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BACKGROUND: Fibroblast growth factor (FGF) 21 is an
endocrine factor actively involved in glucose and lipid
metabolism in rodents. However, little is known about
its physiological function and regulation in humans.
This study investigated the diurnal changes in circulat-
ing FGF21 concentrations and their association with
other metabolic markers in both obese and lean
individuals.

METHODS: A total of 36 volunteers were assigned to 2
groups. One group received 3 standardized meals and
another group was fasted for 24 h. Blood samples were
drawn every 30 min throughout a 24-h period. Circu-
lating FGF21 concentrations were measured with an
in-house chemiluminescence immunoassay. The ef-
fects of fatty acids on hepatic production of FGF21
were determined by using real-time PCR.

RESULTS: In both the fasting and standardized meals
groups, circulating FGF21 began to rise at midnight,
reaching a peak in the early morning and then declin-
ing to basal concentrations early in the afternoon.
Baseline concentrations of circulating FGF21 were
much higher in obese individuals than in lean individ-
uals (P � 0.05). However, the magnitude of the noc-
turnal rise in circulating FGF21 was significantly
blunted in obese individuals. The 24-h oscillatory pat-
tern of circulating FGF21 resembled that of free fatty
acids and cortisol, but was opposite to the patterns of
insulin and glucose. Unsaturated fatty acids induced
time-dependent expression of FGF21 mRNA in hu-
man hepatocytes.

CONCLUSIONS: These findings support the role of FGF21
as an important metabolic regulator that integrates the

circadian rhythm with energy homeostasis in humans.
Diurnal rhythms of circulating FGF21 could be partly
caused by the oscillation of free fatty acids.
© 2011 American Association for Clinical Chemistry

Fibroblast growth factor (FGF)5 21 is an endocrine fac-
tor structurally belonging to the FGF superfamily. It
was first suggested as a metabolic regulator with antidi-
abetic properties during high-throughput screening
for agents capable of increasing glucose uptake in adi-
pocytes (1 ). When administrated systemically to ro-
dents and nonhuman primates with obesity and diabe-
tes, recombinant FGF21 causes a variety of favorable
metabolic effects, including body weight loss, sustained
decrease of plasma glucose and triglyceride, and reduc-
tion of insulin resistance and hepatosteatosis (2, 3 ). In
diet-induced obese rats, FGF21 increases hepatic insu-
lin sensitivity and energy expenditure through its ac-
tions on the central nervous system (4 ).

FGF21 is actively involved in the metabolic adap-
tations to fasting in rodents. Hepatic expression of
FGF21 mRNA in mice is induced by fasting or by con-
sumption of ketogenic diet through the activation
of the peroxisome proliferator–activated receptor-�
(PPAR�) (5, 6 ). Adenovirus-mediated knockdown of
FGF21 expression or targeted depletion of the FGF21
gene leads to abnormal responses to ketogenic diet, in-
cluding body weight gain, decreased ketosis, massive
hepatosteatosis, and impairment in insulin sensitivity
(5, 7 ). In the liver, FGF21 induces the expression of
PPAR� coactivator protein-1� (PGC-1�) and medi-
ates the effects of PGC-1� in increasing fatty acid oxi-
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dation, tricarboxylic acid cycle flux, and gluconeo-
genesis (8 ). Furthermore, FGF21 is also involved in
lipolysis modulation in white adipose tissue (6, 9 )
and thermogenesis in brown adipose tissue of neo-
natal mice (10 ).

Little is known about the physiological roles and
regulation of FGF21 in humans. Previous studies in
different ethnic groups have demonstrated an in-
creased concentration of circulating FGF21 in obese
individuals (11 ) and patients with type 2 diabetes (12 ),
dyslipidemia (13 ), insulin resistance (14 ), and nonal-
coholic fatty liver disease (15, 16 ). The increased
FGF21 concentrations in obesity are attributable to in-
creases in free fatty acids (FFAs), which can directly
stimulate FGF21 expression through the activation of
PPAR� (17 ). Hyperinsulinemia during glucose clamp-
ing studies has been shown to induce FGF21 expression
in human skeletal muscle (18 ).

The response of circulating FGF21 to fasting and
nutritional changes in humans appears to be different
from that observed in rodents. In mice, a marked in-
duction of FGF21 expression occurs within several
hours in response to fasting (5, 6 ). However, in hu-
mans, starvation for up to 72 h does not affect, or may
even cause a slight decrease in, circulating FGF21 (15 ).
A modest increase in circulating FGF21 is detected only
after prolonged fasting for 7 days (19 ). Published data
related to the effects of ketogenic diet on circulating
FGF21 concentrations in humans are inconsistent
(15, 19, 20 ).

To better understand the metabolic roles of FGF21
and its regulation in humans, we developed a highly
sensitive and specific chemiluminescence immunoas-
say (CLIA) to measure temporal changes in circulating
FGF21 concentrations under both fasting and fed con-
ditions over 24 h. Our results demonstrate a character-
istic diurnal pattern of circulating FGF21 in humans,
with a major nocturnal rise occurring after midnight.
In obese individuals, the magnitude of this nocturnal
rise is significantly blunted.

Materials and Methods

STUDY PARTICIPANTS

Three cohorts of volunteers were recruited for this
study. The clinical characteristics of these study groups
are described in Table 1 in the Data Supplement that
accompanies the online version of this article at http://
www.clinchem.org/content/vol57/issue5. A BMI of
�25 kg/m2 was defined as obese on the basis of Asian-
Pacific obesity criteria proposed by the WHO Western
Pacific Regional Office. Written consent was obtained
from all volunteers. The study protocol was approved
by our institutional ethics committee.

For the first study cohort (n � 7), the participants
were admitted to the metabolic ward at 1700 and were
provided with a standardized dinner. These individuals
were then fasted and allowed to have water access only
for a 24-h period until 1800 the next day. An antecubi-
tal vein was cannulated for blood sampling. Blood sam-
ples were taken from individuals in the first cohort at
1800 on day 1 and 0900 and 1800 on day 2. For the
second study cohort (n � 10), blood samples were
taken from participants every 30 min during the period
of 24 h of fasting from 1800 on day 1 to 1800 on day 2.
For the third study cohort, 19 volunteers were admitted
to the metabolic ward at 0700 and were provided with 3
standardized meals (breakfast at 0800, lunch at 1300,
and dinner at 1800). Blood samples were drawn from
an indwelling venous catheter in the forearm every 30
min over a period of 24 h.

BIOCHEMICAL ANALYSIS AND IMMUNOASSAY FOR BLOOD

SAMPLES

The serum concentrations of human FGF21 were
measured with an in-house CLIA, as detailed in the
online Data Supplement. Glucose, triglyceride, total
cholesterol, LDL cholesterol, and HDL cholesterol
concentrations were determined enzymatically on a
Hitachi 7600 chemical analyzer (Hitachi). Serum
insulin was measured with RIA (Linco Research).
Serum concentrations of FFAs and cortisol were
quantified by enzymatic colorimetric assay and elec-
trochemiluminescence immunoassay (Roche Diag-
nostics), respectively.

CELL CULTURE AND IN VITRO ASSAYS

Palmitic, oleic, or linoleic acid were dissolved in eth-
anol and then mixed with an aqueous solution of
fatty acid–free BSA (in DMEM) at 45 °C until ho-
mogenous at a molar ratio of 2.5:1. Human HepG2
hepatocytes (ATCC) were grown in DMEM contain-
ing 1% FBS for 16 h, followed by treatment with
different concentrations of fatty acids for different
periods. The conditioned medium was harvested,
centrifuged at 13 000g for 5 min to remove cell de-
bris, and then analyzed for FGF21 mRNA concentra-
tions. Total RNA was extracted by using Trizol re-
agent (Invitrogen) and was then subjected to reverse
transcription and quantitative real-time PCR to de-
termine the relative mRNA abundance of FGF21 as
previously described (11 ).

DATA ANALYSIS

Data are expressed as mean (SE). All statistical cal-
culations were performed with the SPSS 11.5 statis-
tical software package. The assumption of normality
was tested by using a Kolmogorov–Smirnov test.
Comparisons between groups over time were per-
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formed with repeated-measures ANOVA. Pearson
correlation coefficients were used to evaluate the asso-
ciation between the concentrations of FGF21 and FFA.
The diurnal rhythm of serum FGF21 was quantitatively
described with cosinor analysis (21 ). The 95% statisti-
cal CIs were determined for the 24-h cosine amplitude
(half of the peak-nadir difference), MESOR (midline
estimating statistic of rhythm), and acrophase (clock
time of maximal value). In all statistical tests, P values
�0.05 were considered as significant difference.

Results

DEVELOPMENT OF A HIGH-SENSITIVE CLIA FOR HUMAN FGF21

To quantify the circulating concentrations of human
FGF21, we generated antihuman FGF21 antibodies
in rabbits by using recombinant full-length protein
as an immunogen (Fig. 1A). To confirm the specific-
ity of the antibodies, human serum was subjected
to chromatographic purification by using antihu-

man FGF21 antibodies as a ligand. The affinity-
purified FGF21 from human serum was digested by
trypsin and analyzed by an Orbitrap Velos mass
spectrometer (Thermo). The protein identity was
confirmed by comparing the sequences of the 3 pep-
tides derived from trypsin digestion with the pub-
lished sequence of human FGF21 (NCBI accession
number: NP 061986) (Fig. 1B), suggesting that the
antibodies recognize native FGF21 in the circula-
tion. The antibodies were then used for the develop-
ment of an in-house CLIA for measuring human
FGF21. The assay did not cross-react with other
members of the human FGF family and basic FGF.
We next evaluated the assay by measuring serum
FGF21 concentrations in 84 healthy individuals
(from 30 to 50 years old) after overnight fasting.
Serum FGF21 concentrations displayed a normal
distribution (Fig. 1C), with the median concentra-
tion of approximately 125 ng/L.

Fig. 1. Development and validation of CLIA specific to human FGF21.

(A), SDS-PAGE analysis of recombinant human FGF21 purified by affinity chromatography. (B), Representative liquid
chromatography–tandem mass spectrometry spectra of native FGF21 purified from human serum using antihuman FGF21
antibody as an affinity ligand. The sequences of the 3 peptides determined by tandem mass spectrometry analysis are identical
to the published sequence of human FGF21 as denoted. (C), Distribution of human serum concentrations of FGF21 in 84 healthy
Chinese individuals.
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TEMPORAL CHANGES IN CIRCULATING FGF21 UNDER FASTING

CONDITIONS IN HEALTHY MEN

Previous studies have demonstrated that expression of
FGF21 is inducible by fasting in rodents (5, 6 ). We
therefore investigated the effect of fasting on serum
FGF21 concentrations in humans using the CLIA es-
tablished above. In the first set of the experiments, 7
healthy male volunteers (from 26 to 47 years old) re-
ceived a standardized meal at 1700 and then fasted for
24 h. The blood samples were taken at 1800 on the same
day and at 0900 and 1800 on the second day. Repeated-
measures ANOVA demonstrated that the concentra-
tions of FGF21 changed significantly over time (P �
0.001). Post hoc paired sample t-tests were then used to
compare concentrations between pairs of time points.
After Bonferroni correction, the serum concentrations
of FGF21 were found significantly increased after over-
night fasting in the 7 study participants (P � 0.001)
(Fig. 2A). Unexpectedly, prolonged fasting for 24 h did
not cause further increases in serum FGF21. Instead,
serum FGF21 concentrations at 1800 markedly de-
creased to a level comparable to that at 1800 of day 1
(P � 0.001).

To closely monitor the circadian changes in serum
FGF21, blood samples were taken every 30 min from
another 10 healthy volunteers in the fasting condition.
This analysis showed an oscillatory pattern of serum
FGF21 over 24 h (Fig. 2B). The biggest increase of se-
rum FGF21 concentrations started around midnight
(0000), reached its peak at around 0500 of the second
day, and then slowly declined to a nadir in the after-
noon, suggesting that FGF21 secretion is regulated by
the diurnal rhythm in humans. Consistent with the
findings in humans, serum FGF21 concentrations in
C57 mice also displayed a 24-h circadian rhythm under
fasting conditions (see Fig. 1 in the online Data Supple-
ment). The peak concentration of serum FGF21 in
mice was observed at 0400 and then progressively
declined.

CIRCADIAN CHANGES OF SERUM FGF21 WITH

STANDARDIZED MEALS

To investigate whether the 24-h profile of serum
FGF21 is influenced by food intake, we next conducted
2 independent experiments in different cohorts. In the
first pilot study, 7 healthy volunteers described in Fig.
2A received a standardized breakfast at 0730 after fast-
ing overnight, and blood samples were taken at 0900
(90 min after food intake). There were no significant
changes in mean serum FGF21 concentrations in the
cohort fed breakfast compared with individuals who
were fasted [Fig. 2C, mean (SD): 146.38 (45.95) ng/L vs
151.14 (20.0) ng/L, P � 0.05]. In another set of studies,
19 volunteers, including 12 lean and 7 obese individu-
als (Table 1 in the online Data Supplement), were pro-

vided with a standardized breakfast, lunch, and dinner
at 0800, 1300, and 1800, respectively, and their blood
samples were collected every 30 min for a period of
24 h from 0730 at day 1 to 0730 at day 2. The noc-
turnal rise of serum FGF21 in these individuals was
similar to that observed under fasting conditions
(Fig. 3A and Fig. 2 in the online Data Supplement).
On the other hand, another obvious increase of se-
rum FGF21 was observed in the afternoon. FGF21
started to rise at 1430, peaked at 1630, and then de-
creased to baseline at 1900. Further analysis showed
that baseline serum FGF21 concentrations in obese
individuals were higher than those in lean individu-
als. The nadir serum FGF21 (at 1430) was higher in
the obese group [146.38 (18) ng/L vs 73.10 (11.90)
ng/L in the lean group, P � 0.05; Fig. 3B], but no

Fig. 2. Diurnal changes of human serum FGF21 con-
centrations over 24 h under fasting conditions.

(A), Serum FGF21 concentrations in 7 healthy volunteers
measured at 1 h (Fed), 16 h, and 24 h after fasting [**P �
0.01 compared with 1800; (Fed); *P � 0.05 compared with
900 (16 h)]. (B), 24-h profiles of serum FGF21 in 10 healthy
volunteers measured every 30 min. (C), Human serum
FGF21 levels measured at 0900 under 16-h fasting (without
breakfast) and fed (with breakfast) conditions (n � 6–7,
P � 0.05).
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significant difference was found in FGF21 concen-
trations at the peak (0500) between the 2 groups.

In addition to these indirect measures of diurnal
variation, the circadian rhythm of serum FGF21 in
both lean and obese individuals could be described by a
cosine curve (Fig. 3A, Rlean

2 � 0.656; Robese
2 � 0.358;

both P � 0.001). In both groups, the curves had an
amplitude significantly greater than zero. The cosine fit
of the 24-h FGF21 profile had a similar time course in
all the study participants. There was no significant dif-
ference in the mean (95% CI) acrophase between the
2 groups [0521 (0456 – 0545) in lean vs 0509 (0438 –
0541) in obese]. The mean (95% CI) amplitudes in the
lean group were significantly higher than in the obese
group [66.4 (54.7–78.0) vs 49.8 (33.1– 66.5) ng/L; P �
0.01]. By contrast, the mean (95% CI) MESOR in the
obese group was much higher than that in the lean
group [210.4 (202.4 –219.1) vs 140.4 (135.1–146.8)
ng/L; P � 0.01].

When the FGF21 concentrations were expressed
as fold changes over the nadir level at 1430, the am-
plitude of 24-h oscillation in the obese group was not
as obvious as that in lean controls (Fig. 3C). The
mean (SD) area under curve over 24 h in the obese
group was significantly lower than that in the lean
group [69.03 (13.68) vs 106.84 (12.9); P � 0.01]. The
mean (SD) peak/nadir ratio of serum FGF21 con-
centrations in obese individuals was significantly
smaller than that in lean individuals [Fig. 3D, 1.99
(0.31) vs 4.26 (0.47); P � 0.05], indicating that the
nocturnal rise of serum FGF21 was significantly
blunted in the obese group.

TEMPORAL ASSOCIATION OF FGF21 WITH INSULIN, GLUCOSE,

AND CORTISOL

To further delineate the temporal association of serum
FGF21 with other metabolic hormones and metabo-
lites, we analyzed the 24-h profiles of insulin, glucose,

Fig. 3. The oscillatory pattern of serum FGF21 over 24 h with consumption of standardized meals. Blood samples
were drawn every 30 min from 19 volunteers (12 lean and 7 obese individuals) who received the 3 standardized
meals.

(A), 24-h excursion of serum FGF21 concentrations in lean (n � 12) and obese (n � 7) individuals and their cosine fit curves.
(B), FGF21 levels at the nadir (1430) and peak (0500) in lean and obese individuals (**P � 0.01 compared with lean individuals
at 1430). (C), Relative levels of serum FGF21 as expressed as fold-change over the nadir levels (at 1430) in lean and overweight
individuals. (D), The ratio of the peak/nadir serum FGF21 in lean and obese individuals (**P � 0.01).
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and cortisol in our studies of the 19 individuals. As
expected, the serum concentrations of both insulin and
glucose displayed characteristic pulsatile increases after
the 3 meals (Fig. 4, A and B). The peak concentrations
of both insulin and glucose were observed within
30 – 60 min after each meal. Interestingly, the 24-h ex-
cursion of both insulin and glucose tended to be oppo-
site to that of circulating FGF21. During the daytime,
the peak time of both serum insulin and glucose after
lunch and dinner matched the nadir time of serum
FGF21. The lowest concentrations of both insulin and
glucose were detected between midnight and early
morning when the major nocturnal rise of serum
FGF21 occurred. By contrast, the pattern of the noctur-
nal rise in serum cortisol showed a striking similarity to

that of serum FGF21 (Fig. 4C). Both FGF21 and corti-
sol started to increase at around midnight and peaked
at around 0500, followed by a gradual decline.

ROLE OF FFAs IN REGULATING CIRCADIAN CHANGES OF FGF21

FFAs have been shown to be a positive regulator of
FGF21 production through the activation of PPAR�
(17 ). We next analyzed the temporal association of se-
rum FFAs with circulating FGF21 in the 19 volunteers
as described above. Consistent with previous reports
(22 ), serum FFA profiles also showed an oscillatory
pattern over 24 h, with 2 obvious peaks being detected
during the daytime and nighttime, respectively (Fig.
5A). Similar to circulating FGF21, the major rise of
FFAs also occurred during the night, with the increase

Fig. 4. Temporal association of serum insulin, glucose, and cortisol with FGF21 over 24 h.

The serum samples were collected from 19 volunteers, as in Fig. 2. Serum levels of insulin (A), glucose (B), and cortisol (C) were
measured every 30 min and compared with the pattern of circulating FGF21.
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starting around 2100, peaking around 0130, and then
gradually decreasing to the nadir level at around 1030.
Another relatively smaller and transient peak of serum
FFAs was observed between 1030 and 1430. Interest-
ingly, this 24-h temporal pattern of serum FFAs was
quite similar to that of circulating FGF21, except that
the peak time of serum FFAs occurred approximately
4 h earlier than that of circulating FGF21, both during
the day and at night. Furthermore, the peak concentra-
tions of serum FFAs correlated significantly with the
peak concentrations of circulating FGF21 during both
the day and the night (Fig. 5, B and C). A significant
positive correlation between circulating FGF21 and se-

rum FFAs was also observed when the 2 major peaks of
FFAs and FGF21 were expressed as area under the
curve (Fig. 5, D and E).

To further confirm the above in vivo findings, we
next tested the direct effects of different types of FFAs
on FGF21 mRNA expression in human HepG2 hepa-
tocytes. Treatment of cells with linoleate (Fig. 6) or
oleate (data not shown) increased FGF21 mRNA ex-
pression and its protein secretion in a time- and
concentration-dependent manner. The maximal in-
crease of FGF21 mRNA expression was observed at ap-
proximately 4 h after treatment with linoleate, which
matched well with the time lag of the peak concentra-

Fig. 5. The close correlation between the circadian changes of serum FFAs and FGF21.

Serum samples were collected, as in Fig. 2. (A), Comparison of 24-h profiles of serum FFAs and FGF21. (B and C), Correlation
between the peak levels of serum FGF21 and FFAs during the day (B) and night (C). (D and E), Correlation between the peak
serum FGF21 and FFAs calculated as the area under curve (AUC) during the day (D) and night (E). AUC was calculated using
the trapezoidal rule.
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tions between FFAs and FGF21 observed during both
daytime and nighttime. On the other hand, palmitate
did not have any obvious effect on FGF21 mRNA ex-
pression or protein secretion.

Discussion

The secretion of many metabolic hormones is charac-
terized by biological rhythms that may reflect their
physiological roles in metabolic regulation. The pres-
ent study provides the first evidence showing that cir-
culating FGF21 concentrations exhibit a characteristic
diurnal rhythm in humans, with a major nocturnal rise
occurring between midnight and early morning. These
findings are in keeping with the hypothesis that FGF21
may be a metabolic regulator in humans.

A number of metabolic hormones, including leptin
(23), melatonin (24), growth hormone (25), vaspin (26),

and cortisol (27), have been shown to exhibit a nocturnal
rise, constituting an important mechanism for metabolic
adaptation. For example, the nocturnal rise of leptin
might be related to its appetite-suppressing effect during
nighttime sleep (23). The present study demonstrates
that the nocturnal rise of FGF21 closely resembles that of
cortisol, which is secreted from the adrenal gland in circa-
dian cycles (25). Interestingly, both the onset and peak
time of the nocturnal rise are almost the same for FGF21
and cortisol, suggesting that these 2 hormones might be
controlled by a similar set of circadian clock genes. The
nocturnal rise of cortisol has been suggested to play a key
role in enhancing hepatic glucose production during the
night (27). Likewise, FGF21 also stimulates hepatic glu-
coneogenesis through induction of PGC1� in mice (8),
suggesting that the nocturnal rise of FGF21 may be ac-
tively involved in maintaining glucose homeostasis dur-
ing the night.

Fig. 6. Effects of fatty acids on FGF21 mRNA expression and protein secretion in hepatocytes.

Human HepG2 cells grown under serum-free conditions were treated with linoleate (200 �mol/L) and palmitate (200 �mol/L)
or vehicle control (1% BSA) for various time periods. (A), The relative mRNA levels of FGF21 as determined by quantitative
real-time PCR (expressed as fold-changes over vehicle control in each time point). (B), Protein levels of FGF21 secreted into
conditioned medium. FGF21 protein concentrations in the supernatant were measured with immunoassay, normalized against
total protein, and expressed as fold-change over vehicle control in each time point. Changes in relative FGF21mRNA levels (C)
and protein secretion (D) after treatment of HpG2 cells with different concentrations of linoleate and palmitate for 24 h were
analyzed, as in (A) and (B), respectively. *P � 0.05; **P � 0.01 vs control group (n � 5–6).
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Previous studies in different ethnic groups have
consistently demonstrated increased concentrations of
circulating FGF21 in obese individuals (11, 28 ). In line
with these reports, the present study also showed
higher circulating FGF21 in obese individuals during
the daytime compared with healthy controls. However,
obese individuals displayed an impaired nocturnal rise
and reduced circadian rhythmicity in circulating
FGF21. Noticeably, disrupted circadian periodicity of
several metabolic hormones has been implicated in the
development of obesity and its related disorders. For
instance, the diminution of nocturnal release in both
growth hormone and melatonin may result in in-
creased body weight, visceral obesity, and adverse met-
abolic consequences (24, 25 ). By contrast, restoration
of the nocturnal melatonin signal reduces body weight
and abdominal adiposity, leading to improved insulin
sensitivity (29 ). In this connection, our findings raise
the possibility that the diminished circadian rhythms
of FGF21 in obese individuals may contribute to
obesity-induced metabolic dysregulation. It is likely
that the sustained increase in circulating FGF21 during
the daytime may cause desensitization or resistance of
this hormone, thereby dampening the metabolic ef-
fects of the nocturnal rise in FGF21 in obese
individuals.

Our present findings in humans are also sup-
ported by data from both animal and in vitro studies.
In mice, the PPAR� agonist bezafibrate induces FGF21
expression in a circadian manner (30 ). Our 24-h pro-
filing analysis of circulating FGF21 in fasting mice also
shows a circadian pattern of FGF21 reminiscent of that
in humans. In cultured cells, hepatic expression of
FGF21 is regulated by several factors that are the key
components of the circadian clock, including retinoic
acid receptor–related orphan receptor � (ROR�) (31 ),
PGC1�, and Rev-Erb� (32 ). Conversely, FGF21 has
been reported to induce the expression of the circadian
clock gene peroxisome proliferator-activated receptor
gamma, coactivator 1 alpha (PPARGC-1; also known
as PPAR�) (8 ), suggesting the existence of a feedback
regulation between FGF21 and the circadian clock sys-
tem. Taken in conjunction, these findings highlight the
role of FGF21 as an integral component of the circa-
dian clock genes in humans.

Fatty acids have been shown to be a positive regu-
lator of hepatic FGF21 production through the activa-
tion of PPAR� (17 ). The present study provides several
lines of evidence, suggesting that the circadian rhythm
of FGF21 is controlled at least in part by the oscillatory
pattern of circulating FFAs. First, the 24-h profiles of
circulating FFAs closely resemble those of FGF21. Sec-
ond, there is a strong positive association between the
peak concentrations of circulating FFAs and FGF21

both during the day and at night. Third, the peak time
of circulating FFAs precedes that of FGF21 by approx-
imately 3– 4 h, matching well with our in vitro obser-
vation that incubation of human hepatocytes with fatty
acids for this period induced the production of FGF21.
Notably, both our study and a previous report (17 )
showed that polyunsaturated, but not saturated, fatty
acids, induce hepatic FGF21 expression. The mecha-
nisms underlying the differential effects of these 2 types
of fatty acids remain to be established. Because PPAR�
plays an indispensible role in fatty acid–induced FGF21
expression (17 ), it is possible that polyunsaturated
fatty acids are more potent in activation of PPAR�.
Interestingly, FGF21 regulates the production of FFAs
through the modulation of lipolysis in white adipocytes
(6, 9, 33 ). A recent study in FGF21 knockout mice
showed that FGF21 inhibits lipolysis and decreases
FFAs under fasting conditions (9 ). Taken together,
these findings suggest the existence of a feedback regu-
lation between FFAs and FGF21. It is likely that the
nocturnal rise of FFAs leads to a subsequent increase in
circulating FGF21, which in turn decreases FFAs
through the inhibition of lipolysis in white adipocytes.

In summary, the results of the present study demon-
strate that the circadian rhythm of FGF21 is closely related
to the diurnal changes in fatty acids in humans and also
suggests that the dysregulated circadian rhythmicity in
FGF21 may be causally associated with obesity-related
lipid abnormality and insulin resistance. The reciprocal
regulation between FGF21 and FFAs may play an impor-
tant role in mediating the cross-talk between adipose tis-
sue and liver and warrants further investigation.
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