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secretion, and/or resorption by the kidney. All of these conventional
markers indirectly estimate kidney function. In contrast, U-L-FABP
indicates kidney injury by directly measuring protein levels [10].
Recent studies have shown that U-L-FABP may be a useful marker
of acute and progressive renal disease [11,12], however, the clin-
ical significance of U-L-FABP measurement in patients with CAD
has not been completely investigated. A recent study demonstrated
the clinical benefit of U-L-FABP measurement for the diagnosis
of ACS [13], but to date, there are no data evaluating the clinical
significance of U-L-FABP measurement in predicting future cardio-
vascular events in patients with ACS. Therefore, we investigated
U-L-FABP levels in patients with ACS, including those with acute
myocardial infarction (AMI) and unstable angina pectoris (UAP).
In addition, we assessed whether U-L-FABP measurement could
identify patients at high risk of future cardiovascular events.

Methods
Study subjects

Fifty consecutive patients (39 male, mean age 64+ 12 years)
with ACS (37 with AM], and 13 with UAP) who underwent primary
percutaneous coronary intervention (PCI) between April 2007 and
April 2008 at Juntendo University Hospital were enrolled in this
study. Forty seven subjects in an outpatient clinic (33 male, mean
age 60 + 13 years) were included as the control group. Control sub-
jects had no history of CAD and no evidence of coronary ischemia
examined by stress cardiac testing. ACS was defined by high-risk
UAP, non-ST elevation MI (NSTEMI), or ST elevation MI (STEMI).
Electrocardiographic criteria for the diagnosis of STEMI/NSTEMI
were as follows: (1) persistent (>20 min) ST elevation in contiguous
leads with cut-off points >0.2 mV inmen or >0.15mV in women in
leads V2-V3 and/or >0.1 mVin other leads in both sexes; (2) new ST
depression horizontal or down-sloping > 0.05mV in 2 contiguous
leads, and/or T inversion > 0.1 mV in two leads in prominent R wave
or R/Sratio>1.3; (3) new detection of complete left bundle branch
block; and (4) increase (>2 fold) in serum creatine phosphokinase
and troponin T positivity. Patients with cardiac shock, acute renal
disease, end-stage renal failure requiring dialysis, an estimated
GFR (eGFR) <50 mL/min/1.73 m?, hepatic dysfunction, collagen dis-
ease, and those using nonsteroidal anti-inflammatory drugs were
excluded. None of the control subjects had a history of cardio-
vascular disorders or systemic inflammatory diseases. The ethical
committee of Juntendo University, School of Medicine approved the
study protocol and written informed consent was obtained from all
subjects.

Analyses of urine and blood samples

Urine samples were collected just before and 24 h after PCI
in the ACS group and at the time of clinic visit in the control
group. All samples were stored at —20°C until analysis. U-L-FABP
levels were measured using a two-step sandwich enzyme-linked
immunosorbent assay (CMIC, Tokyo, Japan). Urinary albumin (U-
Alb) levels were measured by immunoturbidimetry and adjusted
by urinary creatinine (U-Cr). Because U-L-FABP/U-Cr was not nor-
mally distributed, the value was expressed as the log-normal
distribution of the ratio of U-L-FABP to U-Cr (U-L-FABP/U-Cr).
Other serum parameters were measured for all subjects, at the
same time urine samples were taken. Serum creatinine, troponin-
T, creatinine phosphokinase, high sensitive C-reactive protein
(hsCRP), and brain natriuretic protein (BNP) levels were ana-
lyzed by standard methods [14]. The eGFR was calculated using
the following equation: eGFR =194 x age 0287 « Cre—1094 x 0.739
(if female), according to the Modification of Diet in Renal Disease

Study[15]. Total cholesterol, triglyceride, and high-density lipopro-
tein cholesterol (HDL-C) levels were also measured by standard
methods. Low-density lipoprotein cholesterol levels were calcu-
lated by Friedewald’s formula. Hemoglobin (Hb) Alc (JDS) (%) was
measured as previously described Japanese standard substance
and measurement methods and NGSP criteria for measurement of
HbAlc.

PCl and antiplatelet therapy

The intervention procedure was performed according to the
standard technique of each operator, as previously described
[16,17]. The endpoint of the procedure for the main vessel was
thrombolysis in myocardial infarction 3 and the absence of major
dissections that would compromise flow in the vessel. Intravenous
unfractionated heparin was administered before PCI. All patients
in the ACS group were implanted with bare-metal stents. Follow-
up coronary angiography was performed 6-8 months after stent
implantation. A technician without any knowledge of the study
results performed all the quantitative coronary angiography (QCA)
analyses, as previously described [18]. The absolute values for
the mean reference diameter and minimal luminal diameter were
determined. Angiographic restenosis was defined as a diameter
stenosis > 50% at the follow-up angiography as determined by QCA
analysis. Patients in the ACS group received dual antiplatelet ther-
apy of clopidogrel (300 mg loading dose, followed by 75 mg daily)
and aspirin (200 mg loading dose and 100 mg daily throughout the
study period). All patients in the ACS group were followed for up to
54 months (median 42 months). Major adverse cardiocerebrovas-
cular events (MACCEs) were defined as all-cause death, nonfatal M,
UAP, revascularization for target lesion or new lesion, and admis-
sion for stroke.

Statistical analysis

Statistical analysis was performed with Stat View 5.0 MDSU sta-
tistical software (SAS Institute, Cary, NC, USA). Data are presented
as means + standard deviations (SD). Linear regression analysis was
used to evaluate the correlation between the 2 variables. p<0.05
was considered statistically significant. Categorical and continuous
variables were compared by a chi-square analysis. Cox proportional
hazard analysis was performed to identify independent predic-
tors for the MACCEs including age, gender, body mass index (BMI),
diabetes mellitus, hypertension, dyslipidemia, eGFR, and log (U-L-
FABP/U-Cr) levels.

Results
Characteristics of study subjects

Table 1 summarizes the baseline characteristics of each group.
There were no significant differences in age, gender, BMI, blood
pressure, serum glucose profiles, and eGFR between the ACS and
the control groups. Serum BNP and hsCRP levels in the ACS group
were significantly higher than those in the control group (p <0.005,
p<0.05, respectively). HDL-C levels in the ACS group were sig-
nificantly lower than those in the control group (p<0.005). The
ACS group had significantly higher prevalence of dyslipidemia
(p<0.005), metabolic syndrome (p < 0.005), and smoking (p < 0.005)
and significantly higher levels of waist circumference (p<0.05)
than the control group. Concomitant use of beta-blockers and
statins was more frequent in the ACS group than in the control
group (p<0.05, p<0.005, respectively). There were no significant
differences in use of angiotensin-converting enzyme inhibitors
(ACEIs), angiotensin receptor blockers (ARBs), calcium-channel
blockers (CCBs), and anti-diabetic agents between the two groups.
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Table 1
Comparison of clinical characteristics between the control and the ACS groups.
Control ACS ACS
AMI UAP

n 47 50 37 13
Age, years 60+13.0 64+11.9 64+124 63+11.3
Male (%) 33(70) 39(78) 27(73) 12(92)
Body mass index, kg/m? 227+£22 23735 238434 234430
Waist circumference, cm 78.2+2.56 87.7+89" 88.2+9.4" 87.9+8.3"
Systolic blood pressure, mmHg 129+£21 125+21 123421 128+ 21
Dyastolic blood pressure, mmHg 71+13 734£13 72+14 7449
Hypertension (%) 25(53) 31(62) 21(57) 10(77)
Diabetes mellitus (%) 7(15) 14(28) 10(27) 4(31)
Dyslipidemia (%) 11(23) 35(70)" 23(62)" 12(92)"*
Metabolic syndrome (%) 5(11) 18(36)" 12(32) 6(46)"*
Smoker (%) 5(11) 28(56)" 19(51)" 9(69)"
Estimated GFR, ml/min/1.73 m? 81.7+£26.8 80.2+17.7 79.1+£17.0 809+74
Total cholesterol (mg/dl) 178 +38 185+32 188428 182+38
Triglyceride (mg/dl) 130+32 123+ 60 122+67 124+ 41
HDL-cholesterol, mg/dl 51+12 44+11" 43+97 47 +14
LDL-cholesterol, mg/d! 111+£32 10839 112442 98+24
Blood glucose, mg/dl 105435 116+38 114436 117439
HbA1c, % (JDS) 56407 56+09 57+08 56+1.0
BNP, pg/mL 49438 294 4 249" 338+318" 245114
hsCRP, mg/dL 0.059+0.039 2.835+1.541 3.157 £1.794° 2.576 + 1.466
Ejection fraction, % (-) 56.9+10.6 55.1+94 60.1+£13.1
Number of diseased vessels

One (%) (=) 24(48) 17(45) 7(55)

Two (%) (=) 18(36) 16(43) 2(15)

Three (%) (=) 8(16) 4(11) 4(30)
Use of medication

ACEI/ARB (%) 25(53) 29(58) 25(68) 4(31)

Beta-blockers (%) 16(34) 27(54)" 21(57) 6(46)"

Statins (%) 11(23) 33(66)" 26(70)" 7(54)

Values are mean = SD.

ACS, acute coronary syndrome; AMI, acute myocardial infarction; UAP, unstable angina pectoris; GFR, glomerular filtration rate; HDL, high-density lipoprotein. LDL, low-
density lipoprotein; HbA1c, hemoglobin Alc; JDS, Japan Diabetes Society. BNP, brain natriuretic protein; hsCRP, high sensitive C-reactive protein. ACEIl, angiotensin-converting

enzyme inhibitors; ARB, angiotensin receptor blockers.
' p<0.05 vs. control.

* p<0.005 vs. control.

* p<0.05 vs. AML

-

None of the patients who underwent angiography showed contrast
medium-induced nephropathy, as defined by Harjai et al. [19].

U-L-FABP levels in the ACS and the control groups

Log (U-L-FABP/U-Cr) levels for each group are shown in
Fig. 1. Before angiography, log (U-L-FABP/U-Cr) levels in the ACS
group were significantly higher than those in the control group
(p=0.0024).In addition, log (U-L-FABP/U-Cr) levels in patients with
AMI (p=0.0018), but not in those with UAP, were significantly
higher than those in control subjects.

Next, the correlations between log (U-L-FABP/U-Cr) levels and
other serum parameters were analyzed. Log (U-L-FABP/U-Cr) lev-
els positively correlated with log BNP levels (r=0.323, p=0.001;
Fig. 2A). U-L-FABP levels have been reported to be positively cor-
related with U-Alb levels [20]. Our data also revealed a positive
correlation between log (U-L-FABP/U-Cr) and U-Alb/U-Cr levels
(r=0.500,p <0.0001)(Fig.2B).In addition, no significant correlation
was found between log (U-L-FABP/U-Cr) levels and other serum
parameters (data not shown). Interestingly, duration of hospital-
ization was positively correlated with log (U-L-FABP/U-Cr) levels
(r=0.296, p=0.025) (Fig. 20).

Follow-up data in the ACS group
Follow-up angiography was performed in 49 patients (98%).

One patient refused angiographic follow-up, because of absence
of angina and negative exercise testing. Angiographic in-stent

4.0
p=0.0019
. 3.0-
S
Q
=
=
0.
2
L 2.0
-
2
o]
[}
-l
1.0
0.0

Control AMI UAP

Fig. 1. Comparison of U-L-FABP levels between the ACS (AMI and UAP) and the con-
trol groups. Log (U-L-FABP/U-Cr) levels in the ACS group (n=50) were significantly
higher than those in the control group (n=47) (p = 0.0024). Log (U-L-FABP/U-Cr) lev-
els in patients with AMI(n =37), but not in those with UAP (n = 13), were significantly
higher (p =0.0019) than those in the control group. ACS, acute coronary syndrome;
AMI, acute myocardial infarction; UAP, unstable angina pectoris; U-L-FABP, urinary
liver-type fatty acid-binding protein; U-Cr, urinary creatinine.
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Fig. 2. Correlation between U-L-FABP levels and other parameters. (A) A positive correlation was observed between log (U-L-FABP/U-Cr) and log BNP (r=0.323, p=0.001)
(n=89). (B) A positive correlation was observed between log (U-L-FABP/U-Cr) and U-Alb/U-Cr levels (r=0.500, p<0.0001) (n=97). (C) A positive correlation was observed
between duration of hospitalization and log (U-L-FABP/U-Cr) fevels (r=0.296, p=0.025) (n = 50). BNP, brain natriuretic protein; U-L-FABP, urinary liver-type fatty acid-binding
protein; U-Cr, urinary creatinine; AMI, acute myocardial infarction; UAP, unstable angina pectoris.

restenosis with ischemic sign evaluated by exercise testing was
evident in 4 patients at follow-up angiography. The restenosis
(+) group exhibited significantly higher log (U-L-FABP/U-Cr) and
U-Alb/U-Cr levels at admission than the restenosis (—) group
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(p=0.047, p<0.0001, respectively) (Fig. 3A and B). MACCEs were
observed in 9 patients (nonfatal MI 1 patient and revasculari-
zation 8 patients). At second measurement, log (U-L-FABP/U-Cr)
levels in the MACCE (+) group were significantly higher than
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Fig. 3. U-L-FABP and U-Alb levels in patients with and without in-stent restenosis at follow-up angiography. (A) The restenosis (+) group (n=4) exhibited significantly higher
log (U-L-FABP/U-Cr) levels than the restenosis (—) group (p=0.047). (B) The restenosis (+) group showed significantly higher U-Alb/U-Cr levels than the restenosis (—) group
(p<0.0001). U-L-FABP, urinary liver-type fatty acid-binding protein; U-Cr, urinary creatinine; U-Alb, urinary albumin.

221



172 R. Matsumori et al. / Journal of Cardiology 60 (2012) 168-173

9.0

8.0 - p=0.028

7.0
5.0 1

3.0 [

Log (U-L-FABP/U-Cr)

2.0

1.0

0.0
MACCE (-)

MACCE (+)

Fig. 4. U-L-FABP levels at second measurement and MACCEs. At second mea-
surement, the MACCEs (+) group (n=9) exhibited significantly higher log
(U-L-FABP/U-Cr) levels than the MACCEs (—) group (n=20) (p=0.028). MACCEs,
major adverse cardiocerebrovascular events; U-L-FABP, urinary liver-type fatty
acid-binding protein; U-Cr, urinary creatinine.

those in the MACCE () group (p=0.028) (Fig. 4). Meanwhile, log
(U-L-FABP/U-Cr) levels at admission were not significantly differ-
ent between the MACCE (+) and MACCE (-) groups. The levels
of eGFR before PCI in the MACCE (+) and MACCE (-) groups
were 81.3+15.8ml/min/1.73 m? and 82.9 + 17.3 ml/min/1.73 m?2,
respectively. The levels of eGFR after PCI in the MACCE (+)
and MACCE (-) groups were 78.8+14.1ml/min/1.73m?2 and
70.8 + 13.3 ml/min/1.73 m?, respectively. There was no significant
difference in eGFR before and after PCI between the two groups.
There were no significant differences in risk factors between the
two groups. In addition, there was no difference between these
groups regarding the concomitant use of medications, includ-
ing anti-platelet drugs, beta-blockers, CCBs, ACEls, ARBs, insulin,
peroxisome proliferator-activated receptor (PPAR)-y agonists, or
statins. After adjustment for age, gender, BMI, diabetes mellitus,
hypertension, dyslipidemia, and eGFR, multivariate Cox propor-
tional hazard analysis revealed that log (U-L-FABP/U-Cr) levels
were significant and independent factors for MACCEs (p=0.019).

Discussion

This study demonstrated that U-L-FABP levels in patients with
AM]I, but not in patients with UAP, were significantly higher than
those in the control subjects. In addition, U-L-FABP levels were
independent factors for MACCEs in patients with ACS. To the best of
our knowledge, this is the first report that demonstrates the signif-
icance of U-L-FABP measurement in identifying high-risk subjects
among patients with ACS.

The potential reasons why U-L-FABP levels in patients with AMI,
but not in patients with UAP, were significantly higher than those
in controls should be discussed. Fukuda et al. [13] reported a sig-
nificant difference in log (U-L-FABP/U-Cr) levels between the ACS
group and the stable AP (SAP) groups, and that log (U-L-FABP/U-
Cr) may be a useful marker for the diagnosis of ACS. However, the
difference in U-L-FABP levels between the AMI and the UAP groups
had not been elucidated, because the previous study did not dis-
criminate between AMI and UAP. L-FABP is an intracellular lipid
chaperone that selectively binds unsaturated FAs or lipid peroxida-
tion products and transports them to mitochondria or peroxisomes,
where they are metabolized by B-oxidization [21]. FAs are impor-
tant in mammals as mediators of signal transduction for metabolic

regulation and are rarely present in the free state in biological
fluids, because of their hydrophobic character and cytotoxicity.
Overproduction of FFAs induces oxidative stress and production of
inflammatory cytokines by increasing mitochondrial reactive oxy-
gen species, and subsequently leads to tubulointerstitial damage
[22]. 1t is well established that FFA levels are increased in AMI [23]
and renal ischemia [24]. Therefore, U-L-FABP levels may be high
especially in patients with AML

This study also demonstrated the novel findings that U-L-FABP
levels at admission positively correlated with BNP levels and dura-
tion of hospitalization, and that U-L-FABP levels 24 h after primary
PCI were associated with future cardiovascular events. Difference
in U-L-FABP and peak CK levels was not statistically significant
(Supplement Fig. 1A), however, troponin T levels were positively
correlated with U-L-FABP levels in the AMI group (Supplement
Fig. 1B). Moreover, positive correlations between U-L-FABP levels,
BNP levels, and duration of hospitalization may indicate the extent
of cardiac injury, as discussed above. In the follow-up study, the
restenosis (+) group showed significantly higher log (U-L-FABP/U-
Cr) and U-Alb/U-Cr levels at admission than those in the restenosis
(—) group. We evaluated whether the clinical and lesion charac-
teristics could affect the incidence of restenosis between the two
groups. The restenosis (+) group included only patients with AMI,
and showed higher prevalence of hypertension, dyslipidemia, and
current smoking (data not shown). Although lesion characteristics
did not show significant difference between the two groups, the dif-
ference in clinical characteristics may contribute to an increase in
hyperplasia at PCl site, and subsequently lead to restenosis. Further
investigations are required to assess these points.

The fact that U-L-FABP levels 24 h after primary PC], but not at
admission, helps in identifying high-risk patients for future car-
diovascular events is intriguing. A previous study showed that
unbound serum FFAs levels immediately after PCI were 14-fold
higher than those before PCI [25]. Moreover, U-L-FABP levels 24 h
after PCI remained high in patients with ACS and even in patients
with SAP[13].Increased and/or sustained U-L-FABP levels 24 h after
primary PCI may indicate not only oxidative stress and an inflam-
matory state caused by cardiac injury, but also coronary damage,
including at the PCI site. Excessive damage and healing could induce
hyperplasia at the PCI site, and subsequently lead to restenosis.
In addition, increased oxidative stress accounts for a significant
proportion of endothelial dysfunction, which is impaired in CAD,
especially in ACS [26]. Endothelial dysfunction and FFA overload
may play animportant role in the pathogenesis of ACS and increase
U-L-FABP levels, although no clear evidence has been reported that
characterizes the relationship between cardiac injury and tubuloin-
terstitial injury. Moreover, several lines of evidence indicate that
activation of L-FABPin proximal tubules could be triggered not only
by overproduction of FFAs, but also by tubular ischemia [27]. Sys-
temic hypoxia caused by ACS induces both renal parenchymal and
tubulointerstitial ischemia. Hypoxia is correlated with transcrip-
tional activation of L-FABP because the promoter region of L-FABP
contains the binding sites of hepatocyte nuclear factor, hypoxia-
inducible factor-1, and PPARs [28].

Despite the novel findings, our study has the following limita-
tions. First, the sample size was small, which limited our ability
to determine significance. In addition, second urine samples were
obtained 24 h after PCI from 20 (17 patients with AMI and 3 with
UAP) of the 41 patients without MACCE. Clinical and angiographic
characteristics, including history of AMI and UAP, were not sig-
nificantly different between the 20 patients from whom second
samples were obtained and the 21 patients from whom second
samples were not obtained 24 h after PCL. Further investigations
with larger sample sizes are needed to clarify our findings and
elucidate precise mechanisms. Second, we did not measure U-L-
FABP levels during a further follow-up period. Third, U-L-FABP
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levels can be affected by treatment with various medications,
such as ACEIs or ARBs [29], statins [30], and PPARy agonists
[31]. However, no significant differences in concomitant use of
such medications were observed between the AMI and the UAP
groups or between the MACCE (+) and MACCE (-) groups. Finally,
we expected that U-L-FABP levels must be increased in patients
with contrast medium-induced nephropathy, however, none of the
patients who underwent angiography exhibited contrast medium-
induced nephropathy.

Conclusions

These results demonstrated that patients with ACS, especially
those with AMI, had high U-L-FABP levels, and that urinary L-FABP
measurement may help to identify high-risk patients for future
cardiovascular events after ACS.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/}.jjcc.2012.03.008.
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ABSTRACT

Background Phenotype of autosomal recessive hypercholesterolaemia (ARH), a rare lipid disorder, is known to
be milder than that of homozygous familial hypercholesterolaemia (FH) with LDL receptor gene mutation. How-
ever, few data exist regarding the functional differences in ARH and FH particularly in terms of remnant-like parti-
cles’ (RLP) metabolism.

Materials and methods Blood sampling was performed up to 6 h after OFTT cream loading (50 g/body surface
area) with 2-h intervals in a single ARH proband, four heterozygous FH patients with LDL receptor gene mutation
and four normal controls. Plasma lipoprotein and RLP fraction were determined by HPLC system. The area under

22 mg/dL x h, 23 mg/dL x h, respectively).

protein 1, oral fat tolerance test, remnant-like-particles.
Eur J Clin Invest 2012; 42 (10): 1094-1099

curve (AUC) of each lipoprotein including RLP fractions was evaluated.

Results The AUC of TG, RLP cholesterol (RLP-C) and RLP triglyceride (RLP-TG) levels of heterozygous FH sub-
jects was significantly higher than those of controls (466 + 71 mg/dL x hvs. 303 = 111 mg/dL x h, P < 0-05;
35+ 7 mg/dL x hvs. 21 £ 8 mg/dL x h, P < 0-05; 124 + 57 mg/dL x hvs. 51 = 13 mg/dLxh, P < 0-05,
respectively). Under these conditions, those values of ARH were close to those of controls (310 mg/dL x h,

Conclusion These data demonstrate that unlike in FH, RLP clearance is preserved in ARH. The preservation of
post-prandial RLP clearance may contribute to the mild phenotype of ARH compared with FH.

Keywords Autosomal recessive hypercholesterolaemia, familial hypercholesterolaemia, LDLR adaptor

Introduction

Familial hypercholesterolaemia (FH) is a common inherited dis-
order of plasma lipoprotein metabolism, characterized by an ele-
vated level of LDL cholesterol (LDL-C), tendon xanthomas and
premature coronary artery disease [1]. Genetic causes of FH
involve gene mutations such as LDL receptor (LDLR), apolipo-
protein B-100 (apoB100) and proprotein convertase subtili-
sin/kexin type 9 (PCSK9) [2]. Recently, post-prandial
accumulation of lipoprotein remnants has been shown to be
related with elevated cardiovascular risk [3]. As for FH, it has
been shown that post-prandial lipoprotein metabolism is also
severely impaired [4].

1094 European Journal of Clinical Investigation Vol 42

Autosomal recessive hypercholesterolaemia (ARH), the
cause of which is a mutation in LDLR adaptor protein 1 (LDL-
RAP1) gene, is an extremely rare disorder resembling FH [5].
However, the clinical manifestations of ARH such as plasma
LDL-C levels seem to be between heterozygous and homozy-
gous FH, and lipid-lowering therapy including statin is effec-
tive [6-9]. Although this advantage has been explained
partially for the preservation of VLDL remnant clearance in
LDLRAP1 knockout mice (ARH mice) [10], the rarity of this
disease makes it difficult to understand the lipoprotein metabo-
lism, especially post-prandial metabolism of remnant-like
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particles (RLP) in human ARH patient. Recently, we demon-
strated that the clearance of VLDL remnant is paradoxically
accelerated in ARH patient by kinetic study using stable isotope
[11]. In this study, we examined post-prandial lipoprotein
metabolism in ARH in terms of differences from that in FH as
well as normal controls.

Materials and methods

Study subjects

We enrolled an ARH patient, whose clinical phenotype was
described elsewhere [11]. To compare post-prandial remnant
lipoprotein levels, FH patients with single LDLR gene mutation
(c.2431A>T, previously described as K790X) and healthy nor-
mal subjects were also enrolled. Because glucose tolerability
and apolipoprotein E isoform may affect the remnant lipopro-
tein levels, subjects with diabetes mellitus and apoE isoform
other than E3/2 were excluded. All study subjects were male.
Written informed consent was obtained from all the study sub-
jects to participate in the study. None of the subjects had taken
medication known to affect plasma lipids for at least 4 weeks
before this study conducted. None had smoking habits and
excessive alcohol intake (> ethanol 40 g/day).

Oral fat tolerance test (OFTT)

Oral fat tolerance test cream of 50 g was given per body surface
area (m?) as described in elsewhere (Jomo Shokuhin, Takasaki,
Japan) [12]. The cream consisted of fat 33%, cholesterol 74 mg
and 341 kcal per 100 g, rich in palmitic and oleic acids. Blood
sampling was performed at 2-h intervals up to 6 h.

Lipoprotein analysis and apoE phenotype

RLP is estimated as the unbound fraction of plasma after incu-
bation with immunoaffinity gel of apoB100 monoclonal anti-
body and apolipoprotein A-I monoclonal antibody as described
[13]. Plasma lipoprotein and RLP cholesterol distribution was
determined by HPLC system using two tandem connected TSK
gel Lipopropak XL columns and 0-05 M Tris-buffered acetate
(pH 8:0) at a flow rate of 07 mL/min (Tosoh, Tokyo, Japan) as
described [14]. ApoE phenotype was separated by isoelectric
focusing and detected by western blot with apoE polyclonal
antibody (phenotyping apoE IEF system, JOKOH, Tokyo,
Japan). Apolipoprotein B-48 (apoB48) levels were determined
by ELISA method using monoclonal antibody against C-termi-
nal decapeptide of apoB48 [15].

Statistical analysis

Values are expressed as mean + SD unless otherwise stated.
Area under curve (AUC) for triglyceride (TG), RLP triglyceride
(RLP-TG), RLP cholesterol (RLP-C) and apoB48 levels at base-
line and after fat load was calculated using trapezoid rule.

Differences of changes were compared with unpaired t-test.
Fisher’s exact test was used for comparing proportions between
FH patients and normal controls. The level of statistical signifi-
cance was set at P < /0-05. Statistical analysis was performed
using staTview 50 (SAS Institute Japan, Tokyo, Japan).

Results

The baseline characteristics of the three study groups are
shown in Table 1. These groups of patients were comparable in
terms of age, gender and body mass index (BMI). Furthermore,
the apoE phenotype of all the study subjects was apoE3/2. The
baseline lipid levels of ARH patient were similar to those of FH
patients. FH patients showed significantly higher fasting
plasma total cholesterol (TC) and LDL-C concentrations than
those of control subjects. However, there were no statistical dif-
ferences in TG, RLP-C and RLP-TG levels between FH patients
and normal controls at the baseline.

As shownin Fig. 1, TG, RLP-C and RLP-TG levels became much
higher in heterozygous FH group compared with that of normal
control group after oral fat load and returned to the baseline levels
after 6 h. In contrast, those lipoprotein fractions of ARH were close
to those of normal controls. The AUC of TG, RLP-C and RLP-TG
levels of heterozygous FH patients was significantly greater than
those of controls (466 = 71 mg/dL x hvs.303 + 111 mg/dL x h,
P < 005,35 + 7 mg/dL x hvs.21 = 8 mg/dL x h, P < 0-05;

124 + 57 mg/dL X hvs. 51 = 13 mg/dL x h, P < 0-05, respec-
tively, Fig. 2). In contrast, the AUC of TG, RLP-Cand RLP-TG
levels of ARH was similar with whose of normal control subjects

Table 1 Baseline characteristics of the study subjects

~ Normal
_ controls

 Heterozygous

58 = 17

Age (years)

BMikg/m? 262 235223 238:20

TC (mg/dL) 378 316 + 50% 173 + 44

LDL-C (mg/dL) 286 241 = 26%* | 88k +6

RLP-C (mg/dL) 74 27 50 = 30
L 9/ 0174 73224

BMI, body mass index; TC, total cholesterol; TG, triglyceride; LDL-C, low-
density lipoprotein cholesterol; HDL, high-density lipoprotein; RLP-C, rem-
nant-like particle cholesterol; RLP-TG, remnant-like particle triglyceride.
Values are mean = SD; Student’s t-test was used to compare mean values
between heterozygous FH subjects and normal controls.

*P < 005, ** P < 0-0001.
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Figure 1 Plasma levels of each lipoprotein after oral fat load. Pink circles indicate ARH; green triangles indicate heterozygous FH;
blue squares indicate controls. (a) TG, (b) apoB48, (c) RLP-C, (d) RLP-TG. ARH, autosomal recessive hypercholesterolaemia; FH,
familial hypercholesterolaemia; RLP-C, remnant-like particle cholesterol; RLP-TG, remnant-like particle triglyceride; TG, triglyceride.
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Figure 2 The AUC of each lipoprotein. Pink bars indicate ARH; green bars indicate heterozygous FH; blue bars indicate controls.
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(310 mg/dL x h, 22 mg/dL x h,23 mg/dL x h, respectively,
Fig. 2).

There was no significant difference observed in the AUC of
apoB48 level among those three groups, suggesting that the ability
of absorption from intestine was not disturbed in all groups (Fig. 2).

From the HPLC analysis, the formation of chylomicron and chylo-
micron remnants also seemed to be diminished in the ARH patient
in contrast to other study subjects including normal controls (Fig. 3).

Discussion

The main finding of this study is that the clearance of post-
prandial RLP was preserved in ARH in contradiction to FH

under the condition of the absence of LDLRAP1. This is the first

study to demonstrate the preserved post-prandial lipoprotein
metabolism in ARH patient.

In the experimental study using LDLRAP1 knockout mice
(ARH mice), cholesterol and TG response on a high-sucrose
diet was milder than those in LDLR knockout mice. This is
explained for the preservation of VLDL and VLDL remnants
clearance of ARH mice [10]. However, few data exist regarding
the remnant lipoprotein metabolism of ARH during post-pran-
dial state especially in clinical settings. Previously, we demon-
strated that the clearance of VLDL remnant is paradoxically
accelerated in ARH patient by kinetic study using stable isotope
[11]. However, it is not clear whether the differences in
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Figure 3 HPLC analysis for representative cases. Cholesterol levels of plasma and RLP fraction by HPLC analysis were shown in
red lines and blue lines, respectively. The left peak indicates the LDL fraction, and the right indicates the HDL fraction. The subfrac-
tion eluted around 15 min by red line after oral fat load indicates chylomicron and its remnant. (a) ARH, (b) heterozygous FH, (c) nor-
mal control. ARH, autosomal recessive hypercholesterolaemia; FH, familial hypercholesterolaemia; HDL, high-density lipoprotein;

LDL-C, low-density lipoprotein; RLP, remnant-like particles.
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post-prandial lipid levels come not only from endogenous but
also from exogenous lipid metabolism.

Chylomicron remnant appears to be catabolized both by the
LDLR and LDLR-related protein (LRP), both of which can be
compensated in the absence of each receptor. Thus, whether the
absence of LDLR affects the metabolism of chylomicron
remnants is still controversial [16,17]. Howéver, the metabolism
of at least smaller fraction of chylomicron remnants (Sf < 1000)
depends to some extent on LDLR [18-21]. The ARH patient
showed lower chylomicron and chylomicron remnants levels in
both fasting and post-prandial state than FH patients. From
these considerations, it is assumed that both LDLR and LRP
participate in the metabolism of chylomicron remnant and that
catabolism of chylomicron remnant through LDLR is not dis-
turbed in the absence of LDLRAP1 protein. The FDNPVY
sequence of LDLR binds to the clathrin adaptor proteins, such
as LDLRAP1, and facilitates the internalization of ligand [22],
but LDLR seems to also have a FDNPVY-independent
internalization mechanism [23]. ARH patients may catabolize
such RLPs via this alternative pathway that does not need
LDLRAP1 protein. In addition to providing new insights into
the role of LDLRAP1 in the metabolism of remnant lipoprotein,
our results demonstrated that the mutation with internalization
defective allele in LDLR (c.2431A>T, previously described as
K790X) also could cause the disturbance of remnant lipoprotein
metabolism.

Another finding obtained from this study is that the concen-
tration of apoB48 decreased after the fat load in ARH. The
possible speculation for this is the involvement of LDLRAP1 in
the chylomicron absorption from the intestine, although the
expression of LDLRAP1 in human intestine has been reported
to be relatively low.

This study has several limitations. First, relatively small
number of subjects was included in this study. It is difficult to
enrol more ARH patients because of the rarity of this disorder,
limiting the statistical analysis for the ARH patient. However,
our subjects were comparatively uniform in terms of factors
potentially affecting the post-prandial lipoprotein metabo-
lism—there were no statistically significant differences in age
and BMI among study subjects. Furthermore, all of the study
subjects without diabetes showed apoE3/2 phenotype.

We believe that this study of a single ARH patient provides
new insights into the roles of LDLRAP1 in the post-prandial
lipoprotein metabolism.
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Liver-Specific Deletion of 3-Hydroxy-3-Methylglutaryl
Coenzyme A Reductase Causes Hepatic Steatosis and Death

Shuichi Nagashima, Hiroaki Yagyu, Ken Ohashi, Fumiko Tazoe, Manabu Takahashi, Taichi Ohshiro,
Tumenbayar Bayasgalan, Kenta Okada, Motohiro Sekiya, Jun-ichi Osuga, Shun Ishibashi

Objective—3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) catalyzes the rate-limiting step in cholesterol
biosynthesis and has proven to be an effective target of lipid-lowering drugs, statins. The aim of this study was to

understand the role of hepatic HMGCR in vivo.

Methods and Results—To disrupt the HMGCR gene in liver, we generated mice homozygous for a floxed HMGCR allele
and heterozygous for a transgene encoding Cre recombinase under the control of the albumin promoter (liver-specific
HMGCR knockout mice). Ninety-six percent of male and 71% of female mice died by 6 weeks of age, probably as a
result of liver failure or hypoglycemia. At 5 weeks of age, liver-specific HMGCR knockout mice showed severe hepatic
steatosis with apoptotic cells, hypercholesterolemia, and hypoglycemia. The hepatic steatosis and death were completely
reversed by providing the animals with mevalonate, indicating its essential role in normal liver function. There was a
modest decrease in hepatic cholesterol synthesis in liver-specific HMGCR knockout mice. Instead, they showed a robust
increase in the fatty acid synthesis, independent of sterol regulatory element binding protein-1c.

Conclusion—Hepatocyte HMGCR is essential for the survival of mice, and its abrogation elicits hepatic steatosis with
jaundice and hypoglycemia. (Arterioscler Thromb Vasc Biol. 2012;32:1824-1831.)

Key Words: cholesterol m liver ® 3-hydroxy-3-methylglutaryl coenzyme A m fatty acids m knockout mouse

he mevalonate pathway produces isoprenoids that are
essential for the diverse cellular functions ranging from
cholesterol synthesis to growth control. The enzyme 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR) (EC
1.1.1.34), which catalyzes the conversion of HMG-coenzyme
A to mevalonate, is the rate-limiting enzyme in the mevalonate
pathway.! Mammalian HMGCR is an integral high-mannose
glycoprotein of the endoplasmic reticulum (ER).? Structurally,
it is divided into 2 major domains: a C-terminal cytosol-
facing domain that tetramerizes to form the active site and an
N-terminal hydrophobic region that spans the ER membrane
8x and bears a single N-glycan. This membrane region is dis-
pensable for the enzymatic activity but necessary for the meta-
bolically controlled stability of the enzyme and sufficient to
cause sterol-accelerated degradation of heterologous proteins.
Within this region, transmembrane spans 2 through 6 bear
significant sequence homology to the corresponding trans-
membrane spans of sterol regulatory element binding protein
(SREBP) cleavage-activating protein (SCAP).3
To ensure a steady supply of mevalonate, the nonsterol and
sterol end products of the mevalonate metabolism exert feed-
back regulatory effects on the activity of this enzyme through
multivalent mechanisms, including inhibition of the transcrip-
tion of its RNA, blocking of translation, and acceleration of the

protein’s degradation by a mechanism called ER-associated
degradation, thereby regulating the amount of protein over
a several hundred-fold range. ER-associated degradation of
HMGCR requires the binding of Insig-1 to the sterol-sensing
domain.* Despite the critical role of HMGCR in cholesterol
biosynthesis, little is known about its relevance to diseases.
Only recently, HMGCR has been identified as a determinant
of plasma cholesterol levels.’

Inhibitors of HMGCR, statins, are potent cholesterol-
lowering agents that have been widely used to prevent the
occurrence of coronary heart disease and other atherosclerotic
diseases.® The atheroprotective properties of statins are pri-
marily because of the potent low-density lipoprotein (LDL)-
cholesterol-lowering effect.” Statins have also been reported to
exert cholesterol-independent, or so-called pleiotropic, effects
that involve improving endothelial function and decreasing
oxidative stress and vascular inflammation.® The benefits of
statins extend beyond cardiovascular diseases and include a
reduction in the risk of dementia, Alzheimer disease, ischemic
stroke, osteoporosis, tumor growth, and viral infection. Most
of these pleiotropic effects are mediated by an ability to block
the synthesis of nonsterol isoprenoid intermediates. Statins
have toxic effects in only a limited number of patients and are
generally considered safe.
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To establish an animal model for investigating the mecha-
nisms behind the effects, including toxicity of statins, we have
generated HMGCR knockout (KO) mice lacking the enzyme
throughout their bodies.? These mice die in a relatively early
stage of embryonic development (ie, before E8.5). Because
mice lacking squalene synthase, the first committed enzyme
in the sterol pathway, die in the embryonic stage with apparent
anomalies of the development of the central nervous system,
we took advantage of the tissue-specific gene targeting using
the Cre-loxP system to generate mice lacking HMGCR in a
liver-specific manner.

Materials and Methods

Liver-specific HMGCRKO (L-HMGCRKO) mice were generated
by cross-breeding heterozygous floxed HMGCR (referred to as
HMGCR*"; f denotes floxed) mice with transgenic mice expressing
Cre recombinase under the control of albumin gene promoter (Alb-
Cre)."2 All animal experiments were performed with the approval of
the Institutional Animal Care and Research Advisory Committee at
Jichi Medical University. For detailed protocols for the generation of
L-HMGCRKO mice and other experimental procedures, please refer
to the online-only Data Supplement.

Results
Because there were no differences in growth curves or metabolic
parameters, such as plasma lipid and glucose levels, among
the HMGCR*Y* (wild-type), HMGCR** Alb-Cre (CRE), and
HMGCR" (fHMGCR) mice, we used fHMGCR mice as a
control. To determine whether the expression of the HMGCR
gene was abrogated in the liver, we performed a Southern
blot (Figure 1A), Northern blot (Figure 1B), and real-time
polymerase chain reaction (Figure 1C). The Southern blot

Liver-Specific Knockout Mice of HMG-CoA Reductase

fHMGCR L-HMGCRKO
4

L-HMGCRKO
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analysis shows that only the 6.3-kb wild-type allele and 7.7-
kb floxed allele were observed in the DNA from liver in wild-
type and fHMGCR mice, respectively. In L-HMGCRKO mice
at 3 weeks, the liver contained predominantly the 12.0-kb
KO allele (70% based on Phosphorlmager analysis [BAS
200, Fujifilm, Tokyo, Japan]) and some residual floxed allele
(30%). The mRNA expression of HMGCR in the liver of
L-HMGCRKO mice was decreased to 30% of the fHMGCR
mice at 3 weeks of age and to <10% at 4 and 5 weeks upon
Northern blot analysis. The time-dependent abrogation of the
mRNA expression of HMGCR was also confirmed by real-
time polymerase chain reaction. Based on this method, the
mRNA levels were decreased to only 2% of the fHMGCR
mice at 4 and 5 weeks, although there were no significant dif-
ferences in other organs (Figure IIA in the online-only Data
Supplement). Immunoblot analysis showed that the amount of
HMGCR protein in the liver of L-HMGCRKO mice was 15%
of that in fHMGCR mice (Figure 1D). Despite the profound
reduction in HMGCR at both the mRNA and protein levels,
the HMGCR activity in the liver of L-HMGCRKO mice was
decreased by only 44% compared with that in fHMGCR mice
(Figure 1E). To determine whether HMGCR is specifically
abrogated in the liver parenchymal cells of L-HMGCRKO
mice, we separated parenchymal and nonparenchymal cells
from the liver at 3 weeks of age by density-gradient centrifuga-
tion after liver perfusion with collagenase. The mRNA expres-
sion of HMGCR in the parenchymal cells of L-HMGCRKO
mice was decreased by 70.6% compared with that in fHMGCR
mice, whereas the mRNA expression of HMGCR in the non-
parenchymal cells was not different between the fHMGCR
and L-HMGCRKO mice at 3 weeks of age (Figure IIC in the

Figure 1. Conditional deletion of the 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR)
gene in mice and their survival. A, Southern blot
analysis of BamHI-digested DNA from the livers
of wild-type (WT) floxed HMGCR (fHMGCR) and
liver-specific HMGCR knockout (L-HMGCRKO)
mice at 3 weeks of age as described in the
online-only Data Supplement. B, Northern

blot analysis of hepatic RNA from the livers of
fHMGCR and L-HMGCRKO mice at 3, 4, and 5
weeks of age. Aliquots (20 pg) of total RNA from
liver were subjected to electrophoresis and blot
hybridization with *2P-labeled cDNA probes for

5 (weeks)

-¢- Mmale
-4~ female

mouse HMGCR as described in the online-only
Data Supplement. C, Quantitative real-time poly-
merase chain reaction of HIGCR mRNA levels
from the livers of mice indicated in B (n=5 in each
group). D, Immunoblot analysis of HMGCR pro-
tein from the livers of control and L-HMGCRKO
mice at 4 weeks of age (n=3 in each group).
Aliquots (50 pg) of liver membrane fractions were
subjected to SDS-PAGE and immunoblot analy-
sis. The membrane protein transferrin receptor
was used as a loading control. E, HMGCR activ-
ity in the liver microsomal fractions of fHMGCR
and L-HMGCRKO mice at 4 weeks of age (n=5 in
each group). F, The survival curves were gener-
ated by the Kaplan-Meier method, and differ-
ences among the survival rates were compared
using the ¥? method. Male (n=25) and female
(n=42) L-HMGCRKO mice were followed for >100
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days. Each value represents mean+SD. Signifi-
cant differences compared with control mice:
*P<0.05 and **P<0.001.
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Table. Liver Weight and Plasma Parameters of Control and L-HMGCRKO Mice

Age (wks) 3 4 5

Genotype fHMGCR (n=5) L-HMGCRKO (n=5) fHMGCR (n=9) L-HMGCRKO (n=7) fHMGCR (n=6) L-HMGCRKO (n=5)
Body weight (g) 10.6=1.3 11.7+1.5 17.2+13 15.5+0.8* 21.722.0 13.5+0.8*
Liver weight (g) 0.47+0.11 0.51+0.11 0.78+0.14 0.92+0.13 1.08+0.11 1.17+0.28
Liver/body weight (%) 4.4+0.4 42+04 44+04 6.1+0.8* 5.0+0.12 8.7+2.1
Total cholesterol (mg/dL) 63.6+9.1 47.1+1.0%* 66.5+11.1 46.7+13.2% 64.6+6.8 282.6+72.6"
Free cholesterol (mg/dL) 26.2+4.0 20.1+0.5* 33.3+5.5 24.6+13.5 33.1+2.7 263.0+72.6"*
Cholesterol ester (mg/dL) 37.4+£5.5 27.0+1.4* 33.1+5.7 22.1+4.6* 31.5+4.9 19.6+10.3
Triglyceride (mg/dL) 62.5+13.3 51.129.9 78.5+25.4 24,9469 92.5+31.1 27.7+9.4**
Free fatty acids (mmol/L) 0.34+0.10 0.40+0.06 0.63+0.20 0.51+0.19 0.55+0.09 1.70+0.92*
Phospholipids (mg/dL) 132.2+20.2 106+2.7¢ 143.5+22.8 117.3£31.7 150.9+12.3 601.1+133.5*
Aspartate aminotransferase (IU/L) 76.1+10.2 95.7+45.5 92.7+39.3 343.1+602.8 55.9+18.6 1178.5+£182.1***
Alanine transaminase (U/L) 351x12.1 61.9+46.7 20.7x17.5 54.2+101.7 13.1+4.6 878.8+357.6**
Total bilirubin (mg/dL) 0.31+0.09 0.31+0.09 0.30+0.08 0.36+0.29 0.33+0.19 3.25+1.69*
Blood glucose (mg/dL) 110.6+16.7 123.0+15.5 115.9+13.7 99.6+16.7 135.7+9.4 48.3+23.3*

Blood samples were taken from male mice fed a normal chow diet ad libitum before the study. Each value represents the mean=SD. Significant differences compared
with control mice: *P<0.05, *P<0.01, and ***P<0.001. HMGCR indicates 3-hydroxy-3-methylglutaryl-coenzyme A reductase; L-HMGCRKO, liver-specific HMGCR

knockout mice; fHMGCR, floxed HMGCR.

online-only Data Supplement). HMGCR activity in the paren-
chymal cells of L-HMGCRKO mice was decreased by only
47% compared with that in fHMGCR mice (Figure IID in the
online-only Data Supplement). The relative decreases in the
mRNA and activity of HMGCR in the parencymal cells were
similar to those observed in the whole liver of L-HMGCRKO
mice (Figure 1C and E), supporting that HMGCR gene was
specifically abrogated in the parenchymal cells of the liver and
that there was no compensatory upregulation of HMGCR in
the nonparenchymal cells of the L-HMGCRKO mice.
L-HMGCRKO mice were born at a rate in accordance with
the rule of Mendelian inheritance. However, 96% of males died
with a median survival time of 35 days, whereas 71% of females
died with a median survival time of 36 days (Figure 1F), and
the rest of them survived until 12 months of age. Therefore,
the survival rate of females was significantly higher than males
(P=0.025). The mRNA expression levels of HMGCR in the
liver from the surviving HMGCRKO mice were as high as
those from fHMGCR mice (Figure IIB in the online-only Data
Supplement). Next, we compared body weight, liver weight,
plasma lipid levels, liver functions, and blood glucose levels
between fHMGCR and L-HMGCRKO mice (Table). Although
the body weight of L-HMGCRKO mice was not different from
that of fHMGCR mice at 3 weeks of age, it decreased by 10%
at 4 weeks and by 38% at 5 weeks of age. Liver weight did
not differ between the 2 groups. However, the ratio of liver
weight to body weight was increased by 39% and 74% at 4
and 5 weeks of age, respectively. The livers of L-HMGCRKO
mice were enlarged, paler, and whiter than those of fHMGCR
mice at 5 weeks of age (Figure 2A and 2B). Consistent with
the macroscopic abnormalities of the liver, plasma levels of
aspartate aminotransferase, alanine transaminase, and bilirubin
were markedly increased in the L-HMGCRKO mice compared
with fHMGCR mice at 5 weeks of age. Total cholesterol levels in
the plasma were decreased in the L-HMGCRKO mice by 26%
at 3 weeks of age (Table). In parallel, plasma concentrations

of LDL cholesterol and apolipoprotein (apo) B-100 protein
were decreased (Figure IIIA and IIIE in the online-only Data
Supplement). Despite the liver failure of L-HMGCRKO mice at
5 weeks of age, the plasma levels of cholesterol, free cholesterol,
and phospholipids were increased 4.3-, 7.9-, and 4.0-fold,
respectively. On the other hand, plasma cholesterol ester levels
were decreased by 38% (Table). Therefore, calculated ratios
of free cholesterol to cholesterol ester were increased 13-fold.
Most of the increased cholesterol was distributed in the size of
very low-density lipoprotein through LDL (Figure ITIC in the
online-only Data Supplement). Although apoB-100 levels were
decreased, apoB-48 levels were substantially increased in the
plasma of L-HMGCRKO mice at 5 weeks of age (Figure IIIG
in the online-only Data Supplement). These findings together
with the results of agar gel electrophoresis of the plasma (Figure
II-I in the online-only Data Supplement) strongly indicate
that both lipoprotein X and apoB-48-containing lipoproteins
were increased in the L-HMGCRKO mice. Hepatic LDL
receptor protein levels were not altered between fHMGCR and
L-HMGCRKO mice at 3 and 5 weeks of age (Figure IIIF and ITH
in the online-only Data Supplement), despite increased hepatic
LDL receptor mRNA levels (Figure 4A). Plasma lipoprotein
changes in L-HMGCRKO mice may not be influenced by LDL
receptor protein levels. Plasma free fatty acid levels were also
increased 3.1-fold at 5 weeks. In contrast, plasma triglyceride
levels were decreased by 69% and 70% at 4 and 5 weeks of
age, respectively. It is of note that L-HMRCRKO mice were
moderately hypoglycemic at 5 weeks.

To determine the causes of the liver dysfunction associated with
hepatomegaly, we performed a microscopic analysis of the liver
(Figure 2). Hematoxylin and eosin staining revealed moderate to
severe ballooning and unicellular necrosis of parenchymal cells at
5 weeks (Figure 2C and 2D). Oil-red O staining showed moderate
to severe microvesicular steatosis of the parenchymal cells (Figure
2E and 2F). TdT-mediated dUTP-nick end labeling—positive
(Figure 2G, 2H, and 2M) and Ki-67-positive parenchymal cells
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(Figure 21, 2], and 2N) were significantly increased 11- and 2.8-
fold in the liver of L-HMGCRKO mice compared with that in
fHMGCR mice, respectively. The liver of L-HMGCRKO mice
contained increased amounts of type 4 collagen (Figure 2K
and 2L). Caspase 3 activity in the liver of L-HMGCRKO mice
was also increased 1.8-fold compared with that of fHMGCR
(Figure VA in the online-only Data Supplement). The mRNA
levels of C/EBP-homologous protein were also significantly
increased (Figure VD in the online-only Data Supplement).
However, no significant differences were observed in either
caspase 8 activity or H,O, contents in the liver (Figure VB and VC
in the online-only Data Supplement). The pathology of the liver
from L-HMGCRKO mice at 4 weeks was milder (Figure IVB in
the online-only Data Supplement) than that at 5 weeks. The liver
of the mice which survived the lethal period still had hepatocyte
ballooning (Figure IVD in the online-only Data Supplement).

To determine whether the liver-specific abrogation of
HMGCR affected cholesterol metabolism in the liver, we mea-
sured the hepatic levels of cholesterol and triglycerides (Figure
3). The hepatic cholesterol content was decreased by only 22%
in the L-HMGCRKO mice compared with the fHMGCR mice
(Figure 3A). Unexpectedly, the hepatic contents of triglycer-
ide were increased 2-fold (Figure 3B). These results indicate
that the neutral lipids stained with oil-red O in the liver were
primarily triglycerides. The reduction in the cholesterol con-
tents of the liver was smaller than expected. We measured cho-
lesterol synthesis in liver slices in culture (Figure 3C). The
cholesterol synthesis was reduced by 45%. This reduction
paralleled the degree of reduction in HMGCR activity in the
liver (Figure 1E). We also measured the amounts of fatty acids
synthesized in the liver (Figure 3D). Surprisingly, the synthe-
sis of fatty acids from acetate was markedly increased 17-fold
in the liver of L-HMGCRKO mice. Although total amounts of
fatty acids were not different between the 2 mice (Figure 3E),
the following fatty acid species were significantly increased in
the liver of L-HMGCRKO mice: C18:0, C18:1n-9, C20:1n-9,

Ki67+/ total cells (%) =
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Figure 2. Gross appearance and histo-
logical analysis of the livers in male mice

at 5 weeks. Gross appearance of the liver
from control (A) and liver-specific HMGCR
knockout (L-HMGCRKO) mice (B). Hema-
toxylin and eosin-stained liver sections
from control (C) and L-HMGCRKO (D) mice.
Frozen sections of liver stained with oil-red
O from control (E) and L-HMGCRKO (F)
mice. TdT-mediated dUTP-nick end label-
ing (TUNEL)-stained liver sections from
control (G) and L-HMGCRKO (H) mice.
Ki-67-stained liver sections from control

(1) and L-HMGCRKO (J) mice. Type 4 col-
lagen-stained liver sections from control

(K) and L-HMGCRKO (L) mice. Bar graph
shows the percentages of TUNEL-positive
cells (M) and Ki-67-positive cells (N) relative
to the total number of cells. Each value rep-
resents meanxSD. Significant differences
compared with control mice: *P<0.01 and
**P<0.001.

fHMGCR L-HMGCRKO

C20:3n-9, and C22:4n-6 (Figure 3F). Given the increased
production of fatty acids and triglycerides in the liver, we
measured other metabolites of fatty acids such as diglycer-
ides and ceramides. The hepatic levels of diglycerides were
increased 1.8-fold (Figure 3G), but those of ceramides were
not increased significantly (Figure 3H).

To clarify the mechanisms behind the changes in fatty acid
metabolism, we determined the changes in the levels of mRNA
expression in various genes involved in cholesterol or fatty acid
metabolism in the liver at 4 weeks of age by real-time poly-
merase chain reaction (Figure 4A). As to the genes involved
in cholesterol metabolism, the mRNA levels of SREBP2, LDL
receptor, proprotein convertase subtilisin/kexin type 9, and
squalene synthase were increased 1.4-, 1.9-, 2.8-, and 3.9-fold,
respectively. On the other hand, the mRNA levels of cholesterol
7a-hydroxylase, a rate-limiting enzyme for bile acid synthesis,
were decreased by 60%. With regard to the genes involved in
fatty acid metabolism, the mRNA levels of fatty acid synthase
(FAS), acetyl-CoA carboxylase, and stearoyl-CoA desatu-
rase 2 were increased 2.4-, 1.4-, and 22-fold, respectively. On
the other hand, the mRNA expression of SREBPI1c and acyl
CoA.:diacylglycerol acyltransferase 2 was decreased by 80%
and 40%, respectively. There were no changes in either the
mRNA expression of SREBP1a, a splice variant of SREBPlIc,
or liver X receptor o (LXRa), an important transcriptional acti-
vator of the SREBPI1c gene. The mRNA expression of peroxi-
some proliferator—activated receptor ., a transcription regulator
of genes for fatty acid oxidation, was not changed.

HMGCR catalyzes the formation of mevalonate, which is
used as a substrate for the synthesis not only of cholesterol but
also nonsterols such as isoprenoids, ubiquinone, heme A, and
dolichol. To test the notion that death, likely because of severe
liver failure, was caused by the alteration of a nonsterol path-
way, we evaluated the isoprenylation of small GTP-binding
proteins such as H-Ras and Racl by measuring the amount
of membrane-bound forms (Figure 4B). The ratio of the
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Figure 3. Hepatic lipid contents and lipid synthesis in the control and liver-specific HMGCR knockout (L-HMGCRKO) male mice. Hepatic
total cholesterol (A), triglyceride (B), fatty acid levels (E), and fatty acid composition in total liver lipids (F) were determined in the livers
from control and L-HMGCRKO mice at 4 weeks of age (n=5 in each group). C and D, In vitro hepatic lipid synthesis rate using the liver
slices in culture (n=3 in control and n=4 in L-HMGCRKO). Liver slices (~100mg) were incubated with *C-labeled acetate (8 mmol/L, 0.1
pCi/umol) for 90 minutes. After incubation, the slices were removed for measurement of “C-labeled cholesterol (C) and fatty acids (D).
Hepatic diglyceride (G) and ceramide (H) contents were measured in the livers of control and L-HMGCRKO mice at 4 weeks of age (n=5
in each group) by the diglyceride kinase method as described in the online-only Data Supplement. Each value represents mean+SD. Sig-
nificant differences compared with control mice: *P<0.05 and **P<0.01.

membrane-bound form to the cytosolic form of H-Ras or Racl
was decreased to 0.05 to 0.2 compared with control. These
results indicate that the deficiency of HMGCR affected the
nonsterol pathway more severely than the sterol pathway. We
also estimated changes in intracellular signaling molecules
(Figure 4C). p-Akt and c-Met were decreased by 72% and
81%, respectively, whereas phospho-signal transducer and
activator of transcription 3 was increased 7.6-fold.

If the lethal phenotype of HMGCR deficiency is because
of the deficiency of mevalonate, supplementation with meva-
lonate could theoretically rescue the lethal phenotype. In fact,
providing the male mice with water containing mevalonate
significantly attenuated the liver dysfunction and hypercho-
lesterolemia (Figure 5A-5C). The pathological abnormalities
observed in the male L-HMGCRKO mice were almost nor-
malized by the supplementation with mevalonate (Figure 5D-
5G). Consistently, the amounts of the membrane-bound form
of H-Ras or Rac 1 were restored to normal levels (Figure SH).
Similar improvements were found in female L-HMGCRKO

mice (data not shown). No death occurred until 40 days of age
in L-HMGCRKO mice supplemented with mevalonate.

Because L-HMGCRKO mice were hypoglycemic (Table),
itis possible that hypoglycemia is the direct cause of death. To
test this hypothesis, we allowed mice free access to drinking
water containing 20% (w/v) glucose. Glucose feeding sig-
nificantly increased plasma glucose levels (43.5+16.2 mg/dL
[n=10] versus 79.5+40.6mg/dL [n=13] [P=0.01] in males;
36.6+13.3mg/dL. [n=4] versus 65.2+35.6mg/dL [n=11]
[P=0.04] in females). Concurrently, it dramatically improved
the mortality of L-HMGCRKO mice (96% versus 13% in
males and 71% versus 15% in females) (Figure VI in the
online-only Data Supplement).

Discussion
Nearly all the male L-HMGCRKO mice died before 40 days of
age, whereas 30% of females survived until 12 months of age.
Before their death, the mice developed severe hepatic dam-
age with hepatomegaly, steatosis, and hypoglycemia. Thus, we
ascribe the lethal effect of the liver-specific deficiency of HMGCR
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Figure 4. Relative amounts of various
mRNAs and degree of isoprenylation

of small GTP-binding proteins and liver
regeneration-associated proteins in the
livers of control and liver-specific HMGCR
knockout (L-HMGCRKO) male mice at 4
weeks of age. A, Total RNA from the livers
of mice (n=5 in each group) was subjected
to quantitative real-time polymerase chain
reaction as described in the online-only
Data Supplement. Each value represents
the amount of mRNA relative to that in the
control mice, which is arbitrarily defined
as 1. B, Liver membranous and cytosolic
fractions for small GTP-binding proteins or
(C) liver tissue lysates for liver regeneration-
associated proteins were prepared as
described in the online-only Data Supple-
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ment (n=3 in each group), and aliquots

(30 pg) were subjected to SDS-PAGE and
immunoblot analysis. Each value repre-
sents mean+SD. Significant differences
compared with control mice: *P<0.05 and
**P<0.01. LDLR indicates low-density
lipoprotein receptor; PCSK9, proprotein
convertase subtilisin/kexin type 9; FAS,
fatty acid synthase; DGAT, diacylglycerol
acyltransferase; SCD, stearoyl-CoA desat-
urase; LXR q, liver X receptor; PPARq,
peroxisome proliferator-activated receptor

a; SS, squalene synthase; MTP, microsomal triglyceride transfer protein; CYP7A1, cholesterol 7a-hydroxylase; ACC, acetyl-CoA carboxylase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; STAT3, signal transducer and activator of transcription 3.

to the hepatic toxicity and hypoglycemia. Unexpectedly, the mice
developed hypercholesterolemia before death, although hepatic
cholesterol synthesis was significantly reduced. This lethal phe-
notype was completely reversed by mevalonate or glucose, indi-
cating that mevalonate is essential for the survival of mice and
that hypoglycemia is the direct cause of lethality.

The mRNA expression of HMGCR was reduced as early as
3 weeks of age and almost undetectable at 4 weeks. This devel-
opmental reduction in the expression is consistent with the
developmental induction of the expression of albumin. Other

L-HMGCRKO

liver-specific KO models using Alb-Cre showed abrogation of
the expression of reporter genes at a similar stage.'* However, the
HMGCR activity of the liver was reduced by only 50%. Because
the parenchymal hepatocytes from the liver of the L-HMGCRKO
mice at 3 weeks of age expressed substantial HMGCR activity,
we speculate that most of the activity is derived from upregu-
lated HMGCR expression in a certain subset of hepatocytes that
escaped from HMGCR gene inactivation. Indeed, recombina-
tion efficiency was only 75% at weaning,'* and HMGCR pro-
tein can be increased 25-fold at the posttranscriptional level.!

+

Figure 5. Supplementation of mevalon-
ate. Male mice were given mevalonate

in drinking water at a concentration of

5 mmol/L from the age of 28 days to 35
days (n=5 in each group). After supple-
mentation, plasma alanaine transaminase
(ALT) (A), total bilirubin (B), and total
cholesterol (C) levels were measured. The
livers were removed from liver-specific
HMGCR knockout (L-HMGCRKO) mice not
supplemented with mevalonate (—; D and F,
respectively) or supplemented with meva-
lonate (+; E and G, respectively) stained
with hematoxylin and eosin or oil-red O. H,
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Immunoblot analyses for small GTP-binding
proteins in membranous and cytosolic frac-
tions of the liver. Each value represents
mean+SD. Significant differences compared
with control mice: *P<0.001.
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Furthermore, there might be time lag between disappearance of
HMGCR protein and cessation of transcription.

Sex dimorphism in lethality is noteworthy. The present
results that male L-HMGCRKO mice were more prone to die
than females are consistent with the general view that females
are more resistant to morbidity and mortality of various liver
diseases than males.” In addition to protection against liver
injury via vasodilating and anti-inflammatory effects, estro-
gen itself attenuates the development of hepatic steatosis.'
The mRNA expression levels of HMGCR in the liver of the
surviving L-HMGCRKO mice were indistinguishable from
those of fHMGCR mice (Figure IIB in the online-only Data
Supplement). It is likely that the hepatocytes with a rela-
tively intact HMGCR gene may be extensively regenerated,
thereby eventually compensating for the KO in the survivors.
In support of this, several Ki-67—positive cells were greatly
increased in the L-HMGCRKO mice (Figure 2L and 2N).

Hepatic cholesterol levels were mildly decreased, and
the decrease in plasma cholesterol levels was modest in the
L-HMGCRKO mice at 3 weeks of age. More surprisingly, the
plasma cholesterol levels even increased immediately before
death. Extrahepatic organs with high cholesterol synthesis, such
as skin, bowels, and muscles, may be a source of cholesterol
in the plasma.'® The hypercholesterolemia before death appears
paradoxical, given the failure of cholesterol synthesis in the hepa-
tocytes. At this stage, the mice develop jaundice. Because the
physicochemical characteristics of the accumulated lipoproteins
were similar to those of lipoprotein X, cholestasis may at least
partly account for hypercholesterolemia. Simultaneous accumu-
lation of both lipoprotein X and apoB48-containing particles has
also been reported in rats with intrahepatic cholestasis.!’?

Interestingly, L-HMGCRKO mice showed hepatic steato-
sis. Because hepatic triglyceride levels were increased 2-fold
but hepatic cholesterol ester levels were not increased (data
not shown) most of the neutral lipids stained with oil-red O
are triglycerides. Supporting this, the synthesis of fatty acids
was increased 17-fold. In this context, it is noteworthy that
the expression of enzymes for fatty acid synthesis, FAS and
stearoyl-CoA desaturase 2, was increased. In normal adults,
stearoyl-CoA desaturase 1 is the major enzyme catalyzing
desaturation of oleate, whereas stearoyl-CoA desaturase 2 is
an isozyme that is transiently expressed in the liver in embryos
and neonates and may be involved in lipogenesis at that devel-
opmental stage.'’® Indeed, the amounts of polyunsaturated
fatty acids were increased in the liver (Figure 3F).

The increase in fatty acids synthesis appeared dispropor-
tionately larger than the increase in triglycerides in the liver. In
this context, it is of note that the expression of diacylglycerol
acyltransferase 1 was not increased and that of diacylglycerol
acyltransferase 2 was even decreased. Thus, it is probable that
the newly synthesized fatty acids were not used to produce tri-
glycerides. Generally, the enzymes catalyzing fatty acid syn-
thesis are transcriptionally induced by SREBPIlc. However,
the expression of SREBPlc was reduced 5-fold, suggesting
that the increased lipogenesis was not mediated by SREBPIc.
Similar SREBP1c-independent lipogenesis is reported in mice
overexpressing a constitutively active form of Akt in the liver."”
Furthermore, the levels of LXRa mRNA, a nuclear receptor that
can stimulate SREBP1c gene expression® and can also directly

stimulate transcription of FAS,?! were not increased in the livers
of L-HMGCRKO mice. We speculate that the lack of choles-
terol reduces the supply of oxysterols, physiological ligands of
LXR, which transactivates SREBP1c.?* This notion is supported
by the decreased expression of cholesterol 7o-hydroxylase and
diacylglycerol acyltransferase 2, also targets of LXR.

In contrast to SREBP1c expression, the expression of SREBP2
was increased, conceivably accounting for the increased expres-
sion of its targets: the LDL receptor and squalene synthase.
The expression of FAS in the face of significant suppression of
SREBPIc or unaltered LXRa suggests a regulatory pathway
independent of SREBP1c or LXRa. Recently, a decrease in
farnesyl pyrophosphate or farnesol has been shown to induce the
expression of FAS independently of SREBP1c.?

The liver of the L-HMGCRKO mice contained increased
numbers of TdT-mediated dUTP-nick end labeling—positive
cells. Consistent with the apoptotic nature of the cell death, the
activity of caspase 3, a final executer of apoptosis which cleaves
to induce the release of cytochrome ¢ from mitochondria, was
increased in the liver of the L-HMGCRKO mice. We have
hypothesized several potential mechanisms for apoptosis:
accumulation of toxic lipid metabolites* and reduction of
survival factors.”’> However, we failed to obtain evidence for
the involvement of ceramide and survivin in apoptosis.

As predicted, membrane-bound forms of Ras and Racl were
significantly reduced, conceivably as a result of the defect in
their isoprenylation. Several mechanisms linking the defect in
isoprenylation to apoptosis have been proposed. For example,
Racl is reported to protect against apoptosis by stimulating
nicotinamide adenine dinucleotide phosphate-oxidase, thereby
increasing the levels of reactive oxygen species.? However, we
failed to detect a decrease in H,0, levels in the liver.

During the search for the plausible mechanism of the
hepatocyte apoptosis, we found a significant increase in the
mRNA level of C/EBP-homologous protein, a hallmark of
the ER stress response and inducer of apoptosis, in the liver
of L-HMHCRKO mice. Because hepatic steatosis induces ER
stress, it is reasonable to speculate that the increased synthe-
sis of fatty acids causes hepatic lipoapoptosis via increasing
the C/EBP-homologous protein. The liver of L-HMGCRKO
mice had significantly decreased levels of either p-Akt or
c-met protein. Because hepatocyte growth factor exerts pro-
survival effects mainly through activating phosphatidylinosi-
tol-3 kinase/Akt pathway after binding to its receptor, c-met,”
defective hepatocyte growth factor signaling may play a
salutary role in the induction of hepatocyte apoptosis. The
increase in phospho-signal transducer and activator of tran-
scription 3 might be a compensatory response secondary to
increased apoptosis, but failed to overcome it. Similar failure
to compensate the liver failure by activated signal transducer
and activator of transcription 3 was reported in mice deficient
in phosphoinositide-dependent protein kinase 1.%

These phenotypes of L-HMGCRKO mice should be dis-
cussed in relation to other mouse models of genetic disor-
ders of cholesterol metabolism. Thus far, 2 models have been
reported to survive the perinatal period, despite reduced cho-
lesterol biosynthesis in the liver. Because the global disruption
of SREBP cleavage-activating protein and site 1 protease is
embryonic lethal, as is the case for HMGCR, liver-specific KO
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mice have been generated. In both the liver-specific SREBP
cleavage-activating protein® and site 1 protease KO mice,*
the synthesis of cholesterol as well as fatty acids was signifi-
cantly reduced in the liver. Neither mouse, however, died of
liver toxicity, probably because the reduction in the expression
of HMGCR was not as severe as in L-HMGCRKO mice.

In conclusion, HMGCR is essential for the survival of
mice. Despite the defect in hepatic cholesterol biosynthesis in
L-HMGCRKO mice, the homeostasis of cholesterol in the liver
and plasma is surprisingly well maintained presumably via com-
pensatory changes in the flux of cholesterol and fatty acids. These
results might provide insight for understanding the role of choles-
terol biosynthetic pathway in the normal function of hepatocytes.
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