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Metabolic syndrome has become a global health challenge
and was recently reported to be positively correlated with
increased sucrose consumption. Mechanistic analyses of excess
sucrose-induced progression of metabolic syndrome have been
focused mainly on abnormal hepatic lipogenesis, and the exact
contribution of excess sucrose to metabolic disorders remains
controversial. Considering that carbohydrate and lipid metabo-
lisms exhibit clear circadian rhythms, here we investigated the
possible contribution of diurnal oscillations to responses of
hepatic lipid metabolism to excess sucrose. We found that
excess sucrose dose-dependently promotes fatty liver and
hyperlipidemia in in rats fed a high-sucrose diet (HSD). We
observed that excess sucrose enhances the oscillation ampli-
tudes of the expression of clock genes along with the levels of
hepatic lipid and carbohydrate metabolism-related mRNAs that
increase lipogenesis. We did not observe similar changes in the
levels of the transcription factors regulating the expression of
these genes. This suggested that the excess sucrose-induced, cir-
cadian rhythm– dependent amplification of lipogenesis is post-
transcriptionally regulated via the stability of metabolic gene
transcripts. Of note, our findings also provide evidence that
fructose causes some of the HSD-induced, circadian rhythm–
dependent alterations in lipogenic gene expression. Our discov-
ery of HSD-induced circadian rhythm– dependent alterations in
lipogenesis at the post-transcriptional level may inform future
studies investigating the complex relationships among sucrose
uptake, circadian rhythm, and metabolic enzyme expression.
Our findings could contribute to the design of chrono-nutri-
tional interventions to prevent or manage the development of
fatty liver and hyperlipidemia in sucrose-induced metabolic
syndrome.

Metabolic syndrome has become a global health problem,
representing an increased risk for developing type-2 diabetes
mellitus or cardiovascular diseases (1). Although no interna-

tionally recognized clinical diagnosis standard has been estab-
lished for metabolic syndrome (2), it is identical for several
symptoms, such as hyperlipidemia, fatty liver, obesity, and insu-
lin resistance (2). Lifestyle changes, such as a lack of exercise,
excess energy consumption from processed foods, and in-
creased stress, promote metabolic syndrome prevalence (1).
Intervention on diets, especially a high-fat diet, has been
focused on controlling metabolic syndrome development,
whereas the threat of added sugars to public health has also
been recognized (3). Distinct from a high-fat diet accelerating
metabolic diseases via obesity, excess sucrose contributes to
noncommunicable diseases independently of excess energy
intake (4). Since the first critics of sucrose in the 1960s, the
related mechanisms have been investigated in both animals and
humans (5–8), most of which focused on increased hepatic
lipogenesis induced by the composition of fructose. Fructose
has been considered to provide a rapid substrate flux for lipo-
genesis, partially due to its being less controlled by rate-limiting
enzymes than glucose (6, 8, 9). Recent biochemistry textbooks
also state that the rapid substrate influx from fructose into the
lipogenesis pathway is the main reason for fatty liver induced by
excess fructose (10, 11). It does not appear that the rapid sub-
strate influx can explain accumulation of lipids in blood and
liver. Despite accumulating evidence implicating sucrose in
metabolic syndrome-associated symptoms (3), the mecha-
nisms underlying such associations remain controversial be-
cause several contrasting phenotypes have been found in ani-
mal and human studies, as reviewed by Macdonald (5).
Moreover, on the molecular level, several animal studies gener-
ated conflicting results with regard to whether the expression of
sucrose- or fructose-induced enzymes involved in lipogenesis
increased or was unaffected (12–15). Thus, we performed this
study to examine whether other unknown factors may explain
the differing results.

Circadian rhythms can play important roles in metabolism
homeostasis in mammals (16). In contrast to the suprachias-
matic nucleus located in the hypothalamus that mainly receives
the regulation by light signals, cell-autonomous circadian oscil-
lations in peripheral tissues (including the liver, adipose tissue,
and gastrointestinal tract) are sensitive to feeding and diet (17).
For instance, feeding-regulated insulin can function as a syn-
chronizer for the liver clock (18). Numerous metabolites and
gene expression oscillations can increase energy efficiency and

This work was supported by Japan Society for the Promotion of Science (JSPS)
Grants 21658052, 25292069, and 16H04922 (to H. O.). The authors declare
that they have no conflicts of interest with the contents of this article.

This article contains Tables S1–S3 and Figs. S1 and S2.
1 Recipient of an award from the Otsuka Toshimi Scholarship Foundation.
2 To whom correspondence should be addressed. Tel./Fax: 81-52-789-5050;

E-mail: hirooda@agr.nagoya-u.ac.jp.

croARTICLE

15206 J. Biol. Chem. (2019) 294(42) 15206 –15217

© 2019 Sun et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0001-9129-9076
http://www.jbc.org/cgi/content/full/RA119.010328/DC1
mailto:hirooda@agr.nagoya-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.010328&domain=pdf&date_stamp=2019-9-3


prevent futile cycles (19). Previously, we reported that an effec-
tive intervention strategy, time-restricted feeding, can alleviate
metabolic disorders induced by excess sucrose (20). Although
several questions remain regarding this feeding regimen (19),
time-restricted feeding has become a practical method for ame-
liorating diet-induced metabolic disorders (21–23). These find-
ings suggest the possibility of circadian rhythm– dependent
metabolic responses to various diets, and to investigate the
responses of lipid metabolism to a high-sucrose diet (HSD),3 we
studied rhythmic changes in the expression patterns of clock
genes and lipogenic genes. Here, we found that genes involved
in hepatic lipid and carbohydrate metabolism in rats fed
an HSD showed circadian rhythm– dependent amplification
rather than persistent induction. Unexpectedly, this response
occurred post-transcriptionally instead of at the transcription
level, which would indicate a novel mechanism mediating high
sucrose–induced fatty liver.

Results

Excess sucrose promoted fatty liver and hyperlipidemia in a
dose-dependent manner in rats

To confirm the pathogenetic effects of excess sucrose, rats
were fed with diets containing either starch (control starch diet
(CD)) or sucrose (HSD) as a sole carbohydrate source, for 4
weeks. In agreement with our previous study (20), rats showed
no significant differences in body weight gain (Fig. 1a) or food
intake (Fig. 1b). Fasting plasma triglyceride and cholesterol
concentrations significantly increased in HSD rats (Fig. 1, c and
d). The results of two-way repeated measurement analysis of
variance (ANOVA) revealed different variation patterns over
days on these two different diets, which showed a more robust
elevation according to the days on diets in HSD group. This
result showed that the HSD induced hyperlipidemia in rats.
Liver weights also significantly increased in HSD rats, with
obvious hepatic lipid accumulation (Fig. 1, e–g). Hepatic lipid-
fraction analysis showed that the triglyceride level was most
strongly induced by HSD and that cholesterol and phospholip-
ids were also robustly induced (Fig. 1f). Analysis of liver histol-
ogy revealed that hepatic macrovesicular steatosis occurred in
rats fed an HSD (Fig. 1g). Substantial formation of lipid droplets
were observed in periportal regions, which was consistent with
sucrose-induced periportal steatosis found previously with
metabolic zonation of the liver (24). Nonfasting serum triglyc-
eride levels on the final experimental day displayed diurnal
rhythmic variations (JTK_CYLCE analysis: CD, p � 0.0034;
HSD, p � 0.0014), with �1.5-fold increased amplitude in HSD
rats (Fig. 1h and Table S2). Cholesterol levels were not rhythmic
during the day (p � 1) but were induced by the HSD (Fig. 1i and
Table S2).

To determine whether the induction of lipid accumulation
by the HSD correlated with dose of sucrose, rats were fed diets

containing different ratios of starch and sucrose as carbohy-
drate sources (described under “Experimental procedures”).
Although the sucrose doses in the diets did not influence body
weight gain (Fig. 1j) or food intake (Fig. 1k) in rats during the
4-week experiment, liver weights increased linearly with
greater sucrose doses. And a significant difference from the CD
group appeared at a dose of 43.5 g sucrose per 100 g of diet (Fig.
1l). Hepatic total lipids and triglycerides were also significantly
increased at a dose of 43.5 g of sucrose/100 g of diet (Fig. 1, m
and n), whereas a significant difference in serum triglyceride
levels was found at a higher dose of 65.3 g of sucrose/100 g of
diet (Fig. 1o). Despite these significant differences, approxi-
mately linear corrections between sucrose doses and lipid accu-
mulation in the liver and blood were observed.

Considering that the monosaccharide fructose has been
speculated to be responsible for most excess sucrose-related
complications (25), we investigated the role of fructose in
HSD-induced fatty liver and hyperlipidemia. Rats were fed a
CD, high-glucose diet (HGD), HSD, high-fructose and -glu-
cose diet (HFGD; 1:1 ratio by weight), or high-fructose diet
(HFD) ad libitum for 4 weeks. The liver weights increased
significantly in the HSD, HFGD, and HFD groups when com-
pared with the CD group, but not in the HGD group (Fig. 2a).
Similar variations were found in hepatic lipids, including
total lipids, triglycerides, and cholesterol (Fig. 2, b–d). These
changes clearly occurred in a fructose-dependent manner.
Although fructose dose dependence was not observed (as
2-fold more fructose was present in the HFD than in HSD
and HFGD), the liver weights and hepatic lipids did not dou-
ble. Serum triglycerides and cholesterol were also increased
by diets containing fructose (HSD, HFGD, and HFD), and
triglycerides, but not cholesterol, showed larger increases at
Zeitgeber time 2 (ZT2; ZT0 is defined as the point when the
lights were turned on), which was similar to the results
shown in Fig. 1, h and i (Fig. 2, e and f).

Excess sucrose caused circadian rhythm– dependent
amplification of hepatic lipogenic gene expression

To investigate how excess sucrose affects lipid metabolism
by influencing the circadian system, we analyzed oscillations in
the expression levels of genes that play important roles in reg-
ulating metabolism, including clock genes, transcription factor
genes, lipid– and carbohydrate metabolism–related genes, and
amino acid metabolism–related genes. All rhythmic analysis
results pertaining to rhythmic assessment (p values), phases,
and amplitudes are shown in Table S2.

Cell-autonomous circadian oscillations consist of molecular
transcription feedback loops that further mediate circadian
rhythm-controlled gene expression (16). BMAL1 (also known
as ARNTL1; aryl hydrocarbon receptor nuclear translocator-
like 1) and CLOCK (circadian locomotor output cycles kaput)
proteins form heterodimers that function as core activators in
the circadian transcription feedback loop (16). The mRNA lev-
els of BMAL1 and CLOCK showed clear diurnal oscillations
with slightly shifted phases (2 h) induced by the HSD, although
the amplitudes did not change (0.5 � -fold change � 1.5)
between groups (Fig. 3 (a and b) and Table S2) (20). Down-
stream repressor genes that are activated by BMAL1/CLOCK

3 The abbreviations used are: HSD, high-sucrose diet; CD, control starch diet;
ANOVA, analysis of variance; HGD, high-glucose diet; HFGD, high-fructose
and -glucose diet; HFD, high-fructose diet; PPP, pentose phosphate path-
way; CGD, control glucose diet; OPLS-DA, orthogonal partial least-squares
discriminant analysis; NAFLD, nonalcoholic fatty liver disease; FFA, free
fatty acid; UTR, untranslated region; H&E, hematoxylin and eosin.
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heterodimers, such as CRYs (cryptochrome 1 and 2), PERs
(period 1 and 2), and REV-ERBs (also known as NR1D1 and
NR1D2; nuclear receptor subfamily 1, group D, member 1 and
2) (26), also displayed rhythmic expression, but the HSD rarely
altered the phases and amplitudes (Fig. 3 (c– e), Fig. S1, and
Table S2) (20).

The HSD did not affect the mRNA expression levels of sev-
eral other rhythmically expressed genes, including ROR� (ret-
inoic acid–related orphan receptor �), DBP (D site of albumin
promoter-binding protein), HLF (hepatic leukemia factor),
DECs (deleted in esophageal cancer 1 and 2), TEF (thyrotroph
embryonic factor), and E4BP4 (also known as NFIL3; nuclear
factor, interleukin 3–regulated), whose products all play impor-
tant roles in regulating carbohydrate and lipid metabolism

homeostasis (26) (Fig. 3 (f– h), Fig. S1, and Table S2). There are
important transcription factors controlling the expression of
carbohydrate and lipid metabolism–related genes downstream
of the core clock transcriptional feedback loop, such as SREBP1
(sterol regulatory element– binding protein 1) and ChREBP
(carbohydrate-responsive element– binding protein). These
transcription factors are well-known for their roles in regulat-
ing expression of rate-limiting enzymes in lipid and carbohy-
drate metabolism (27, 28). Their mRNA levels showed a diurnal
rhythm, but little difference was found between the CD and
HSD groups (Fig. 3 (e and f) and Table S2). LXR� (liver X recep-
tor �) and PPAR� (peroxisome proliferator–activated receptor
�), which are transcription factors that connected the clock
genes with lipid metabolism (29, 30), displayed circadian

Figure 1. HSD induced fatty liver and hyperlipidemia in a dose-dependent manner. a, total body weight gain during 28 days in rats fed a CD or HSD (p �
0.057; n � 28/group). b, food intake during the final experimental day (d 28) (p � 0.178; n � 28/group). c and d, 4-h fasting plasma triglyceride and cholesterol
variations (***, p � 0.001; n � 28/group); time effect and time � diet effect, as shown by the results of two-way repeated measurement ANOVA. e, liver weights
after 4 weeks of a CD or HSD (***, p � 0.001; n � 28/group). f, hepatic total lipids were measured, and the proportions of triglyceride, cholesterol, and
phospholipids were determined after rats were administered a CD or HSD for 4 weeks (***, p � 0.001; n � 28/group). g, representative pictures of H&E-stained
liver sections. Scale bar, 100 �m. The letters C and P indicate the central vein and portal vein, respectively. h and i, diurnal variations of serum (harvested when
the rats were sacrificed) triglyceride and cholesterol concentrations were analyzed with JTK_CYCLE (shown in Table S2; n � 4/group at each time point). j, total
body weight gain during 28 days in rats fed with diets containing different doses of sucrose (p � 0.948; n � 12/group). k, food intake on the final experimental
day (d 28) (p � 0.538; n � 12/group). l, liver weights (p � 0.001; n � 12/group). m– o, hepatic total lipids (p � 0.001), triglyceride levels (p � 0.001), and serum
triglyceride concentrations (p � 0.029) after rats were fed for 4 weeks with diets containing different doses of sucrose (n � 12/group); line charts over bars
indicate linear variations, according to the sucrose dose. Statistical comparison was performed with Student’s t test between two groups, and one-way ANOVA
followed by Duncan’s multiple-range test was performed among five groups. Different letters over each bar indicate significant differences, as determined by
Duncan’s multiple-range tests. Error bars, S.D.
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rhythms at the mRNA levels but were not affected by the HSD
(Fig. 3 (k and l) and Table S2).

Although core clock genes and transcription factors were not
significantly changed by the HSD, the enzymes that directly
participate in lipid metabolism showed different rhythmic
expression patterns between the CD and HSD groups. ACLY
(ATP citrate lyase), ACACA (acetyl-CoA carboxylase �), and
FASN (fatty acid synthase) contribute to de novo lipogenesis
from citrate, and the amplitudes of their mRNA oscillations all
increased by approximately twice (amplitude -fold change:
2.04, 1.81, and 1.99, respectively), with slightly shifted phases (2
h), in rats fed an HSD (Fig. 4 (a– c) and Table S2). Fatty acid
elongase ELOVL6 (elongation of very long chain fatty acids
protein 6) and desaturase FADS1 (fatty acid desaturase 1),
FADS2, and SCD1 (stearoyl-CoA desaturase 1) also showed
larger mRNA expression amplitudes (-fold change: 4.44, 2.12,
1.71, and 2.19, respectively) in rats of the HSD group (Fig. 4
(d– g) and Table S2). In contrast, MTTP (microsomal triglycer-
ide transfer protein), which plays a central role in the assembly
of lipoproteins, such as very low-density lipoprotein, was not
rhythmically expressed in the CD group (p � 0.05). However,
the HSD induced de novo diurnal oscillations in its mRNA lev-
els (Fig. 4h and Table S2).

Lipogenesis requires NADPH as an energy source. The major
source of NADPH in animal cells is the pentose phosphate
pathway (PPP), and we found that expression of G6PD (glu-
cose-6-phosphate dehydrogenase), which encodes the rate-

limiting enzyme mediating the reaction step of NADPH pro-
duction in the PPP (31), showed a slightly shifted phase (2 h)
and a largely increased amplitude (-fold change: 2.84) (Fig. 4i
and Table S2). These variations were similar to those found in
the enzymes that catalyze fatty acid synthesis, including ACLY,
ACACA, and FASN. Another reaction step producing NADPH
in the PPP is regulated by PGD (phosphogluconate dehydroge-
nase), which showed little difference in mRNA levels between
two groups (Fig. S2a and Table S2). A third source of NADPH
production mediated by the NADP�-dependent ME (malic
enzyme) also displayed mRNA levels with an �4-fold
increased amplitude of mRNA levels in the HSD group (Fig.
4j and Table S2).

Finally, we also studied whether HSD affected fatty acid oxi-
dation. CPT1A (carnitine palmitoyltransferase 1A) is the essen-
tial enzyme of the long-chain fatty acid shuttle system that
helps long-chain fatty acids enter the mitochondria to become
oxidized. Our results showed similar mRNA oscillation pat-
terns between the CD and HSD groups (Fig. 4k and Table S2).
However, the expression of ACOX1 (acyl-CoA oxidase 1),
whose gene product catalyzes the first step of peroxisomal
very long-chain fatty acid oxidation, was induced de novo
rhythmicity by the HSD (Fig. 4l and Table S2). Overall, the
results described above indicated that the HSD induced circa-
dian rhythm– dependent mRNA expression changes in lipid
metabolism–related genes, including shifted phases, increased
amplitudes, or de novo rhythmic oscillations; these changed

Figure 2. The sucrose-induced, circadian rhythm– dependent amplification of lipogenesis was confirmed to be fructose-dependent. a, liver weights in
rats after being fed an experimental diet for 4 weeks, which contained or lacked fructose (p � 0.001; n � 12/group). b– d, hepatic total lipids (p � 0.001),
triglyceride levels (p � 0.001), and cholesterol levels (p � 0.001) after a 4-week treatment (n � 12/group). e and f, serum triglyceride and cholesterol
concentrations at ZT2 and ZT14 after a 4-week treatment (n � 6/group at either time point). g–l, the mRNA levels of several fatty acid synthesis genes and clock
genes at ZT2 and ZT14 (n � 6/group at either time point). One-way ANOVA followed by Duncan’s multiple-range test was performed among five groups.
Two-way ANOVA was performed to determine the interaction effect of time and diet. When a significant interaction effect was observed, Duncan’s multiple-
range post hoc test was performed for either time point. Different letters over bars indicate significant differences, as determined by Duncan’s multiple-range
test. Error bars, S.D.
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Figure 3. Clock genes and transcription factors involved in lipid metabolism showed little changes in mRNA levels in rats fed an HSD. a– h, diurnal
mRNA level variations of several important clock genes in maintaining metabolism hemostasis (n � 4/group at each time point). i–l, diurnal mRNA level
variations of key transcription factors involved in lipid metabolism (n � 4/group at each time point). Rhythmic analysis was performed with JTK_CYCLE, and the
results are shown in Table S2. Error bars, S.D.

Figure 4. The HSD increased the oscillation amplitudes of mRNA levels of key enzymes in lipid metabolism. Diurnal mRNA levels of enzymes
contributing to fatty acid synthesis (a– c), elongation (d), desaturation (e– g), lipoprotein assembly (h), fatty acid oxidation (i and j), and NADPH synthesis
for lipogenesis (k and l) are shown (n � 4/group at each time point). Rhythmic analysis was performed with JTK_CYCLE, and the results are shown in
Table S2. Error bars, S.D.
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patterns could mostly be attributable to increases in the light
phase, rather than the dark phase. These circadian rhythm– de-
pendent changes could have contributed to the large increase in
lipogenesis found in rats fed an HSD, leading to the promotion
of fatty liver and hyperlipidemia.

Because de novo lipogenesis was induced to display circadian
rhythm– dependent amplifications by the HSD, we further
investigated carbohydrate catabolism, which supplies sub-
strates for lipogenesis. The enzyme in the catabolic pathway
important for both fructose and glucose catabolism, PKLR
(pyruvate kinase, liver, and red blood cell type), showed rhyth-
mic expression in the HSD group, but not in the CD group, and
an obvious increase in mRNA amplitude (Fig. 5a and Table S2).
Rate-limiting enzymes of the glycolysis pathway, such as GCK
(glucokinase) and PFKL (phosphofructokinase, liver type),
showed oscillatory mRNA levels, but the oscillations were not
largely changed by the HSD (Fig. 5 (b and c) and Table S2).
However, an enzyme that regulates fructolysis, KHK (keto-
hexokinase), showed similar variations in rats fed an HSD, dis-
playing de novo rhythmic expression and approximately a

5-fold increase in the mRNA amplitude (Fig. 5d and Table S2).
ALOB (aldolase B) also showed an increased mRNA amplitude
and a 4-h delayed phase in the HSD group, whereas TPI (triose-
phosphate isomerase) expression did not change between the
groups (Fig. 5 (e and f) and Table S2). In contrast, the HSD
barely affected the mRNA expression levels of genes whose
products mediate gluconeogenesis, such as PEPCK (phosphoe-
nolpyruvate kinase), FBP1 (fructose-1,6-bisphosphatase), and
G6PC (glucose-6-phosphatase, catalytic subunit) (Fig. 5 (g–i)
and Table S2). Amino acid and ammonia metabolism-related
genes, such as GOT1 (aspartate aminotransferase), GPT1 (also
known as ALAT, alanine aminotransferase), ASNS (asparagine
synthetase), CPS1 (carbamoyl phosphate synthetase), and ASS1
(argininosuccinate synthetase), were barely affected by the
HSD (Fig. S2 (b–f) and Table S2). Only ASNS had a higher
amplitude in the HSD group (Fig. S2d and Table S2). These
results indicate that HSD induced large circadian rhythm– de-
pendent increases of mRNA amplitudes of lipid metabolism–
and fructolysis–related genes, which further enhanced the de
novo lipogenesis.

Figure 5. Several enzymes involved in carbohydrate metabolism also showed increased oscillation amplitudes of mRNA levels, induced by the HSD.
Diurnal mRNA levels of enzymes regulating glycolysis (a– c), fructolysis (d–f), and gluconeogenesis (g–i) are shown (n � 4/group at each time point). Rhythmic
analysis was performed with JTK_CYCLE, and the results are shown in Table S2. Error bars, S.D.
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Excess sucrose–induced circadian rhythm– dependent
amplifications were regulated at the post-transcriptional level

Next, we investigated whether the HSD-induced circadian
rhythm– dependent amplification of genes involved in lipid and
carbohydrate metabolisms at the transcriptional level. We esti-
mated the gene transcription rates by measuring the nascent
mRNA levels (32). The expression of clock genes is known to be
regulated transcriptionally. As expected, the transcription rates
of clock genes were not changed by the HSD (Fig. 6, a–j), as
their mRNA levels showed no differences (Fig. 3). Surprisingly,
although the mRNA amplitudes were enriched for lipid metab-
olism- and fructolysis-related genes (Figs. 4 and 5), we found
that the transcription rates of the genes showed little changes
between both groups (Fig. 6, k–t). These results indicate that
the HSD-induced, circadian rhythm– dependent expansion of
mRNA amplitudes was not mediated through transcriptional
regulations. The results suggest that some sucrose-derived
metabolites or molecules modulate the circadian rhythm– de-
pendent mRNA stability.

Circadian rhythm– dependent inductions occurred in a
fructose-dependent manner

Lipogenic gene mRNA levels showed the largest fluctuation
between ZT2 and ZT14 (Fig. 3). To investigate how excess
sucrose induced circadian rhythm– dependent amplifications
of lipogenic gene expression, we measured the mRNA levels at
these two time points to estimate the amplitudes of lipogenic

gene oscillations in rats fed different types of sugars. The
mRNA levels of lipogenic genes, such as ACLY, ACACA, FASN,
and ELOVL6, displayed higher levels in HSD, HFGD, and HFD
groups but did not increase in the HGD group (Fig. 2, g–j).
Similar to the findings presented in Fig. 4, the increases were
more obvious at ZT2, indicating that the amplitudes of lipogen-
esis gene mRNA levels expanded. In contrast, BMAL1 and
CLOCK showed clear day-night expression differences, but the
fluctuations were not affected by diets (Fig. 6, k and l). These
results suggest that fructose caused the HSD-induced, circa-
dian rhythm– dependent amplifications.

Excess sucrose changed hepatic levels of fructose-derived
metabolites, amino acids, and phosphate

To investigate possible hepatic metabolites that regulate the
circadian rhythm– dependent amplifications of lipogenic gene
expression at the post-transcriptional level, induced by the
HSD, we performed metabolomics analysis between a control
glucose diet (CGD) group and an HSD group. Multivariate sta-
tistical analysis was used to classify the differences. Orthogonal
partial least-squares discriminant analysis (OPLS-DA) revealed
separated metabolite clusters in the CGD and HSD groups (Fig.
7a), indicating the production of different primary metabolites
in each group. In the corresponding S-plot, the higher absolute
p(corr)[1] value represented more significant discrimination
between both groups. Variables with an absolute p(corr)[1]
value � 0.6 were recognized as significantly changed metabo-

Figure 6. Transcription rates of lipogenic genes displayed different oscillation patterns compared with those of mRNA levels with HSD treatment.
Nascent mRNA levels of important clock genes (a–j), and genes involved in lipid metabolism (k–t) are shown (n � 4/group at each time point). Error bars, S.D.
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lites and are highlighted with rectangles in Fig. 7b. Hepatic tau-
rine, caproic acid, and glucose levels increased in the HSD
group, whereas hepatic glutamine, phosphoric acid, dihydroxy-
acetone phosphate, and glycerol 3-phosphate levels decreased
in the HSD group, when compared with the CGD group (Fig.
7b). Although production of the amino acids taurine and gluta-
mine changed markedly, gene expression of cysteine sulfinate
decarboxylase (CSAD) and glutamine synthetase (GS) was not
altered by the HSD (Fig. S2, g and h). The decrease of fructose
and glucose catabolic metabolites, dihydroxyacetone phos-
phate, and glycerol 3-phosphate, together with the increase of
glucose in the HSD group, suggested a rapid utilization of fruc-
tose-derived metabolites by gluconeogenesis or lipogenesis.
Moreover, we found decreased phosphate in the HSD group,
and this expenditure of Pi would be expected to block ATP
synthesis (33).

Discussion

The abuse of adding sucrose causes a dramatic increase in
sucrose intake from processed, sweet food products. However,
excess sucrose is becoming a threat to public health because of
its correlation with metabolic syndrome (3). The manifesta-
tions of sucrose-induced metabolic syndrome mostly initiate
from nonalcoholic fatty liver disease (NAFLD), due to the com-
position of fructose (34, 35). The pathogenesis of NAFLD can
include increased fatty acid influx or impaired lipid clearance,
or a combination of both causes in most cases (36). Here, in our
4-week study, an HSD promoted symptoms typical of NAFLD
development, with both blood and hepatic lipid accumulation
(Fig. 1).

The occurrence of metabolic liver zonation suggests that
higher lipogenesis rates are found in the pericentral zone and
that hepatocytes in the periportal zone preferentially oxidize
fatty acids (37). In patients with NAFLD, hepatic triglycerides
were mostly derived from the preferential uptake of circulating
free fatty acids (FFAs) by periportal hepatocytes, rather than de
novo lipogenesis in pericentral hepatocytes (38). High-fructose
diets in rat and mouse NAFLD models were also reported to
induce periportal lipid accumulation (24, 36), similar to our
results shown in Fig. 1g. The HSD increased the mRNA ampli-
tude of almost all lipid metabolism–related enzymes investi-
gated in this study (Fig. 3). However, we did not find circulating
FFA changes in the HSD group (data not shown). Therefore,
our findings suggest that periportal lipid deposition in HSD-
induced NAFLD could be attributable to new mechanisms that
are independent of increased FFA uptake.

Here, we found a novel circadian rhythm– dependent ampli-
fication of lipogenic gene expression levels. Concerning the
enhanced amplitudes of gene mRNA oscillations (Figs. 4 and 5),
transcriptional and post-transcriptional events are taken into
consideration. Circadian recruitment of transcription factors
to the promoters of target genes, which can activate or repress
their transcriptions, comprises oscillations of cellular molecu-
lar clocks (16). Transcriptional regulation is a core process of
circadian rhythms, so we first hypothesized that an HSD would
induce the expression of key transcription factors mediating
lipid and carbohydrate metabolism, such as SREBP1c, ChREBP,
LXR�, and PPAR�. As reported for several studies, the activa-
tion of these transcription factors changes in response to an

Figure 7. Identification of interesting metabolites and profiling by plotting OPLS-DA and corresponding S-plot scores in rats fed a CGD or HSD. a,
OPLS-DA score plot for the CGD group (G) and HSD group (S); each point represents a tested liver sample; b, S-plot for the CGD group (p[1] from �1 to 0) and
HSD group (p[1] from 0 to 1). Significantly changed metabolites, with an absolute p(corr)[1] value �0.6 between two groups, are circled (green, CGD; blue, HSD)
in the figure and noted in the table.
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HSD or HFD (9, 34, 39, 40). However, the oscillation patterns of
these transcription factors did not vary as obviously as their
target genes under an HSD in this study (Fig. 2, i–l). Taking
account of possible fluctuating recruitments of transcription
factor proteins to the target promoters, we estimated the tran-
scription rates of target genes (i.e. lipid– and carbohydrate
metabolism–related genes). Although rhythmic expression of
these genes was primarily controlled at the transcriptional level,
the HSD did not amplify the circadian oscillations of their tran-
scription rates (Fig. 5). With this, the remaining possibility is
post-transcriptional regulation, which could affect the mRNA
oscillation patterns. Mechanisms of post-transcriptional regu-
lation, including RNA polyadenylation and mRNA stability reg-
ulation, also play central roles in maintaining correct circadian
rhythms (41). Hormones and nutrients affect mRNA stability
through several distinct mechanisms, such as inducing regula-
tory proteins binding to poly(A) or 3	-UTR of mRNAs (42).
Fructose, but not glucose, has been verified to increase GLUT5
mRNA stability via the cAMP pathway and PABP-interacting
protein 2 binding in intestinal Caco-2 cells (43). These findings
suggest the possibility that fructose participates in modulating
mRNA stability in hepatocytes. As shown in Fig. 7b, the HSD
decreased the hepatic phosphate level, which would be accom-
panied by lower ATP synthesis (33). Factors that require ATP
would putatively contribute to regulating mRNA stability via
3	-UTR (44, 45). We compared the temporal expression of
putative RNA-binding proteins and miRNAs that possibly bind
the mRNAs of lipogenic genes, including ACLY, ACACA,
FASN, ELOVL6, SCD1, FADS1, FADS2, G6PD, ME, and MTTP
(Table S3). All of these investigated genes showed amplified
circadian oscillations of mRNA (Fig. 4). Whereas no common
miRNAs were identified that could bind to the mRNAs of lipo-
genic genes, we found three common RNA-binding proteins,
namely EIF4B (eukaryotic translation initiation factor 4B),
MBNL1 (muscleblind-like), and PABPC1 (polyadenylate-bind-
ing protein 1, cytoplasm), which can bind the mRNA 3	-UTRs
of all lipogenic genes investigated in this study (Table S3). PABP
has been reported to be involved in fructose-mediated GLUT5
mRNA stability enhancement (43). Moreover, the immediately
diminished fructose-derived metabolites, dihydroxyacetone
phosphate and glycerol 3-phosphate, should be investigated to
determine whether they serve roles in mediating mRNA stabil-
ity. Thus, despite the upstream regulators, clock genes and
transcription factors were not changed by the HSD, and the
oscillatory mRNA stability of downstream genes was enhanced
by fructose or its metabolites, which promoted the formation of
circadian rhythm– dependent amplifications.

In addition to employing calorie restriction to treat meta-
bolic diseases, time-restricted feeding without changing caloric
intake has becoming a prevalent intervention method (20 –23).
Disruption of molecular circadian rhythms is thought to be a
pathogenic manifestation of metabolic syndrome (46 –49).
However, Chaix et al. (22) recently found that imposed feeding-
fasting rhythms achieved from time-restricted feeding pre-
vented metabolic diseases in circadian clock– deficient mice.
This benefit may be increased by some preserved hepatic
molecular rhythmic oscillations of metabolic processes caused
by time-restricted feeding (22). Chaix et al. (22) also indicated

that this feeding regimen exerted some previously unknown
effects at the post-transcriptional level rather than directly
impacting the rhythmic gene transcription (22). Similar to our
results, their findings showed desynchronization of down-
stream metabolic pathways from core circadian clock regula-
tion. It has been well-documented that feeding is an important
synchronizer for peripheral circadian clocks and that rhythmic
metabolic processes are regulated by circadian clocks (16).
Here, the disintegration of the linkage between molecular cir-
cadian clock and metabolic pathways reveals that they could be
separately synchronized by sucrose. Thus, it is conceivable that
fructose or fructose-derived metabolites and the energy status
(such as a lowered ATP concentration) could play roles in
enhancing the circadian oscillatory amplitudes of lipogenic
genes by mediating post-transcriptional events involved in
mRNA stability. We also recently reported that time-restricted
feeding of an HSD during the active phase of rats suppressed
the development of fatty liver and hyperlipidemia (20). As our
results showed that increased amplitudes of mRNA oscillations
were mainly observed during the inactive phase of rats, excess
sucrose may primarily impact mRNA levels during this period.
Hence, avoiding sucrose intake during the inactive phase had
significant ameliorative effects (20).

In conclusion, we found that excess sucrose intake mediated
fatty liver and hyperlipidemia development, possibly via a novel
circadian rhythm– dependent induction of lipogenesis, and the
monosaccharide fructose played a key role in this mechanism.
Our results also indicated that this phenomenon depended on
fructose-mediated regulation of lipogenic genes at the post-
transcriptional level. In the future, studies on regulation of the
proteins and enzyme activity of key glucose and lipid regulatory
pathways and verification of the metabolites regulating mRNA
stability would help to examine the exact mechanism in greater
details. The discovery of such circadian rhythm– dependent
amplifications at the post-transcriptional level of metabolic pro-
cesses should provide a new approach for investigating the
complicated network of nutrients, circadian rhythms, and
metabolism. In addition, it should help to establish further
interventions against sucrose-induced metabolic syndrome,
using a chrono-nutritional approach.

Experimental procedures

Animals

All rodent studies were approved by the Animal Research
Committee of the Center for Animal Research and Education,
Nagoya University (permit numbers 2013052201, 2014080701,
and 2017110101) and Oita University (permit number J048002), and
the experiments were performed according to the guidelines
stipulated by this committee. Wherever possible, efforts were
made to minimize animal suffering. Four independent experi-
ments were designed, and 5-week-old male Wistar rats weigh-
ing �90 g each (Japan SLC, Shizuoka, Japan) were used for each
experiment. All animals were independently housed under a
12-h light and 12-h dark cycle (lights on 0800 –2000 h) at a
temperature of 23 
 1 °C, with free access to water. After adapt-
ing to the housing conditions for 6 days, the rats were randomly
assigned to groups with equivalent initial body weights and
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plasma triglyceride concentrations and fed with an experimen-
tal diet for 4 weeks. Body weight and food intake of each rat was
measured every day. For circadian oscillation analysis, rats were
assigned to two groups (n � 28 rats/group) and fed either a CD
or HSD ad libitum for 4 weeks. One hundred grams of the
experimental diet consisted of 65.3 g of carbohydrate (only
starch or sucrose), 20 g of casein, 5 g of cellulose, 5 g of corn oil,
3.5 g of mineral mixture (AIN93G) (50), 1 g of vitamin mixture
(AIN93) (50), and 0.2 g of choline chloride. To analyze sucrose
dose dependence, rats were divided into five groups (n � 12
rats/group). The rats in each group were respectively fed ad
libitum with diets containing different sucrose/starch ratios
(0:65.3, 10:55.3, 21.8:43.5, 43.5:21.8, or 65.3:0 g per 100 g) and
the other components described above for 4 weeks. To analyze
fructose dependence, rats were assigned to five groups (n � 12
rats/group). They were respectively fed diets with different car-
bohydrate sources, comprising 65.3 g of starch (CD), glucose
(HGD), sucrose (HSD), fructose/glucose at a 1:1 ratio (HFGD),
or fructose (HFD) per 100 g, and the other components
described above ad libitum for 4 weeks. For metabolomics anal-
ysis, rats were assigned to two groups (n � 6 rats/group) fed a
CGD or HSD ad libitum for 7 days. One hundred grams of the
experimental diet consisted of 56.5 g of carbohydrate (only glu-
cose or sucrose), 25 g of casein, 3 g of cellulose, 10 g of dextrin,
1 g of soybean oil, 3.5 g of mineral mixture (AIN93G) (50), 1 g of
vitamin mixture (AIN93) (50), and 0.0014 g of tert-butylhydro-
quinone. To investigate circadian oscillations, rats were sacri-
ficed by decapitation without anesthesia at ZT2, ZT8, ZT14,
ZT18, or ZT22 (n � 4 for each group at each time point) on days
28 and 29. For the latter two experiments, to compare fluctua-
tions occurring between day and night, the rats were sacrificed
at ZT2 or ZT14 (n � 12 for each group at each time point). For
metabolomics analysis, rats were sacrificed at ZT2. Rats were
exposed to light only at the moment of decapitation at ZT14,
ZT18, and ZT22 to minimize the influence of light. Livers and
epididymal adipose tissues were excised and frozen immedi-
ately in liquid nitrogen and stored at �80 °C for further
analysis.

Measurement of blood lipids

During the experimental period, blood was sampled at ZT5
after 4-h fasting from the caudal vein of rats, using heparin-
coated capillaries. Plasma was prepared by centrifuging blood
samples at 1500 � g (4 °C) for 10 min; blood supernatant frac-
tion collected with heparin treatment (as mentioned above)
was named as plasma. At the end of each experiment, whole-
body blood was collected without heparin treatment when the
rats were sacrificed, and serum was obtained by centrifuging
blood samples at 1500 � g (4 °C) for 10 min. Plasma and serum
triglyceride and cholesterol concentrations were measured
using commercial kits (triglyceride E-test and T-cholesterol
E-test, respectively; Wako Pure Chemical Industries, Osaka,
Japan).

Liver histology and measurement of hepatic lipids

A slice of the left largest liver lobe was fixed in formalin and
embedded in paraffin, sectioned into slices �3 �m thick, and
stained with hematoxylin and eosin (H&E). Liver histology was

analyzed with a KEYENCE BZ-X810 microscope and the
accompanying software (Keyence, Osaka, Japan).

Hepatic lipids were extracted from the homogenized livers,
following the method described by Folch et al. (51). Total lipids
in the liver were determined gravimetrically. The extracted
hepatic triglycerides, cholesterol, and phospholipids were mea-
sured using commercial kits (triglyceride E-test, T-cholesterol
E-test, and phospholipid C-test, respectively; Wako Pure
Chemical Industries).

Gene expression analysis

Total RNA was isolated from the liver of each rat, according
the method of Chomczynski and Sacchi (52). RNA quality was
confirmed by microchip electrophoresis with MultiNA (Shi-
madzu, Kyoto, Japan), which showed the presence of intact 18S
and 28S rRNA. cDNA synthesis was performed as described
previously (20). The cDNA was used to determine RNA levels
by quantitative real-time PCR analysis with the StepOnePlus
System (Thermo Fisher Scientific). The transcription rate was
estimated by measuring nascent mRNA levels. To measure nas-
cent mRNA, we used primers designed against the first-intron
region of each nascent mRNA of interest (32). The APOE
mRNA level was not affected by different carbohydrate sources
and was used for normalization purposes. Sequences of the
primer sets used are shown in Table S1.

Metabolomics analysis

For metabolomics analysis, rats were fed a CGD or HSD for 7
days, and liver extracts were used for metabolomics analysis.
Targeted metabolomics analysis was performed by GC-tandem
MS (GC-MS/MS) in multiple-reaction monitoring mode. GC-
MS/MS analysis was performed on a GCMS-TQ8040 system
(Shimazu, Kyoto, Japan) equipped with a DB-5 capillary col-
umn (30 m � 0.25-mm inner diameter; film thickness, 1 �m;
Agilent, Santa Clara, CA). Each 1.0-�l aliquot of derivatized
sample solution was automatically injected in splitless mode
into the GLC column using an auto-injector (AOC-20i,
Shimazu). During analysis with the GCMS-TQ8040 system, the
injector temperature was held at 280 °C, and helium was used as
carrier gas at a constant flow rate of 39.0 cm/s. The GLC col-
umn temperature was programmed to remain at 100 °C for 4
min and then to rise from 100 to 320 °C at a rate of 10 °C/min
and then remain at 320 °C for a further 11 min. The total GLC
run time was 37 min. The MS transfer line and ion-source tem-
peratures were 280 and 200 °C, respectively. The ionization
voltage was 70 eV. Argon was used as the collision-induced
dissociation gas. Metabolite detection was performed using the
Smart Metabolites Database version 2 (Shimazu, Kyoto, Japan)
following the method of a previous study, with some modifica-
tions (53). The 2-isopropylmalic acid contained in the extrac-
tion solution was also used to evaluate the stability of our GC-
MS/MS analysis system. Peak identification was performed
automatically and then confirmed manually based on the spe-
cific precursor and product ions and the retention time.

Multivariate statistical analysis

The integral metabolomics data sets were imported into
SIMCA version 13.0 (Umetrics, Sweden), and all variables were
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scaled to Pareto (par) for the OPLS-DA. Significant metabolites
were selected using the S-plot method, in which both the inten-
sity and reliability were visualized by statistical significance.

Rhythmicity analysis

Diurnal changes of serum lipids and hepatic gene expression
were analyzed using JTK_CYCLE analysis (54), performed on R
studio to determine the phases and amplitude in each group.
The results of JTK_CYCLE analysis are displayed in Table S2.
An adjusted p value of �0.05 was considered as an indicator of
rhythmic expression during the assessed period. A phase shift
of 
4 h or 0.5 � amplitude -fold change � 1.5 (compared with
the control group) was regarded as an obvious experimental
difference.

Statistical analysis

The data displayed in all figures represent the mean 
 S.D.
(or mean � S.D.). Metabolomics analysis and gene expression
oscillations were analyzed as described above. Except for
metabolomics analysis and JTK_CYCLE analysis, all statistical
analyses were performed with IBM SPSS Statistics (version 22)
software. Student’s t test was used when comparing two groups,
and one-way ANOVA followed by Duncan’s multiple-range
post hoc test was performed when comparing more than two
groups. When analyzing plasma parameters, two-way repeated
measurement ANOVA was used to determine variance differ-
ences over time. Two-way ANOVA was used to assess interac-
tions between diets and time, and Duncan’s multiple-range
post hoc test was used when a significant interaction effect was
observed. p � 0.05 was considered to reflect a statistically sig-
nificant difference.
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