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Abstract: Insulin resistance, a prominent characteristic of type 2 diabetes, has been extensively studied. In our investigation,
we examined the effect of Eudesmin on insulin resistance in 3T3-L1 adipocytes and HepG2 cells. Additionally, we analyzed
the alterations in mRNA expression in insulin-resistant  HepG2 cells  through transcriptomic techniques.  Subsequently,  we
assessed  the  changes  in  mRNA expression  in  insulin-resistant  HepG2  cells  following  Eudesmin  treatment.  Our  analysis
revealed 13 differentially expressed genes that were commonly observed. Notably, FER1L6 exhibited the most significant
changes,  with  a  marked upregulation  in  mRNA expression in  insulin-resistant  HepG2 cells.  Consequently,  we conducted
functional experiments to validate the role of fer-1 like family member 6 (FER1L6).  Specifically,  through gene knockdown
experiments,  we  observed  a  significant  enhancement  in  glucose  transporter  type  4  (GLUT4)  expression  and  an
improvement in insulin resistance status in cell models. Therefore, FER1L6 emerges as a promising therapeutic target for
insulin resistance.
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 1    Introduction

Diabetes  mellitus  has  emerged  as  one  of  the  most  prevalent
metabolic  disorder  in  contemporary  society,  often  accompanied
by  a  multitude  of  complications  including  diabetic  nephropathy,
diabetic  foot,  and  cardiovascular  disease.  These  complications
pose  a  significant  threat  to  individuals’ health  and overall  quality
of life[1-3]. Type 2 diabetes mellitus (T2DM) represents over 90% of
all  cases  and  is  characterized  by  a  combination  of  insulin
resistance  (IR)  and  progressive  impairment  of  pancreatic  β-cell
function.  These  physiological  changes  give  rise  to  both
microvascular  and  macrovascular  complications,  leading  to
substantial  psychological  and  physical  distress  for  both  patients
and  caregivers,  as  well  as  imposing  a  substantial  burden  on
healthcare  systems[4].  The  discovery  of  insulin  in  1,921  greatly
facilitated  research  efforts  in  the  field  of  diabetes  mellitus  and
related metabolic disorders. One of the main effects of insulin is to
increase  glucose  uptake  by  fat,  liver  and  muscle  cells[5].  This
process is enabled by promoting locational changes in the glucose
transporter  glucose  transporter  type  4  (GLUT4)  from  the
cytoplasm  to  the  surface  of  the  cell  membrane.  However,  the
response  is  defective  in  the  disease  states  of  IR  and  type  2
diabetes[6].  Thus,  the  characteristics  of  GLUT4  transport  may

identify  potential  therapeutic  targets  for  its  pathophysiology.  The
central  role  of  GLUT4  in  systemic  metabolism  is  strongly
supported  by  various  genetically  engineered  mouse  models,  with
mice  with  muscle-specific  GLUT4  deficiencies  showing  reduced
insulin responsiveness in adipose tissue and liver[7],  while patients
with  fat-specific  GLUT4  depletion  show  muscle  and  liver  IR[8].
Notably,  overexpression  of  GLUT4  in  adipose  tissue  of  muscle-
specific  GLUT4 deficient  mice  overcame glucose  intolerance  and
diabetes[9].

However,  to  date,  a  definitive  cure  for  diabetes  remains
elusive[10].  IR  stands  as  the  principal  hallmark  of  T2DM,
manifesting  as  a  reduction  in  insulin  sensitivity  within  target
tissues  and  resulting  in  a  dysregulation  of  the  body’s  metabolic
processes[11].  Adipose  tissue  and  the  liver  are  the  primary  target
organs  for  insulin  action[12, 13].  When  energy  intake  surpasses
energy  expenditure,  adipose  tissue  expands  and  stores  excess
nutrients  as  inert  triacylglycerols  (TAGs)  within  lipid  droplets,
thereby  maintaining  metabolic  homeostasis[14].  However,
prolonged overnutrition overwhelms the capacity of adipose tissue
to store fat,  resulting in adipocyte hypertrophy and the release of
TAGs  and  other  lipid  metabolites  into  non-adipose  tissues  like
muscle, liver, and pancreas. This phenomenon, known as “ectopic
storage  of  fat”,  may  ultimately  contribute  to  the  development  of
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diabetes  mellitus[15].  In  regulating  carbohydrate  and  fat
metabolism,  the  liver  plays  a  crucial  role  in  meeting  the  body’s
energy needs[16].  Elevated blood glucose levels prompt the liver to
store glucose as glycogen, which can be broken down into glucose
again as necessary to meet energy requirements[17].

Conventional  classes  of  drugs  commonly  utilized  in  the
management  of  type  2  diabetes  encompass  sulfonylureas,
biguanides, peroxisome proliferator-activated receptor γ (PPARγ)
agonists,  and α-glucosidase inhibitors[18].  These medications often
elicit  a  range  of  adverse  effects,  including  severe  hypoglycemia,
weight  gain,  and  gastrointestinal  discomfort.  Consequently,  the
exploration  of  novel  targets  for  diabetes  treatment  and  the
development  of  alternative  drugs  with  reduced  side  effects  and
enhanced  efficacy  have  emerged  as  prominent  areas  for  both
domestic  and  international  research[19].  To  identify  potential  lead
compounds  for  improving  insulin  resistance,  we  conducted  a
screening  of  compounds  derived  from Patrinia  scabiosaefolia
Fisch.  And  assayed  their  activities  to  improve  cellular  insulin
resistance,  found  that  Eudesmin  (Eud)  was  able  to  significantly
improve IR in 3T3-L1 adipocytes and HepG2 cells.  Furthermore,
in our quest for candidate target genes in the treatment of type 2
diabetes, transcriptomic analysis led us to identify fer-1 like family
member  6  (FER1L6),  a  gene  that  exhibited  elevated  expression
levels in IR-HepG2 cells.  By conducting knockdown experiments
in  IR-HepG2  cells,  we  substantiated  that  FER1L6  represents  a
previously  unidentified  novel  target  for  regulating  GLUT4
expression.

 2    Materials and methods

 2.1    Culture and treatment of 3T3-L1 adipocytes
The 3T3-L1 adipocytes was obtained from the cell  bank of the

Chinese  Academy  of  Sciences  (Shanghai,  China).  The  3T3-L1
adipocytes  were cultured in DMEM medium supplemented with
10%  neonatal  bovine  serum  and  1%  penicillin-streptomycin
mixture. The cells were incubated at 37 °C and 5% CO2. Once the
cell  fusion  reached  approximately  80%,  the  cells  were  passaged.
The in  vitro adipogenic  differentiation  of  3T3-L1  cells  was
performed  as  previously  described[20].  To  induce  adipocyte
differentiation,  cells  were  treated  with  a  medium  containing
0.5  mmol/L  isobutylmethylxanthine  (IBMX),  1  μmol/L
dexamethasone  (Dex),  and  10  µg/mL  insulin  for  3  days.
Afterward,  the  supernatant  was  replaced  with  a  medium
containing 10 µg/mL insulin and cultured for an additional 2 days.
Finally,  the  cells  were  cultured  in  normal  medium  until  they
differentiated  into  mature  adipocytes.  The  IR  model  was
established by treating mature adipocytes with 3 μmol/L Dex.

 2.2    Culture and treatment of HepG2 cells
The  HepG2  cells  was  obtained  from  the  cell  bank  of  the

Chinese  Academy  of  Sciences  (Shanghai,  China).  HepG2  cells
were  cultured  in  Minimum  Essential  Medium  (MEM)
supplemented  with  10%  fetal  bovine  serum  and  1%  penicillin-
streptomycin mixture. The cells were incubated at 37 °C in a CO2
incubator  with  5%  CO2.  Once  the  cell  fusion  reached
approximately  80%,  the  cells  were  passaged.  According  to
previous  methods,  IR  development  was  induced  by  cell
stimulation  with  glucosamine  (GlcN)  dissolved  in  phosphate
buffer at a concentration of 8 μmol/L[21].

 2.3    Cell viability assay
3T3-L1  adipocytes  were  inoculated  into  96-well  plates  with  a

density  of  1  ×  104 cells/well,  HepG2  cells  were  inoculated  into
96-well  plates  with a  density  of  2  × 104 cells/well.  After  24 h,  the
blank  group  was  replaced  with  a  new  complete  medium,
experimental group was exposed to various concentrations of Eud
(3.125, 6.25, 12.5, 25, 50, 100, and 200 μmol/L) for a duration of 48
h. Following this, 10 µL of 5 mg/mL MTT solution was added to
each well and the cells were incubated for an additional 4 h. After
discarding  the  medium,  200  μL  of  DMSO  was  added.  The
absorbance  was  subsequently  measured  at  490  nm  using  an
enzyme marker.

 2.4    Determination of cellular glucose consumption
Following  the  cellular  conversion  into  insulin  resistance,  the

supernatant of the cells in both the control and model groups was
substituted with complete medium. In the Eud-treated group, the
supernatant  was  replaced  with  complete  medium  containing
varying  concentrations  of  Eud.  As  for  the  positive  group,  the
supernatant  was  substituted  with  complete  medium  containing
10  µmol/L  of  sodium  orthovanadate  (Van)  or  rosiglitazone
(ROSI), and the amount of glucose in the supernatant of the cells
was  detected  by  using  the  glucose  oxidase-peroxidase  (GOD-
POD)  assay  after  incubation  for  48  h[22].  Subsequently,  the  total
amount of  glucose  consumed by the cells  during this  period was
calculated.

 2.5    Oil Red O staining of cells
The differentiated adipocytes slowly washed with PBS and fixed

with  paraformaldehyde  for  40  min.  Subsequently,  the  cells  were
slowly  rinsed  with  PBS  buffer  and  stained  with  a  solution  of  Oil
Red  O  for  30  min.  After  discarding  the  Oil  Red  O  staining
solution,  the  cells  were  washed  with  PBS  buffer  and  ultrapure
water, respectively. The entire experiment was conducted in a light-
protected  environment  and  finally  photographed  using  an
inverted microscope.

 2.6    Transcriptomic analysis in HepG2 cells
Transcriptomic analysis was conducted to examine the changes

in  mRNA  expression  in  insulin  resistance-HepG2  cells  following
Eud  treatment.  HepG2  cells  from  the  control,  model,  and  Eud
groups  (12  μmol/L)  were  collected  using  TRIzol,  and  three
biological  replicates  were  performed  for  each  sample.  The
transcriptome  sequencing  was  carried  out  by  The  Beijing
Genomics Institute (Shenzhen, China).

 2.7    Transfection of small interfering RNA
Primer  sequences  for  siRNA  were  designed  as  follows:

FER1L6  (5′ -CCGGAAGAUUGGAGAUAAATT-3′ )  (purchased
from  GenePharma,  Shanghai).  The  transfection  of  siRNA  was
carried out using the Lipo2000 reagent (Thermo Fisher Scientific)
in accordance with the instructions provided by the manufacturer.
Following transfection,  the cells  were incubated for 48 h to allow
for subsequent processing.

 2.8    Real time-quantitative PCR (RT-qPCR)
RT-qPCR was performed as described previously[23]. Total RNA

was isolated from cells using TRIzol, cDNA was synthesized using
SweScript RT I First Strand cDNA Synthesis Kit. cDNA was used
for RT-qPCR using SYBR Green qPCR Master Mix reagent.  The
primer  sequences  of  3T3-L1  adipocytes  are  listed  in Table  1,  the
primer sequences of HepG2 cells are listed in Table 2.
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 2.9    Western blot
Western  blot  was  performed  as  described  previously[24].  Cell

samples  were  lysed  using  RIPA  lysate,  and  the  protein
concentration  was  determined  using  the  BCA  method.
Subsequently, the proteins were separated by electrophoresis on a
10%  SDS-PAGE  gel  and  transferred  onto  polyvinylidene
difluoride  membranes.  The  membranes  were  then  incubated  in
TBST buffer containing 20% skimmed milk for a duration of 2 h.
Following  this,  the  membranes  were  exposed  to  primary
antibodies overnight at a temperature of 4 °C, and subsequently to
the appropriate secondary antibodies for 2 h at room temperature.
Western  blot  was  carried  out  using  standard  techniques  with
antibodies outlined in Table 3.

 2.10    Statistical analysis
All  experimental  data  are  presented  as  mean  ±  standard

deviation  (SD)  and  were  analyzed  using  SPSS  25.0  (SPSS  Inc.).

Unpaired Student’s t-test was employed to compare between two
groups,  while multiple comparisons were assessed using one-way
ANOVA with Tukey's tests. Statistical significance was defined as
P < 0.05, P < 0.01, and P < 0.001.

 3    Results

 3.1    Eud ameliorates IR in 3T3-L1 adipocytes
The  PI3K/AKT  pathway  is  crucial  in  regulating  the  effects  of

insulin  on  cellular  function  and  energy  metabolism[25].  To  assess
the  biological  activity  of  Eud  in  improving  insulin  resistance,  we
initially examined the impact of Eud on insulin resistance-3T3-L1
adipocytes  (Fig. 1A).  The  results  from  the  MTT  assay
demonstrated  that  Eud  significantly  inhibited  the  viability  of
3T3-L1  adipocytes  at  a  concentration  of  200  μmol/L,  with  no
observed  cytotoxicity  within  the  range  of  12.5−100  μmol/L
(Fig. 1B).  We  established  an  IR  model  by  treating  3T3-L1
adipocytes with varying concentrations of Dex (1−3 µmol/L), and
after 72 h of Dex treatment, insulin (3 µmol/L) was added to assess
the  success  of  the  IR  model  in  3T3-L1  adipocytes.  Compared  to
the control group, the insulin-added group significantly enhanced
glucose  uptake  by  3T3-L1  adipocytes.  However,  the  addition  of
insulin to  the Dex group did not  lead to  a  significant  increase  in
glucose uptake by the cells compared to the insulin-added group,
indicating  the  development  of  IR  after  Dex  treatment  (Fig. 1C).
Consequently, for subsequent experiments, we selected a 3 µmol/L
Dex  treatment  for  72  h  to  induce  IR  in  3T3-L1  adipocytes.  Eud
treatment  notably  enhanced  the  glucose  uptake  capacity  of  IR-
3T3-L1  adipocytes  (Fig. 1D).  Additionally,  Eud  treatment  also
significantly enhanced the triglyceride metabolizing capacity of the
cells  (Fig. 1E).  To  elucidate  the  mechanism  of  action  through
which  Eud  improves  IR  in  3T3-L1  adipocytes,  we  observed  that
Eud significantly promoted the serine phosphorylation of Akt, the
expression of the PI3K catalytic subunit p110, and the expression
of  GLUT4,  but  had  no  effect  on  total  Akt  levels  (Fig. 1F).
Furthermore,  the  PCR  experiments  revealed  that  Eud  promoted
the  transcription  of  IRS,  PI3K,  Akt,  leptin,  and  adiponectin
(Fig. 1G).

 3.2    Eud ameliorates IR in HepG2 cells
The  results  of  MTT  assay  showed  that  Eud  significantly

inhibited  HepG2  cells  viability  at  concentrations  ranging  from
25  μmol/L  to  200  μmol/L,  with  no  cytotoxicity  at  concentration
ranging from 3.125 μmol/L to 12.5 μmol/L (Fig. 2A); the IR model
of HepG2 cells was established by varying concentrations of GlcN
(1−20  mmol/L)  for  24  h,  insulin  (3  μmol/L)  was  added  to  test
whether  the  HepG2  cells  IR  model  was  successful  or  not.

 

Table 1    Primers sequence of 3T3-L1 adipocytes

Name Primer Sequence (5'→3')

IRS
Forward TCGGCTCACCGTTTCCTTG

Reverse TCGCTCTCGTAGCACTCCA

AKT
Forward CACCGTGTGACCATGAACGAGTT

Reverse TGGCGACGATGACCTCCTTCTT

PI-3K
Forward TCCTGGAATGTGCCCTCTTTCGT

Reverse TGACTGGCTGACTGCTGTGACT

Leptin Forward
Reverse

ATGTGCCCTTCCGATATACAACC
CGTGTCATCCACTAATCTTCTGG

Adiponectin Forward
Reverse

GGAGTGTTCGTGGGCTTAGG
GCAGCTCCGGTGATATAGAGG

β-actin
Forward AGCCTTGTAGGTACCCAACC
Reverse TCCACTCACCTGAGGTGCTGAA

 

Table 2    Premer sequence of HepG2 cells

Name Primer Sequence (5'→3')

KNG1
Forward TGCTCCAGGCTGCTACTAAGT

Reverse GGCTTCAGTTATGCGGTACAA

HPX
Forward CGTGACTGAACGCTGCTCA

Reverse CTCCCGGTCCCATTTGTGAC

CYP3A7-CYP3A51P
Forward GACCCAGAAACTGCATTGGC

Reverse GCGGGATCTGATGGTAGGAC

ADH1A Forward
Reverse

AGTCATCCCACTCGCTATTCC
GTCCCCTGAGGATTGCTTACA

UGT2B Forward
Reverse

CCAACCAATGAAGCCCCTG
GTTGTGAGCTGCGACTCGAA

LYG2 Forward
Reverse

GTTTTGGGGACTAATTGCCCT
CAGGCGTGGATGTAGGTGAG

GSK3β Forward
Reverse

TGGCAGCAAGGTAACCACAG
CGGTTCTTAAATCGCTTGTCCTG

PEPCK Forward
Reverse

CTGCATAACGGTCTGGACTTC
CAGCAACTGCCCGTACTCC

G6Pase Forward
Reverse

CGACTCGCTATCTCCAAGTGA
GTTGAACCAGTCTCCGACCA

Fer1l6 Forward
Reverse

CCAGAGGAGTCACCAAGAAGA
GGTGAGGACCAATCCCTTCTC

Fer1l5 Forward
Reverse

CAGTCGGCCAAGATTGACCC
CTTCCACCACACGAGTTCTTT

EHD2 Forward
Reverse

TCCGCAAACTCAACCCTTTC
TCTCCAGGACCTGATTAGGGA

GLUT4 Forward
Reverse

GTGACTGGAACACTGGTCCTA
CCAGCCACGTTGCATTGTAG

β-actin Forward
Reverse

CATGTACGTTGCTATCCAGGC
CTCCTTAATGTCACGCACGAT

 

Table 3    Antibodies information

Antibodies Source Identifier
Anti-PI-3K (p110) Proteintech Cat No. 67071-1-Ig

Anti-AKT
Anti-phospho-AKT

Anti-GLUT4
Anti-GSK3B Monoclonal

Anti-Phospho-GSK3B (Ser9)
Anti-PEPCK
Anti-G6Pase
Anti-β-actin
Rabbit IgG
Mouse IgG

Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Servicebio
Servicebio
Servicebio

Cat No. 60203-2-Ig
Cat No. 66444-1-Ig
Cat No. 66846-1-Ig
Cat No. 22104-1-AP
Cat No. 67558-1-Ig
Cat No. 67676-1-Ig
Cat No. 66860-1-Ig

GB 15003-100
GB 111738-100
GB 111739-100
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Compared  with  the  control  group,  the  insulin-added  group  was
able to significantly promote glucose uptake by the cells,  whereas
the GlcN group (8−16 mmol/L)  was still  not  able  to significantly
promote  glucose  uptake  by  the  cells  after  the  addition  of  insulin
compared  with  the  insulin-added  group,  which  suggested  that
after  GlcN  treatment  (8−16  mmol/L),  the  cells  developed  IR
(Fig. 2B); the Eud treatment significantly promoted glucose uptake
in IR-HepG2 cells (Fig. 2C). Also, the metabolizing ability of cells
for  TG  was  significantly  promoted  after  Eud  treatment  of  cells
(Fig. 2D).

To  investigate  the  regulatory  targets  of  Eud  on  glucose
metabolism  in  IR-HepG2  cells,  we  conducted  RNA-Seq
experiments  on HepG2 cells,  including a  control  group,  a  model
group,  and  an  Eud  treatment  group.  In  this  study,  we  identified
differentially  expressed  genes  (DEGs)  using  a  cutoff  criterion  of
Q < 0.001. The DEGs volcano plot revealed 68 up-regulated DEGs
and  199  down-regulated  DEGs  in  the  Control-vs-GlcN  group.
Similarly,  the  Eud-vs-GlcN  group  identified  a  total  of  9  up-
regulated DEGs and 16 down-regulated DEGs (Figs. 2E, 2F). We
observed 13 shared DEGs between the two groups, and the cluster
analysis  plot  displayed significant differences among these shared
genes  (Fig. 2G).  To  validate  the  reliability  of  the  mRNA  data
obtained  through  RNA-seq  technology,  we  performed  RT-qPCR
on  six  randomly  selected  DEGs  including  FER1L6.  The  results
demonstrated  a  high  level  of  agreement  between  the  differential
gene expression trends and the sequencing data (Fig. 2H).

 3.3    Mechanisms of Eud improves IR in HepG2 cells
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene

Ontology  (GO)  analyses  were  conducted  on  the  DEGs  obtained

from mRNA sequencing. The KEGG analysis results revealed that
the DEGs were predominantly enriched in the signaling pathways
related  to  gluconeogenesis  and  glycolysis  (Fig. 3A).  On  the  other
hand, the GO enrichment analysis demonstrated that, in terms of
biological  processes,  the  DEGs  were  primarily  involved  in
glycogen  synthesis,  PI3K  activation,  and  ATP-stimulated
adenosine  receptor  activation  (Fig. 3B).  These  findings  suggest
that  Eud  has  the  potential  to  improve  IR  in  HepG2  cells  by
stimulating  these  biological  processes.  Further  analysis  through
Western blot showed that the group treated with Eud exhibited a
significant  upregulation  in  the  expression  of  PI3K,  pAkt,  and
GLUT4  protein.  Additionally,  it  promoted  GSK3β
phosphorylation  and  significantly  reduced  the  expression  of
PEPCK  and  G6pase  protein  (Fig. 3C).  Furthermore,  the  Eud
treatment  group  exhibited  a  significant  elevation  in  the  mRNA
expression of PEPCK, G6pase, and GSK3β (Fig. 3D).

 3.4    Knockdown  of  FER1L6  improves  cellular  IR
mechanisms

To  investigate  the  role  of FER1L6,  siRNA  transfection
experiments were carried out to knock down FER1L6 expression
in  IR-HepG2  cells.  The  mRNA  expression  of FER1L6 was
significantly reduced in cells treated with siRNA at concentrations
of  40,  60,  and 80 nmol/L (Fig. 4A).  Among these concentrations,
40  nmol/L siRNA had the  most  pronounced inhibitory  effect  on
FER1L6 mRNA expression.  Additionally,  when cells  were treated
with the  40 nmol/L siRNA concentration,  the  glucose  content  in
the  cell  supernatant  was  significantly  decreased  compared  to  the
control  group  (Fig. 4B).  These  findings  suggest  that  silencing  the
FER1L6 gene  can  improve  sugar  metabolism  in  IR-HepG2  cells.
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Previous  studies  have  shown  that  Fer1L5  protein,  a  homolog  of
FER1L6,  directly  interacts  with  endocytosed  cyclins  EHD1  and
EHD2[26].  EHD2  has  been  implicated  in  the  insulin-induced
translocation of GLUT4 to the cell membrane in rat adipocytes[27].
In our study, knockdown of FER1L6 resulted in increased mRNA
expression of FER1L5, EHD2, and GLUT4 (Figs. 4C, 4D, 4E). This
suggests  that  the  deposition  of FER1L6 gene  improves  glucose
metabolism  in  IR-HepG2  cells,  possibly  by  promoting EHD2
expression  and  subsequently  facilitating  the  membrane  transport
of GLUT4.

 4    Discussion
Adipose  tissue  is  an  important  site  of  metabolism  and  one  of

the  target  tissues  for  the  development  of  IR[28].  Eud  is  a  bis-
tetrahydrofuran-type  lignan  found  in  a  variety  of  plants,  such  as
Magnoliaceae,  Umbelliferae,  Chrysomelidae,  and  Rutaceae,  and
possesses  a  wide  range  of  biological  activities,  such  as  anti-
inflammatory[29], anti-tumour[30], and anti-convulsant activity[31]. In
addition,  it  has  been  found  that  Eud  is  able  to  interfere  with
adipogenesis  by  inhibiting  the  S6K1  signaling  pathway.[32] This
study  provides  a  theoretical  basis  for  Eud  to  treat  obesity  and
metabolic  diseases.  Insulin  exerts  its  regulatory  effects  on  the
body’s  glucose  and  lipid  metabolism  mainly  through  the
PI3K/AKT signaling pathway, and many literatures have reported
that  the  mechanism of  improving  glucose  metabolism of  natural
products  is  related  to  the  activation  of  PI3K/AKT  signaling[33-35].

However,  there  is  still  a  lack of  studies  on the  activity  of  Eud on
improving  IR.  Here,  we  firstly  chose  3T3-L1  cells  as  the in  vitro
study  object,  and  we  demonstrated  that  Eud  could  improve
Dex-induced  IR  in  3T3-L1  cells,  promote  glucose  uptake  and
metabolism of triglycerides in insulin-resistant cells, and promote
and  thus  ameliorate  IR  by  restoring  the  PI3K/AKT  signaling
pathway,  and  promoting  the  expression  of  GLUT4,  leptin,  and
lipocalin.

It is well known that long-term unhealthy eating habits such as
high  sugar  and  oil  and  lack  of  exercise  lead  to  adipose  tissue
expansion and increased lipid deposition in the body,  which also
induces  hepatic  IR[36, 37].  The  liver  plays  a  central  role  in
maintaining  glucose  homeostasis[38],  and  hepatic  IR  is  an
important  cause  of  many  metabolic  diseases,  such  as  obesity[39],
T2DM[40], and non-alcoholic fatty liver disease[41]. HepG2 cells are
one  of  the  most  commonly  used  cell  lines  to  study  hepatic  IR.
Here,  we  examined  the  effect  of  Eud  on  glucose  metabolism  in
IR-HpeG2  cells  and  analysed  the  effect  of  Eud  on  glucose
metabolism  by  transcriptomic.  The  effect  of  Eud  on  gene
expression in IR-HpeG2 cells showed that Eud improved glucose
metabolism  in  IR-HepG2  cells  by  activating  the  PI3K/AKT
signaling  pathway,  promoting  glycogen synthesis,  and decreasing
gluconeogenesis  processes.  Currently,  the  conventional  classes
of  drugs  used  for  the  treatment  of  type  2  diabetes  include
sulfonylureas[42],  biguanides[43],  PPARγ  agonists[44],  and
α-glucosidase  inhibitors[45].  These  drugs  tend  to  produce  a  range
of  side  effects,  such  as  severe  hypoglycaemia,  weight  gain,
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gastrointestinal  discomfort.  Therefore,  research  on  new  targets
for  diabetes  treatment  and  the  development  of  new  drugs  for
diabetes  treatment  with  fewer  side  effects  and  more  significant
efficacy  have  become  hotspots  for  domestic  and  international
research[19, 46, 47].

In  this  study, FER1L6 is  the  gene  with  the  most  significant
difference in the transcriptomics results, and the expression of this
gene  could  be  significantly  upregulated  in  IR-HepG2  cells  and
diabetic  mice.  With  the  aim  of  finding  new  targets  for  diabetes
treatment,  we  investigated  the  association  of FER1L6 with  the
pathogenesis of IR and the improvement of glucose metabolism in
IR-HepG2  cells  by  Eud.  Knockdown  of FER1L6 expression  in
IR-HepG2  cells  significantly  promoted  cellular  glucose
consumption  and GLUT4 expression.  It  has  been  shown  that
FER1L3,  a  homologous  protein  of  FER1L6,  can  mediate
endocytosis  cycle  and  participate  in  the  transport  of  insulin-like
growth  factor  receptor[48];  another  homologous  protein,  FER1L5
protein,  directly  binds  to  endocytosis  cycle  proteins  EHD1  and
EHD2[26],  which  may  be  involved  in  insulin-induced  GLUT4
transport to the cell  membrane in rat adipocytes[27].  In this study,
the  mRNA expression  of FER1L5, EHD2, GLUT4 was  examined
in cells after FER1L6 knockdown, and the results showed that the
mRNA expression of FER1L5 was compensatorily increased after
knockdown  of FER1L6 expression,  while  the  expression  of  the
mRNA  of EHD2, GLUT4 was  significantly  elevated.  Thus,  we
hypothesised  that  knockdown  of FER1L6 could  improve  IR  by
promoting GLUT4 expression  through EHD2.  However,  animal
models  are  lacking  in  this  study,  and  we  will  continue  to
investigate  the  function  of FER1L6 in  animal  models  in
subsequent studies.

 5    Conclusion
Our study elucidated the mechanism by which Eud alleviates IR

and thereby improves glucolipid metabolism. We found that Eud
ameliorated IR in 3T3-L1 adipocytes, HepG2 cells by restoring the
PI3K/AKT pathway. Meanwhile, we also found that inhibition of
FER1L6 expression promoted GLUT4 expression to  improve  IR.
Although  the  mechanism  of  action  of  FER1L6  in  regulating  IR
remains  to  be  further  elucidated,  our  results  provide  some  basis
for  the  therapeutic  application  of  Eud  in  metabolic  diseases  and
give new targets for the diagnosis and treatment of IR occurrence.
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