
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 51, 2010 3359

Copyright © 2010 by the American Society for Biochemistry and Molecular Biology, Inc.

and cardiovascular risk ( 1 ). PCSK9 is a serine protease that 
is primarily made in liver and secreted into plasma where 
it binds hepatic LDL receptors (LDLR), leading to their 
degradation ( 1 ). Inasmuch as PCSK9 regulates the level of 
liver LDLRs and thereby plasma LDL-cholesterol (LDL-c) 
levels, individuals with gain-of-function missense muta-
tions in  PCSK9  have plasma LDL-c concentrations similar 
to those with the more common form of familial hyper-
cholesterolemia that results from mutations in the  LDLR  
( 2 ). Such individuals develop early atherosclerosis and 
cardiovascular events ( 2 ). Conversely, individuals who are 
heterozygous for loss-of-function mutations in  PCSK9  have 
on average 28% lower plasma LDL-c levels and enjoy an 
88% reduction in cardiovascular events ( 3 ). 

 The  LDLR  and  PCSK9  are transcriptionally regulated 
by sterol response element-binding protein (SREBP)-2, a 
transcription factor that also activates all genes required 
for cholesterol biosynthesis ( 4–6 ). The regulation of 
SREBP-2 and PCSK9 levels has been studied primarily us-
ing hepatocyte culture systems and rodent models; how-
ever, there is a paucity of physiologic data in humans. To 
date, studies of the in vivo regulation of plasma PCSK9 
have focused on intervention investigations using lipid-
lowering agents. Several groups have demonstrated that 
hydroxymethylgutaryl (HMG)-CoA reductase inhibitors 
increase levels of circulating PCSK9 in humans, an inter-
vention known to enhance SREBP-2 levels in livers of 
rodents ( 7–13 ). Fenofi brate also increased PCSK9 concen-
trations in humans, although the mechanism is less well-
defi ned ( 13, 14 ). Data on humans measuring the effects of 
fasting on circulating PCSK9 levels is not currently avail-
able. In light of the potential of PCSK9 as a therapeutic 
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  Fig.   1.  Plasma glucose, insulin, and total ketone concentrations 
during a 48 h fast. Data (mean ± SEM) were derived from 18 
healthy subjects (9 men and 9 women described in  Table 1 ) who 
underwent an observed 48 h fast. Glucose levels peaked 12 h post-
prandial and then declined rapidly, reaching a nadir at 40 h fasted 
( P  = 0.015). Plasma insulin levels peaked during the initial 4 h of 
fasting followed by a rapid decline to a nadir by 28–32 h ( P  < 0.001). 
Plasma ketones increased modestly after 8 h of fasting and then 
rapidly increased after 24 h ( P  < 0.001).   

lation was evenly divided between men and women. Sub-
jects tended to be young, Caucasian, and lean. No subjects 
were underweight, fi ve subjects were overweight, and three 
subjects were obese. Fasting glucose and glycosylated he-
moglobin values were normal in all subjects. Among the 
subjects studied, fasting lipid profi les were generally nor-
mal, although three subjects had cholesterol levels > 200 
mg/dl, and two subjects had triglycerides > 150 mg/dl. No 
subjects were taking any medication, including diuretics, 
 �  blockers, statins, fi brates, fi sh oil, or hormone supple-
ments, that affected lipid metabolism. 

 Intervention 
 To verify that subjects were fasting, data for plasma glu-

cose, insulin, and total ketones were measured (  Fig. 1  ). 
Glucose levels peaked at 96 ± 10 mg/dl at 12 h postpran-

target for the treatment of hypercholesterolemia, we inves-
tigated the effect of fasting on circulating levels of plasma 
PCSK9 and its relationship to cholesterol synthesis in 
healthy human volunteers. 

 RESEARCH DESIGN AND METHODS 

 Protocol 
 Participants.   Recruitment for this study occurred at University of 

Texas Southwestern Medical Center (UTSW) via campus posters 
and word-of-mouth. Healthy individuals aged 18–65 were allowed to 
participate in the study. Subjects who had comorbid conditions, who 
were pregnant or breastfeeding, or who weighed less than 110 lbs 
(50 kg) were excluded. After a screening evaluation to determine 
fi tness for enrollment, subjects were admitted to the Clinical and 
Translational Research Center (CTRC) at UTSW for two days. 

 The protocol and consent forms were approved by the UTSW 
Institutional Review Board, and all participants provided written 
informed consent prior to enrollment. 

 Design.   The study consisted of a two-day inpatient admission to 
the CTRC during which participants were fasted for 48 h. On pro-
tocol day 0, subjects ate a self-prepared lunch at 12:00 and then 
reported to the CTRC at 16:00 for admission. Subjects remained 
fasted from the time of admission on protocol day 0 until 12:00 on 
protocol day 2. During the fast, the individuals had free access only 
to water. At 4 h intervals during this protocol, 3 ml of blood was 
drawn from each subject’s intravenous catheter for analysis. 

 Analysis of blood samples 
 Blood was collected in nonheparinized, EDTA-containing tubes 

and immediately centrifuged to isolate plasma. The isolated plasma 
was divided into three equal aliquots and pipetted into micofuge 
tubes for storage. Samples were then immediately frozen and main-
tained at  � 80°C, after which they were thawed once and analyzed. 

 Plasma concentrations of PCSK9 were determined as previously 
described ( 8 ). Lathosterol levels were measured by gas-liquid chro-
matography as described ( 15 ). Plasma glucose, cholesterol, triglyc-
erides (TG), and high density lipoprotein cholesterol (HDL-c) 
concentrations were determined using a Vitros 250 spectrophot-
metric analyzer (Ortho-Clinical Diagnostics, Rochester, NY). A 
commercially available enzyme-linked immunosorbent assay kit 
was used to measure plasma insulin concentrations (Millipore, Bil-
lerica, MA). Total plasma ketone concentrations were determined 
using a commercial kit (Wako Chemicals, Richmond, VA). 

 Statistical analysis 
 Statistical analyses were performed using SigmaStat 3.0 (SPSS, 

Inc., Chicago, IL). The signifi cance of variable trends over the 
period of observation was determined using repeated measures 
ANOVA. The correlations of variables between subjects were cal-
culated using the mean value for repeated observations over the 
fasting period ( 16 ). The correlations of variables within subjects 
were calculated using ANCOVA (ANCOVA) ( 17 ). Unless other-
wise indicated, values are presented as mean and standard devia-
tion. Statistical signifi cance was taken at  P  < 0.05. 

 RESULTS 

 Subjects 
 The study population was composed of 18 individuals 

whose characteristics are presented in   Table 1  . The popu-

 TABLE 1. Characteristics of study participants 

Characteristic Value

Number 18
Age (years) 29 ± 13
Gender ratio (male:female) 9:9
Ethnicity/race (n)
 Non-Hispanic White 13
 Non-Hispanic Black 3
 Hispanic 1
 Asian 1
Height (cm) 173 ± 8
Weight (kg) 78 ± 16
Body mass index (kg/m 2 ) 26 ± 5
Glucose (mg/dl) 88 ± 6
Hemoglobin A1c (%) 5.1 ± 0.3
Total cholesterol (mg/dl) 173 ± 31
HDL-c (mg/dl) 52 ± 18
LDL-c (mg/dl) 104 ± 25
Triglycerides (mg/dl) 84 ± 59

Values are mean ± SD. Conversions: triglycerides, HDL-c, and LDL-c 
(mg/dl) × 0.02586 = mmol/l; glucose (mg/dl) × 0.05551 = mmol/l. 
HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density 
lipoprotein cholesterol.
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 We next examined the effect of prolonged fasting on 
plasma LDL-c and PCSK9 levels (  Fig. 3  ). Values of LDL-c 
were initially low (88 ± 18 mg/dl) and increased steadily to 
a peak of 107 ± 25 mg/dl after 32 h of fasting ( P  = 0.004). 
Further increases beyond this time point were not appar-
ent ( P  = 0.816). Plasma levels of PCSK9 declined during 
the fast, reaching a nadir by 36 h (169 ± 98 ng/ml) that 
was  � 58% lower than that measured in the fed state. 

 To further investigate the rise in LDL-c observed during 
fasting as well as the inverse relationship between LDL-c 
and PCSK9 in these subjects, we determined how choles-
terol synthesis, which is a marker of SREBP-2 activity, 
changed during the fast. The lathosterol-to-cholesterol ra-
tio was used as a surrogate for cholesterol synthesis ( 18 ). 
The data are presented in  Fig. 3 . The ratio peaked at 12 h 
postprandial (0.86 ± 0.36  � mol/mmol) and then steadily 
declined, reaching a nadir by 32 h fasted (0.62 ± 0.19  � mol/
mmol;  P =  0.024). Thus, despite the rise in LDL-c, SREBP-2 
activity and cholesterol synthesis decreased with fasting, and 
plasma PCSK9 levels paralleled these changes. 

 We next examined the correlation between plasma 
PCSK9 concentrations and plasma metabolites. In the 
population as a whole (between-subject correlation), there 
was a signifi cant inverse relationship between levels of 
plasma insulin and PCSK9 ( r  =  � 0.545;  P  = 0.019), indicat-
ing that individuals in this population with higher insulin 
levels tended to have lower PCSK9 levels. However, plasma 
PCSK9 levels fell in parallel with insulin over the fasting 
period in each individual, as would be anticipated based 
upon the insulin-dependent regulation of SREBP-2 ( r  = 
0.430,  P  < 0.001 by ANCOVA). 

 There was no signifi cant relationship between levels of 
plasma HDL-c and PCSK9 over the duration of fasting. 
There were no between-subject correlations for levels of 
plasma TG and PCSK9; however, there was a tendency for 
changes in concentrations of plasma TG to parallel PCSK9 
within individuals over the fasting period ( r  = 0.235,  P  < 
0.001 by ANCOVA). 

 Prior studies demonstrated a modest but signifi cant pos-
itive correlation between levels of LDL-c and plasma 
PCSK9 concentrations ( 8, 19 ). Initially, we determined the 
correlation between these two metabolites at fasting inter-
vals most likely to be encountered in overnight-fasted indi-
viduals (8, 12, and 16 h fasted); no signifi cant correlations 
were observed at any time point ( r  =  � 0.053–0.106;  P  = 
0.668–0.895). Likewise, the between-subject correlation for 
plasma LDL-c and PCSK9 over the entire fasting period 
was not signifi cant ( r  =  � 0.064;  P  = 0.800), indicating that 
individuals with similar levels of PCSK9 in this population 
had markedly different levels of LDL-c. However, within 
each subject, levels of LDL-c and PCSK9 over the fasting 
period were modestly, but inversely, correlated ( r  =  � 0.336; 
 P  < 0.001). 

 A positive intra-individual correlation of cholesterol syn-
thesis and PCSK9 was found over the period of observation 
( r  = 0.388,  P  < 0.001), suggesting that plasma levels of these 
two variables are commonly regulated (i.e., via SREBP-2). 
However, the between-subject correlation of cholesterol 
synthesis, as measured by lathosterol-to-cholesterol ratio, 

dial and then declined rapidly, reaching a nadir at 40 h 
(73 ± 9 mg/dl;  P  = 0.015). Plasma insulin followed a simi-
lar pattern, although the peak value occurred at 0–4 h 
fasted followed by a rapid decline to a nadir at 28–32 h. As 
expected, plasma ketones increased modestly after 8 h of 
fasting and then rapidly increased after 24 h. 

 The effect of a 48 h fast on plasma TG and HDL-c are 
presented in   Fig. 2  . Plasma TG was elevated at 4 h postpran-
dial (146 ± 77 mg/dl) and rapidly declined by 12 h post-
prandial (80 ± 39 mg/dl;  P  < 0.001). Following this decline, 
a more modest decline was apparent over the remainder of 
the fast ( P  = 0.031) with notable diurnal variation in plasma 
TG levels. Concentrations of plasma HDL-c were not altered 
over the 48 h fast (49 ± 1 mg/dl;  P  = 0.610). 

  Fig.   2.  Plasma TG and HDL-c concentrations during a 48 h fast. 
Plasma TG peaked in the immediate postprandial period (0–4 h) 
and then declined rapidly by 8 h fasted ( P  < 0.001). Over the re-
maining fasting period, diurnal variation was apparent and TG 
continued to decline modestly ( P  = 0.031). There was no signifi -
cant change in plasma levels of HDL-c over the 48 h fast. Data 
(mean ± SEM) were derived from 18 healthy subjects (described in 
 Table 1 ) who underwent an observed 48 h fast. HDL-c, high-density 
lipoprotein cholesterol; TG, triglyceride.   

  Fig.   3.  Trends in plasma LDL-c, PCSK9, and lathosterol-to-choles-
terol ratio during a 48 h fast. Plasma levels of LDL-c increased mod-
estly over the initial 32 h of the two-day fast ( P  = 0.004) and then 
stabilized. Plasma PCSK9 levels declined steadily after 8 h of fasting 
and reached a nadir by 36 h ( P  = 0.024). The decline in plasma 
PCSK9 occurred in tandem with a decrease in the lathosterol-to- 
cholesterol ratio ( P  = 0.091). Data (mean ± SEM) were derived from 
18 healthy subjects (described in  Table 1 ) who underwent an ob-
served 48 h fast. PCSK9, proprotein convertase, subtilisin/kexin type 
9; LDL-c, low-density lipoprotein cholesterol.   
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LDL-c levels with fasting is a reduction in SREBP-2 activity, 
which would also be predicted to reduce the transcrip-
tional activation of the  LDLR  ( 6 ) and, thus, reduce LDL-c 
clearance and increase plasma LDL-c concentrations. 

 The results of this study provide an important frame-
work for future studies that focus on the measurement of 
plasma PCSK9 concentrations in humans, as plasma levels 
of PCSK9 declined markedly with fasting, demonstrating 
that the fed state of the individual will have a marked ef-
fect on plasma concentrations. The decrease in plasma 
PCSK9 concentrations induced by fasting occurs in tan-
dem with reduced cholesterol biosynthesis, with both 
reaching a nadir by 36 h. Inasmuch as both cholesterol 
synthesis and PCSK9 are regulated by SREBP-2, these re-
sults suggest that plasma PCSK9 levels may serve as a surro-
gate marker for SREBP-2 activity in liver.  
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and PCSK9 over the 48 h fast was not signifi cant ( r  = 
 � 0.394;  P  = 0.117). This fi nding suggests that a given con-
centration of PCSK9 in plasma cannot predict the absolute 
rate of cholesterol synthesis. Additionally, an inverse rela-
tionship was noted between cholesterol synthesis and lev-
els of plasma LDL-c, with both between-subject ( r  =  � 0.662; 
 P  = 0.004) and within-subject ( r  =  � 0.757;  P  < 0.001) corre-
lations being highly signifi cant. This fi nding supports the 
generalization that lower rates of cholesterol synthesis dur-
ing fasting are associated with higher LDL-c levels. 

 DISCUSSION 

 In the current study, plasma PCSK9 concentrations were 
measured in 18 healthy individuals to investigate the effects 
of fasting on plasma PCSK9 levels and its relationship to 
cholesterol synthesis. This is the fi rst study to characterize 
the effects of a physiologic, nonpharmaceutical interven-
tion on plasma PCSK9 in human subjects. The primary fi nd-
ing of this study was that plasma levels of PCSK9 declined by 
 � 58% with fasting, reaching a nadir by 36 h of fasting. This 
occurred in tandem with an  � 28% decline in the lathosterol-
to-cholesterol ratio, a marker of cholesterol biosynthesis 
and SREBP-2 activity. Despite the fall in both PCSK9 and 
cholesterol synthesis during fasting, levels of LDL-c rose 
modestly, resulting in a signifi cant, but inverse, relationship 
between LDL-c and both plasma PCSK9 levels and rates of 
cholesterol synthesis ( Fig. 3 ). 

 Our previous studies in rodents have shown that fasting 
results in the reduction of SREBP-2 levels in liver. This re-
duction leads to lower mRNA levels for genes required for 
cholesterol biosynthesis and, hence, to lower rates of de 
novo cholesterol synthesis ( 20 ). Thus, we hypothesized 
that fasting in humans would also result in reduced he-
patic SREBP-2 levels, lower rates of cholesterol synthesis, 
and as SREBP-2 is the major transcriptional activator of 
 PCSK9  ( 21, 22 ), lower plasma PCSK9 levels. Inasmuch as 
the metabolic rates of rodents and humans are signifi -
cantly different, we did not know the duration of fasting 
required to reach a nadir of cholesterol synthesis and 
plasma PCSK9 levels. Consequently, we collected blood at 
4 h intervals during the 48 h fast, with the data demon-
strating that a prolonged fast (36 h) was required to reach 
the lowest plasma concentrations of PCSK9. The reduc-
tion in cholesterol synthesis as measured by the lathosterol-
to-cholesterol ratio also reached its lowest level at 36 h 
fasted, further supporting the hypothesis derived from ro-
dent studies that PCSK9 and cholesterol biosynthetic 
genes are coregulated. 

 Somewhat unexpected was the increase in plasma LDL-c 
that was measured during the fast. Prior human studies 
have demonstrated a variable effect of fasting on LDL-c 
levels, with the effect being dependent upon whether the 
study population was lean or obese (increasing and de-
creasing, respectively) ( 23, 24 ). The increase in LDL-c in 
this population occurred despite a reduction in measures 
of cholesterol synthesis and plasma PCSK9 concentrations, 
both of which might be expected to reduce plasma LDL-c 
levels. The most likely explanation for the increase in 
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