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Hyperhomocysteinemia (HHcy) is considered as a risk factor for several complications, including cardiovascular
and neurological disorders. A high methionine low folate (HMLF) diet chronically causes HHcy by accumulating
homocysteine in the systemic circulation. Elevated Hcy level is also associated with the incidence of diabetes
mellitus. However, very few studies focus on the impact of HMLF diet on glucose homeostasis, and that on gut
microbiome profile. HHcy was induced by feeding C57BL/6 mice a HMLF diet for 8 weeks. The HMLF diet
feeding resulted in a progressive body weight loss, and development of slight glucose intolerance and insulin

resistance in HHcy mice. Notably, the HMLF diet alters the gut microbiome profile and increases the relative
abundance of porphyromonadaceae family of bacteria in HHcy mice. These findings provide new insights into the
roles of dysregulated glucose homeostasis and gut flora in the pathogenesis of HHcy-related complications.

1. Introduction

Homocysteine (Hcy) is a non-proteinogenic sulfur-containing ho-
mologue of cysteine. Hey is synthesized through elimination of a ter-
minal methyl group from methionine [1]. In normal physiological
conditions, Hcy is converted to either methionine or cysteine in the
presence of B-vitamins, which serve as critical co-factors for normal
function of methionine synthase and cystathionine synthase [2]. Dietary
consumption of excessive methionine and dietary deficiency of B-vita-
mins (pyridoxine (Bg), folate (Bg) and B;3) cause Hcy accumulation in
the systemic circulation [3]. A diet of high methionine and low folate
(HMLF) content has been therefore used to induce hyper-
homocysteinemia (HHcy) in rodents [4]. An elevated level of plasma
Hcy (200-300 pmol L™1) is regarded as HHcy [5], a risk factor for car-
diovascular complications (e.g. coronary heart disease, hypertension)
and neurological disorders (e.g. the Alzheimer’s disease, the Parkinson’s
disease) [6]. Furthermore, increased level of serum Hcy has been re-
ported in patients with type 2 diabetes mellitus [7]. Previous studies also

showed that an elevated Hcy level correlates with higher risk of vascular
complications and mortality in type 2 diabetic patients [8].
Non-enzymatic factors, particularly insulin, can affect the circulatory
level of Hey. In brief, higher plasma level of insulin down-regulates the
hepatic expression of cystathionine beta-synthase, a crucial enzyme
involved in the biosynthesis of cysteine from Hcy [9], implying that
hyperinsulinemia may result in elevated Hcy level. Most often, hyper-
insulinemia results from insulin resistance. When the cells in liver, fat
and muscles fail to respond to insulin due to insulin resistance, the
pancreas compensatively secretes more insulin, a condition called
hyperinsulinemia [10]. Insulin resistance was shown to be associated
with HHcy in a clinical trial of 2214 individuals [11]. Another study
suggested that high glucose level can facilitate Hcy clearance by
enhancing remethylation of Hcy, and hence methionine synthesis [12].
However, whether HHcy negatively impacts on glucose metabolism and
insulin sensitivity remains inconclusive and contradictory. A previous
clinical study reported a correlation between HHcy and insulin resis-
tance in patients with hypothyroidism [13], whereas another Mendelian
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randomization study suggested no such causal relationship among levels
of Hcy, fasting glucose and fasting insulin in European individuals [14].
In addition, the effect of HMLF diet and HMLF diet-induced HHcy on
glucose homeostasis are scarcely investigated. Before gut absorption and
hepatic metabolism of Hcy, the dietary HMLF content might have
exerted an effect on gut microbiome, which emerges as a new organ
system in the host [15]. Whether HMLF content affects gut microbiome,
in terms of relative abundance and biodiversity of gut bacteria, remains
to be determined. Therefore, in the present study, we aim to provide
novel insights into the predisposing effects of HMLF diet on glucose
homeostasis and gut microbiome in HHcy-related complications.

2. Materials and methods
2.1. Animal protocol

The current study was conducted under the approval of the Animal
Experimentation Ethics Committee, the Chinese University of Hong
Kong (CUHK). All animal experiments complied with the ARRIVE
guidelines [16], and the guide for the care and use of laboratory animals
established by the National Institutes of Health. Male C57BL/6 mice (8
weeks old, 22-25 g) were supplied by the Laboratory Animal Services
Center, CUHK. Randomization was undertaken to lower the risk of bias
in this study. All C57BL/6 mice (n = 10) were randomized before
treatment. Before changing the diet, the male C57BL/6 mice were orally
administrated 200 pL antibiotic cocktail (1 g L-1 ampicillin, 1 g L-1
metronidazole, 0.5 g L-1 neomycin and 0.5 g L-1 vancomycin) for 3
consecutive days [17]. The mice were subsequently fed on either normal
chow (n = 5) or HMLF diet (n = 5) (Table 1; Envigo Teklad, Madison,
WI, USA) for 8 weeks. Thereafter, fecal samples were collected for
subsequent bacterial 16S rRNA sequencing (Fig. 1A). The mice were
kept in individual and well-ventilated caging systems under a 12 h light:
12 h dark cycle. The mice were guaranteed free access to laboratory
diets and water, at a constant temperature (22 + 1 °C) and humidity
(55% =+ 5%). Body weights of mice were monitored weekly.

2.2. Plasma Hcy measurement by ELISA

In the presence of heparin, mouse blood was collected by cardiac
puncture. The blood was centrifuged for 10 min at 1000xg at 4 °C for
plasma collection. The plasma Hcy level was evaluated by a commer-
cially available ELISA kit (Cell Biolabs, San Diego, CA, USA) following
the manufacturer’s protocol [18].

2.3. Lipid profile determination

The levels of total cholesterol (TC), triglyceride (TG) and high-
density lipoprotein (HDL) cholesterol in mouse plasma were measured
by commercial assay kits (Stanbio, Boerne, TX), according to the man-
ufacturer’s instructions. In addition, the level of non-HDL cholesterol
was determined by using the following formula: non-HDL cholesterol =
TC - (TG/5) - HDL [19].

Table 1

The compositions of normal chow and HMLF diet.
Formula (g kg™) Normal chow HMLF diet
Casein 200.0 200.0
1-Methionine 3.0 20.0
Sucrose 524.747 506.7475
Maltodextrin 100.0 100.0
Soybean oil 30.0 30.0
Anhydrous milkfat 25.0 25.0
Cellulose 80.0 80.0
Mineral Mix 35.0 35.0
Succinylsulfathiazole 0 1.0
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2.4. Blood glucose determination

After 4 and 8 weeks of HMLF diet, glucose tolerance test (GTT) and
insulin tolerance test (ITT) were performed in C57/BL6 mice 6 h post-
fasting. By intraperitoneal injection of glucose (1 g kg™!) or insulin (1
unit kg™1), the glucose levels were evaluated in venous blood of mouse
tail at different time points (0, 15, 30, 60, 90 and 120 min).

2.5. DNA extraction from fecal samples

After 8 weeks, fecal pellets were collected from mice fed on normal
chow and HMLF diet and stored at —80 °C for later processing. Bacterial
DNA was isolated from the stored fecal samples by using the Nucleo-
Spin® DNA Stool kit (Macherey-Nagel, Diiren, Germany). In brief,
180-220 mg of fecal samples were homogenized in bead beating tubes
by vortex at a maximal speed for 10 min. Total genomic DNA was
subsequently captured on the silica membrane and NucleoSpin® In-
hibitor Removal Column was applied to remove impurities that interfere
with downstream procedures. At last, purified DNA was eluted by 80 pL
Elution Buffer SE [20]. DNA concentrations were determined by
maximum absorbance at 260 nm.

2.6. 16S rRNA sequencing: library preparation and sequencing

High-throughput sequencing of bacterial 16S rRNA gene was con-
ducted by Novogene Technology Co. (Beijing, China). Briefly, after DNA
quality was determined by agarose gel electrophoresis, the verified DNA
was amplified by the 515F forward (GTGCCAGCMGCCGCGGTAA) and
806R reverse (GGACTACVSGGGTATCTAAT) primers, which aim at the
V4 hypervariable region of bacterial 16S rRNA gene. The PCR products
were purified by gel extraction kit (Qiagen, Germany). Sequencing li-
braries were constructed by NEBNext® Ultra™ DNA Library Pre Kit for
Mlumina (New England Biolabs), according to manufacturer’s in-
structions. In the final step, the library was sequenced via an Illumina
sequencing platform to generate 250 bp paired-end reads [21].

2.7. Data analysis for bacterial 16S rRNA sequencing

Bacterial 16S rRNA sequencing analysis was performed by using
QIIME (v1.7.0; http://qiime.org/index.html) [22]. Quality filtering on
successfully merged reads were conducted based on the default settings
of QIIME. Sequences were assigned to operational taxonomic units
(OTUs) according to the similarity to annotated bacterial sequences by
using Uparse (v7.0.1001; http://drive5.com/uparse/; 97% sequence
similarity cut-off) [23]. The most abundant sequence was selected to
represent each OTU and classified to a taxonomic group by RDP clas-
sifier (v2.2; http://sourceforge.net/projects/rdp-classifier/) [24].
Chimeric OTUs were discarded based on the analysis against the
sequence in SILVA database (http://www.mothur.org/wiki/Silva-refere
nce-files) [25]. OTUs were intended for beta diversity analysis where
unweighted Unifrac distances were computed by QIIME. Consequently,
these distances were displayed by both principal component analysis
(PCA) and non-metric multi-dimensional scaling (NMDS). Both PCA and
NMDS are intended to obtain principal coordinates for subsequent
visualization from the complex and multidimensional data [26]. In
addition, the difference in microbiota composition among groups was
analyzed by both MetaStat and linear discriminant analysis effect size
(LEfSe) [27], in which the results of LEfSe were displayed in a
cladogram.

2.8. Statistical analysis

All data were expressed as mean =+ SD of 5 animals. Differences be-
tween the 2 experimental groups (normal chow and HMLF diet groups)
were assessed by GraphPad Prism 6 software by two-tailed non-para-
metric Mann-Whitney test. A P-value < 0.05 indicates statistical
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Fig. 1. HMLF diet induced HHcy in C57BL/6 mice.
(A) Schematic representation of the present study. (B)
Plasma Hcy concentration of C57BL/6 mice fed with
either normal chow or HMLF diet for 8 weeks. (C)
Changes in body weights of mice during 8 weeks of
feeding. (D) Lipid profile of two groups of mice (i.e.
normal chow and HMLF diet groups). HDL-C: high-
density lipoprotein cholesterol; HMLF: high methio-
nine low folate; non-HDL-C: non-HDL cholesterol; TC:
total cholesterol; TG: triglyceride. *P < 0.05 vs
normal chow group. n = 5 per group. All data are
expressed as mean + SD.
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Fig. 2. HMLF diet impaired glucose homeostasis in C57BL/6 mice. (A) OTT of C57BL/6 mice at (A) week 4 and (B) week 8 of HMLF diet feeding. (C) ITT of C57BL/6
mice at (C) week 4 and (D) week 8 of HMLF diet feeding. AUCs of (E) OTT and (F) ITT at weeks 4 and 8 of HMLF diet feeding. HMLF: high methionine low folate. *P
< 0.05 vs normal chow group. n = 5 per group. All data are expressed as mean =+ SD.
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3. Results
3.1. A HMLF diet induced HHcy in C57BL/6 mice

To evaluate the effect of HMLF diet on glucose homeostasis and gut
microbiome, C57BL/6 mice were fed either normal chow or HMLF diet
for 8 weeks (Fig. 1A). The 8-week feeding of HMLF diet elevated the
plasma Hcy concentration in C57BL/6 mice to a level higher than 200
pmol L, approximately 3.5 folds higher than that in normal chow-fed
mice (Fig. 1B). Moreover, the HMLF diet slightly lowered the body
weight gains of C57BL/6 mice when compared to normal chow
(Fig. 1C). However, the HMLF diet did not alter the lipid profiles (i.e. TC,
TG, HDL-C and non-HDL-C) in C57BL/6 mice (Fig. 1D).

3.2. HMLF diet impaired glucose homeostasis in diet-induced HHcy mice

We performed GTT and ITT to determine glucose absorption by
metabolic organs and insulin sensitivity, respectively, at weeks 4 and 8
of diet feeding. At week 4, no significant glucose intolerance (Fig. 2A
and E) and insulin resistance (Fig. 2C and F) were observed in diet-
induced HHcy mice when compared to normal chow-fed mice. How-
ever, diet-induced HHcy mice were slightly but significantly glucose
intolerant (Fig. 2B and E) and insulin resistant (Fig. 2D and F) when
comparted to normal chow-fed mice at week 8.

3.3. HMLF diet altered the gut microbiome profile in diet-induced HHcy
mice

To compare the gut microbiota compositions between normal chow
and HMLF diet groups, 16S rRNA sequencing of V4 hypervariable region
was performed. Beta diversity analysis was displayed on PCA and NMDS
plots, which were based on the calculations of Bray-Curtis distance. Both
PCA and NMDS plots revealed that the community compositions of in-
testinal microbiota in HMLF diet group was distinct from that of normal
chow group (Fig. 3A and B). Furthermore, the relative abundance of
predominant taxa in the two groups were compared. At the phylum
level, both Bacteroidetes and Firmicutes were dominant phyla, contrib-
uting to about 70% of relative abundance (Fig. 3C). Of note, the relative
abundance of Bacteroidetes was higher (P = 0.0340), whereas that of
Proteobacteria was lower in HMLF diet group (Fig. 3C, P = 0.0204). The
species abundance heatmap was constructed to compare the predomi-
nant genera of two groups. Notably, the HMLF diet-fed mice were
associated with slight enrichment in Tyzzerella (P = 0.0647), Odoribacter
(P =0.0512) and Allobaculum (P = 0.0684) (Fig. 3D). Lower abundance
of Roseburia (P = 0.0361) and Romboutsia (P = 0.0491) were observed in
HMLF diet-fed mice (Fig. 3D).

3.4. HMLF diet increased the abundance of porphyromonadaceae family
of bacteria

T-test analysis revealed significant variation between two groups,
where the HMLF diet group was characterized by a higher abundance of
Porphyromonadaceae family (P < 0.05) (Fig. 4A). MetaStat method was
used to analyze the microbial species abundance data for fecal samples
of normal chow and HMLF diet groups. Based on the g value at family
level, a significant variation among the species (Q < 0.05) was observed
in the Porphyromonadaceae family between two groups (Fig. 4B). LEfSe
analysis was performed to study the enrichment of bacterial taxa upon
different dietary contents. Cladogram generated from LEfSe analysis
demonstrated that both Porphyromonadaceae and Erysipelotrichaceae
families of bacteria were enriched in the HMLF diet group (Fig. 4C).

4. Discussion

A HMLF diet causes the accumulation of non-proteinogenic amino
acid Hey in the circulation [28]. In the present investigation, we
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demonstrated that a dietary pattern of HMLF content brought about
multiple effects in vivo. In addition to the induction of HHcy, which is
considered as an independent risk factor for several cardiovascular
diseases [29], we provided novel evidence that the HMLF diet altered
the glucose homeostasis and gut microbiome profile in C57BL/6 mice.

An 8-week feeding of HMLF diet successfully induced HHcy in
C57BL/6 mice by increasing the concentration of plasma Hcy to
approximately 200 pmol L1, a level comparable to human patients with
severe HHcy (>100 pmol L™1) [30]. Body weight gains of HMLF diet-fed
mice were observed to be lower than that of normal chow-fed mice. This
is consistent with a previous clinical finding that an elevated Hcy level is
associated with body weight loss in humans [31]. A lower body weight
gain can be partly attributed to appetite loss caused by folate deficiency
in diet [32]. In addition, HMLF diet did not elevate levels of plasma
cholesterol and triglycerides in C57BL/6 mice, implying that HHcy
represents a risk factor different from hypercholesterolemia and obesity.

A gradual impairment of glucose homeostasis was observed, as
revealed by GTT and ITT at weeks 4 and 8 of HMLF diet feeding. A
previous study suggested that high insulin level raises Hcy level in rats
[33]. Human body generally produces more insulin, i.e. hyper-
insulinemia, in response to insulin resistance [9]. Under diabetic con-
ditions, elevated Hcy level is often observed [34]. The present study
provides novel findings that HMLF diet can gradually induce insulin
resistance and hyperglycemia in non-diabetic C57BL/6 mice, implying
that HMLF diet could alter glucose homeostasis.

Both PCA and NMDS plots indicate the compositional difference in
gut microbiome between the HMLF diet and normal chow groups.
Bacteroidetes represent the bacterial phylum responsible for protein
synthesis and polysaccharide absorption. In brief, Bacteroidetes decom-
pose complex polysaccharides into short-chain fatty acids (SCFAs),
which mediate intestinal permeability and inflammation [35]. Higher
Bacteroidetes abundance in HMLF diet group implies a higher risk for
various diseases, such as inflammatory bowel disease, alcoholic liver
disease and steatohepatitis, due to leaky gut and low-grade inflamma-
tion [36]. Meanwhile, the phylum Proteobacteria consists of bacteria
contributing to carbohydrate and protein metabolism, and oxygen ho-
meostasis inside the intestinal tract [37]. Often overrepresented in obese
individuals, the Proteobacteria phylum is a marker of dysbiosis and hence
dysbiosis-related diseases such as colitis and metabolic disorders [38].
The sequencing results indicates a lower risk of Proteobacteria-related
dysbiosis in the HMLF diet group. Weight loss is often associated with
reduced Proteobacteria abundance [38]. Notably, the lower abundance
of Proteobacteria correlates with the lower body weight gain in HMLF
diet group. HMLF diet induced gut microbiome alterations distinct from
obesity.

Correlated to higher risk of cardiovascular disease [39], the
spore-forming Tyzzerella and non-spore-forming Allobaculum bacteria
are slightly enriched in the HMLF diet group. Notably, the
butyrate-producing Roseburia bacteria was shown in lower frequency in
the HMLF diet group, consistent with previous case-control studies that
lower Roseburia abundance correlates with glucose intolerance and
higher risk of type 2 diabetes [40]. Our results therefore imply that the
HMLF dietary pattern may pose a higher risk of cardiometabolic diseases
by altering the gut microbiome profile.

More importantly, an expansion in the family Porphyromonadaceae
was observed in the fecal samples of HMLF diet group. Porphyr-
omonadaceae represents the bacterial family under Bacteroidetes phylum,
potentially exerting harmful effects on the host [41]. Enrichment of
Porphyromonadaceae family is associated with non-alcoholic fatty liver
disease (NAFLD), characterized by hepatic inflammation and risk of
nonalcoholic steatohepatitis [42]. Previously, another study correlated
the higher frequency of Porphyromonadaceae with the development of
GLP-1 resistance, resulting in the impairment on glucose-induced insulin
secretion [43]. Our results provide novel hint that the HHcy-inducing
HMLF diet might impair glucose homeostasis, as revealed by slight
glucose intolerance and insulin resistance, by increasing the
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Porphyromonadaceae abundance, possibly through the induction of
GLP-1 resistance. In short, a HMLF diet might have posed pro-diabetic
threats by firstly altering gut microbiome before subsequent absorp-
tion and metabolism to induce HHcy. However, detailed mechanism
in-between the alterations in gut microbiome and metabolic parameters
after a HMLF diet remains elusive. Further studies are needed to confirm
which gut-derived metabolites contribute to the altered metabolic pa-
rameters after a HMLF diet.
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