
20(S)-ginsenoside Rh1 alleviates T2DM induced liver injury via the
Akt/FOXO1 pathway

SU Wen-Ya1, FAN Mei-Ling2, LI Ying1, HU Jun-Nan1, CAI En-Bo1,
ZHU Hong-Yan1, SONG Ming-Jie1, 3*, LI Wei1, 3*

1 College of Chinese Medicinal Materials, Jilin Agricultural University, Changchun 130118, China;
2 Maternity  Diagnosis  &  Treatment  Center,  the  Affiliated  Hospital  of  Changchun  University  of  Chinese  Medicine,  Changchun
130021, China;
3 National & Local Joint Engineering Research Center for Ginseng Breeding and Development, Changchun 130118, China

Available online 20 Sep., 2022

[ABSTRACT] Diabetes-associated  liver  injury  becomes  a  dominant  hepatopathy,  leading  to  hepatic  failure  worldwide.  The  current
study was designed to evaluate the ameliorative effects of ginsenoside Rh1 (G-Rh1) on liver injury induced by T2DM. A T2DM mod-
el was established using C57BL/6 mice through feeding with HFD followed by injection with streptozotocin at 100 mg·kg−1.. Then the
mice were continuously administered with G-Rh1 (5 and 10 mg·kg−1), to explore the protective effects of G-Rh1 against liver injury.
Results  showed  that  G-Rh1  exerted  significant  effects  on  maintaining  the  levels  of  FBG and  insulin,  and  ameliorated  the  increased
levels of TG, TC and LDL-C induced by T2DM. Moreover, apoptosis in liver tissue was relieved by G-Rh1, according to histological
analysis. Particularly, in diabetic mice, it was observed that not only the increased secretion of G6Pase and PEPCK in the gluconeogen-
esis pathway, but also inflammatory factors including NF-κB and NLRP3 were suppressed by G-Rh1 treatment. Furthermore, the un-
derlying mechanisms by which G-Rh1 exhibited ameliorative effects was associated with its  capacity to inhibit  the activation of the
Akt/FoxO1 signaling pathway induced by T2DM. Taken together, our preliminary study demonstrated the potential mechnism of G-
Rh1 in protecting the liver against T2DM-induced damage.
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Introduction

Type 2 diabetes mellitus (T2DM), known as adult-onset
diabetes, is  characterized  by  high  levels  of  blood  sugar,  in-
sulin  resistance  and  lack  of  insulin,  which  usually  develops
after the age of 35 to 40, and accounts for more than 90% of
patients  with  diabetes [1]. The  complications  of  T2DM  in-
clude cardiovascular diseases, diabetic retinopathy and neph-
ropathy which may cause stroke, blindness, and renal failure,
and constitute the major challenge in diabetes management [2].
The liver is the main site of gluconeogenesis, and indispens-
able for  the  maintenance  of  glucose  homeostasis  by  regulat-
ing  its  uptake/release  and  storage [3-5]. However,  hypergly-

cemia in diabetes may induce hepatocyte injury through initi-
ating  inflammation,  resulting  in  the  development  of  hepatic
diseases [6].

Insulin  is  a  naturally  occurring  hormone  that  helps  the
body regulate  blood glucose  levels.  It  can  also  stimulate  the
liver  to  store  excessive glucose in  the  form of  glycogen and
lipid [7]. Actually, insulin facilitated the suppression of hepat-
ic  gluconeogenesis  by  activating  protein  kinase  B  (Akt),
which in  turn  deactivated  the  key  gluconeogenic  transcrip-
tion  factor,  Forkhead  Box  O1  (FOXO1) [8, 9].  Then,  FOXO1
directly  bound to  the  promoters  of  genes  encoding key rate-
controlling  enzymes,  such  as  glucose-6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxylase (PEPCK), in
the process  of  gluconeogenesis  to  strengthen  their  transcrip-
tion under the contition of T2DM [10]. Akt was also involved
in the inhibition of FOXO through phosphorylation, resulting
in the  translocation  of  FOXO  from  the  nucleus  to  the  cyto-
plasm [11].  Furthermore,  chronic  inflammation  is  recognized
as  a  major  feature  of  T2DM  and  associated  with  enhanced
regulation  of  inflammatory  factors.  Nuclear  factor  kappa  B
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(NF-κB) is a protein transcriptional factor involved in the de-
velopment of inflammation upon activation by external stim-
uli, and its elevated secretion may lead to hyperlipidemia and
insulin resistance, resulting in hepatocytic pathogenesis [12, 13].
When activated, NF-κB bound to regulatory DNA sequences,
and triggered the  production of  a  range of  inflammatory cy-
tokines, such as TNF-α and IL-1β [14]. The nucleotide-binding-
domain  (NBD)-and  leucine-rich  repeat  (LRR)-containing
(NLR) family,  pyrin-domain-containing  3  (NLRP3)  inflam-
masome was considered another pivotal factor for inflamma-
tion.  Yet,  NF-κB was  required  for  NLRP3 activation:  a  NF-
κB-dependent  priming  signal  responsible  for  the  up-regula-
tion  of  IL-1β and  NLRP3  was  followed  by  a  second  one
which involved with triggering the assembly and activation of
the NLRP3 inflammasome [15].  In addition, numerous studies
have  shown  that  the  PI3K/Akt  signaling  pathway  regulates
cell  proliferation,  differentiation,  apoptosis,  and  migration
through inhibiting  the  expression  of  downstream  target  pro-
tein  NF-κB [16, 17].  Previous  studies  showed  that  ginsenoside
Rg1  inhibited  glucagon-induced  hepatic  gluconeogenesis
through Akt-FOXO1 interaction [18, 19].

Ginseng  (Panax  ginseng C.  A.  Meyer)  is  a  well-known
medicinal herb  that  has  been  used  for  the  treatment  of  dia-
betes  in  China  and  recognized  worldwide [20].  According  to
previous studies,  protopanaxatriol  saponins were effective in
the prevetion and treatment  of T2DM [21], expeically ginsen-
oside  Rh1  (G-Rh1)  (Fig.  1A),  a  major  biologically  active
components converted from ginsenoside Re [22, 23].  To date, it
is  unclear,  however,  whether  G-Rh1  can  relieve  liver  injury
induced by T2DM. Based on the current findings, we specu-
lated that G-Rh1 is involved in the regulation of hepatic gluc-
oneogenesis and lipid metabolism via the Akt/FOXO1 signal-
ing  pathway,  so  as  to  modulate  the  risks  of  hyperlipidemia
and inflammation  induced  by  T2DM.  To  verify  this  hypo-
thesis,  we  investigated  whether  G-Rh1  can  inhibite  FOXO1
expression to suppress the expression of G6Pase and PEPCK,
and  inhibit  the  activation  of  NLRP3  induced  by  T2DM
to modulate inflammation using a mouse model. 

Materials and Methods
 

Reagents
G-Rh1 (purity > 98% by HPLC) was converted from Re

and  purified  by  semi-preparative  HPLC  in  our  laboratory.
High fat diet (HFD) consisting of 20% carbohydrate, 45% fat
and  35% protein,  was  purchased  from  Research  Diets  Inc.
(No.  D12492,  60% kcal)  and  used  for  inducing  diabetes  in
mice.  Streptozocin  (STZ)  was  purchased  from  Sigma  (St.
Louis, MO,  USA).  The  alanine  aminotransferase  (ALT),  as-
partate aminotransferase (AST),  triglyceride (TG),  total  cho-
lesterol  (TC),  low-density  lipoprotein  cholesterol  (LDL-C),
high-density lipoprotein  cholesterol  (HDL-C)  and  hem-
atoxylin-eosin (H&E)  kits  were  obtained  from  Nanjing  Ji-
ancheng Bioengineering Research Institute (Nanjing, China).
The insulin (INS) ELISA kit  was purchased from R&D sys-
tems (Minneapolis, MN, USA). The rabbit anti-mouse mono-
clonal antibodies FOXO1, p-FOXO1, Akt and p-Akt, NF-κB
and  p-NF-κB,  NLRP3,  ASC,  TNF-α,  IL-1β,  Caspase  1  and
Cleaved Caspase 1 were purchased from Cell Signaling Tech-
nology (Danvers,  MA,  USA).  The  rabbit  anti-mouse  mono-
clonal  antibodies  G6Pase  and  PEPCK  were  purchased  from
Proteintech (Rosemont, IL, USA). 

Animals and experimental design
A total of 40 male adult C57BL/6 mice, weighing 20−25

g, were purchased from Beijing Huafukang Experimental An-
imal Co., Ltd. (Certificate No. SCXK (Jing) 2014-0004). The
mice  were  maintained  at  22  ±  2  °C,  60% ±  10% humidity
with 12 h light/dark cycle and free access to commercial pel-
let diet and water. All the mice were initially acclimatized to
the environment  for  one  week  before  T2DM induction.  An-
imal investigations were performed according to the Regula-
tions  of  Experimental  Animal  Administration  issued  by  the
Ethical Committee  for  Laboratory  Animals  at  Jilin  Agricul-
tural University.

The mice were randomly divided into four groups: a nor-
mal  group,  a  T2DM model  group,  and  a  T2DM + G-Rh1-L
group  and  a  T2DM  +  G-Rh1-H  group.  Briefly,  mice  in  the
normal  group  were  injected  with  a  certain  volume  of  0.5%
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Fig. 1    Structure of G-Rh1 (A), and schematic representation for the induction of T2DM in C57BL/6 mice (B)
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CMC-Na depending on body weight and received a standard
balanced diet [24]. To induce T2DM, mice were fed with HFD
for consecutive  four  weeks,  followed  by  intra-peritoneal  in-
jection of streptozotocin (STZ) at 100 mg·kg−1 dissolved in a
freshly  prepared  0.1  mol·L−1 citrate  buffer  at  pH  4.2−4.4.
HFD feeding was conducted throughout  the experiments [24].
To evaluate the effect of G-Rh1 on diabetes, four weeks after
STZ injection, diabetic rats were administered by gastric gav-
age with G-Rh1 (5 and 10 mg·kg−1) for eight weeks, and then
divided into two groups,  namely a  T2DM + G-Rh1-L group
and a T2DM + G-Rh1-H group, respectively. During G-Rh1
administration,  the  levels  of  fasting  blood  glucose  (FBG)
were measured weekly to determine the occurrence of hyper-
glycemia  using  an  ACCU-CHEK  Performa  blood  glucose
monitoring  system  (Roche  Diagnostics  GmbH,  Germany).
Mice with blood glucose levels between 7.8 and 16.67 mmol·L−1

were  considered  to  have  hyperglycemia [5].  The  mice  were
sacrificed after eight weeks of G-Rh1 treatment (Fig.1). 

Detection of serum levels of ALT, AST and INS
The  primary  indicators  for  liver  functions,  alanine

aminotransferase  (ALT)  and  aspartate  aminotransferase
(AST), were  measured  using  alanine  and  aspartate  amino-
transferase assay kits, respectively [25]. Briefly, after the mice
were sacrificed,  blood was collected before centrifugation at
1000 × g at 4 °C for 10 min. Then, the serum was taken, and
incubated  with  specific  substrates  provided  by  the  kits  in  a
fresh 96-well plate at 37 °C for 30 min, followed by color de-
velopment  with  specific  color  developers.  The  plates  were
read  at  a  wavelength  of  510  nm.  The  serum level  of  insulin
(INS) was determined by an ELISA kit (R&D systems, USA)
according to the manufacturer’s instructions, and the absorb-
ance  was  determined  at  450  nm (Bio-Rad,  Hercules,  CA,
USA). 

Measurement of TC, TG, HDL-C, and LDL-C in serum
Blood  samples  of  the  mice  were  collected  followed  by

centrifugation  at  1000  × g at  4  °C  for  10  min.  The  serum
levels of total cholesterol (TC), triglycerides (TG), high-dens-
ity lipoprotein cholesterol and low-density lipoprotein choles-
terol (HDL-C and LDL-C) were detected according to the in-
structions of the corresponding commercial kits. 

Histopathological examination
To examine histopathological changes in the liver,  fresh

hepatic  tissues  were  fixed  in  10% neutral  formalin  and  then
embedded  in  paraffin.  The  paraffin-embedded  tissue  blocks
were cut into 5 μm-thick sections. Then, histological analysis
was carried out and the sections were stained with H&E dye
as previously described [25].  Finally,  the pathological changes
of the  liver  tissues  were  observed  under  an  optical  micro-
scope (Leica, DM750, Solms, Germany). 

Immunofluorescence staining
Immunofluorescence staining was performed to measure

the levels of target proteins [26]. Briefly, deparaffinized and re-
hydrated liver  sections  (5  μm) were  treated  with  citrate  buf-
fer  at  0.01  mol·L−1,  pH  6.0  for  20  min.  After  washed  with
PBS  for  three  times,  the  sections  were  incubated  with  1%

BSA at  room temperature  for  another  10  min  to  block  non-
specific  binding,  before  exposure  to  the  following  primary
antibodies: mouse anti-Bax and anti-Bcl-2 at a ratio of 1 : 200
respectively at 4 °C overnight. Then, the sections were incub-
ated  with  SABC-DyLight  488  (BOSTER,  Wuhan,  China)  at
37  °C  for  12  h,  and  stained  with  4,6-diamidino-2-
phenylindole  (DAPI).  The  sections  were  observed  under  a
fluorescence microscope (Leica TCS SP8, Germany). The in-
tensity  of  immunofluorescence  was  analyzed  using  Image-
Pro plus  6.0  software  (software  Media  Cybernetics,  Rock-
ville, MD, USA). 

Hoechst 33258 staining
To  assess  the  extent  of  apoptosis  in  the  liver  cells  of

T2DM mice, Hoechst 33258 staining was performed as previ-
ously  described  with  some  modifications [26].  In  brief,  5-μm
paraffin-embedded  liver  sections  were  stained  with  Hoechst
33258 solution at 10 μg·mL−1 for 5 min, and then the apoptot-
ic nuclei were observed under an UV excitation fluorescence
microscope (Leica TCS SP8, Germany). 

Western blot
Total protein was extracted from liver tissues with RIPA

buffer at ratio of 1∶10 (W/V) using BCA Protein Assay Kit
(Beyotime  Biotechnology,  Shanghai,  China).  Western  blot
was performed as previously described with modifications [27].
In  this  study,  proteins  were  separated  by  12% sodium do-
decyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-
PAGE), and then transferred to polyvinylidene fluoride mem-
brane  (PVDF).  The  membrane  was  first  blocked  with  5%
(W/V)  defatted  milk  to  remove non-specific  binding for  2  h,
and then incubated with primary antibodies at various ratios:
Akt (1∶500), p-Akt (1∶500), NF-κB p65 (1∶1000), p-NF-
κB  (1∶1000),  NLRP3  (1∶1000),  ASC  (1∶1000),  TNF-α
(1∶1000),  IL-1β (1∶1000),  FOXO1  (1∶1000),  p-FOXO1
(1∶1000),  Caspase  1  (1∶1000),  Cleaved  caspase  1
(1∶1000),  Bax  (1∶1000),  Bcl-2  (1∶1000),  G6Pase
(1∶2000), and PEPCK (1∶1000) at 4 °C overnight. β-Actin
(1∶1000) was  used  as  a  loading  control.  Then,  the  mem-
brane was  washed  three  times  with  TBST,  and  then  incub-
ated  with  secondary  antibodies  at  room temperature  for  2  h.
Finally,  the  blots  were  detected with  Emitter  Coupled Logic
substrates  (Thermo  Scientific,  USA)  and  densitometry  was
performed by Image-Pro plus 6.0 software (Media Cybernet-
ics, Rockville, MD, USA). 

Molecular docking
The initial protein structure used in this study was down-

loaded  from  the  protein  data  bank  (PDB),  The  PDB  ID  for
FOXO1  was  6QZS.  The  structure  of  G-Rh1  was  selected
from  PubChem  database  (https://pubchem.ncbi.nlm.nih.
gov/).  The  3D  structure  of  G-Rh1  was  drawn  using  the
ChemBio3D Ultra  14.0  software  (Cambridge  Soft  Corpora-
tion, Cambridge, MA, USA). Energy minimization of small-
molecule  structures  was  performed  using  the  MM2  energy
minimization function in ChemBio3D Ultra, and utilizing Py-
MOL software to dehydrate the target protein receptor and re-
move organic matter [28].  AutoDockTools 1.5.6 software was
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used to remove water molecules, perform hydrogenation, and
calculate  the  charge  of  the  protein.  The  structure  was  then
saved in the “pdbqt” format. Finally, Vina (.exe) was run to
assess  molecular  docking.  The  docking  results  of  each  core
target  protein  and  the  compound  with  good  binding  ability
was displayed in 3D map through PyMOL software. 

Statistical analysis
Data  are  expressed  as  the  means  ±  standard  deviation

(SD). Student’s t-test was employed for comparisons between
two groups. Multiple comparisons were performed using one-
way  ANOVA  followed  by  Bonferroni’s post  hoc  test.  Ana-
lyses  were  performed  using  GraphPad  Prism  8.0.1.  (Graph-
Pad  Software,  La  Jolla,  CA,  USA).  A P values  of  less  than
0.05 or 0.01 were a statistical difference. 

Results
 

G-Rh1 ameliorated FBG and INS Levels in T2DM mice
Insulin  is  a  hormone  which  plays  a  crucial  role  in  the

maintenance of blood glucose levels, as well as glycogen syn-
thesis, fat  storage,  and  protein  synthesis  in  the  body.  Defi-
ciency or inability to respond to insulin may lead to diabetic
manifestations [29]. In the current  study,  a  significance reduc-
tion of  the  levels  of  fasting  blood  glucose  (FBG)  was  ob-
served  in  T2DM  mice after  administration  with  G-Rh1  for
eight weeks (P < 0.01) (Fig. 2A). In addition, the declined in-
sulin level in the mice of the T2DM group was relieved upon
exposure  to  5  and  10  mg·kg−1 G-Rh1  for  eight  weeks  (Fig.
2B), demonstrating  the  protective  effects  of  G-Rh1 on  gluc-
ose homeostasis. 

G-Rh1 relieved T2DM-induced dyslipidemia
As shown in Fig. 2, the serum levels of TC, TG, LDL-C

and HDL-C in the T2DM group were significantly enhanced
(P < 0.01) (Figs. 2C−2F). Although a slight increase in HDL-
C levels showed protective effects, abnormal metabolism ap-
peared  in  the  liver  when  HDL-C  was  excessive [30].  In  this
study, HDL-C levels decreased to the baseline upon the addi-
tion of G-Rh1-H (P < 0.05). However, at the T2DM + G-Rh1-
L group, the deteriorated indicators were not alleviated in dia-
betic mice. 

G-Rh1 improved T2DM-induced hepatic dysfunction
AST and ALT are the primary indicators for  liver  func-

tions [31]. In the present study, HFD feeding followed by STZ
injection  resulted  in  significant  increased  levels  of  ALT and
AST in  the  T2DM group  (P < 0.01),  indicating  the  success-
ful establishment  of  a  T2DM model  in  mice.  After  adminis-
tration  with  G-Rh1  (5  and  10  mg·kg−1)  for  eight  weeks,  the
elevated  serum  levels  of  ALT  and  AST  were  suppressed  in
diabetic mice (P < 0.01 or P < 0.05)  (Figs. 2G−2H).

Furthermore,  H&E staining  showed that  a  large  amount
of fat vacuoles were formed in the cytoplasm of hepatocytes
in  the  T2DM  group,  with  weak  nuclear  staining,  while  the
nuclei  were  squeezed  to  one  side,  or  even  disappeared.
However,  G-Rh1  administration  prevented  severse  damage
on  the  liver  cells  in  a  dose-dependent  manner  (P <  0.01),
where  the  nucleus  and  hepatic  central  vein  restored  back  to

the normal at the indicated doses of G-Rh1 (Fig. 2I). 

G-Rh1  regulated  liver  gluconeogenesis  via  the  Akt/FOXO1
signaling pathway

According  to  previous  reports,  Akt  activation  inhibited
FOXO1 phosphorylation,  which  then  inhibited  the  expres-
sion of G6Pase and PEPCK genes, leading to the suppression
of  gluconeogenesis [19].  To  confirm  the  involvement  of  the
AKT/FOXO1 signaling pathway in gluconeogenesis,  the ex-
pression of ATK, FOXO1, and G6Pase, and PEPCK was ana-
lyzed by Western blot (Figs. 3A−3C). In this study, a down-
regulated FOXO1 phosphorylation by Akt was observed (P <
0.01). Furthermore,  immunofluorescence  staining  demon-
strated  that  G-Rh1 (5  and  10  mg·kg−1) modulated  gluconeo-
genesis by inhibiting the increased expression of G6Pase and
PEPCK induced  by  T2DM  in  diabetic  mice  to  various  ex-
tents (P < 0.01) (Figs. 3D−3E).

To explore  the  interaction between G-Rh1 and FOXO1,
an  in  silico  molecular  docking  study  was  performed.  The
binding modes of G-Rh1 to FOXO1 were predicted by Auto-
dock.  As  shown  in Fig.  3I,  G-Rh1  formed  two  hydrogen-
bonds  with  FOXO1  by  interacting  with  ASP-97  and  TYR-
128.  The  binding  energy  of  G-Rh1  to  FOXO1  was  −6.9
kcal·mol−1.  Then,  the  interactions  between  G-Rh1  and
G6Pase,  and between G-Rh1 and PEPCK were investigated.
The  binding  energy  of  G-Rh1  to  G6Pase  and  PEPCK  was
−7.5 and −6.8 kcal·mol−1, respectively. 

G-Rh1 mitigated T2DM-induced inflammatory responses
Previous  studies  indicated  that  activation  of  NF-κB,  the

central inflammatory transcription factor, increased the secre-
tion of inflammatory cytokines, such as IL-1β, IL-6 and TNF-
α [32, 33]. Therefore, in the current study, we examined wheth-
er NF-κB activation was involved in the regulation of TNF-α
and  IL-1β expression  in  diabetic  mice.  As  shown  in Figs.
4A−4B,  the  activated  NF-κB  in  T2DM  mice  stimulated  the
levels of TNF-α and IL-1β (P < 0.01), as well as the levels of
NLRP3, ASC and Caspas1 (P < 0.01, 0.05 and 0.01 respect-
ively), which were then reduced after G-Rh1 administration. 

G-Rh1 suppressed T2DM-induced apoptosis
Hoechst 33258 staining was  performed to  evaluate  hep-

atocyte  apoptosis.  Bax  and  Bcl-2  are  the  major  regulatory
genes responsible for apoptosis [34]. The two factors worked in
an opposite manner, where Bcl-2 inhibits and Bax stimulates
cell  apoptosis.  Results  showed  that  the  number  of  apoptotic
liver cells significantly increased in the T2DM group but then
decreased  after  G-Rh1  treatment  (Figs.  5A−5B). Further-
more,  G-Rh1  administration  improved  the  over-expression
and under-expression  of  Bax  and  Bcl-2  in  T2DM  mice,  re-
spectively,  according  to  Western  blot  analysis  (p <  0.05)
(Figs. 5C−5I). 

Disscussion

In type  2  diabetes  mellitus  (T2DM),  chronic  inflamma-
tion  is  closely  associated  with  the  development  of  diabetic
complications, such as insulin resistance,  cardiovascular  dis-
eases, and renal failure [35]. Insulin is a hormone that involves
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in the maintenance of blood glucose by converting excessive
glucose in  blood  circulation  into  glycogen  in  tissues  includ-
ing the liver and muscles, keeping blood glucose at a certain
level  and  promoting  the  synthesis  of  fats  and  proteins [36, 37].
However, insufficient  insulin  secretion  and/or  insulin  resist-
ance  may  result  in  glucose  and  lipid  metabolism  disorders.
According  to  recent  studies,  ginsenoside  Re  has  been  found
to exert  anti-diabetic effect,  while ginsenoside Rg1 inhibited
glucagon-induced liver  gluconeogenesis  via the  Akt/FOXO1
signaling pathway [19, 20].

The liver, muscle, and brain are the primary targets of in-
sulin. The liver is the principal organ associated with glycol-
ipid  metabolism  and  regulation  of  insulin  resistance  in
T2DM [38], and also supposed to be damaged by this disease [39].
In the current study, the levels of TC, LDL-C, TG, and HDL-
C as well  as  the levels  of  ALT and AST increased in the of
T2DM  group,  indicating  liver  damages  in  diabetic  mice.
However, increased  serum levels  of  ALT and AST were  re-

duced  upon  administration  with  G-Rh1,  where  the  effect  of
10 mg·kg−1 G-Rh1 was more prominent.  Meanwhile,  the  in-
dices  of  blood  lipid  metabolisms,  such  as  HDL-C,  LDL-C,
TG, and TC were also improved.

PI3K/Akt  plays  a  crucial  role  in  glucose  homeostasis
through regulating glucose production in the liver and uptake
in  thr  muscles  and  fats [40].  Prveiouis  studies  indicated  that
FOXO1,  a  transcription  factor,  was  negatively  regulated
through  phosphorylation  by  activating  Akt  (p-Akt) [41].
FOXO1 also up-regulated the expression of phosphoenolpyr-
uvate  carboxy  kinase  (PEPCK)  and  glucose-6-phosphatase
(G6Pase) genes  by  direct  binding  to  their  regulatory  se-
quences and through the interaction with nuclear receptors [42].
Intriguingly,  molecular  docking  demonstrated  that  FOXO1
formed  hydrogen  bonds  with  ASP-97  and  TYR-128  in  the
active  pocket  of  G-Rh1.  Consistent  with  previous
studies [10, 11, 19], we found pronounced down-regulated expres-
sion of phosphorylated-Akt (p-Akt), as well we the increased
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Fig. 2    G-Rh1 ameliorated blood glucose, insulin levels, dyslipidemia, and hepatic dysfunction in T2DM mice. (A) Blood glucose
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expression  of  phosphorylated  FOXO1  (p-FOXO1),  PEPCK
and G6Pase in T2DM mice. Western blot analysis revealed a
reverse tendency of the expression of p-Akt and p-FOXO1 in
the T2DM mice (Fig. 3), which were modulated after admin-

istration  of  G-Rh1.  Furthermore,  G-Rh1  efficiently  reduced
HFD-induced  expression  of  gluconeogenesis  enzymes,  such
as PEPCK  and  G6Pase.  In  the  current  study,  G-Rh1  regu-
lated gluconeogenesis via the Akt/FoxO1 signaling pathway,
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which in turn inhibited the production of hepatic glucose.
Despite a beneficial response to restore tissue homeostas-

is,  inflammation  may  cause  tissue  injury  when  it  is  severse
and maintains for a long time. Liver inflammation was likely
to  cause  insulin  resistance  associated  with  chronic  diseases
such as T2DM [43, 44]. The FOXO1 and NF-κB pathways were
convergent in IL-1β gene expression. Under clinical complic-
ations of obesity and diabetes, FOXO1 signaling plays an im-
portant role  in  coupling  proinflammatory  cytokines  produc-
tion  with  insulin  resistance via NF-κB [45].  Activation  of
NLRP3 inflammasome  promoted  Caspase-1  and  the  sub-
sequent release of pro-inflammatory cytokines IL-1β and IL-
18 [46]. In the current study, the anti-inflammatory effects of G-
Rh1 were examined through measuring the levels of NF-κB,
cytokines  TNF-α and  IL-1β in  mice  treated  with  G-Rh1  at
different doses. As expected, the increased expression of TNF-
α, IL-1β and NLPR3 in T2DM mice were alleviated after ad-
ministration  with  G-Rh1 (Fig.  4). Moreover,  extensive  stud-
ies have indicated that inflammatory reactions promote apop-
tosis [24, 47],  which was also demonstrated in the current study
(Fig.  5).  Interestingly,  a  reverse  trend  of  the  expression  of
anti/pro-apoptotic  protein  Bcl-2/Bax  was  observed  after  G-
Rh1  treatment,  with  significant  up-  and  down-regulation  of
Bcl-2  and  Bax,  respectively.  G-Rh1  showed  a  pronounced
protective effect  against  liver  inflammation  through  regulat-
ing NF-κB activity and inhibiting the expression of pro-apop-
tosis protein.

In conclusion,  ginsenoside  Rh1  shows  significant  pre-
ventive effect against the development of T2DM in C57BL/6
mice. Ginsenoside Rh1 is involved in the regulation of hepat-
ic  gluconeogenesis  via the  Akt/FoxO1  signal  pathway.  The
down-regulated FOXO1 by G-Rh1 inhibits the expression of
the key enzymes, PEPCK and G6Pase during gluconeogenes-
is, so as to regulate blood glucose levels. Furthermore, G-Rh1
can alleviate inflammatory responses and apoptosis in the liv-
er  induced  by  T2DM,  improve  liver  functions  by  regulating
the metabolism of liver glucose and lipid, and prevent the de-
velopment  of  diabetic  complications  (Fig.  6). These  prom-
ising findings will promote the clinical application of G-Rh1
in the treatment of T2DM.
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