Journal of Traditional and Complementary Medicine 14 (2024) 424-434

Contents lists available at ScienceDirect

Y Journal of Traditional and Complementary Medicine
J T

journal homepage: www.elsevier.com/locate/jtcme

Check for

Atractylodes macrocephala Koidz. and Cuscuta chinensis Lam. extract relieves &
insulin resistance via PI3K/Akt signalling in diabetic Drosophila

Yinghong Li*', Ye Xu™', Biwei Zhang afﬁ, Zhigang Wang “, Leilei Ma ™ > Longyu Sun?,
Xiuping Wang, Yimin Lin ¢, Ji-an Li®™"", Chenxi Wu®"

& Hebei Key Laboratory of Integrated Traditional Chinese and Western Medicine for Diabetes and Its Complications, College of Traditional Chinese Medicine, North China
University of Science and Technology, 21 Bohai Road, Tangshan, 063210, China

b School of Public Health, North China University of Science and Technology, 21 Bohai Road, Tangshan, 063210, China

¢ Institute of Coastal Agriculture Hebei Academy of Agriculture and Forestry Sciences, Tangshan, 063299, China

d First Hospital of Qinhuangdao, 258 Wenhua Road, Qinguangdao, 066000, China

ARTICLE INFO ABSTRACT
Keywords: Background and aim: Type-2 diabetes mellitus (T2DM) is mainly characterized by insulin resistance (IR) induced
Atractylodes macrocephala Koidz by hyperglycaemia and insufficient insulin secretion. We employed a diabetic fly model to examine the effect and
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PI3K/Akt

molecular mechanism of Atractylodes macrocephala Koidz. and Cuscuta chinensis Lam. (AMK-CCL) extract as
traditional Chinese medicine in treating IR and T2DM.

Experimental procedure: The contents of the active ingredients (rhamnose, xylose, mannose, and hyperoside) in
AMK-CCL extract were determined by high-performance liquid chromatography. Wild-type (Cg-GAL4/+) or
diabetic (Cg > InR¥14%°) Drosophila flies were divided into the control group or metformin group and AMK—-CCL
(0.0125, 0.025, 0.05, 0.1 g/ml) groups. Food intake, haemolymph glucose and trehalose, protein, weight, tri-
glycerides (TAG), and glycogen were measured to assess glycolipid metabolism. Phosphatidylinositol-3-kinase
(PI3K)/Akt signalling was detected using fluorescent reporters [tGPH, Drosophila forkhead box O (dFoxO)-
green fluorescent protein (GFP), Glutl-GFP, 2-NBDG] in vivo. Glutl/3 mRNA levels and Akt phosphorylation
levels were detected by quantitative polymerase chain reaction and western blotting, respectively, in vitro.
Results: AMK-CCL extract contained 0.038 % rhamnose, 0.017 % xylose, 0.69 % mannose, and 0.039 %
hyperoside. AMK-CCL at 0.0125 g/mL significantly suppressed the increase in circulating glucose, and the
decrease in body weight, TAG, and glycogen contents of diabetic flies. AMK-CCL improved PI3K activity, Akt
phosphorylation, Glutl/3 expression, and glucose uptake in diabetic flies, and also rescued diabetes-induced
dFoxO nuclear localisation.

Conclusions: These findings indicate that AMK-CCL extract ameliorates IR-induced diabetes via the PI3K/Akt
signalling pathway, providing an experimental basis for clinical treatment.

Abbreviations: AMK, Atractylodes macrocephala Koidz.; CCL, Cuscuta chinensis Lam.; T2DM, Type-2 Diabetes Mellitus; TCM, traditional Chinese medicine; IR,
Insulin Resistance; PI3K, phosphatidylinositol-3-kinase; TAG, Triglycerides; HPLC, high-performance liquid chromatography; dFoxO, Drosophila Forkhead Box O;
qRT-PCR, quantitative Real-Time PCR; Rp49, Ribosomal protein 49; 2-NBDG, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-p-glucose; GLUT, Gucose trans-
porter; DN, dominant-negative; PDK, 3-phosphoinositide-dependent protein kinase; mTORC2, mechanistic target of rapamycin complex 2; GSK3p, glycogen synthase
kinase 3f; TSC2, tuberous sclerosis complex 2; LncRNA, long non-coding RNA.
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1. Introduction

Recently, there has been an increase in the number of people with
diabetes globally, with type-2 diabetes mellitus (T2DM) accounting for
more than 90 % of these cases.! T2DM is a chronic metabolic disorder
with a high incidence rate, which is mainly characterised by insulin
resistance (IR) caused by hyperglycaemia and insufficient insulin
secretion.” IR is a core defect of T2DM, defined as suppressed sensitivity
to the physiological effects of insulin in the body, limiting the ability of
insulin to induce its regular biological effects.® Therefore, ameliorating
IR to prevent and treat diabetes has attracted considerable research
attention.

In traditional Chinese medicine (TCM), diabetes is classified into the
‘wasting, thirst, and heat’ category, characterised by fatigue, polydipsia,
polyphagia, and polyuria.” Over the years, poor ‘spleen’ and ‘kidney’
functions were considered the main causes of wasting and thirsting
disease in TCM.® Thus, improving spleen and kidney function is a
common approach in diabetes prevention and treatment. Atractylodes
macrocephala Koidz. (AMK; Chinese name, Baizhu) has a bitter-sweet
taste and is known to stimulate the spleen and stomach meridian, ac-
cording to TCM.® Modern pharmacological studies have shown that
AMK effectively lowers fasting blood sugar and plasma insulin levels and
increases the insulin sensitivity index.” Cuscuta chinensis Lam. (CCL;
Chinese name, Tusizi) has a pungent-sweet taste, which is believed to
target the liver and kidney meridians in TCM, with the mature seeds
being a popular ingredient in medicinal drugs. Previous studies have
demonstrated that the CCL polysaccharide and its active ingredient
hyperoside can improve the pathological states of polyphagia, poly-
dipsia, polyuria, and weight loss in diabetic rats, as well as lower IR.®
Therefore, inspired by Xuemin Zhao’s Compendium (GangMuShiYi) in the
Qing Dynasty, who used AMK combined with CCK to treat ‘weakness
and emaciation’, we hypothesised that the combination of these two
drugs would give full play to their effects of invigorating the spleen and
tonifying the kidney, providing a new theoretical basis for the ‘simul-
taneous treatment of the spleen and kidney’ in IR and T2DM treatment.

Drosophila melanogaster has become a classic model organism to
study different diseases owing to several advantages over other common
model organisms (e.g. rats and mice), including low feed cost, rapid
speed of reproduction, large number of offspring, short life cycle,
simplicity of genetic manipulation, and absence of ethical issues.” In
particular, Drosophila has emerged as an ideal experimental organism for
investigating the pharmacodynamics of glucose and lipid metabolism
and related diseases.'”!' The metabolism-related regulation of classic
biochemical pathways, signalling pathways, and protein factors are
highly conserved between flies and mammals.'? The insulin-like pepti-
des/insulin receptor (InR)/insulin receptor substrate (IRS) modules and
downstream phosphatidylinositol-3-kinase (PI3K)/Akt signalling
pathway in Drosophila is similar to the insulin/PI3K/Akt signalling
pathway in humans based on functions and modes of regulation.'*'° In
contrast to the common high-calorie diet-induced diabetic model, the
Cg > InR¥*%A diabetic fly model is established by ectopically
expressing a dominant-negative form of InR (UAS-InR¥'*%°A) specif-
ically in the fat body (equivalent to the mammalian adipose tissue and
liver) by a GAL4/UAS expression system.'® This misdirected expression
of InR¥M9°A jnterferes with the physiological functions of endogenous
InR, thereby reducing the activity of insulin signalling and causing IR.
Accordingly, this model was considered to be suitable to explore the
influence of drugs or active ingredients on IR more specifically. In
addition, recent in-silico techniques have been applied to improve the
exploration of the molecular mechanisms of diseases and provide new
directions for treatment.'”2°

Therefore, to test our hypothesis, we employed the well-established
Cg > InR¥!40%A Drosophila diabetic model to explore the effect and un-
derlying molecular mechanism of AMK-CCL extract against IR and
T2DM, providing an experimental foundation for a potential TCM-based
therapeutic strategy in the clinical treatment of diabetes and associated
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diseases.
2. Material and methods
2.1. AMK-CCL extract preparation

The two TCM herbs, AMK and CCL (Fig. 1A and B), were purchased
from Beijing Tongrentang Tangshan Chain Store Drug Store Co., Ltd. and
identified by Professor Li Ji-an at North China University of Science and
Technology. The manufacturer and batch number of each crude herb are
listed in Supplementary Table 1. AMK and CCL extracts>"»>*> were pre-
pared in accordance with ancient records using modern Chinese medi-
cine extraction methods. Briefly, 100 g of AMK and 100 g of CCL were
weighed, separately ground into a coarse powder, and soaked in 1 L of
40 % ethanol for 48 h, followed by filtration of the infusion solution and
centrifugation at 4200xg for 2 h at 25 °C. The supernatant was extracted
for subsequent use, and the remaining residues were decocted with 1 L
of deionised water for 1 h, followed by filtration and centrifugation at
4200xg for 4 h. The two supernatants from both processes were mixed at
a ratio of 1:1 and filtered using a 0.45-pm sieve. The extract (0.4 g/mL)
was retrieved for subsequent use (Fig. 1C; Supplementary Fig. 1).

2.2. Quality control by high-performance liquid chromatography (HPLC)

The quality of the AMK-CCL extract was assessed according to the
contents of the primary active ingredients rhamnose, xylose, mannose,
and hyperoside. Standard compounds were obtained from the National
Institutes for Food and Drugs Control. The contents of each compound
were determined on a Shimadzu LC-20A HPLC system equipped with an
Agilent Eclipse XDB-C18 column (4.6 mm x 250 mm, 5 pm). The mobile
phase flow rate was 1 mL/min and the column temperature was 40 +
1 °C. The mobile phase for rhamnose, xylose, and mannose detection
was acetonitrile (A) and 0.02 mol/L ammonium acetate solution (B) (A:
B = 20:80), and the measurement wavelength was 250 nm. The mobile
phase of hyperoside detection was acetonitrile (C) and 0.1 % phosphoric
acid solution (D) (C:D = 17:83), and the measurement wavelength was
360 nm.®

2.3. Drosophila strains and treatments

Flies were maintained on a standard sucrose/cornmeal-based me-
dium (1000 mL basal medium preparation: 50 g sucrose, 60 g corn flour,
10 g agar, 30 g yeast, 6 mL propionic acid, and 1000 mL double-distilled
water) at 25 °C in a 12-h light-dark cycle incubator with 55-65 %
relative humidity. The Drosophila stocks w'!'® (#3605), Cg-GAL4
(#7011), UAS-InR®M%9A  (#8253), tGPH (#8164), dFoxO-GFP
(#37585), Glut1™0?222 (#33178), and Glut1MPO1>%0 (#23196) were
obtained from Bloomington Drosophila Stock Centre. The crossing
scheme for all groups is shown in Supplementary Fig. 2.

To determine the anti-diabetic effect of the AMK-CCL extract, flies
with the Cg > InR¥!%9A genotype (diabetic model) were raised from the
fertilized ovum/egg stage to third-instar larval stage in medium con-
taining AMK-CCL or metformin (Met) as a positive control. The pre-
pared AMK-CCL extract was directly mixed into the basal food at a
concentration of 0.0125, 0.025, 0.05, or 0.1 g/mL. Flies in control and
model groups were maintained on the standard basal-medium diet,
while those in the Met (10 mM)'®** and AMK-CCL (0.0125, 0.025, 0.05,
or 0.1 g/mL) groups were maintained in media containing the treat-
ments at the respective levels approximately 6 days before all samples
were collected and analysed. All crossing assays were performed using
healthy, unmated male and female parents.

2.4. Food intake

Since the addition of the drugs could potentially influence energy
intake and directly affect the metabolism of the organism, we examined
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Fig. 1. High-performance liquid chromatography (HPLC) analysis of AMK-CCL. Photographs of Atractylodes macrocephala Koidz (AMK, Baizhu), (A) Cuscuta chinensis
Lam (CCL, Tusizi) (B), and their extracts in centrifuge tubes (C). HPLC chromatograms of the AMK extract (D) and CCL extract (E). Four major compounds were
identified and compared with the standards using HPLC. Rhamnose, xylose, mannose, and hyperoside were identified using HPLC. The detection wavelengths for
rhamnose, xylose, mannose (D, 250 nm) and hyperoside (E, 360 nm) with peaks indicated by red arrows.

the potential influence of the drugs on food intake using the wild-type
strain w'!!8, Early third-instar larvae were starved for 2 h under
adverse food conditions (0.8 % agar in phosphate-buffered saline [PBS])
and then transferred to a medium containing 0.5 % Brilliant Blue FCF
(Blue-9) dye for 20 min. Thereafter, the larvae were washed with PBS
and homogenised in an EP tube containing 100 pL lysis buffer using a
micro high-speed homogeniser. After centrifuging for 3 min using a
high-speed refrigerated centrifuge, 2 pL of the obtained supernatant was
used to determine feed intake at 630 nm.”*

2.5. Haemolymph glucose and trehalose measurement

Third-instar larvae were collected, rinsed with PBS, dried on tissue
paper, and the cuticle was carefully torn to release the haemolymph.
Haemolymph (2 pL) was collected using a micropipette, diluted 20 times
with cold PBS, and centrifuged for 3 min at a rotation speed of 12,700.
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The supernatant was boiled at 75 °C for 10 min and removed by
centrifugation. Glucose was measured after 15 min of incubation at
37 °C using HK reagent (Sigma, #G3293) and detected on a plate reader
at 340 nm. Trehalose was converted using porcine trehalase (Sigma,
#T8778) overnight at 37 °C, and the total amount of glucose was
measured following the steps described above.'®

2.6. Protein, triglycerides (TAG), and glycogen measurements

Third-instar larvae were collected and rinsed several times with PBS
to remove traces of food. The samples were homogenised using a pellet
pestle in 200 pL of cold 0.05 % PBST (PBS + 0.05 % Tween-20) on ice,
followed by heat inactivation at 75 °C for 10 min and subsequent cooling
to 25 °C. Thereafter, the samples were homogenised in an EP tube
containing 100 pL of lysis buffer using a high-speed homogeniser. The
protein content of the homogenate (10 pL) was determined using a
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bicinchoninic acid assay protein assay kit (Beyotime, #P0010).

For TAG content determination, 10 pL of the homogenate was mixed
with 10 pL of triglyceride reagent (Sigma, #T2449) containing lipase for
TAG-to-glycerol hydrolysis at 37 °C for 60 min, followed by centrifu-
gation for 3 min at a rotation speed of 12,700. Subsequently, 10 uL of the
supernatant was used for the measurement of TAG using free glycerol
reagent (Sigma, #F6428) at 540 nm. The TAG concentration was
determined by subtracting the values of free glycerol from the untreated
samples.

To determine the glycogen content, 5 pL of the homogenate was
incubated with 10 pL of buffer A [5 mM of Tris-HCI (pH 6.6), 137 mM of
NaCl, and 2.7 mM of KCl] containing amyloglucosidase (Sigma,
#10115) at 50 °C for 60 min to digest glycogen. Ten microliters of the
homogenate were incubated with 5 pL of buffer A without enzymes in
parallel for the determination of glucose levels. The glycogen concen-
tration was determined by subtracting the values of free glucose from
the untreated samples. The amounts of TAG and glycogen were nor-
malised to the soluble protein content.'®?°

2.7. Immunostaining

The larval fat body tissues were dissected and fixed in 4 % formal-
dehyde for 20 min at 25 °C. After several washes with 0.3 % PBST, the
samples were stained with primary antibody at 4 °C overnight, followed
by incubation with secondary antibodies at 25 °C for 2 h. The following
antibodies were used: mouse anti-DIg1 (1:100, Developmental Studies
Hybridoma Bi, #4F3 anti-discs large) and goat anti-mouse-Cyanine3
(Cy3) (1:1000, Life Technologies, #A10521). Vectashield medium
(Vector Laboratories, #H-1500) with 4',6-diamidino-2-phenylindole
(DAPI) was used for mounting.

2.8. Western blotting

Whole larvae were lysed in radioimmunoprecipitation assay buffer
(Beyotime, #P0013) containing phosphatase inhibitor cocktail A
(Beyotime, #P1082) and phenylmethanesulfonyl fluoride. Equal
amounts of protein were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, transferred to a polyvinylidene
fluoride membrane, and subjected to the standard western blot protocol
as previously described.”® The following antibodies were used for in-
cubation: anti-Akt (1:1000, Cell Signalling Technology (CST), #4691],
rabbit anti-p-Akt (Ser505) (1:2000, CST, #4060), rabbit p-Akt (Thr342)
(1:500, Invitrogen, PA5-95669), rabbit anti-a-tubulin (1:1000, CST,
#2125), and goat anti-rabbit IgG (H + L, HRP) (1:10000, Sera Care,
#5220-0336).

2.9. Reverse transcription-quantitative polymerase chain reaction (RT-
gPCR)

TRIzol (Invitrogen) and RNAeasy™ Animal RNA Isolation Kit
(Beyotime R0026) were used to isolate total RNA from eight third-instar
larvae of different groups, and RT-qPCR was performed as previously
described.”” Ribosomal protein 49 (Rp49) was used as the reference
gene. The primer sequences are shown in Supplementary Table 3.

2.10. Glucose uptake assay

Third-instar larvae were dissected in PBS, followed by incubation
with 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-p-glucose
(2-NBDG, C;5H14N40g) (Invitrogen N13195) at 0.3 mM for 15 min in the
dark at 29 °C.%® After rinsing with PBS, rapid dissection of fat body
tissues, and covering with a coverslip, images were acquired with a
fluorescence microscope (Olympus, IX51).
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2.11. Data analysis

All data were verified using at least three independent experiments.
Results are presented as bar graphs constructed using GraphPad Prism
8.0 software. One-way analysis of variance with Bonferroni’s multiple-
comparison test was used to determine statistical significance between
groups. Mean values were considered statistically significant with dif-
ferences at p < 0.05. The error bars indicate standard deviations.

3. Results
3.1. Metabolic profile of AMK-CCL extract

A comparison of AMK-CCL HPLC chromatograms with those of the
standards (Supplementary Fig. 3) indicated distinct peaks for rhamnose,
xylose, mannose, and hyperoside in the chemical fingerprints of the
AMK-CCL extract (Fig. 1D and E). The rhamnose, xylose, mannose, and
hyperoside contents of the AMK-CCL extract were 0.038 %, 0.017 %,
0.69 %, and 0.039 %, respectively (Table 1; Supplementary Table 2),
indicating that the extract contained essential active ingredients and
was suitable for use in further in vivo experiments.

3.2. AMK-CCL extract ameliorates glycolipid metabolism disorder in
diabetic flies (Cg > InRK14094)

A Drosophila IR diabetic model was generated by expressing a
dominant-negative (DN) form of Drosophila InR (UAS-InRK1409A) under
the control of the fat body-specific collagen (Cg) promoter GAL4 to
elucidate the effect of AMK-CCL extract on T2DM and IR.'® Consistent
with our previous findings, expression of the InR antimorphic allele
(UAS-InR¥14%°4) under the control of Cg-Gal4 (Cg > InR¥140%4) inter-
fered with the physiological function of endogenous InR and under-
mined the downstream response of the insulin signalling cascade,
resulting in a significant increase in haemolymph glucose and trehalose
levels in diabetic flies (Cg > InRK14094y (Fig. 2B and C). We found no
significant difference in ingestion rates between the control, Met, and
AMK-CCL groups (Fig. 2A), thereby ruling out the possibility that the
metabolic phenotypes may be due to changes in feeding rate. The Cg >
InR¥1*9%.induced increase in circulating glucose levels was signifi-
cantly suppressed by Met and 0.0125 g/mL of AMK-CCL extract
(Fig. 2B). In contrast, no concentration of AMK-CCL extract suppressed
the Cg > IR¥“0%Ainduced increase in circulating trehalose in
Drosophila at the larval stage (Fig. 2C).

Compared with those of the control group, pupal body weight and
the larval protein content were significantly lower in the diabetes model
group (Fig. 2D; Supplementary Fig. 4). However, treatment with Met or
0.0125, 0.025, and 0.1 g/mL of AMK-CCL significantly rescued
diabetes-induced weight loss (Fig. 2D); moreover, treatment with 0.1 g/
mL of the AMK-CCL extract reversed the diabetes-induced decrease in
protein content (Supplementary Fig. 4). Compared with those of the
control group, TAG and glycogen contents were significantly lower in
the diabetes model group (Fig. 2E and F). However, treatment with Met
or 0.0125 and 0.025 g/mL of the AMK-CCL extract significantly rescued
the diabetes-induced decrease in TAG content (Fig. 2E). Moreover,
treatment with only 0.0125 and 0.025 g/mL of the AMK-CCL extract

Table 1

HPLC analysis of AMK-CCL representative active components.
Sample Retention Area Height Concentration Proportion
name time (mg/mL) (%)

(min)

Rhamnose 4.255 38358 2725 0.364 0.038
Xylose 4.804 21255 1847 0.170 0.017
Mannose 5.055 905660 59919 7.148 0.69
Hyperoside  10.784 7798911 392863  0.394 0.039
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Fig. 2. AMK-CCL ameliorates glycolipid metabolism disorder in diabetic Cg > InR¥!*°A flies. (A) Determination of food intake by early third-instar larvae was
calculated using blue-stained food (containing Blue-9) (6-8 larvae per pool, n = 5). (B, C) Assays for circulating metabolites were performed on third-instar larvae:
haemolymph glucose (10-12 larvae per pool, n = 5) (B), and haemolymph trehalose (6-8 larvae per pool, n = 3) (C). (D) Pupal body weight (n = 5). Determination of
triglyceride (TAG) (E) and glycogen contents (F) at the third-instar larval stage (three larvae per pool, n = 3). TAG and glycogen contents were presented relative to
the protein contents of the tissue sample to normalise the weight difference between the control and other indicated groups (three larvae per pool, n = 3). Error bars
indicate standard deviation (S.D.). Statistical difference was calculated using one-way ANOVA and Bonferroni’s multiple comparison test: ****p < 0.0001, ***p <

0.001, **p < 0.01, and *p < 0.05; ns: no significant difference.

significantly improved the diabetes-induced decrease in glycogen con-
tent (Fig. 2F). Based on these results, 0.0125 g/mL of AMK-CCL extract
was selected for further experiments.

3.3. AMK-CCL improves PI3K activity in vivo

The effect of the AMK-CCL extract on PI3K activation and insulin
signalling was examined using an in situ fluorescent reporter termed
tGPH (a fusion protein containing a tubulin promoter, GFP, and a PH
domain), which recognises 3,4,5-phosphatidyl-triphosphate (PIP3) and
helps to visualise PI3K activation.”’ Compared with those of the control
group, the fat body cells (equivalent to mammalian adipose and liver
tissues) of the IR model displayed decreased GFP cell membrane local-
isation, indicating a decrease in PI3K activity (Fig. 3A-A”, B-B"). How-
ever, an increase in the GFP signal was observed in the membrane after
treatment with AMK-CCL extract or Met, indicating enhanced PI3K
activity (Fig. 3C-C”, D-D"). Overall, these results indicated that treat-
ment with the AMK-CCL extract improved PI3K transduction activity to
ameliorate IR.

3.4. AMK-CCL promotes Akt phosphorylation

To elucidate the effect of AMK-CCL on PI3K/Akt signalling, we
monitored Akt phosphorylation using western blotting analysis.
Consistent with previous findings,'® ectopic expression of the InRK!4094
allele in the larval fat body of Cg > InR¥!4%%A flies caused a decrease in
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Akt phosphorylation (p-Akt) levels at both the Thr342 and Ser505 sites
(equivalent to Thr308 and Ser473 in mammalian Akt1%%°%) compared
with those of the control group (Fig. 4A-D). Treatment with AMK-CCL
or Met significantly suppressed the diabetes-induced decreases in p-Akt
expression levels (Fig. 4A-D), whereas the total expression level of Akt
was unaffected by the treatment. Overall, these data suggested that
AMK-CCL increased Akt phosphorylation.

3.5. AMK-CCL extract inhibits Drosophila FoxO (dFoxO) transfer from
the cytoplasm to the nucleus

Since dFoxO is a key downstream transcription factor of the PI3K/
Akt pathway, the effect of AMK-CCL on the subcellular localisation of
the dFoxO-GFP fusion protein in fat body cells was examined.>' When
InR¥M99 was expressed in fat body cells under the control of Cg-GAL4,
the nuclear localisation of dFoxO-GFP was largely increased (Fig. 5A-A",
B-B"). However, treatment with AMK—CCL extract or Met inhibited the
nuclear localisation of dFoxO-GFP (Fig. 5C- C”, D-D"). Overall, these
data indicated that the AMK-CCL extract promoted the cytoplasmic
localisation of dFoxO.

3.6. AMK-CCL extract elevates Glutl expression
Glucose transporter (GLUT) proteins, encoded by solute carriers 2A

genes, are the primary factors responsible for sugar uptake in all
mammalian cells.*>*> Among them, GLUT1 is the main transporter
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Fig. 3. AMK-CCL extract promotes PI3K activity in vivo. (A-D) Merged fluorescence micrographs showing the third-instar larval fat body carrying tGPH reporter
stained with anti-Dlg, outlining the cell membrane. The individual channels detected only Dlg (red, A-D'), only DNA (blue, A"-D’, labelled with DAPI), and only tGPH
signals (green, A”-D”, PI3K activity). Scale bar: 25 pm. Genotypes: (A) Cg-GAL4/+; tGPH/+, (B-D) Cg-GAL4/+; tGPH/UAS-InR¥140%4,

responsible for glucose uptake. In Drosophila, Glutl is the closest ho-
molog of human GLUT1 with 68 % sequence similarity, which is ubig-
uitously expressed in target tissues with strong expression in
neurons.”* 3® As the expression of Glut1 is mainly regulated by the up-
stream PTEN/AKt signal,>’>*® we introduced the Glut1™%?222 strain that
carries a MiMIC insertion in the intron preceding the last coding exon
and takes along the green fluorescent protein (GFP) marker (Glut1-GFP)
to monitor the in situ expression of Drosophila Glutl and explore the
effect of AMK-CCL on glucose uptake.>**? We further employed the
Glut1MBO1560 gtrain with the MiET1 insertion accompanied by a GFP
marker.*! In the control group, the Glut1 protein was found extensively
in the plasma membrane of fat body cells, as visualized by the
Glut1M02222 (pig 6A-A") or GlutIMPO1%%0 gtrain (Supplementary
Fig. 5A-A"). The expression level of Glut1 was strongly reduced in the Cg
> InR¥"%%Ainduced diabetic model (Fig. 6B-B’’; Supplementary
Fig. 5B-B"), which was then markedly elevated following treatment with
AMK-CCL extract or Met (Fig. 6C-C", D-D’*; Supplementary Fig. 5C-C’,
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D-D"). Moreover, RT-qPCR showed that compared with those of the
control, the reduced mRNA levels of Glut1 and Glut3 in Cg > InRK140%A
larvae were remarkably improved by treatment with AMK-CCL extract
or Met (Fig. 6E and F). Collectively, these results indicated that
AMK-CCL extract reverses IR-induced down-regulated expression of
Glut factors.

3.7. AMK-CCL extract drives glucose uptake in the Drosophila fat body

As glucose uptake is the well-recognized functional role of GLUT1,
we monitored glucose uptake in third-instar larval fat body cells in vivo
using the fluorescence-labelled glucose analogue 2-NBDG (Fig. 7F).** As
expected, we observed massive green fluorescent dots in the normal
control group (Fig. 7A-A"), indicating that 2-NBDG was internalized
through glucose transporters, similar to glucose. Although the trans-
portation of 2-NBDG into cells was distinctively impeded in the diabetic
model larvae (Fig. 7B-B"), increased import of 2-NBDG was found in the
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Fig. 4. AMK-CCL increases Akt phosphorylation level. (A and C) Western blot analysis of whole-body extracts from third-instar larvae for phosphorylated Akt (p-Akt)
and total Akt, with a-tubulin as the loading control (nine larvae per time). Groups (from left to right): control (Cg-GAL4/+), model (Cg > InRK14°9A), AMK-CCL (Cg >
InR¥109A files treated with 0.0125 g/mL of AMK-CCL), and metformin (Cg > InR¥109A files treated with metformin) groups. (B and D) Bar chart of p-Akt/Akt
relative levels from three independent experiments shown in A and C. Error bars indicate standard deviation. Statistical significance was determined using one-way

ANOVA with Bonferroni’s multiple comparison test; ****p < 0.0001; ***p < 0.001.

AMK-CC extract and Met groups (Fig. 7C-C’, D-D” and E). Taken
together, these data confirmed that AMK-CCL extract could help drive
glucose uptake to ameliorate IR-induced diabetes.

4. Discussion

IR is the pathological cause of T2DM, which predominantly mani-
fests as abnormal insulin signalling in the target tissues of insulin, such
as the muscle, liver, and fat. The InR/PI3K/Akt/FoxO signalling
pathway is the major pathway of insulin signalling.'® '® For the past two
decades, Drosophila melanogaster has been widely used to study different
diseases and processes, including IR-induced diabetes and drug molec-
ular mechanisms,*>** owing to advantages of the highly conserved
regulatory system for maintaining the circulating sugar balance from
flies to humans,*>*° the powerful genetic manipulation tools available,
and the reduced genome redundancy.*”*® Therefore, we used the Cg >
InRK140%A diabetic fly model to explore the influence of AMK-CCL
extract on IR to provide an experimental foundation for the broad
application of this TCM in diabetes treatment and management.

Notably, the multi-component and multi-target synergistic effect of
TCM can significantly improve the prognosis of patients with diabetes,
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and inhibit the progress of IR through anti-inflammatory, anti-oxidation,
and anti-bacterial mechanisms.*” > AMK has been shown to improve
glucose metabolism, and its main molecular mechanism involves the
regulation of IR and mitogen-activated protein kinase signalling path-
ways. The main active ingredients of AMK are volatile oil, poly-
saccharides, and sesquiterpene lactone compounds.’> Wang et al.>
further identified rhamnose, mannose, xylose, and galactose as impor-
tant constituents of polysaccharides in AMK. Among them, p-xylose
(regarded as a sucrase inhibitor) regulates blood glucose levels in the
body via regeneration of damaged tissue of the pancreas and liver and
regulates the key rate-limiting enzyme in gluconeogenesis, PEPCK.”*
Moreover, crude polysaccharide and rhamnose-enriched poly-
saccharides have been reported to increase body weight and pancreatic
insulin levels and to decrease blood glucose levels of diabetic rats,
indicating that rhamnose-enriched polysaccharide acts as a potent
anti-diabetic agent, suggesting its potential in the development of an
alternative medicine for diabetes.”® As a key effective component of
CCL, hyperoside has been reported to inhibit high glucose-induced
oxidative stress injury in myocardial cells through activation of the
PI3K/Akt/Nrf2 signalling pathway.>® Vermaet al.”” demonstrated that
hyperoside plays a key role in regulating blood sugar levels by
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Fig. 5. AMK-CCL rescues Cg > InR¥!**?A.induced dFoxO nuclear localisation. (A-D) Representative merged fluorescence micrographs showing the third-instar larval
fat body carrying dFoxO-GFP reporter. The individual channels detected only Dlg (red, A-D’), only DNA (blue, A"-D"), and only dFoxO-GFP (green, A”-D"). Scale bar:
25 pm. Genotypes: (A) Cg-GALA4/+; dFoxO-GFP/+, (B-D) Cg-GAL4/+; dFoxO-GFP/UAS-InR¥1 19,

improving islet function, increasing glycolysis, and reducing gluconeo-
genesis. Moreover, network pharmacology analysis showed that the
main active constituents of CCL, including p-sitosterol, kaempferol,
matrine, isopropanol, and quercetin, can regulate key target proteins
(EGFR, MMP9, and VEGFA) and are concentrated in five signalling
pathways, including the PI3K/Akt pathway. Among these pathways,
multiple active components act on Aktl and ESR1 to improve glucose
metabolism.>®

Consistent with these previous findings, our HPLC analysis of the
AMK-CCL extract showed that the contents of rhamnose, xylose,
mannose, and hyperoside were 0.038 %, 0.017 %, 0.69 %, and 0.039 %,
respectively. These four effective components might play a role through
PI3K/Akt signalling either alone or synergistically in improving IR,
increasing PI3K activity, and regulating the intracellular localisation of
FoxO in vivo. Among the four concentrations tested, 0.0125 g/mL
AMK-CCL extract displayed the most effective inhibition effect on IR in
the Cg > InR¥!*%A diabetes model. Based on the quantification of
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Drosophila daily food intake and the drug dose conversion between
Drosophila and humans,”® ! it is estimated that flies raised on a medium
containing 0.0125 g/mL of AMK-CCL is comparable to a treatment
dosage of 26 g (AMK 13 g, CCL 13 g) per day for human patients. In the
clinic, the recommended dosage of both AMK and CCL is 6-12 g in China
Pharmacopoeia, 2020 Edition. Thus, taking 0.0125 g/mL AMK-CCL for a
fly (equivalent to 26 g/day for a human) is approximately in the upper
line of the normal dosage range (24 g/day), which complies with the
principle of drug safety and suitability.

We examined the anti-diabetic effect of AMK-CCL extract with an
emphasis on insulin signalling, demonstrating that the extract could
increase body weight, protein, glycogen, and triglyceride contents,
while decreasing circulating glucose levels in the Drosophila Cg >
InR¥140%4 diabetic model. In addition to these basic biochemical effects,
the AMK-CCL extract enhanced PI3K transduction activity, Akt phos-
phorylation (at both Thr342 and Ser505, corresponding to Thr308 and
Ser473 in mammalian Akt1?%°%), Glutl expression in the plasma
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Fig. 6. AMK-CCL extract improves the expression of glucose transporters. (A-D) Representative merged fluorescence micrographs of the third-instar larval fat body
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20 um. Genotypes: (A) Cg-GAL4/+; Glut1"'9%222 /1 (B-D) Cg-GAL4/+; Glut1""9?222/UAS-InR**°°A, mRNA levels of Glut1 (E) and Glut3 (F), as measured by RT-qPCR

0.0001, **p < 0.01, and *p < 0.05.

membrane, and glucose uptake, while inhibiting the nuclear localisation
of dFoxO. Except for the p-Akt level, which was determined by the
western blot assay in vitro, the other metabolic indices were all
confirmed using GFP-labelled reporters in vivo, including tGPH (for PI3K
activity), dFoxO-GFP, Glut1-GFP, and 2-NBDG (for glucose uptake). In
insulin signal transduction, activated InR could phosphorylate IRS after
binding by insulin on the target cell surface, which in turn phosphory-
lates PI3K to catalyse the generation of PIP3 inositol from 4,5-bisphos-
phate phosphatidylinositol (PIP3). PIP3 then recruits both
3-phosphoinositide-dependent protein kinase (PDK) and Akt to the cell
membrane, where PDK and mechanistic target of rapamycin complex 2
(mTORC2) phosphorylate Akt at T308 and S473, respectively. The fully
activated Akt with double phosphorylation subsequently phosphory-
lates and regulates the downstream transcription factors (such as FoxO,
glycogen synthase kinase 34, and tuberous sclerosis complex 2), thereby
mediating glucose and lipid metabolism."®°%%> Among these steps, Glut
protein-mediated glucose uptake constitutes a key physiological reac-
tion.>* Thus, the activities of these central factors (i.e. PI3K, Akt, FoxO,
Glut) are closely related to abnormal glycolipid metabolism, providing
key clues for the application of AMK-CCL in the clinical management of
diabetes and other related diseases.

There are some limitations of this study. Firstly, AMK and CCL
contain numerous active ingredients with anti-diabetic effects, and we
only tested the contents of rhamnose, xylose, mannose, and hyperoside
by HPLC. Therefore, further exploration is needed to determine the
specific ingredients that play a major role in the observed anti-diabetes
effects. Secondly, considering the adverse reactions or side effects of

drugs, follow-up studies should focus on the potential long-term effects
of drug intervention. Thirdly, diabetes is a complex disease with other
multiple contributing factors and pathways, including the role of -cells,
autophagy, long non-coding RNAs, glucagon signalling, WNT signalling,
and others.®® °° It is therefore important to determine whether the
molecular mechanism of AMK-CCL in improving diabetes is conserved
between flies and humans and to consider potential broader therapeutic
approaches accordingly. Despite the above limitations, this work
nevertheless provides preliminary data for further study on the clinical
application of AMK-CCL in treating IR and T2DM.

5. Conclusions

The combination of AMK and CCL (0.0125 g/mL) was found to
reduce circulating glucose levels and increase stored energy in a
Drosophila diabetic model. Furthermore, this treatment positively
regulated PI3K/Akt/FoxO signalling, improving IR. These findings
provide a theoretical basis for the potential use of the extract from AMK
and CCL in the treatment of diabetes.
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