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Abstract
Non-alcoholic fatty liver disease (NAFLD) is a metabolic liver disease that is thought to be reversible by changing the diet. 
To examine the impact of dietary changes on progression and cure of NAFLD, we fed mice a high-fat diet (HFD) or high-
fructose diet (HFrD) for 9 weeks, followed by an additional 9 weeks, where mice were given normal chow diet. As predicted, 
the diet-induced NAFLD elicited changes in glucose tolerance, serum cholesterol, and triglyceride levels in both diet groups. 
Moreover, the diet-induced NAFLD phenotype was reversed, as measured by the recovery of glucose intolerance and high 
cholesterol levels when mice were given normal chow diet. However, surprisingly, the elevated serum triglyceride levels 
persisted. Metagenomic analysis revealed dietary-induced changes of microbiome composition, some of which remained 
altered even after reversing the diet to normal chow, as illustrated by species of the Odoribacter genus. Genome-wide DNA 
methylation analysis revealed a “priming effect” through changes in DNA methylation in key liver genes. For example, the 
lipid-regulating gene Apoa4 remained hypomethylated in both groups even after introduction to normal chow diet. Our results 
support that dietary change, in part, reverses the NAFLD phenotype. However, some diet-induced effects remain, such as 
changes in microbiome composition, elevated serum triglyceride levels, and hypomethylation of key liver genes. While the 
results are correlative in nature, it is tempting to speculate that the dietary-induced changes in microbiome composition may 
in part contribute to the persistent epigenetic modifications in the liver.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a metabolic, 
inflammatory disease that affects the liver, in the absence of 
significant alcohol consumption. NAFLD is often associated 

with obesity. The global adoption of the ‘Western diet’, 
which is characterized by excessive fat and fructose con-
sumption, has been suggested to contribute to NAFLD. 
NAFLD is currently a leading cause of chronic liver disease 
worldwide [1].

Lifestyle modifications are often effective when treating 
patients with NAFLD. Studies have shown that ≥ 10% reduc-
tions in body weight resulted in nearly a complete reduction 
in non-alcoholic steatohepatitis and improvements in liver 
fibrosis. Even modest weight loss (~ 5%) resulted in clini-
cally beneficial effects on NAFLD symptoms [2]. Moreover, 
positive long-term effects (> 2 years) have been reported 
with a 6-month hypocaloric dietary intervention in patients 
with NAFLD [3]. However, while the majority of patients 
respond to dietary intervention therapies, there are a subset 
of patients that do not benefit from diet change and these 
patients have a higher mortality rate [4]. Thus, a better 
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understanding of how lifestyle treatments affect the NAFLD 
syndrome at a systemic level is highly warranted.

In the twenty-first century, precision medicine must 
include the gut microbiome, because it is a major regula-
tor of human health. Indeed, the microbiome was shown to 
be involved in lifestyle-induced diseases, such as NAFLD 
[5–7]. It has been observed that germ-free mice were resist-
ant to certain forms of diet-induced obesity [8]. Moreover, 
significant differences in gut microbe composition have 
been reported for patients with NAFLD or NASH (non-
alcoholic steatohepatitis) compared to healthy controls [9, 
10]. Increased primary or secondary bile acid in NAFLD 
patient serum was highly correlated with gut microbiome 
composition changes [11]. Those findings suggested that 
there might be direct communication between the gut micro-
biome and liver metabolism. Interestingly and relevant to 
the current study, it has been found that changes in micro-
biome composition correlate with epigenetic modifications 
of the host genome. For example, changes in DNA methyla-
tion signatures in circulating lymphocytes were correlated 
with alterations in gut microbiome composition in pregnant 
women, which were relevant to lipid metabolism, inflam-
mation, and obesity [12]. Other groups have reported that 
microbe-derived fatty acids may tune gene expression by 
changing the conformational three-dimensional structure of 
DNA [13].

DNA methylation is a type of epigenetic regulation that 
is closely linked to transcription factor binding and chroma-
tin accessibility. In NAFLD, a close relationship has been 
reported between the insulin resistance phenotype and DNA 
methylation of insulin-linked genes [14]. Recently, a num-
ber of research groups have showed that a tight relationship 
between epigenetic modification and NAFLD development 
exists [15]. To this end, Murphy et al. reported that altered 
DNA methylation of genes can regulate the process of liver 
disease, and differences in DNA methylation can distinguish 
between advanced vs. mild NAFLD human patients [16]. 
Moreover, in mice, differences in their epigenetic profiles 
correlated with the susceptibility and development of hepatic 
steatosis of that mouse [17].

In the current study, we aimed to further understand the 
pathophysiology of NAFLD in genetically identical mice 

and to investigate the dynamics of persistent microbiome 
and DNA methylation patterns.

Methods

Mice and diets

Mice were maintained in air-conditioned isolated cages with 
12-h light/dark cycles and ad libitum access to food and 
water. We followed the protocol approved by the Singhealth 
Institutional Animal Care and Use Committee, Singapore 
(2015/SHS/1040). The experimental plan is outlined in 
Figure S1 and the different diet compositions are detailed 
in Table 1. Briefly, 8-week-old male C57BL/6 J mice were 
given a high-fat diet (HFD) or high-fructose diet (HFrD) 
for 9 weeks to induce the NAFLD phenotype. Three-to-
five mice were housed in one cage (NC n = 13, HFD n = 14, 
HFrD n = 11, R_NC n = 15, R_HFD n = 15, and R_HFrD 
n = 14). Thereafter, half of the cohorts from each treatment 
were killed, and tissue samples were collected for biologi-
cal analysis. The remaining half of each treatment group 
was maintained for an additional 9 weeks, but they were fed 
normal chow (TD2918, Halan) to reverse the NAFLD phe-
notype. Throughout the experimental period, body weight 
and food intake were measured on a weekly basis.

Intraperitoneal glucose tolerance test (IPGTT)

Animals fasted overnight before undergoing each IPGTT. 
IPGTTs were conducted after 9  weeks and again after 
18 weeks in all diet groups. Baseline blood glucose levels 
were measured prior to an intraperitoneal glucose injection 
(2 g/kg body weight) of 20% glucose. Blood glucose levels 
were then measured at the indicated timepoints.

Serum analysis

We collected whole blood samples and centrifuged them at 
10,000 rpm for 10 min at 4ºC. The levels of trigylycerides 
(STA-396), Cholesterol (STA-384, Cell Biolabs) and acetate 
(MAK086, Sigma) in serum or liver tissue were measured 

Table 1   Diet composition 
information

a Crude fibre 5.2%, acid detergent fibre 7.7%, neutral detergent fibre 15.5%)
b Crude fibre 3.5%, neutral detergent fibre 14.7%

% calories 
from fat

% calories from 
protein

% calories from 
carbohydrates

Source

Normal chow diet (NC) 18 19 59.9a Specialty feeds
High fat diet (HFD) 60.3 18.4 21.3 TD06414 (Harlan)
High fructose diet (HFrD) 13 20.2 66.8 TD89247 (Harlan)
Reversal diet 6.2 18.6 44.2b TD2918 (Harlan)
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with a colorimetric method as followed the manufacturer’s 
instructions.

Fecal DNA extraction and sequencing

Fecal samples were collected at 8 weeks and 19 weeks of 
feeding from four mice/group and stored at − 80 °C until 
analysis. Bacterial DNA was extracted with QIAamp Fast 
DNA Mini Kit (QIAGEN). Library preparation was per-
formed according to Illumina’s TruSeq Nano DNA Sample 
Preparation protocol. The DNA samples were sheared on a 
Covaris E220 to ~ 450 bp, according to manufacturer rec-
ommendations, and each library was uniquely tagged with 
Illumina’s TruSeq HT DNA dual barcodes. Finished librar-
ies were quantified with Invitrogen’s Picogreen assay, and 
the average library size was determined with a Bioanalyzer 
2100 (Agilent). Library concentrations were normalized 
to 4 nM and validated by quantitative PCR (qPCR) on a 
ViiA-7 real-time thermocycler (Applied Biosystems), with 
the Kapa library quantification kit for Illumina platforms 
(Kapa Biosystems). The libraries were then pooled at equi-
molar concentrations and sequenced in two lanes on an Illu-
mina HiSeq 2500 sequencer at a read length of paired-end 
2 × 250 bp.

Sequencing assembly, alignment, and BLAST

The raw metagenomics Illumina paired-end reads were 
trimmed with cutadapt-1.8.1 software, with a quality cutoff 
of 20, and reads shorter than 30 base pairs were discarded. 
Next, the trimmed paired-end reads were locally assembled 
into a longer sequence, with a maximum mismatch density 
of 0.25, and maximum overlap of 10 base pairs, maximum 
mismatch density of 0.25, and maximum overlap of 251 base 
pairs. The merged metagenomics reads were then mapped 
to the mm10 mouse genome, as its sensitivity parameters. 
Any reads that could not be properly mapped to the mouse 
genome were separated and processed as microbiome reads. 
These microbiome reads were then aligned to sequences in 
the NCBI non-redundant protein database with the Dia-
mond v. 0.85 tool. Based on these alignments, the microbial 
taxonomical classification was determined with the Low-
est Common Ancestor (LCA) algorithm, implemented in 
MAGAN6, with the following classification parameters: 
maxmatches = 25, minscore = 120, and minsupport = 500.

Magnetic resonance imaging (MRI) and fat 
quantification

MRI scan was performed at 8 week and 17 weeks of diet 
feeding. MRI images were acquired with a 1 T micro-MRI 

system (Mediso NanoScan PET/MRI, Mediso, Hungary). 
Mice were anesthetized by inhalation of a mixture of iso-
flurane (1–2%) and medical air. Physiological parameters 
were monitored for each animal throughout the period of 
anesthesia. The two-point Dixon MRI method was per-
formed to generate in-phase (water + fat) and out-of-phase 
(water–fat) images, which allows isolated measurements 
of fat and water [18].

The MRI images were acquired with a three-dimen-
sional spoiled gradient echo sequence with the fol-
lowing parameters: TR = 17.1  ms, TE (in-phase/
out-phase) = 6.4/3.2  ms, flip angle (FA) = 10°, matrix 
size = 256 × 256 mm, field of view (FOV) = 60 × 60 mm, 
slice thickness = 1 mm, number of averages = 3, number 
of slices = 30. Imaging data were post-processed with the 
script provided in MATLAB (MathWorks, Natick, MA). 
The fat-only (F) and water-only (W) measurements were 
evaluated from the in-phase (IP) and out-of-phase (OP) 
images, respectively, as follows:

A hepatic fat fraction (FF) map was then generated, as 
follows:

To derive the mean FF from each subject, we per-
formed a region-of-interest (ROI) analysis on the FF map, 
in which ROIs were identified, according to mouse liver 
anatomy [19]. Briefly, the mouse liver was divided into 
four functionally independent segments, each with its own 
vascular inflow, outflow, and biliary drainage. One ROI 
was placed in each segment, with reference to the anat-
omy visualized on T2-weighted images. Care was taken to 
avoid large blood vessels when selecting the ROIs.

Staining and steatosis scoring

Liver tissue was fixed with 4% formaldehyde and incu-
bated overnight at 4 °C. Then, tissues were processed, 
paraffin embedded, and sectioned at a thickness of 4 µm. 
Hematoxylin–eosin (H&E) staining was performed on 
each section. Stained tissue sections were assessed using 
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Kleiner and Brunt scoring system for steatosis (grades 
0–3) and fibrosis (grades 0–3) analysis [20].

Sample preparation for genomic DNA and RNA 
extractions

Livers were dissected and immediately snap-frozen in liq-
uid nitrogen before storage at − 80 °C. The next day, frozen 
liver samples were crushed in liquid nitrogen and homog-
enized. Next, DNA and RNA extractions were performed 
with the AllPrep DNA/RNA mini kit (Qiagen), as per the 
manufacturer’s instructions. The purity of DNA/RNA was 
confirmed with a Nanodrop 2000 (Thermo Fisher Scientific), 
and quality was determined with gel electrophoresis on a 
Bioanalyzer (Agilent). Prior to reduced representation bisul-
phite sequencing (RRBS-seq), genomic DNA was quantified 
with a Qubit HS Assay (Thermo Fisher Scientific). We used 
500 ng of total RNA to synthesize cDNA with iscript II 
(Biorad). We used 5 ng of the resulting cDNA per reaction 
for quantitative real-time PCR (qRT-PCR) analyses.

Reduced representation bisulphite sequencing

Genome-wide DNA methylation was profiled with RRBS-
seq, as previously described [21]. Briefly, 100 ng of liver 
genomic DNA was digested with 1 unit of Msp1. The frag-
mented DNA was end-repaired and A-tailed with the NEB-
Next Ultra I DNA library prep kit for the Illumina instru-
ment (New England Biolabs). Lambda DNA (Thermo Fisher 
Scientific) was spiked into the DNA sample to serve as an 
internal control; this served to calculate the bisulfite conver-
sion efficiency. The adapter ligated DNA was subjected to 
bisulfite conversion with the EpiTect fast bisulfite conversion 
kit (Qiagen, 59824) with the following cycling conditions: 
2 cycles of (95 °C for 5 min, 60 °C for 10 min, 95 °C for 
5 min, and 60 °C for 10 min), and then, the temperature was 
held at 20 °C. Bisulfite converted DNA was PCR-amplified 
in 14–16 cycles with 2.5 U of Pfu Turbo Cx Hotstart DNA 
polymerase (Agilent Technologies, 600410). The products 
were size selected for fragments between 200 bp and 500 bp, 
with Ampure Xp magnetic beads (Agencourt, A63880). 
Purified DNA was subjected to single-end sequencing with 
the Illumina Hiseq 2500 at a 1 × 101 bp read length.

Differential methylation processing and analysis

RRBS-seq reads were aligned to the mouse reference 
genome, mm9, with a Bismark16 and the default param-
eters. To ensure high-quality data, CpGs with q < 30 and 
read depths less than 5 × were filtered out before calculat-
ing the percentage methylation (PM). The PM was calcu-
lated for each covered cytosine residue by taking the ratio 
of reads identified as methylated cytosines, divided by the 

total number of methylated and unmethylated reads. To 
achieve an accurate estimate of the methylation level, a high 
read cutoff was applied to eliminate PCR effects. CpGs that 
had coverages higher than the 99.9 percentile of reading 
counts were removed with the filterByCoverage function 
in the methylKit17 package. Because methylation occurs 
almost exclusively in the CpG context, we focused only on 
cytosines in CpG dinucleotides. A differentially methylated 
CpG (dmCpG) was defined as a CpG with a q value < 0.01 
and a methylation difference ≥ 10% between samples.

Western blot analysis

Protein samples (40 ug) were separated with 10% SDS-
PAGE and transferred to a PVDF membrane. Western 
blot analysis was performed using APOA4 (Cell Signaling 
Technology) and β-ACTIN (Santa Cruz) overnight at 4 °C. 
The next day, blots were washed and incubated with HRP-
labelled secondary antibody. Enhanced chemiluminescence 
was used for signal detection (Santa Cruz). The western blot 
experiment was repeated in triplicate.

Statistical analysis

Results are presented as mean ± SD and were assessed by 
two-way analysis of variance (ANOVA) using diet and 
weeks as fixed factors, or one-way ANOVA using diet as the 
fixed factor. P values of < 0.05 were considered significant.

Results

Reversibility of liver remodeling

Following exposure to the dietary changes, the HFD group 
showed significant body weight gain compared to controls 
(NC group; Fig. 1a). In contrast, the HFrD group did not 
show any excess weight gain compared to controls, consist-
ent with the previous reports [22]. Following the switch back 
to an NC diet, the reversal HFD group (R_HFD) showed 
a reduction in body weight within 2 weeks; in fact, they 
reached a body weight similar to that of the control group 
(R_NC; Fig. 1a). Food intake amounts in both the HFD and 
HFrD (Figure S2A) groups were similar than that of con-
trols; however, caloric intake in the HFD group was signifi-
cantly higher than in the HFrD or NC groups (Figure S2B).

Analogous to the changes in weight gain in the HFD 
group, we observed an increase in liver weight, which 
reverted after the mice returned to the NC diet (Fig. 1b). 
The increased liver weight in the HFD group was confirmed 
by normalizing to the tibia length (Figure S2C).

H&E staining showed significant fat accumulation in liver 
tissue within the HFD group, which reverted to normal after 
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exposure to the NC diet (Fig. 1c). Correlating the grading 
of hepatic steatosis by liver US and the NAS score, grade 1 
(61.54%) and grade 3 (38.46%) steatosis was found in HFD 
fed mice, whereas only grade 1 (54.55%) was found in HFrD 
fed mice. After reversal diet, most of the mice showed as 
Grade 0 steatosis. A mixture  of micro-vesicular and macro-
vesicular steatosis were shown in both HFD and HFrD diet 
group as well as R_HFD and R_HFrD group. In addition, 

HFD and HFrD both group showed partial fibrosis (38.46% 
in HFD, 27.27% in HFrD) and became grade 0 after reversal 
diet (Table 2). Hence, changing the diet in an animal model 
was sufficient to reverse the histological features and induce 
weight reduction.

MRI quantifications of the liver fat fraction (FF) also 
showed an increase in the HFD group, which returned to 
levels similar to those found in the R_NC group after the 

Fig. 1   HFD significant 
increases in body weight and 
liver fat, which returned to 
normal after diet reversal to 
NC. a Body weight changes. 
*P < 0.05 for NC vs. HFD, 
two-way ANOVA. (n = 13–16 
mice per group) b Liver weight 
changes. *P < 0.05 for NC 
vs. HFD, #P < 0.05 for HFD 
vs. R_HFD, one-way ANOVA 
(n = 13–16 mice per group). 
c Representative H&E stains 
show fat content in liver tissue. 
(Top row) after test diet; (bot-
tom row) after reversal to NC 
diet. The scale bar is 100 µm. 
d Quantification of liver fat 
fraction based on MRI image 
analysis. *P < 0.05 NC vs. HFD 
and HFD vs. HFrD, #P < 0.05 
HFD vs. R_HFD, one-way 
ANOVA. (n = 3–5 mice per 
group). e Total serum choles-
terol level. *P < 0.05 NC vs. 
HFD or HFrD, #P < 0.05 HFD 
vs. R_HFD, HFrD vs. R_HFrD 
t test (n = 13–16 mice per 
group). f Serum triglyceride lev-
els. *P < 0.05 for NC vs. HFD 
and R_NC vs. R_HFD one-way 
ANOVA. (n = 9–16 mice per 
group)
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reversal diet (Fig. 1d). Interestingly, the HFrD group did not 
gain excess weight or show major signs of lipid accumula-
tion in the liver during the HFrD feeding period (Fig. 1c). 
We also found that the HFD group had impaired glucose 
metabolism, which paralleled the lipid accumulations; again, 
glucose metabolism returned to control levels after the rever-
sal diet (Figure S3A, B). We also performed mRNA-level 
analysis to confirm inflammatory marker genes. We found 
toll-like receptor 4 (TLR4) and Interleukin 18 (IL-18), 
well-known pro-inflammatory markers, to be significantly 
upregulated in both HFD and HFrD groups (Figure S3 C and 
D). These elevated inflammatory markers were significantly 
decreased after reversal diet.

Both the HFD and HFrD group displayed significantly 
elevated levels of serum cholesterol (Fig. 1e); however, 
HFD only induced elevated triglyceride levels in the serum 
(Fig.  1f). Interestingly, although the cholesterol levels 
returned to normal levels in the R_HFD group, the ele-
vated triglyceride levels persisted, despite the diet reversal 
(Fig. 1f). These findings indicate that the dietary interven-
tion only partially rescues the NAFLD phenotype, irrespec-
tive of whether NAFLD was induced by an HFD or HFrD.

NAFLD‑induced persistent changes in the gut 
microbiome composition

Research over the last two decades has demonstrated that 
alterations in microbiome composition were strongly 
correlated with changes in diet [23]. Therefore, it was of 
great interest to assess changes in the microbiome com-
position in different diet groups, before and after the die-
tary changes. Principle coordinate analysis (PCoA) plots 
showed that the microbiome composition changed after 
8 weeks of HFD or HFrD; the HFD and HFrD clusters 

were clearly separate from the NC clusters (Fig. 2a). Inter-
estingly, when we reversed the diet to NC, the HFD and 
HFrD clusters were similar to those in the R_NC group 
(Fig. 2a). We observed a significant increase in the ratio of 
Firmicutes/Bacteroidetes in the HFD group (Fig. 2b), con-
sistent with the previous reports [24]. We also noticed a 
somewhat smaller increase in the Firmicutes/Bacteroidetes 
ratio in the HFrD group, possibly due to a smaller reduc-
tion in the amount of Bacteroidetes in this diet. A more 
detailed analysis revealed that the Prevotella and Alistipes 
genuses were considerably reduced in the HFD and HFrD 
groups, but they reverted with the change back to the NC 
diet (Fig. 2c and Figure S4A, B). These results were con-
sistent with those in a previous report, which showed that 
Prevotella was reduced in children with NAFLD [25]. 
Another study showed that Alistipes was negatively cor-
related with liver cirrhosis [26]. Consequently, the per-
sistent abundance of Alistipes in the reversal treatment 
groups warrants further investigation. Moreover, both 
the HFD and HFrD groups showed elevations in Oscil-
libacter, Parabacteroides, Clostridium, Anaerotruncus, 
Odoribacter, Desulfovibrio, and Akkermansia, and these 
species also recovered after the reversal diets (Fig. 2c and 
Figure S4A). Akkermansia showed the most significant 
increase among all the tested bacteria in both the HFD 
and HFrD diets (Figure S4C). This bacterium was previ-
ously reported to be positively correlated with metabolic 
disease. In that metagenomics study, Akkermansia was 
increased in rats fed a HFD and in patients with type 2 
diabetes [27]. Nevertheless, a closer look showed that dis-
tinct trajectories in the diet groups appeared after reverting 
back to the NC. This finding indicated that diet-induced 
changes in the gut microbiome might have had a “priming 
effect”, which led to persistent metabolic effects.

Table 2   Grades of steatosis and fibrosis in liver tissue by the Brunt scoring

Steatosis: grade 0: < 5% hepatocytes involved, grade 1: 5–33% hepatocytes involved, grade 2: 33–66% hepatocytes involved, grade 3: > 66% 
hepatocytes involved
Fibrosis: grade 0: no fibrosis, grade 1: zone3 perivenular, perisinusoidal, or pericellular fibrosis; focal and extensive
*P significant NC vs HFD, one way ANOVA in steatosis < 0.05

NC (n = 10) HFD (n = 13) HFrD (n = 11) R_NC (n = 15) R_HFD (n = 16) R_HFrD (n = 14)

Steatosis
 Grade 0 8 (80%) 5 (45.45%) 14 (93.33%) 12 (75%) 4 (28.57%)
 Grade 1 2 (20%) 8 (61.54%)* 6 (54.55%) 1 (6.67%) 4 (14%) 10 (71.43%)
 Grade 2
 Grade 3 5 (38.46%)*
 Micro-vesicular 12 (92.31%) 5 (45.45%) 1 (6.67%) 4 (25%) 10 (71.43%)
 Macro-vesicular 9 (69.23%) 3 (36.36%) 1 (6.25%)

Fibrosis
 Grade 0 10(100%) 8 (61.54%) 8 (72.73%) 14 (93.33%) 15 (93.75%) 14 (100%)
 Grade 1 5 (38.46%) 3 (27.27%) 1 (6.67%) 1 (6.25%)
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Fig. 2   Dietary changes induced significant changes in gut microbi-
ome. (n = 4 mice per group). a PCA plot shows principle gut com-
ponents after dietary changes and return to NC. b Firmicutes/Bacte-
roides ratios in dietary groups. *P < 0.05 for NC vs. HFD, #P < 0.05 
for HFD vs. R_HFD, one-way ANOVA. c Pie chart shows microbi-
ome composition and relative abundances of each species for each 

diet group. Normalized abundances of d Odoribacter; #P < 0.05 for 
R_NC vs. R_HFD or R_HFrD, one-way ANOVA and e Odoribacter 
splanchnicus; #P < 0.05 for R_NC vs. R_HFD or R_HFrD, one-way 
ANOVA. f Heatmap shows differential expression of butyrate synthe-
sis-related enzymes, identified with KEGG pathways analysis



4348	 H. Kim et al.

1 3

Indeed, we observed persistent microbiome changes 
that occurred after the diet reversals. Although most of the 
microbiome composition changes with the diets reversed 
with the NC diet, we found that Parabacteroides gold-
steinii remained elevated in the R_HFD group (Figure 
S4D). This bacterium was previously shown to be protec-
tive, by exerting anti-inflammatory actions [28]. In addi-
tion, Odoribacter remained significantly elevated in both 
reversal diet groups (Fig. 2d). More specifically, we found 
that the Odoribacter splanchnicus species was persistently 
elevated after the reversal diet (Fig. 2e). Odoribacter is 
a known butyrate producer [29]; therefore, we checked 
the levels of key butyrate synthesis enzymes, such as 
butyrate kinase, 3-hydroxybutyryl-CoA dehydrogenase, 

and butyryl-CoA dehydrogenase, which were identified 
based on a KEGG pathway analysis. These enzymes were 
upregulated in the HFD and HFrD groups (Fig. 2f). More-
over, a persistent increase in butyrate kinase was observed 
in the R_HFD group (Figure S4E). This increase could be 
due to the lasting presence of Odoribacter, which would 
have a long-term effect on butyrate production.
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Fig. 3   Dietary changes induced changes in expression of genes 
related to metabolism. (n = 4 mice per group). a Heatmap shows 
differential expression of genes related to metabolism, identified 
in KEGG pathways analyses. b Normalized reads show abundance 

of formate C-acetyltransferase. *P < 0.05 for NC vs. HFD or HFrD, 
#P < 0.05 for HFD vs. R_HFD and HFD vs. R_HFrD, one-way 
ANOVA. c Serum acetate changes with diet

Fig. 4   Unsupervised hierarchical clustering of all differentially meth-
ylated CpGs (dmCpGs). We applied a cutoff of ± 10% change in 
methylation and an adjusted P value (q) ≤0.05. (Right panels) results 
of KEGG pathways analyses show the most significantly enriched 
pathways, in the following diet comparisons: a HFD vs. NC; b HFrD 
vs. NC; c R_HFD vs. R_NC; d R_HFrD vs. R_NC. (n = 3 mice per 
group)
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Based on another KEGG analysis, we observed that a set 
of genes related to the tricarboxylic acid (TCA) cycle and 
ATP generation were differentially expressed among the diet 
groups (Fig. 3a). Interestingly, formate C-acetyltransferase, 
which produces acetyl-CoA, was one of the most signifi-
cantly enriched genes in the HFD and HFrD microbiomes 
(Fig. 3b). Acetyl-CoA is a TCA cycle precursor and a pre-
cursor of acetate. Acetate is involved in the biosynthesis of 
cholesterol and long chain fatty acids [30]. We observed an 
increase in acetate in the HFD and HFrD groups, although 
the change was not statistically significant (Fig. 3c).

Persistent changes in liver methylation patterns 
after the HFD or HFrD

We next assessed whether dietary changes modified the 
epigenetic landscape in liver DNA. We performed genome-
wide methylation study with RRBS-seq. Based on a cutoff 
value that indicated a 10% difference in methylation and 
an adjusted P value of ≤ 0.01, the test diets clustered with 
each other (Fig. 4a–d). These findings were consistent with 
the previous findings that global DNA methylation changes 
were induced in the liver by changes in the diet [31, 32]. 
A detailed analysis revealed that differentially methyl-
ated CpGs (dmCpGs) were found in intergenic or intronic 
regions, and promoter regions harbored 2–4% of dmCpGs 
(Figure S5A). When we plotted the average methylation lev-
els of different genomic regions, we found that methylation 
was reduced around the transcription start site (TSS) in all 
samples (Figure S5B).

Interestingly, we noticed that a particular set of genes 
showed DNA methylation changes that persisted after 
reverting to the NC diet. With a principle coordinates anal-
ysis on common CpGs, we identified hypomethylated or 

hypermethylated genes in both the dietary and the reverse 
dietary groups. Among the most common hypomethyl-
ated promoters, we found 52 CpG loci in the HFD group 
(cHFD) and 99 CpG loci in the HFrD group (cHFrD). Only 
2 CpG loci overlapped between the cHFD and cHFrD groups 
(Fig. 5a). Similarly, we found 93 hypermethylated promoters 
in the cHFD group and 119 hypermethylated promoters in 
the cHFrD group, with only 5 overlapping loci (Fig. 5b). A 
large fraction of the genes identified were linked to meta-
bolic pathways, irrespective of the dietary regime. We ana-
lyzed the degree of methylation in these sets of hypermeth-
ylated (Fig. 5c) and hypomethylated genes (Fig. 5d), and 
connected them to metabolism-related KEGG pathways. 
This analysis revealed that the top persistently hypomethyl-
ated genes were Apoa4, Atp1a1, Kcnj16, Nfatc1, and Plb1, 
and the top persistently hypermethylated genes were Fgfr1, 
Ptpn11, Shank2, Gria1, and Col4a2.

Relevant to NAFLD and progression to liver cancer, we 
noticed that the Fgfr-1 gene was hypermethylated only in the 
HFrD and R_HFrD groups, but not in the HFD or R_HFD 
groups (Fig. 5c). The FGFR pathway is critical for HCC 
metastasis and survival [33, 34], and patients with HCC have 
elevated FGFR-1 levels [35]. HCC has been associated with 
high-fructose corn syrup [36]; this association might explain 
why it appeared in the HFrD/R_HFrD groups, but not the 
HFD/R_HFD groups. Prolonged changes in Fgfr-1 meth-
ylation associated with the HFrD might have influenced the 
upregulation of Fgfr-1 that was associated with HCC; this 
intriguing finding requires more mechanistic insight into the 
function of Fgfr-1 in NAFLD.

Among the hypomethylated genes, Apolipoprotein A4 
(Apoa4), showed the highest fold change in both treat-
ment groups (Fig. 5d). This hypomethylation was located 
at two CpG loci in the 5′-untranslated region (5′-UTR) of 
the Apoa4 gene (Fig. 5e). Promoter CpG hypomethylation 
is known to be involved in the upregulation of gene expres-
sion [37, 38]. Subsequently, we confirmed that Apoa4 gene 
expression was altered in these samples; the transcript was 
significantly upregulated in both the R_HFD and R_HFrD 
groups (Fig. 5f). We also found reduced TG levels in R_
HFD group liver, as compared to R_NC group, indicating 
that there might be a functional level of Apoa4 in exporting 
TGs from the liver to the serum (Fig. 5f). When we investi-
gated differences at protein levels of APOA4, we found an 
increase in APOA4 in HFD and HFrD groups (Figure S7); 
however, we saw no difference in R_HFD levels of APOA4 
which may be due to the severity of the NAFLD at the point 
of reversal. In summary, we believe these epigenetic and 
expression changes to be initially driven by alterations in 
the microbiome caused by these diets, leading to long-term 
effects in liver epigenetics, and this relationship warrants 
further investigation.

Fig. 5   Analysis of differential promoter methylation induced by diets. 
We applied a cutoff of ± 10% change in methylation and an adjusted 
P value of q ≤0.05. Methylation changes compared between HFD 
and R_HFD are termed cHFD; changes between HFrD and R_HFrD 
are termed cHFrD. a Venn diagram shows promoter CpG hypometh-
ylation in cHFD (red) and cHFrD (green) and shared genes (n = 2); b 
Venn diagram shows promoter CpG hypermethylation on promoters 
for cHFD and cHFrD and shared genes (n = 5). (a, b, lower panels) 
Top KEGG pathways are shown for the promoters, where dmCpGs 
were found for cHFD and cHFrD. Fractional changes (FC) in the 
% methylation in a short list of c hypomethylated promoters and d 
hypermethylated promoters, selected based on relevance in KEGG 
pathways analyses. e Genomic diagram of the Apoa4 gene shows the 
locations of two hypomethylation sites; white bars indicate UTRs; 
grey bars indicate protein-coding exons. f Changes in Apoa4 gene 
expression with diets, measured with quantitative RT-PCR, and nor-
malized to housekeeping gene expression levels. *P ≤ 0.05 for NC vs. 
HFrD, R_NC vs. R_HFD or R_HFrD, one-way ANOVA (n = 9–13 
mice per group), g Triglyceride level in liver tissue. *P≤0.05 for 
NC vs. HFD, HFD vs. R_HFD, one-way ANOVA. #P≤0.05 NC vs. 
HFrD, t test (n = 12–16 mice per group)
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Discussion

In this study, we report the dynamic responses of the gut 
microbiome and liver epigenetics following dietary-induced 
changes in the liver. We showed that after reversing from an 
HFD or HFrD to NC, elevations in serum triglyceride levels 
and gut Odoribacter levels persisted, and these elevations 
were associated with hypomethylation of the Apoa4 gene in 
liver DNA. These results suggest long-term dietary-induced 
changes in microbiome composition and liver DNA meth-
ylation, respectively. Importantly, we believe that this may 
have great relevance in how we view treatment of NAFLD 
in the clinic.

Our results are in support of the previous findings that 
HFD-induced NAFLD in mouse model, accompanied 
with increased body weight, fatty liver, and hypergly-
cemia [32, 39]. However, HFrD induced elevated serum 
cholesterol without significant fat accumulation in liver or 
body weight changes over the time period studied (Fig. 1). 
High intake of fructose is known to elicit changes in lipid 
metabolism; for example, Masateru Ushio et  al. have 
reported that high-fructose diet-induced liver steatosis 
without body weight increase [40]. An additional study 
reported similar findings with no body weight increase, 
no change in triglyceride levels, and hyperglycemia [22]. 
In contrast, experimental exposure to high-fructose corn 
syrup (HFCS), which is commonly used to sweeten soft 
drinks, has reported significant phenotypic changes in 
obesity and increased triglyceride levels [41]. Our study 
shows a disruption in lipid metabolism due to an excess of 
the fructose component in HFrD group and is, therefore, 
consistent with earlier findings.

At the microbiome level, we noticed a persistent enrich-
ment of Odoribacter, at the genus level, and of Odoribac-
ter splanchnicus, at the species level, in both the R_HFD 
and R_HFrD groups (Fig. 2d, e). These results corrobo-
rate earlier findings of a persistent change in microbiome 
composition following changes in the dietary regime [42]. 
While the mechanisms, underlying the persistent changes in 
microbiome composition, remain to be identified, it is inter-
esting to note that Odoribacter is well known for its abil-
ity to produce butyrate [29]. Given that butyrate is known 
to induce changes in DNA methylation by its ability to act 
as a histone deacetylate inhibitor [43], we found Odorib-
acter to be increased (Fig. 2d, e) and, in parallel, increased 
butyrate kinase genes with KEGG analysis (Fig. 2f) in both 
diet group. Highly speculatively, the increase in butyrate 
producing bacteria Odoribacter in the HFD group correlates 
with changes in DNA methylation, suggesting a possible 
link between microbes and changes in methylation patterns 
observed in this study.

The identification of persistent changes in liver DNA 
methylation in genes belonging to the DNA methyltrans-
ferases and the family of 10–11 translocation enzymes 
(TETs). These genes play key roles in de novo methylation 
and maintaining DNA methylation [43]. Our analysis show 
that all of these enzymes were elevated in the liver in both 
the R_HFD and R_HFrD groups with Tet2 and Tet3 enzymes 
being the most significantly increased in both groups (Figure 
S6). That is, the elevated expression of the Tet genes may 
one of several mechanisms to explain the de novo methyla-
tion activity observed in the R_HFD and R_HFrD groups.

The Apoa4 gene is predominantly expressed in intestine 
and liver, and is reported to be associated with active intes-
tinal lipid absorption and chylomicron assembly [44]. Fur-
thermore, Apoa4 is linked tightly with hepatic triglyceride 
export due to its ability to promote VLDL particle expan-
sion within the secretory pathway [45]. Thus, the increased 
Apoa4 expression in the reversal group (Fig. 5f) may, there-
fore, execute a similar function in our study by exporting 
triglyceride from the liver to the serum. Indeed, the triglyc-
eride level in R_HFD serum remains significantly increased 
compare with R_NC serum, but the liver triglyceride in 
R_HFD reverted to normal levels supporting the increased 
function of triglyceride export from the liver (Figs. 1f, 5g).

In conclusion, our results show persistent diet-induced 
changes in microbiome composition, dysregulation of the 
triglyceride regulation pathway and changes in liver DNA 
methylation, which have implications for future treatment 
regimes of NAFLD in humans.
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