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Leucine supplementation modulates lipid metabolism
and metabolic pathways in mice with type 1
diabetes: A metabolomics study
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Abstract. Type 1 diabetes mellitus (T1DM) is an autoim-
mune destruction of pancreatic -cells that causes absolute
insulin deficiency and lifelong insulin use. It leads to ketoaci-
dosis and long-term micro-/macro-vascular complications.
Globally, ~9 million individuals live with TIDM and ~0.5
million are newly diagnosed each year. Leucine (Leu), a
branched-chain amino acid, improves blood-glucose control
and increases the insulin sensitivity of peripheral tissues.
However, its role in modulating lipid metabolism and meta-
bolic pathways in TIDM is yet to be elucidated. In the present
study, male C57BL/6J mice were randomly divided into four
groups, namely Normal, Normal-Leu, TIDM and TIDM-Leu.
T1DM was induced by five daily intraperitoneal injections of
streptozotocin (50 mg/kg per day), and leucine was provided
in the drinking water at 1.5% (w/v) for 6 weeks. After
6 weeks, plasma samples were collected for metabolomics
and biochemical analysis. Untargeted LC-MS/MS profiling
showed elevated metabolites mapping to steroid-hormone
biosynthesis, arachidonic/linoleic-acid and retinol pathways
in TIDM vs. Normal; Leu partly lowered these signals
and shifted galactose and primary bile-acid metabolism
toward control patterns. Leu supplementation downregu-
lated galactose-pathway intermediates and reduced signals
consistent with primary bile-acid biosynthesis, shifting both
pathways toward control levels in TIDM-Leu vs. TIDM.
Biochemically, TIDM lowered high-density lipoprotein
(HDL) and raised low-density lipoprotein (LDL) vs. Normal
(HDL, 0.597+0.292 mmol/l; LDL, 1.154+0.501 mmol/l);
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with Leu, these lipids approached control levels: TIDM-Leu
(HDL, 0.958+0.224 mmol/l; LDL, 0.548+0.267 mmol/1)
vs. Normal-Leu (HDL, 0.912+0.121 mmol/l; LDL,
0.392+0.175 mmol/I). In summary, the findings of the present
study indicated that dietary Leu may be a useful adjuvant for
T1DM due to potentially easing dyslipidemia and reversing
key metabolic disturbances.

Introduction

Type 1 diabetes mellitus (TIDM) is an autoimmune disorder
in which pancreatic B-cells are destroyed, leading to low
insulin production and chronic hyperglycemia. Although
T1DM only accounts for 5-10% of all cases of diabetes, it
still places a heavy burden on healthcare systems because
of its progressive course and various complications such as
diabetic ketoacidosis, retinopathy, nephropathy, neuropathy
and cardiovascular disease (1). Achieving tight glycemic
control remains challenging because intensive insulin
therapy is limited by hypoglycemia risk and glycemic
variability despite frequent monitoring (2). Achieving tight
glycemic control remains challenging, and patients with
T1DM are susceptible to microvascular and macrovascular
complications (such as retinopathy, nephropathy, neuropathy
and cardiovascular disease) (3,4). As the global incidence
rate of T1DM continues to rise, ~8.4 million individuals were
living with T1DM in 2021, with 510,000 incident cases and
175,000 deaths annually (5).

Dyslipidemia, usually characterized by an increase in the
low-density lipoprotein (LDL) cholesterol and a decrease in
the high-density lipoprotein (HDL) cholesterol, increases
the cardiovascular risk in TIDM (6-8). These lipid changes
are also associated with poor insulin signaling and oxidative
stress (9,10). Therefore, treatments that normalize the lipid
profile may help reduce the overall burden of TIDM. Leucine
(Leu), a branched-chain amino acid, is known to support
muscle health, glucose control and insulin sensitivity (11).
Mechanistically, Leu activates the mammalian target of
rapamycin (mTOR) pathway and stimulates AMPK signaling
(e.g., via the SIRT1-AMPK axis), which promotes fatty-acid
oxidation and glucose uptake (12,13). Leu supplementation has
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been shown to improve lipid handling and relieve dyslipidemia
in several animal and human studies (14-16). However, its
exact effect on T1DM-associated lipid changes, especially on
HDL and LDL, is yet to be elucidated.

Therefore, to fill the aforementioned gap in the knowledge,
the present study used a metabolomics approach with a mouse
model of TIDM. The present study investigated whether Leu
supplementation could adjust the HDL/LDL levels and the
associated downstream metabolic pathways. Male C57BL/6J
mice were placed into four groups, namely Normal, Normal
with Leu supplementation (Normal-Leu), TIDM and T1DM
with Leu supplementation (T1DM-Leu). TIDM was induced
using streptozotocin (STZ) administered intraperitoneally
at 50 mg/kg/day for 5 consecutive days, and Leu (1.5%) was
provided in drinking water for 6 weeks. Plasma samples were
then used in liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) for metabolomic profiling and biochemical
assays of plasma triglyceride (TG), total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-C) and low-density
lipoprotein cholesterol (LDL-C).

Materials and methods

Materials. Leu and STZ were purchased from Sigma-Aldrich;
Merck KGaA. Isoflurane, acetonitrile and methanol were
obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd. Assay kits for plasma glucose [Glucose (GOD-POD)
Assay Kit], triglycerides [Triglyceride (GPO-PAP) Assay Kit],
total cholesterol [Total Cholesterol (CHOD-PAP) Assay Kit],
HDL-C [Direct HDL-C Assay Kit], LDL-C [Direct LDL-C
Assay Kit], and whole-blood glycated hemoglobin (HbAlc)
[Boronate-affinity HbAlc Assay Kit] were from Beijing
Solarbio Science & Technology Co., Ltd., and were used
according to the manufacturer's instructions.

Animals. A total of 40 male C57BL/6J mice (8 weeks old;
20-24 g at study start) were used. Mice were obtained from
Shanghai SLAC Laboratory Animal Co., Ltd. and accli-
matized for 1 week. Animals were randomly assigned to
four groups (n=10/group): Normal, Normal-Leu, TIDM and
T1DM-Leu. All procedures conformed to the Guide for the
Care and Use of Laboratory Animals (8th edition) (17) and
the ARRIVE guidelines 2.0 (18), and were approved by the
TACUC of Xiamen University (approval no. 20210305042).
Mice were housed in an SPF facility under 22+2°C, 50+10%
relative humidity, a 12:12 h light/dark cycle, with ad libitum
access to standard chow and water; 4-5 mice per cage with
corncob bedding and environmental enrichment. Anesthesia
was induced using 4-5% isoflurane in 1 I/min oxygen via an
induction chamber and maintained at 1.5-2% using a nose
cone during blood collection. Euthanasia was carried out
using =5% isoflurane to for =3 min. Death was confirmed by
the absence of respiration, heartbeat and corneal reflex. Every
effort was made to minimize the discomfort to the animals.
Humane endpoints were predefined as =20% body-weight
loss, severe dehydration/ketonuria with prostration, persistent
hypothermia/recumbency or inability to eat/drink; animals
reaching any endpoint would be euthanized by isoflurane over-
dose. No animals reached a humane endpoint prior to planned
study termination.

Induction of TIDM.STZ (50 mg/kg/day) was freshly dissolved
in cold 0.1 M sodium citrate buffer (pH 4.5) at 5 mg/ml. A
volume of 10 ml/kg (0.20-0.25 ml per 20-25 g mouse) was
administered intraperitoneally once daily for five consecutive
days (17); control groups received equal-volume citrate buffer
i.p. Additionally, the Normal-Leu and T1DM-Leu groups
received 1.5% Leu in their drinking water, while the Normal
and T1DM groups received drinking water without addi-
tions (18). Diabetes was confirmed 7 days after the last STZ
injection when fasting blood glucose =12 mmol/l was recorded
from tail-vein blood (~5 pl) using a handheld glucometer after
a 6 h fast (water ad libitum); one sample per mouse was taken
for confirmation.

Plasma preparation. On week 6 following STZ-induced
T1DM, mice were anesthetized with isoflurane and eutha-
nized. Blood (0.8-1.0 ml per mouse) was collected by cardiac
puncture into pre-chilled K2-EDTA microtubes and the entire
volume was centrifuged at 2,000 x g for 10 min at 4°C to obtain
plasma, which was stored at -20°C. Plasma from six randomly
selected mice per group was used for LC-MS/MS, and plasma
from all animals was used for biochemical assays.

Metabolomics analysis. Plasma samples (100 ul) were mixed
with 400 ul methanol, vortexed and sonicated to precipitate
proteins. After centrifugation (15,000 x g for 10 min at 4°C),
the supernatants were dried under nitrogen (35°C; nebuliser
pressure 15 psi), reconstituted in 100 gl acetonitrile and
centrifuged again at 15,000 x g for 10 min at 4°C. A 2 ul
aliquot was injected into a UPLC-QTOF-MS system (Waters
Xevo G2-XS QTOF with an ACQUITY BEH C18 1.8 ym
2.1x50 mm column; Waters Corporation), using electrospray
ionization in positive mode. The mobile phase consisted
of 0.01% formic acid in water (solvent A) or acetonitrile
(solvent B) with a flow rate of 0.4 ml/min. The gradient
elution used was 0-1 min with 10% solvent B, 1-7.5 min with
10-65% solvent B, 7.5-10.5 min with 65-100% solvent B and
10.5-12 min with 100-10% solvent B. Leucine-enkephalin
(m/z 556.2771) was infused for lock-mass calibration.
A pooled quality control (QC) sample was prepared by
combining 10 pul aliquots of each extract. Five QC injections
were used at the start to condition the system; one QC was
injected every eight study samples; and three QC injections
were run at the end. All injections were randomized and
interleaved with blank samples.

Raw data were processed using Progenesis QI (version
2.4; Nonlinear Dynamics; Waters Corporation). After align-
ment to the third QC injection, ion features were extracted,
normalized with the total ion current and corrected for drift
using QC-based locally estimated scatterplot smoothing.
Features with a relative SD of >30% in QCs or present in
<80% of QC samples were excluded. All detected ion
features have been deposited in the MassIVE repository
(accession no. MSV000099368). Multivariate and pathway
analyses were conducted using MetaboAnalyst version 5.0
(https://www.metaboanalyst.ca). Principal component (PC)
analysis was used for visualization. For metabolite set enrich-
ment analysis (MSEA), differential ions were first selected
using the volcano plot criteria (a fold change of more than two;
P<0.05) and mapped to pathways in the Kyoto Encyclopedia
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of Genes and Genomes (KEGG) database (https://www.
kegg.jp). Pathways with a P-value of <0.05 and more than or
equal to two matched metabolites were considered signifi-
cant. Metabolite annotation was based on accurate m/z and
MS/MS spectrum matches against the Human Metabolome
Database (https:/hmdb.ca).

Biochemical measurements. Plasma glucose, TG, total
cholesterol, HDL and LDL were quantified in plasma samples,
whereas HbA Ic was determined from whole blood (erythrocyte
hemolysates), using the respective Beijing Solarbio Science
& Technology Co., Ltd. kits according to the manufacturer's
protocols.

Statistical analysis. Analyses were carried out using SPSS
version 16.0 (SPSS, Inc.). One-way ANOVA followed by
Tukey's post hoc test was used for multiple-group compari-
sons. Data are presented as mean + SD or as box-and-whisker
plots (median, interquartile range and 10-90th percentiles)
as specified in the figure legends. P<0.05 was considered to
indicate a statistically significant difference. Biochemical
outcomes (glucose, TG, total cholesterol, HDL, LDL and
HbAIc) were measured in 10 mice per group (biological
replicates); each assay was run in duplicate and the mean
was used for statistics. Untargeted metabolomics used plasma
from 6 mice per group.

Results

Metabolite profiling and pathway analysis. Untargeted
LC-MS/MS detected 1,692 ion features in the plasma of mice.
After excluding peaks with a QC relative SD >30% in QCs
(Fig. 1A) and applying an interquartile range filter, 888 features
remained for statistical evaluation. One-way ANOVA followed
by Tukey's post hoc test identified ions with significant differ-
ences among the four groups (FDR-adjusted P<0.05; full list
provided in the public MassIVE dataset) (Fig. 1A). PC analysis
further revealed a clear metabolic separation between the
Normal, Normal-Leu, TIDM and T1DM-Leu group clusters.
Where PC1 and PC2 accounted for 38.2 and 19.9% of the total
variance, respectively (Fig. 1B).

Pairwise analyses were then carried out. In the TIDM
vs. Normal comparison, 227 features were higher in TIDM
(upregulated) and 186 were lower in TIDM (downregu-
lated) relative to Normal (Fig. 1C). KEGG-based MSEA
(using a criteria of P<0.05 and more than or equal to two
hits) pointed to marked disturbances in steroid-hormone
biosynthesis, arachidonic-acid metabolism, retinol metabo-
lism, linoleic-acid metabolism and a number of lipid-related
pathways (Fig. 1C). Compared with mice in the untreated
T1DM group, Leu supplementation in the TIDM-Leu group
resulted in an increase in 75 features and a decrease in 251
features (Fig. 1D). Enrichment analysis indicated that Leu
modulated steroid-hormone biosynthesis, arachidonic-acid
metabolism, galactose metabolism, pentose-and-glucuronate
interconversions and primary bile-acid biosynthesis (Fig. 1D).
In summary, these results indicated that Leu treatment may
partially reverse the metabolic disruptions of untreated TIDM,
especially within pathways associated with lipid and bile-acid
metabolism.
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Key metabolites affected by Leu supplementation. Fig. 2 indi-
cates that eicosapentaenoic acid, 8,11,14-eicosatrienoic acid,
arachidonic acid, retinyl ester, vitamin A and norepinephrine
levels were significantly higher in the TIDM group compared
with the Normal control group, and Leu supplementation
(T1DM-Leu) reduced these metabolites toward control levels.
After 6 weeks of treatment with 1.5% Leu, there was a signifi-
cant decrease in each of these metabolites in the mice in the
T1DM-Leu group. Across all six metabolites (eicosapentae-
noic acid, 8,11,14-eicosatrienoic acid, arachidonic acid, retinyl
ester, vitamin A and norepinephrine), levels in the TIDM group
were higher than those in the Normal group (P<0.01), whereas
leucine supplementation lowered these levels in the TIDM-Leu
group compared with TIDM (one-way ANOVA with Tukey's
post hoc test; P<0.05). In most cases, TIDM-Leu values were
intermediate between T1DM and Normal/Normal-Leu, and
Leu alone did not differ from Normal. These changes indi-
cated that Leu may potentially oppose the lipid-inflammatory
and retinoid disturbances associated with early-stage TIDM.

Biochemical analyses. HbAlc and fasting blood glucose were
significantly higher in the TIDM group compared with the
Normal group. In the TIDM-Leu group, both indices remained
elevated and were not significantly different from the TIDM
group (Fig. 3A and B). TG levels were significantly higher than
in the Normal group in all three intervention groups; however,
there were no significant differences among the intervention
groups (Fig. 3C). There were no significant differences in the
total cholesterol levels between the Normal and the treatment
groups (Fig. 3D). HDL levels were significantly reduced in the
T1DM group compared with the Normal group; however, in
the TIDM-Leu group, the HDL levels were similar to the levels
in the Normal group (Fig. 3E). By contrast, LDL levels were
significantly increased in the TIDM group compared with
the Normal group, whereas the LDL levels in the TIDM-Leu
group were similar to the levels in the Normal and Normal-Leu
groups (Fig. 3F).

Discussion

The findings of the present study suggested that Leu supple-
mentation may mitigate the metabolic disturbances in TIDM,
particularly in lipid metabolism. In the plasma metabolomics
data, eicosapentaenoic acid, 8,11,14-eicosatrienoic acid,
arachidonic acid, retinyl ester, vitamin A and norepinephrine
were lower in TIDM-Leu than in T1IDM mice. Taken together
with the pathway-enrichment results (MetaboAnalyst/ KEGG),
these findings suggest a partial amelioration of lipid-related
pathways, including arachidonic-acid metabolism (KEGG
map00590), linoleic-acid metabolism (map00591), and biosyn-
thesis of unsaturated fatty acids (map01040), as well as retinol
metabolism (map00830).

Altered levels of arachidonic acid and associated
lipid metabolites are implicated in inflammation and
insulin resistance, and their dysregulation contributes to
diabetic complications such as cardiovascular disease and
nephropathy (19,20). Reduced levels of retinyl ester and
vitamin A are observed in mice with diabetes and may
exacerbate oxidative stress-for example, mitochondrial
ROS overproduction, NADPH oxidase/AGE-RAGE-driven
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Figure 1. Metabolomic overview of plasma samples. (A) One-way ANOVA of 1,692 detected ion features after quality-control filtering (relative SD >30%),
followed by Tukey's post hoc test. Red dots represent ions with P-values of <0.05; green dots represent non-significant ions. (B) PC analysis scores plot illus-
trating the separation of the Normal, Normal-Leu, TIDM and TIDM-Leu groups. PC1 and PC2 explain 38.2 and 19.9% of the variance, respectively. (C) The
top panel shows a volcano plot of the differential features in the TIDM vs. Normal group comparison (FC, >2; P<0.05). The bottom panel shows the KEGG
MSEA of the top 10 pathways altered in the mice in the TIDM group compared with those in the Normal group. (D) The top panel shows a volcano plot of
the differential features in the TIDM-Leu vs. TIDM group comparison (FC, >2; P<0.05). The bottom panel shows the KEGG MSEA of the top 10 pathways
modulated by Leu supplementation in mice with TIDM. Leu, leucine; Normal-Leu, Normal with 1.5% Leu supplementation; TIDM, type 1 diabetes mellitus;
T1DM-Leu, TIDM with 1.5% Leu supplementation; PC, principal component; FC, fold-change; KEGG, Kyoto Encyclopedia of Genes and Genomes; MSEA,

metabolite-set enrichment analysis.

lipid peroxidation- and weaken antioxidant defenses
such as superoxide dismutase, catalase and glutathione
peroxidase (21). Therefore, the Leu-mediated reduction of
these metabolites in the mice with TIDM may potentially
represent a protective metabolic shift. Additionally, norepi-
nephrine dysregulation is associated with an increase in the
risk of cardiovascular issues in patients with diabetes (22).
This suggests that the reduction of the norepinephrine levels
in the mice with T1DM following Leu supplementation may
be of clinical importance.

The results of the present study revealed that Leu supple-
mentation also helped restore the HDL and LDL levels in
mice with T1IDM, which potentially suggested a favorable
effect on lipoprotein profiles. HDL-cholesterol is well known
to have protective cardiovascular effects by promoting reverse
cholesterol transport, reducing inflammation and improving
endothelial function. However, elevated LDL-cholesterol
levels accelerates atherogenesis, which notably increases
the risk of cardiovascular complications in diabetes (23).
Therefore, restoring the balance of HDL and LDL with Leu
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Figure 2. Relative abundance of selected metabolites affected by TIDM and Leu supplementation. (A) Eicosapentaenoic acid; (B) 8,11,14-eicosatrienoic acid;
(C) arachidonic acid; (D) retinyl ester; (E) vitamin A and (F) norepinephrine. Data are presented as box-and-whisker plots (median, interquartile range and
10-90th percentiles). "P<0.05 and “P<0.01 indicate the significance level of the pairwise comparisons that were obtained using one-way ANOVA followed by
Tukey's post hoc test. Leu, leucine; Normal-Leu, Normal with 1.5% Leu supplementation; TIDM, type 1 diabetes mellitus; TIDM-Leu, TIDM with 1.5% Leu

supplementation.

supplementation may potentially offer cardiovascular bene-
fits in the management of TIDM. The findings of the present
study align with those of previous studies that demonstrate
beneficial effects of Leu on glucose and lipid metabo-
lism (18,24,25). Mechanistically, Leu may benefit TIDM via
the activation of mTOR and AMPK, which are pathways that
regulate metabolic processes (26-31). For example, AMPK
activation inhibits lipogenesis, promotes fatty acid oxidation
and improves lipid homeostasis, processes that are often
impaired in diabetes (32). Furthermore, mTOR activation by
Leu modulates lipid metabolism through the regulation of

lipid synthesis genes and mitochondrial function (12). These
previously identified mechanisms align with the findings of
the present study, which indicated that Leu supplementation
corrected TIDM-induced metabolic dysregulation of lipid
pathways. In addition, enrichment analysis showed shifts in
galactose metabolism and primary bile-acid biosynthesis,
which suggested that Leu may also influence carbohydrate
metabolism and bile-acid signaling in mice with T1DM,
both of which can influence lipid homeostasis. Therefore,
these secondary pathways may warrant further follow-up
experiments in the future.
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Figure 3. Biochemical parameters in plasma or whole blood. (A) Relative concentrations of HbAlc. Concentrations (mM) of (B) fasting blood glucose;
(C) triglyceride; (D) total cholesterol; (E) high-density lipoprotein cholesterol and (F) low-density lipoprotein cholesterol. Data is presented as mean + SD
(n=10). "P<0.05 vs. the Normal group (one-way ANOVA followed by Tukey's post hoc test). Leu, leucine; Normal-Leu, Normal with 1.5% Leu supplementation;
T1DM, type 1 diabetes mellitus; TIDM-Leu, TIDM with 1.5% Leu supplementation.

However, not all metabolites investigated in the present
study exhibited identical degrees of modulation. For example,
after Leu supplementation, the levels of arachidonic acid,
8,11,14-eicosatrienoic acid (20:3 n-6) and eicosapentaenoic
acid (20:5 n-3) were significantly reduced in TIDM-Leu vs.
T1DM mice, although the magnitude of change varied across
metabolites, indicating a possible selective modulation of
inflammatory and lipid pathways. Furthermore, vitamin
A levels were partially, but significantly, restored. These
differential responses may reflect distinct underlying regula-
tory mechanisms or pathway-specific sensitivities to Leu
intervention.

In the present study, although supplementary Leu did not
significantly lower blood glucose or HbAlc levels compared
with those in the TIDM-only group, the selective improve-
ment in lipid parameters suggested the potential utility of
Leu in addressing dyslipidemia in TIDM. These results align

with previous findings in which Leu supplementation is asso-
ciated with improved lipid metabolism and cardiovascular
health (7,15,33-35).

However, there were limitations of the present study. For
example, the present study only focused on early-stage TIDM
without examining advanced disease settings. Additionally,
the present study did not fully elucidate the molecular mecha-
nisms through which Leu exerted its effects. Therefore, future
studies are needed for a more comprehensive evaluation.
Finally, the safety and potential adverse effects of chronic Leu
use are yet to be assessed. Overall, the findings of the present
study supported the hypothesis that Leu supplementation may
offer therapeutic benefits in TIDM by correcting imbalances
in key lipids (for example, arachidonic acid, 8,11,14-eicosatri-
enoic acid, eicosapentaenoic acid, retinyl ester/vitamin A and
HDL/LDL) and by modulating metabolic pathways highlighted
by our analysis, including arachidonic/linoleic-acid and retinol
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metabolism, steroid-hormone biosynthesis, galactose metabo-
lism and primary bile-acid biosynthesis.
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