transcription reagent iScript from BIO-RAD was used to prepare first strand cONA
for Quantitative RT-PCR from 1pg of total RNA. Real-time quantitative PCR was performed
in the MX300P™ real-time PCR instrument (Stratagene, La Jolla, CA) using LightCycler®
480 SYBR Green | Master (Roche, Indianapolis, IN). The relative amount of all MRNAs was
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calculated using the comparative Ct method. 36B4 mRNA was used as the invariant control
for all experiments. QPCR primers are as follows:

PCSK9
LDLR

36B4

*-TTGCAGCAGCTGGGAACTT-3’
’-CCGACTGTGATGACCTCTGGA-3’
-AGGCTGTGGGCTCCATAGG-3’
*-TGCGGTCCAGGGTCATCT-3’
’-GCGACCTGGAAGTCCAACTAC-3’
-ATCTGCTGCATCTGCTTGG-3’

mouse

mouse

oo a

human/mouse

Western Blot Analysis

Mouse liver membrane proteins were purified using Mem-Per kit (Pierce). SDS-PAGE was
performed on 50 pg aliquots of membrane protein under reducing conditions. The samples
were electrophoresed on an 8% gel using a minigel apparatus (Bio-Rad). The proteins were
electrotransferred to a PVDF membrane (Amersham) followed by blocking with SuperBlock
Blocking Buffer (Pierce). After washing with PBS containing 0.1% Tween-20, the membrane
was incubated with either goat anti-mouse LDL receptor primary antibody (R&D Systems) at
1:1000 dilution overnight at 4°C. After repeat washing, the membrane was incubated with the
anti-goat 1gG HRP (Jackson ImmunoResearch) and signal was detected with ECL Plus
(Amersham).

Statistical analysis

Data are expressed as the mean + S.E. from experiments with 4-5 animals. The statistical
difference between two experimental groups was determined using the Student’s t test.

RESULTS AND DISCUSSION

Our initial experiments determined the effect of the administration of LPS, a TLR 4 activator,
on hepatic LDL receptor protein levels. As reported by other investigators, LPS treatment
resulted in a marked decrease in LDL receptor protein levels in the liver (~60% decrease)
(Figure 1A) [2, 3]. Figure 1B shows the effect of LPS on hepatic LDL receptor mRNA levels.
As reported by other investigators [3], we also observed an early decrease in LDL receptor
MRNA levels (50% decrease at 4 and 8 hours) but at later time points LDL receptor mMRNA
levels returned towards normal and by 38 hours were actually increased to 50% greater than
controls. Thus, while the initial decrease in LDL receptor mRNA levels could contribute to the
early decrease in LDL receptor protein levels, the late decrease in LDL receptor protein levels
is unlikely to be accounted for by decreases in LDL receptor mMRNA levels. We therefore
explored the effect of LPS on other pathways that regulate LDL receptor protein levels.

As shown in Figure 2, LPS treatment results in a marked increase in PCSK9 mRNA levels.
The increase is seen as early as 4 hours following LPS treatment (2.5 fold increase) and is
sustained for as long as 38 hours (12.5 fold increase) (Figure 2A). Additionally, the increase
in PCSKQ is a relatively sensitive response to LPS with 1 pug LPS inducing a %2 maximal
response (approximately 6 fold increase) (Figure 2B).

It is well recognized that PCSK9 expression is stimulated by SREBP-2 [10,19,20], a
transcription factor whose activity is suppressed by increases in hepatic cholesterol content
[21]. Cholesterol feeding increases hepatic cholesterol levels and down regulates SREBP-2
activity and therefore we next determined if LPS treatment could increase PCSK9 in cholesterol
fed animals. In control animals fed the high cholesterol diet, the CT for PCSK9 was 31.1+/-
0.21, whereas in control animals fed the chow diet the CT was 29.0+/— 0.31, indicating that
cholesterol feeding, presumably by decreasing SREBP activation, decreases PCSK9
expression. Nevertheless, LPS treatment increased PCSK9 mRNA levels in the liver of
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cholesterol fed mice by approximately 6 fold. If increases in SREBP activity mediated the LPS
induced increase in PCSK9 mRNA levels one would have expected the effect of LPS to be
markedly blunted in cholesterol fed mice. Moreover, if increases in SREBP activity caused the
increase in PCSK9 expression one would also expect that LDL receptor mRNA levels would
also be increased as SREBP-2 is well known to be a potent stimulator of LDL receptor gene
expression [21]. However, our results demonstrate a discordance in expression of LDL receptor
mMRNA and PCSK9 mRNA (at 8 hours PCSK9 expression is increased 2-3 fold while LDL
receptor expression is decreased by 50%) providing further evidence suggesting that increases
in SREBP activity are not likely to underlie the changes in PCSK9 expression.

PCSK®9 is produced in tissues other than the liver [6]. To determine if the ability of LPS to
stimulate PCSK9 expression is liver specific we next determined the effect of LPS
administration on PCSK9 mRNA levels in the kidney. LPS treatment increased PCSK9 mRNA
levels by 3 fold in the kidney indicating that the stimulatory effect of inflammation on PCSK9
expression is not limited to the liver.

We next determined if other treatments that induce inflammation and the acute phase response
also effected the expression of PCSK9. As shown in figure 3, the administration of zymosan,
afungal product that activates TLR2, also results in a marked increase in PCSK9 mRNA levels
in the liver (~14 fold increase). Similarly, the intramuscular administration of turpentine, which
causes asterile abscess, increased hepatic PCSK9 mRNA levels 3-4 fold (figure 3). The smaller
induction of PCSKO9 that occurs with turpentine treatment compared to either LPS or zymosan
administration is not surprising given that the degree of inflammation induced by turpentine
treatment is less than that produced by the other treatments.

Unfortunately we were unable to measure changes in PCSK9 protein levels following LPS
administration in either mouse liver or serum despite attempts with several commercial
antibodies. While there are good assays for measuring PCSK9 in human serum such assays
are not available for the mouse. In reviewing the literature, mouse PCKS9 protein levels are
measured almost exclusively in animals that are markedly overexpressing PCSK9 protein.

The mechanism by which inflammation stimulates the expression of PCSK9 is unknown. As
discussed above, during inflammation it is unlikely that activation of SREBP accounts for the
changes given the results in cholesterol fed animals and the discordance between PCSK9 and
LDL receptor expression. Recent studies have shown that activation of either FXR or PPAR
alpha inhibits the expression of PCSK9 [22-24]. Studies by our laboratory have shown that
the levels of both of these nuclear hormone receptor transcription factors, as well as their
obligate heterodimer partner RXR, are decreased during inflammation in both the liver and
kidney and therefore it is possible that the increase in PCSK9 is due to decreases in the activity
of FXR and/or PPAR alpha [25-27].

In conclusion, the present study demonstrates that infection and inflammation stimulates the
expression of PCSK9, which would result in the increased degradation of LDL receptors
thereby increasing serum LDL levels. The increase in serum LDL could have beneficial effects
on host defense by binding and neutralizing LPS and other toxins or by providing a source of
cholesterol to macrophages and other cells that play a crucial role in host defense [1].
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Fig. 1. Effect of LPS administration on the expression of the LDL receptor in mouse liver

Mice were injected intraperitoneally with LPS (5mg/kg body weight). The animals were
euthanized at the indicated times after LPS administration. Liver membranes and Western blots
were carried out as described in the Materials and Methods section. Total RNA was isolated
from liver tissue, cDNA was synthesized with reverse transcriptase, and quantitative real-time
PCR performed as described in Materials and Methods section. A. LDL receptor protein levels
at 16 and 38 hours post LPS administration. B. LDL receptor mRNA levels at various times
after LPS administration. The data are presented as the mean +/— SEM. Data are expressed as
a percentage of controls. N=4-5 per group. * p< 0.01, *** p< 0.001
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Fig. 2. Effect of LPS administration on the expression of PCSK9 in mouse liver

Total RNA was isolated from liver tissue, cDNA was synthesized with reverse transcriptase,
and quantitative real-time PCR performed as described in Materials and Methods section. A.
Time course. Mice were injected intraperitoneally with LPS (5mg/kg body weight) and the
animals were euthanized at the indicated times after LPS administration. B. Dose Response.
Mice were injected intraperitoneally with the indicated dose of LPS and the animals were
euthanized 16 hours after LPS administration. The data are presented as the mean +/— SEM.
Data are expressed as a percentage of controls. N=4-5 per group. ** p< 0.005, *** p< 0.001
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Fig. 3. Effect of zymosan and turpentine treatment on the expression of PCSK9 in mouse liver

Mice were injected intraperitoneally with zymosan (80mg/kg body weight) or subcutaneously
with turpentine (100ul) and euthanized 16 hours after treatment. Total RNA was isolated from
liver tissue, cDNA was synthesized with reverse transcriptase, and quantitative real-time PCR
performed as described in Materials and Methods section. The data are presented as the mean
+/— SEM. Data are expressed as a percentage of controls. N=4-5 per group. *** p< 0.001 vs.

control.
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