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Highlights

e Structural analysis of glycogen was obtained with SEC, FACE and TEM

e The structural changes of diabetic glycogen are found under two drugs treatments
e The changed glycogen structure could have influence on the rate of glycogenolysis

e Metformin and berberine efficiently decrease the affinity of glycogen with GP
e The increased GP level in diabetic mice declined under two drugs treatments

Abstract

Glycogen is a branched glucose polymer involved in sustaining blood glucose homeostasis.
Liver glycogen comprises a particles (up to 300 nm in diameter) made of joined f particles
(~20 nm in diameter). Glycogen a particles in a mouse model for diabetes are molecularly
fragile, breaking down into smaller B particles more readily than in healthy mice. Glycogen
phosphorylase (GP), a rate-limiting enzyme in glycogen degradation, is overexpressed in
diabetic mice. This study shows that Metformin and Berberine, two common drugs used to treat
diabetes, are able to revert the liver glycogen of diabetic mice to the stable structure seen in
non-diabetic mice. It is also shown that these drugs reduce the GP level via the CAMP/PKA
signaling pathway in diabetic livers and decrease the affinity of GP with the glycogen of db/db
mice. These effects of these drugs may slow down the degradation of liver glycogen and

improve glucose homeostasis.

Abbreviations
GP: glycogen phosphorylase; BBR: berberine; MET: metformin; T2DM: type 2 diabetes
mellitus; DMSO: dimethyl sulfoxide; FBG: fasting blood glucose; GDBE: glycogen

debranching enzyme; TBST: Tris Buffered Saline Tween; G-6-Pase: glucose-6-phosphatase;
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PEPCK: phosphoenolpyruvate carboxykinase; GS: glycogen synthase; GBE: glycogen
branching enzyme; GPCR: G protein-coupled receptor; cAMP: cyclic adenosine
monophosphate; PKA: protein kinase A; PK: glycogen phosphorylase kinase; HNF-4a.:
hepatocyte nuclear factor-4a; AMPK: adenosine 5:monophosphate (AMP)-activated protein
kinase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; SEC: size-exclusion
chromatography; FACE: fluorescence assisted carbohydrate electrophoresis; CLD: chain
length distribution; ACL: average chain length; Km: Michaelis constant; Vmax: Michaelis
maximum velocity.

Keywords: Glycogen, Diabetes, Metformin, Berberine, Glycogen phosphorylase, Molecular

structure

1. Introduction

Glycogen, a complex branched glucose polymer, with small amounts of functionally
important protein (Deng et al., 2016), is an energy reservoir used by most organisms, allowing
large quantities of glucose to be stored and released when needed. In mammals, glycogen is
formed in various organs, with its role being tissue-specific. For example, skeletal glycogen
and cardiac glycogen act as a supply of energy for muscle contraction, brain glycogen sustains
neuronal activity and promotes cognitive processes (Duran, Gruart, Varea, Lopez-Soldado,
Delgado-Garcia & Guinovart, 2019), while liver glycogen acts as a blood-glucose buffer to
maintain glucose homeostasis (Ellingwood & Cheng, 2018). When blood glucose levels

increase after a meal, a significant portion of this glucose will be transferred to the liver and
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stored as glycogen. This liver glycogen will then be degraded into glucose to supply the blood
during periods of fasting (Petersen, Vatner & Shulman, 2017).

Diabetes, currently affecting over 420 million people worldwide, characteristically involves
a breakdown in the ability to regulate blood glucose levels (International Diabetes Federation,
2019). It has been demonstrated that hepatic glycogen metabolism is dysregulated in both type
1 and type 2 diabetes mellitus (Petersen, Vatner & Shulman, 2017), contributing to diabetes-
associated hyperglycemia.

Hepatic glucose production accounts for more than 90% of endogenous glucose
production, and mostly comes from glycogenolysis and gluconeogenesis (Petersen, Vatner &
Shulman, 2017). Glycogenolysis releases glucose into the bloodstream for uptake by other
cells and is regulated hormonally in response to blood glucose levels by glucagon and insulin
(Liu et al., 2019). Glycogen phosphorylase (GP), a rate-limiting enzyme in glycogenolysis,
catalyzes the degradative phosphorolysis of terminal glycosyl units in glycogen to glucose-1-
phosphate (Stathi, Mamais, Chrysina & Gimisis, 2019). This enzyme is activated when the
inactive form, GPb, is phosphorylated at serine 14, becoming the active GPa (Agius, 2015). It
has been demonstrated that GPa levels are abnormally elevated under diabetic conditions
(Oyenihi, Langa, Mukaratirwa & Masola, 2019). As a result, glycogenolysis and hepatic
glucose production in diabetes are significantly elevated relative to that without diabetes
(Boden, 2004). Thus, suppressing glycogenolysis to reduce hepatic glucose output has been

considered an effective approach to ameliorate hyperglycemia. Moreover, the design of



specific inhibitors of GP, in order to prevent glycogenolysis under high blood glucose
conditions, is seen as a promising therapeutic target for diabetes (Barr et al., 2019).

In addition to changes in the level of GP in diabetes, the molecular structure of liver
glycogen has also been shown to be altered with the disease. Glycogen structure is often
described at three different levels: 1) single chains are composed of glucose units that are
connected by (1—4)-a glycosidic bonds; 2) these single chains are joined together through
(1—6)-a glycosidic bonds (branch points) to comprise branched p particles (~20 nm in
diameter); 3) these P particles can join together to form o particles (up to 300 nm in diameter)
(Rybicka, 1996). We have found that the bonding between B particles in o particles in db/db
mice, a commonly-used animal model for diabetes, is more fragile than that in non-diabetic
mice, when exposed to a hydrogen-bond disruptor (dimethyl sulfoxide) (Deng et al., 2015);
moreover, liver glycogen in diabetic mice has longer polymeric glucose chains and a higher
molecular density compared with non-diabetic mice (Hu et al., 2018). The enzymatic
degradation rate of  particles was demonstrated to be significantly faster in vitro, most likely
due to their higher surface area to volume ratio (Jiang et al., 2016). Therefore, the fragile nature
of a particles in diabetic livers could result in accelerated glycogen degradation, elevated
hepatic glucose production and uncontrolled blood glucose levels. Repairing the impaired
(fragile) structure of liver glycogen may therefore be an approach to suppress glycogenolysis
and decrease hepatic glucose output.

Metformin (MET) is one of the first-line oral antidiabetic drugs for the clinical treatment of

type 2 diabetes mellitus (T2DM). Berberine (BBR), an active quaternary ammonium salt



extracted from Coptis chinensis Franch, exhibits hypoglycemic effects and has been widely
recognized as an active ingredient that could be possibly developed into a new anti-diabetes
drug (Chang, Chen & Hatch, 2015). Although the efficacy of MET and BBR has been widely
demonstrated, the hypoglycemic mechanisms have not been elucidated comprehensively. The
anti-diabetic mechanisms of both drugs appear to be quite similar: both can promote insulin
secretion, improve the expression of insulin receptors and insulin sensitivity, inhibit
gluconeogenesis, activate glycolysis and increase hepatic glucose uptake (Chang, Chen &
Hatch, 2015; Zhou, Xu, Du, Zhao & Wang, 2018). However, studies that focus on the effect of
MET and BBR on glycogenolysis are rare. It has, however, been reported that MET could
decrease the activity of GP in a type 2 diabetes animal model (Jayanthy & Subramanian, 2014).
In addition, our previous study demonstrated that BBR could increase the amount of stable a
particles in the liver glycogen of diabetic mice (Li et al., 2019). Based on the apparent
similarities of the anti-diabetic mechanism between MET and BBR, we hypothesize that both
MET and BBR can suppress glycogenolysis by regulating GP and modifying liver glycogen
molecular structure simultaneously.

In the present study, we analysed the effects of MET and BBR treatment on o particle
stability and other aspects of glycogen molecular structure in db/db mice and investigated the
effects of these drugs on GP and its upstream pathways. This study aims to reveal more details
on the mechanism whereby MET and BBR inhibit glycogenolysis and reduce hepatic glucose

production. The findings of this study will provide some new knowledge on the hypoglycemic



mechanisms of MET and BBR and will act as a reference for mechanistic studies of other anti-

diabetic drugs.

2. Materials and methods
2.1. Materials

Metformin hydrochloride tablets (H20023370, Sino-US Shanghai Squibb Pharmaceutical
Co., Ltd, China) and berberine hydrochloride tablets (H21022453, Northeast Pharmaceutical
Group Co., Ltd, China) were obtained from Union Hospital, Tongji Medical College, Huazhong

University of Science and Technology, Wuhan, China.
2.2. Animal experiments

All animal experiments were approved by the institutional Animal Care and Use Committee
of Tongji Medical College, Huazhong University of Science and Technology (IORG no.
0003571). The animal care and experimental procedures were carried out in accordance with
the Guidelines of the Institutional Animal Care and Use Committee of Tongji Medical College
and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male
mice on a C57BL/6JNju background (8 weeks) were purchased from the Hubei Provincial
Center for Food and Drug Safety. Male mice on C57BL/BKS-Lepré™C%78/Nju (C57BL/6JNju-
db/db, genotyping is (Lepr®) mut/mut) background (8 weeks) were purchased from the Model
Animal Research Center of Nanjing University. Mice were bred in a SPF room with standard

cages (4 mice/cage) under the following conditions: 22 + 1 °C, a 12-h dark-light cycle. All



animals had ad libitum access to water and standard chow (6% kcal from fat, 14.3 MJ kg,
Hubei Provincial Center for Disease Control and Prevention).

After one week acclimatization, 10 healthy wild-type mice and 30 db/db mice were
randomly divided into 4 groups: Group A (NC): healthy mice treated with distilled water;
Group B (DC): diabetic mice treated with distilled water; Group C (MET): diabetic mice treated
with metformin (300 mg/kg/d); Group D (BBR): diabetic mice treated with Berberine (300
mg/kg/d) (Chang, Chen & Hatch, 2015; Zhou, Xu, Du, Zhao & Wang, 2018). Drug treatment
lasted for 8 weeks.

At the end of the experiment, the mice were fasted overnight and anaesthetized with sodium
pentobarbitone (150 mg/kg in traperitoneal). Blood samples of all mice were collected and
immediately separated by centrifugation (1200 x g, 4 °C, 15 min) to obtain the serum. The liver
tissues were collected in microtubes and snap frozen in liquid nitrogen. Samples were stored at

—80 °C until assayed.

2.3. Body weight, water intake, food intake and FBG

Body weight, water intake and food intake were measured at the beginning and end of the
experiment. All mice were fasted for 8 h, and then fasting blood glucose (FBG) levels were
determined from the tail veins of mice using a blood glucose meter (Contour TS, BAYER,

Germany) every week.



2.4. Biochemical analysis

The glucagon level and insulin content in the serum were measured by a glucagon ELISA
kit (H183, Nanjing Jian Cheng Bioengineering Institute, China) and insulin ELISA kit
(Shanghai Jianglai Industrial Limited By Share Ltd, China). The activities of GP, glycogen
synthase (GS), glycogen debranching enzyme (GDBE), glucose-6-phosphatase (G-6-Pase) and
phosphoenolpyruvate carboxykinase (PEPCK) in liver tissue were examined by GP assay kit
(BC3345, Beijing Solarbio Science & Technology Co., Ltd, China), GS assay kit (Shanghai
Jianglai Industrial Limited By Share Ltd, China), GDBE assay kit (JL48081, Shanghai Jianglai
Industrial Limited By Share Ltd, China), G-6-Pase assay kit (JL20500, Shanghai Jianglai
Industrial Limited By Share Ltd, China) and PEPCK assay kit (JL20462, Shanghai Jianglai
Industrial Limited By Share Ltd, China), respectively. The level of cAMP (cyclic adenosine
monophosphate) in liver tissue was determined by a CAMP ELISA kit (JL20462, Shanghali
Jianglai Industrial Limited By Share Ltd, China). All experimental procedures were carried out

following the manufacturer’s instructions.

2.5. Western Blots

Western blots were performed as previously described (Liu, Wang, Li, Wu, Liu & Wu,
2004; Wang et al., 2018). Three liver samples of each group were examined as follows. Total
protein was extracted from liver tissue in RIPA lysis buffer (25 mM Tris-HCI, 25 mM NacCl,
0.5 mM EDTA, 1% Triton X-100 and 0.1% SDS) containing 1% PMSF protease inhibitors
(P1005, Beyotime Biotechnology, China) and phosphatase inhibitors (P1081, Beyotime

Biotechnology, China), and the protein concentration was measured by bicinchoninic acid
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(BCA) protein assay kit (P0012S, Beyotime Biotechnology, China). Equal amounts of protein
were separated by 10-15% SDS-PAGE and then transferred to PVDF (poly(vinylidene
difluoride)) transfer membranes (IPVH00010, Millipore, Germany). After blocking with Tris
Buffered Saline Tween (TBST) for 3 h, the membranes were incubated with the primary
antibodies overnight at 4 °C. Then, the membranes were washed 3 times with TBST and
incubated with the secondary antibodies for 1 h at room temperature. After washing with TBST
for a further three times, the protein bands were visualized by enhanced chemiluminescence
(32134, Thermo, USA) solution and imaged with Automated Imaging System (Gene Gnome5,
Synoptics Ltd, UK). GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was assumed to be
similarly abundant in all samples and was used as a loading control. The primary antibodies
were anti-GPCR (ab171065, Abcam, US), anti-PKA (#4782, Cell Signaling Technology, USA),
anti-PK (ab176338, Abcam, US), anti-p-PK (ab194112, Abcam, US) anti-GPa (ab223788,
Abcam, UK), anti-HNF4-0 (ab181604, Abcam, UK), anti-p-AMPK (ab133448, Abcam, UK),
anti-AMPK (ab80039, Abcam, UK), anti-GS (ab40810, Abcam, UK), anti-p-GS (ab81230,
Abcam, UK), anti-GBE (glycogen branching enzyme, ab180596, Abcam, UK), anti-glycogenin
(sc-271109, Santa Cruz Biotechnology, USA), anti-G-6-Pase (ab83690, Abcam, UK) and anti-

PEPCK (ab187145, Abcam, UK).

2.6. Histological assessment

Periodic acid-Schiff (PAS) staining was used to observe the accumulation of glycogen in
liver tissue. Three liver samples of each group were assayed as follows. A part of liver tissue

was fixed in 10% formalin for 48 and then embedded in paraffin. After the paraffin was frozen,

10



the tissue section was cut into 4~5 um slices and stained with periodic acid-Schiff, then

observed with a light microscope (Olympus, Tokyo, Japan).

2.7. Extraction and purification of liver glycogen

The glycogen from mouse liver tissue was extracted using a density gradient centrifugation
method, which has been verified to be a warm extraction method with minimal destruction of
glycogen structure (Sullivan et al., 2015). Approximately 1 g of liver tissue was homogenized
in 25 mL of glycogen extraction buffer (pH 8.0, 150 mM sodium chloride, 50 mM Tris, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate and 2 mM ethylenediaminetetraacetic acid) in
an ice bath. 500 uL. homogenate was removed and stored at —80 °C for subsequent use for
glycogen content assessment. After centrifuging at 6000 x g, 4 °C for 10 min, the supernatants
were ultra-centrifuged at 367000 x g at 4 °C for 1.5 h. The pellets were resuspended in 5 mL of
glycogen extraction buffer and layered above a sucrose gradient solution (10 mL of 37.5% on
top of 10 mL of 75%). Then this sucrose gradient system was ultra-centrifuged at 367 000 x g,
4 °C for 2 h, with the resulting pellets dissolved in 300 uL of purified water and reprecipitated
in 1.5 mL of absolute ethanol. After centrifuging at 4000 x g, 4 °C for 10 min, the precipitates
were dissolved in 400 pL purified water and then lyophilized (freeze-dryer; BTP-9EL, VirTis,

USA).

2.8. Liver glycogen content assays

Glycogen content in liver tissue was assessed by a glucose oxidase/peroxidase (GOPOD,

Megazyme, Ireland) Kit as previously described (Liu et al., 2019). Briefly, 20 uL of homogenate
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from the glycogen extraction process was added into a 2 mL Eppendorf tube, and 5 pL of
amyloglucosidase, 100 pL of sodium acetate buffer (pH 6.0) and 475 uL of purified water were
added. Then the mixture was incubated with a thermomixer at 50 °C for 30 min. A control
group was prepared in the same way but with an equal volume of purified water instead of
amyloglucosidase. Then a 300 puL aliquot of the mixture was transferred into 1 mL of GOPOD
reagent and incubated with a thermomixer at 50 °C for 30 min. After incubation, the absorbance
of the mixture at UV 510 nm was determined with a UV-vis spectrophotometer (UV-1700,
Shimadzu, Japan). The glycogen content was calculated with a calibration curve, which was
constructed using a series of D-glucose solutions with different concentrations (0~1 mg/mL) to

react with the GOPOD reagent.

2.9. Size-Exclusion Chromatography (SEC)

SEC was used to analyze the molecular size and density distributions of liver glycogen, as
previously described (Deng et al., 2015). All glycogen samples were analyzed before and after
DMSO treatment. Approximately 0.5 mg of glycogen samples were dissolved in the mobile
phase (50 mM sodium nitrate, 0.02% sodium azide) for 4 h at 80 °C at 1 mg/mL.

The DMSO treated samples were prepared as follows. Approximately 0.5 mg of glycogen
samples were dissolved in DMSO at 1 mg/mL for 3 h at 25 °C, and then absolute ethanol (at
least 4xvolume of DMSO) was added to precipitate glycogen. After centrifuging at 4000 x g
for 10 min, the sediment was washed three times with absolute ethanol, dissolved with 500 puL

of purified water and then lyophilized.
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All samples were injected into an Agilent 1260 Infinity SEC system equipped with
SUPREMA pre-column, SUPREMA 10-1000 column, SUPREMA 10-10000 column,
multiple-angle laser light scattering (MALLS) detector (DAWN HELEOS-II, Wyatt, Santa
Barbara, CA, USA) and refractive index detector (Optilab UT-rEX, Wyatt, Santa Barbara, CA,
USA). The column temperature was set to 80 °C and the flow rate was 0.3 mL/min. To obtain
a universal calibration curve, pullulan standards (Polymer Standards Services) with molar
masses ranging from 342 to 2.35x10° Da and known hydrodynamic radii were used, which
allows the conversion of elution volume to the SEC separation parameter, the hydrodynamic
radius Rp. Data from DRI and MALLS detectors enable the determination of SEC weight
distributions (total weight of molecules) and weight-average molecular weight ( My )
distributions, respectively, as a function of Rn. The molecular density of glycogen was
calculated using the formula p(Rp) = 3 Mw(Rn) / 4 m Rp3.

2.10. Transmission Electron Microscopy (TEM)

TEM images of glycogen were obtained by a method similar to that described elsewhere
(Hu et al., 2018). Glycogen was dissolved in Tris buffer (5 mM, pH 7.0) at 0.1 mg/mL. An
aliquot of 10 uL of glycogen solution was loaded onto a carbon-coated copper grid (400 mesh)
and negatively stained with 2% phosphotungstic acid for 60 s. The preparations were examined

using a Hitachi H-7000 transmission electron microscope operating at 75 kV.
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2.11. Fluorescence Assisted Carbohydrate Electrophoresis (FACE)

FACE was used to analyze the chain-length distribution (CLD) of liver glycogen as
described previously (Hu et al., 2017). Isoamylase (E-ISAMY, Megazyme, Ireland) was used
to break the (1—6)-a glycosidic bonds of glycogen, and 8-aminopyrene-1,3,6-trisulfonic acid
trisodium salt (APTS; 09341, Sigma, Germany) was used to label the debranched glycogen
chains. Approximately 0.5 mg of liver glycogen was dissolved in 900 uL. of warm purified
water, and heated in boiling water for 10 min. After the mixture cooled to room temperature,
100 uL of acetic acid-acetate buffer (0.1 M, pH 3.5) and 2.5 uL of isoamylase (1000 U/mL, E-
ISAMY, Megazyme, Ireland) were added. The samples were then incubated at 37 °C for 3 h
and cooled to room temperature, followed by the addition of 100 puL sodium hydroxide (0.1 M)
to increase the pH to 7.0. The mixture was heated on a thermomixer at 80 °C and 350 rpm for
1 h and then lyophilized. The powder so obtained was centrifuged at 4000 g for 2 min and 1.5
uL of APTS (0.2 M) in acetic acid (15%, v/v) and 1.5 uL sodium cyanoborohydride (1 M) was
added. After the mixture was incubated at 60 °C for 1.5 h and cooled to room temperature, 80
uL of purified water was added to dissolve the labelled glycogen chains.

The labelled samples were detected using a PA-800 Plus FACE system (Beckman-Coulter,
Brea, CA, USA) equipped with a solid-state laser-induced fluorescence detector and argon-ion
laser source. Carbohydrate separation buffer was used in an N-CHO-coated capillary at 25 °C

and 25 kV.
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2.12. The affinity of glycogen to GP

To assay the affinity of glycogen with GP, the B-NADPH content was detected at 340 nm.
This assay determines the degradation of glycogen, as detailed previously (Klinov & Kurganov,
2001). All of the Kinetic reactions were performed in a 50 mM potassium phosphate buffer (pH
6.8, 1.5 mM magnesium chloride, 0.5 mM EDTA, 0.1 mM B-NADP and 0.0004% a-D-glucose-
1,6-diphosphate). 20 uL of glucose-6-phosphate dehydrogenase (G-6-PDH, 10 unit/mL), 20 uL
of phosphoglucomutase (PGLUM, 10 unit/mL), 6 uL adenosine 5~AMP (100 mM) and
glycogen at various concentrations were incubated with 30 ulL GPb (20 unit/mL) at 37 °C for
90 min. The reaction rate was converted from the degradation of glycogen (as measured by the
appearance of B-NADPH). The Lineweaver-Burk profile with a double-reciprocal plot was used
to analyze the Kn, of glycogen to GP (Bao et al., 2018), as shown in the Supporting Information,

and the negative intercept of X-axis of each line is the Kn value of the corresponding group.

2.13. Statistical analysis

SPSS 19.0 was used for all statistical analysis. All of the results are expressed as the mean
+ S.D. Data were analyzed by one-way ANOVA and Dunnett’s T test. P values of less than

0.05 were considered to statistically significant.

3. Results and discussion

3.1. Effects of MET and BBR on body weight, food and water intake, FBG, glucagon and insulin
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in db/db mice

The body weight changes of each group during the experiment are displayed in Fig. 1A.
The body weights of db/db mice were substantially higher than that of the NC group, which is
the expected phenotype of these mice (Wang & Brubaker, 2002). During the experiment, the
diabetic mice tended to gain more weight than the non-diabetic mice, due to the mutation of
their leptin receptor (Wua, Wang, Li & Men, 2013). However, MET could slightly limit the
db/db mice from gaining more weight, while BBR could even lower the body weight of db/db
mice. These data indicate MET and BBR could to some extent inhibit the weight gain of db/db
mice.

The food intake and water intake of all groups are shown in Fig. 1B, C. The mice in each
group had ad libitum access to water and standard chow during the entire drug-treatment
experiment. As shown in Fig. 1B, C, the food and water intake of the BBR group decreased by
48.9% and 54.3%, respectively, and those of the MET group decreased by 55.0% and 66.2%,
respectively, compared to their intake at the beginning of the study. This indicates that MET
and BBR reduce food intake and water intake in db/db mice, which might be a reason for the
reduction in their body weight gain.

Fig. 1D, E show the FBG levels of each group across various time points of the experiment.
As expected (Chang, Chen & Hatch, 2015; Zhou, Xu, Du, Zhao & Wang, 2018), the FBG at
the end of experiment of the MET and BBR groups were significantly decreased, by 24.4% and
30.3%, respectively, compared with their initial FBG. The data here further confirmed the

significant hypoglycemic effect of MET and BBR.
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Glucagon, a hormone secreted by islet o cells, plays a critical role in glucose homeostasis
and in multiple ways has the opposite effect to insulin (Girard, 2017). It has been demonstrated
that glucagon levels are abnormally elevated under diabetic conditions, and that excessive
glucagon secretion partly contributes to diabetic hyperglycemia (Hansen & Johansen, 1970).
As shown in Fig. 1F, the serum glucagon levels of diabetic mice were significantly higher than
that of non-diabetic mice. After treatment with MET and BBR, the glucagon levels in db/db
mice were decreased by 23.2% and 22.7%, respectively, compared with the DC group (Fig.
1F). This result suggests that both MET and BBR could inhibit glucagon secretion in diabetic
mice, potentially ameliorating hyperglycemia via the regulation of glucagon.

Insulin is an important hormone secreted by islet B cells that results in a lowering of blood
glucose levels. (Thevis, Thomas & Schanzer, 2010). In diabetic mice, insulin receptors have
been reported to be relatively insensitive to insulin, which leads to a compensatory increase in
insulin levels to regulate blood glucose levels (Balbaa, EI-Zeftawy, Ghareeb, Taha & Mandour,
2016). The Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) is a method used
for measuring insulin resistance (Liu et al., 2019). As shown in Fig. 1G, H, the serum insulin
level and HOMA-IR in diabetic mice were significantly higher than in non-diabetic mice,
demonstrating insulin resistance in the db/db mice. After the treatment with MET and BBR,
both the insulin levels and HOMA-IR in db/db mice were clearly decreased. These results

indicate that MET and BBR might alleviate insulin resistance seen in db/db mice.
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Fig. 1. Body weight (A), food intake over one day (B), water intake over one day (C), fasting

blood glucose levels (D, E), glucagon level in serum (F), insulin content in serum (G) and
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HOMA-IR (H) of each group. Data shown are mean + SD (n=10). ### p<0.001, ## p<0.01. ***
p<0.001, ** p<0.01 vs. DC. * p<0.01 vs. DC.

3.2. Effects of MET and BBR on key enzymes of glycogen metabolism in db/db mice

Both GP and GDBE are key enzymes in glycogen degradation: GP involves the (1—4)-a
glycosidic linkages, removing one unit at a time from the terminal end of a glycogen chain,
while GDBE participates in the cleaving of (1—6)- o glycosidic linkages, removing glycogen
branch points (Adeva-Andany, Gonzalez-Lucan, Donapetry-Garcia, Fernandez-Fernandez &
Ameneiros-Rodriguez, 2016). Under the combined action of GP and GDBE, glycogen
molecules are degraded to supply glucose to meet physiological need. Therefore, the activity
of GP and GDBE in liver tissue are closely related to the rate of enzymatic hydrolysis of
glycogen. It has been reported that the activity of GP and GDBE are regulated by the level of
serum glucagon (Liu et al., 2019). As shown in Figs. 2A and B, the activities of GP and GDBE
in the liver tissue of diabetic mice were significantly higher than those in non-diabetic mice,
which might be the result of the elevated glucagon levels in the db/db mice. The elevated
activity of GP might result in faster levels of glycogen degradation. After treatment with MET
and BBR, the activities of GP and GDBE in db/db mice were both significantly decreased. The
combination of these data suggests that, thus both MET and BBR may inhibit glycogenolysis
and reduce hepatic glucose production in diabetic mice through the regulation of GP via a
reduction in glucagon.

MET and BBR may inhibit excessive gluconeogenesis (Madiraju et al., 2014; Zhang et al.,

2018). Here, we measured the protein levels of G-6-Pase and PEPCK, which are the rate-
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limiting enzymes in the gluconeogenesis process (Chung, Chacko, Sunehag & Haymond, 2015;
Oh, Han, Kim & Koo, 2013). It can be seen in Fig. 2C, D that the activities of G-6-Pase and
PEPCK were significantly increased in db/db mice compared with non-diabetic mice, while
there was a statistically significant reduction in the activity of G-6-Pase and PEPCK in diabetic
mice after MET and BBR treatment. The data displayed here are consistent with that previously
reported (Liu et al., 2019).

Glycogenesis is the reverse of glycogen degradation. During glycogenesis, excess glucose
is transferred into the liver, muscle and other tissues to be stored as glycogen. Glycogen
synthesis is regulated by insulin levels and is important for maintaining blood-glucose
homeostasis. Glycogen synthase (GS), the rate-limiting enzyme in the glycogenesis process,
catalyses the formation of (1—4)-a glycosidic linkages, using UDP-glucose as a glucose donor,
to a growing glycogen chain (Wang et al., 2018). As shown in Fig. 2E, the activity of GS in
db/db mice was observed to be higher than in non-diabetic mice, indicating that glycogenesis
was enhanced in db/db mice. The abnormal activity of GS in db/db mice might be caused by
multiple factors, such as insulin resistance and the level of glucose 6-phosphate (G6P). When
insulin resistance occurs, insulin secretion in the body will be increased, which in turn causes
excessive activation of the phosphatidylinositol 3 kinase/protein kinase B/glycogen synthase 3
kinase (PI3K/AKT/GSK3p) signaling pathway, resulting in increased GS activity (Wang et al.,
2018). In addition, excessive blood glucose is transferred into liver under the state of
hyperglycaemia, resulting in increased level of G6P (GS agonist), which further activates GS

(Bouskila et al., 2010). After MET and BBR treatment, the activity of GS was significantly
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decreased in db/db mice. From the data in Fig. 1G, H, MET and BBR can reduce the level of
insulin, HOMA-IR and FBG in diabetic mice. Thus, MET and BBR decreased the activity of
GS and regulated glycogenesis, possibly by regulating insulin level, and improving insulin
resistance and hyperglycaemia.

Summarizing the above results, the activity of the main enzymes involved in glycogen
synthesis and degradation was accelerated, and gluconeogenesis were enhanced in diabetic
mice, with MET and BBR. Since GS, GP and GDBE are also involved in the formation of
glycogen’s structure, these changes to glycogen metabolism in diabetes may not only result in
changes of glycogen content but also glycogen structure. MET and BBR may regulate the key
enzymes in glycogen metabolism, such as GP, GDBE, GS, G-6-Pase and PEPCK, and thus

improve glycogenolysis, glycogenesis and gluconeogenesis in diabetic mice.|
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Fig. 2. The effects of MET and BBR on the enzymes of glycogen metabolism (A, B, C, D and
E) and glycogen content (F and G). Data shown are mean £ SD (n=6). ### p<0.001 vs. NC.

*% 0<0.001, ** p<0.01 vs. DC.

3.3. Effects of MET and BBR on liver glycogen content

Although fasting the mice and the administration of anesthetics may cause some changes
of liver glycogen content (Sullivan et al., 2014), all groups in this study had the same procedure,
still allowing a meaningful comparison of the glycogen content of each group. The liver
glycogen content is displayed in Fig. 2F. The liver glycogen content in diabetic mice was
significantly higher than in non-diabetic mice, however after treatment with MET and BBR,
the liver glycogen content markedly dropped. This is consistent with previous reports (Li et al.,
2019). PAS staining reflected glycogen accumulation and distribution in liver tissues (Fig. 2G).
As shown in Fig. 2G, the staining colour in the DC group was more intense than in the NC
group, which indicates that excess glycogen accumulated in the livers of db/db mice. However,
after MET and BBR treatment, the liver glycogen accumulation in db/db mice was decreased.
The PAS staining images were consistent to the liver glycogen content assay results. As the
results show above, glycogenolysis was elevated because of the increased activity of GP in
db/db mice. At first sight, it would be expected that the glycogen content in db/db mice should
be lower than that in healthy mice, but the result is the opposite. The higher liver glycogen
content in db/db mice might be a result of the abnormally elevated activity of GS. After MET

and BBR treatment, the liver glycogen content was decreased in db/db mice. The change of
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liver glycogen content was consistent with the change in GS activity, which indicated that the

activity of GS may be determining the liver glycogen content.

3.4. Effects of MET and BBR on glycogenolysis via CAMP/PKA signaling pathways

In liver tissues, the cCAMP/PKA pathway is the major upstream signaling pathway of GP. It
is triggered by the combination of glucagon to its Gs-coupled receptors (GPCR), which could
further activate the membrane-bound adenylyl cyclase (AC). Intracellular cCAMP is a type of
second messenger, which is converted from adenosine triphosphate (ATP) through the catalysis
of activated membrane-bound AC (Paramonov, Mamaeva, Sahlgren & Rivero-Muller, 2015).
The increased intracellular levels of cAMP could act as the upstream kinase for cAMP-
dependent protein kinase A (PKA), and then stimulate the activation of glycogen phosphorylase
kinase (PK).PK is a serine/threonine-specific protein kinase which converts GPb to GPa. The
active state of PK is when it is phosphorylated (p-PK) (Yang & Yang, 2016). Finally, this GPa
begins the process of glycogenolysis. Under diabetic conditions, however, the excessive
glucagon levels would over-activate the cAMP/PKA signaling pathway and accelerate the
degradation of glycogen.

The ELISA quantification of cCAMP content and the western blot analysis of GPCR, PKA,
PK, p-PK and GPa in liver tissue are displayed in Fig. 3. As mentioned above, the level of
glucagon in the serum of db/db mice was significantly higher than that of healthy mice, which
could increase the amount of glucagon binding to the GPCR. It can be seen in Fig. 3 that the
expression of GPCR and the content of cAMP in the livers of db/db mice were substantially

higher than that of non-diabetic mice. Consequently, the levels of PKA, PK, p-PK and GPa in
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the livers of db/db mice were significantly higher than in non-diabetic mice. Excessive
glucagon in the serum of diabetic mice could lead to the excessive activation of GPa through a
series of reactions mentioned above. However, after treatment with MET and BBR, the content
of cCAMP and the expression level of GPCR, PKA, PK, p-PK and GPa were markedly decreased,
as hypothesized. These results indicate that MET and BBR might inhibit the conversion of GPb

to GPa and restrain the degradation of glycogen via the cAMP/PKA signaling pathway.
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3.5. Effects of MET and BBR on gluconeogenesis via AMPK/HNF-4¢ signaling pathways

Glucose-6-phosphatase (G-6-Pase) and phosphoenolpyruvate carboxykinase (PEPCK) are
two key enzymes in gluconeogenesis. PEPCK simultaneously decarboxylates and
phosphorylates oxaloacetate into phosphoenolpyruvate, one of the earliest, rate-limiting steps
in gluconeogenesis, and G-6-Pase catalyzes the final step in both gluconeogenic and
glycogenolytic pathways (Liu et al., 2019). The hepatocyte nuclear factor-4o (HNF-40) and
AMP-activated protein kinase (AMPK) are two important upstream regulatory proteins for G-
6-Pase and PEPCK. HNF-4a can promote the expression of G-6-Pase and PEPCK via binding
to cis-elements in their promoters (Wei et al., 2016), and p-AMPK, as an active form of AMPK,
can restrain the transcriptional activity of the cAMP-responsive element (CRE) to down-
regulate the expression of G-6-Pase and PEPCK (Zhang, Chen, Zeng, Huang & Xu, 2019). As
presented in Fig. 4, the expressions of G-6-Pase and PEPCK in diabetic livers were much higher
than in non-diabetic livers, which indicate that gluconeogenesis was enhanced in db/db mice.
After treatment with MET and BBR, the expression of G-6-Pase, PEPCK and HNF-4a were
significantly decreased, the expression of total AMPK was not significantly changed among
the four groups, while the expression of p-AMPK and the ratio of p-AMPK/AMPK were
increased. This result indicates that MET and BBR might decrease the expression of G-6-Pase

and PEPCK by regulation of HNF-40 and p-AMPK.
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Fig. 4. The effects of MET and BBR on the pathways involved in gluconeogenesis and
glycogenesis in db/db mice. Data shown are mean + SD (n=3). ### p<0.001, ## p<0.01 vs. NC.

**% n<0.001, ** p<0.01, * p<0.05 vs. DC.

3.6. Effects of MET and BBR on glycogenesis via AMPK/GS signaling pathways

Glycogenin, GS and glycogen branching enzyme (GBE) are three important enzymes
involved in the process of glycogen synthesis. Glycogenin is the initial enzyme in glycogen
polymerization; forming the centre of a growing glycogen molecule and attaching the initial
glucose molecules to itself, using UDP-glucose as the substrate (Tan, Sullivan, Nada, Deng,
Schulz & Gilbert, 2018). GS adds new glucose molecules to the non-reducing end of original
glycogen via (1-4)-a glycosidic bonds, again using UDP-glucose as the glucose donor. GBE
adds branches to glycogen molecules via (1-6)-a glycosidic bonds. GS catalyses the formation
of the liner chains of glycogen, while GBE catalyses the formation of branches of glycogen
(Liu et al., 2019). Among these three enzymes, GS is the rate-limiting enzyme in glycogen
synthesis. In addition to allosteric regulation, GS is also regulated by phosphorylation and
dephosphorylation leading to deactivation and activation, respectively. GS activation may
therefore take place through inactivation of GS kinases and by activation of GS phosphatases.
It has been demonstrated that AMPK, as a GS kinase, can phosphorylate the site 2 located near
the N-terminus of GS (p-GS, inactive state of GS) and thus decrease the activity of GS
(Wojtaszewski, Nielsen, Jgrgensen, Fresig, Birk & Richter).

To explore the effects of MET and BBR on glycogen synthesis and its upstream pathway,

the expression levels of glycogenin, GS, p-GS, GBE, AMPK and p-AMPK were measured and
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are presented in Fig. 4. The expression levels of total GS among four groups didn’t show
significant difference, but the expression level of p-GS and the ratio of p-GS/GS were obviously
decreased in diabetic mice, the lower ratio of p-GS/GS meant the higher activation level of GS.
Moreover, the expression level of glycogenin and GBE in db/db mice were significantly higher
than those of non-diabetic mice. This indicates that glycogenesis was abnormally enhanced in
db/db mice. However, the expression levels of p-GS, glycogenin, GBE and the ratio of p-GS/GS
in diabetic mice were reversed after MET and BBR treatment, which suggested that MET and
BBR could improve glycogenesis by inhibiting GS, GBE and glycogenin. The result here is
consistent with the data for GS activity and glycogen content presented above. The expression
level of total AMPK was similar among the four groups, while the expression of p-AMPK (the
active state of AMPK) and the ratio of p-AMPK/AMPK in db/db mice were lower than in non-
diabetic mice. Moreover, the expression of p-AMPK and the ratio of p-AMPK/AMPK in db/db
mice were increased after treatment with MET and BBR. These data indicated that MET and
BBR could reduce glycogenesis by potentially activating AMPK and thus inhibiting GS (the

rate-limiting enzyme in glycogenesis).

3.7. Effects of MET and BBR on glycogen molecular weight distributions in db/db mice

The SEC weight distributions as a function of molecular size for glycogen particles from
the four groups are shown in Fig. 5, normalized to their maxima. The blue and red lines
represent untreated and DMSO treated glycogen, respectively. DMSO treatment is an efficient
way to test the stability of glycogen particles. The change of size distributions before and after

DMSO treatment shows the stability of glycogen particles. As expected from previous studies
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(Deng et al., 2015), untreated glycogen from NC and DC group had similar size distributions,
consisting of a significant population of o particles. However, after DMSO treatment, most
glycogen particles in the DC group were degraded into smaller particles, with the main peak
changing to 18 nm (corresponding to B particles). This is consistent with our previous study
that liver glycogen in db/db mice is fragile and easily degraded into smaller particles (Deng et
al., 2015). However, the size distributions of glycogen from MET and BBR groups did not
undergo this large change after DMSO treatment. Here the main peak remained at ~ 40 nm,
corresponding to a particles. This indicated that glycogen a particles from MET and BBR
treated groups were more stable compared with db/db mice after DMSO treatment.

To quantify the extent of degradation of a particles from each group, the average Ry values
before and after DMSO treatment and the degradation quotient were calculated and are shown
in Table 1. The degradation quotient was calculated as the ratio of the initial Ry, of the untreated
sample, to that after DMSO treatment. The higher the degradation quotient, the greater the
extent of degradation under DMSO treatment. The average Ry of diabetic liver glycogen was
2816 nm and was dramatically reduced to 20+2 nm after DMSO treatment, indicating that
particles were significantly degraded. Small reductions of the average Rp were observed in
DMSO-treated glycogen from NC, MET and BBR groups, but there were no statistically
significant differences of the average Ry, in these three groups before and after treatment. It can
be seen in Table 1 that the glycogen in DC group had a higher degradation quotient (1.4+0.2)
compared to that in NC group (1.1+0.1), which means more degradation occurred in the

glycogen of db/db mice. The degradation quotients in MET and BBR groups were significantly

31



decreased to 1.1+0.2 and 1.1+0.2, respectively, resembling the NC group. All these data

suggested MET and BBR could strengthen the fragile liver a particles in diabetic mice.
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Fig. 5. The glycogen SEC weight distributions of each group before and after DMSO treated

(n=6). A representative sample for each group is shown here, with all samples given in

supplementary information.

Table 1. The average Ry of untreated and DMSO treated glycogen and degradation quotient

from SEC data of each group (n=6).

Average Rn(nm) Degradation
Group

guotient

untreated DMSO treated

NC 23.7£2.9 21.6x1.7 1.1+0.1
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DC 27.6+6.0 20.3+1.8% 1.4+0.2*

MET 25.7+3.8 23.5%1.2 1.1+0.2*

BBR 25.1+4.1 23.7£2.7 1.1+0.0*

Data shown are mean + SD. ## p<<0.01 vs. untreated. # p<<0.05 vs. NC. * p<<0.05 vs. DC.
3.8. Effects of MET and BBR on glycogen density distributions in db/db mice

The molecular density distributions and average density values of glycogen from the four
groups are shown in Fig. 6. The average values were calculated over an Ry range from 20~55
nm. The average density was calculated as previously reported, as | p(Rn) dRh 7 (Rh.max — Rh.min)
(Hu et al., 2018). The Ry ranges for these distributions were chosen to have acceptable signal:
noise ratios, these ranges differing for the DRI and MALLS detectors. The MALLS detector
has poorer signal: noise at a lower Ry and can produce signal noise artifacts at these sizes. As
expected from a previous study (Hu et al., 2019), db/db mouse liver glycogen had a higher
molecular density than non-diabetic mice, but had a substantial density reduction after DMSO
treatment. This is probably caused by a loss of some component associated with glycogen, due
to hydrogen bonds being broken in protein-oligosaccharides association (Tan, Sullivan, Nada,
Deng, Schulz & Gilbert, 2018). Fragile o particles were broken apart into B particles, which
had a smaller density than o particles. However, no density decrease was observed in glycogen
from MET and BBR group. This also indicates MET and BBR could convert fragile o particles

into the stable state in glycogen of db/db mice.
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no significant difference).
3.9. Transmission electron microscopy analysis of liver glycogen

The TEM images of glycogen treated with DMSO are presented in Fig. 7. After DMSO

treatment, the glycogen from non-diabetic liver mainly comprised a particles, which have the
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appearance of cauliflower. Conversely, the glycogen from diabetic liver was more likely to
degrade into P particles. However, liver glycogen from MET and BBR groups mostly
maintained its compact a-particle structure with only a few B particles. This result suggests that

MET and BBR could improve the fragility to DMSO of glycogen in db/db mice, which is

consistent with the inference from SEC data.

Fig. 7. TEM micrograph of liver glycogen after DMSO treatment. (A) NC group; (B) DC group;

(C) MET group; (D) BBR group.

3.10. Effects of MET and BBR on the chain-length distributions

The CLDs, as functions of the degree of polymerization of chains, were measured by a
standard method, using isoamylase to break all (1—6)-a branch points enzymatically, followed

by quantification of the abundance of each resulting chain length by FACE. The FACE
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electrophorogram, CLD, average chain length (ACL) and degree of branching are given in Fig.
8. The distributions of DC group are consistent with those of glycogen from a previous study
(Hu et al., 2018), with glycogen from diabetic mice having a higher proportion of longer chains,
larger ACL and lower degree of branching.

Potentially these longer chain lengths and fewer branch points could contribute to the
molecular fragility seen in diabetic liver glycogen. In the present study, the CLDs of MET and
BBR group are similar to those from NC group, compared to that of the DC group. The ACL
of these two groups were decreased and the degree of branching of these two groups were
elevated, compared to the DC group, resembling the non-diabetic group. These data show that
MET and BBR could change the CLD of glycogen in diabetic mice to that healthy glycogen,
and also indicates that changing the CLD might be the underlying mechanism of MET and BBR

repairing the impaired structure of liver glycogen.
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group. Data shown are mean £ SD (n=3). ### p<0.001, ## p<0.01 vs. NC. *** p<0.001, **

p<0.01, * p<0.05 vs. DC.

3.11. Effects of MET and BBR on the affinity of GP with glycogen from db/db mice in vitro

The Michaelis constant (Km) expresses the concentration of the substrate at half of the
maximum velocity (Vmax) Of the reaction (Milne et al., 2007; Schnell, 2014). The lower the Kn
value, the higher the affinity of the enzyme to the substrate (Michaelis, Menten, Johnson &
Goody, 2011).

The reaction rate profiles and Lineweaver-Burk profiles are given in Fig. 9. The Ky, values
were calculated through Lineweaver-Burk profile and the formula 1/v = Kin/(Vmax[S]) + 1/Vmax
(v =the reaction rate, Vmax = the maximum velocity). The Km value of glycogen to GP of NC,
DC, MET and BBR groups were 1.1+0.2, 0.49+0.15, 0.90+0.11 and 0.82+0.14 mg/mL,
respectively. As presented in Fig. 9, for a given substrate (glycogen) concentration, the reaction
velocity of the DC group is much higher than the other three groups, and the Km value is smaller
than for non-diabetic glycogen. This indicates that glycogen from diabetic mice has a stronger
affinity with GP than healthy glycogen. This stronger affinity might be attributed to the longer
chains and loose structure in glycogen molecules in diabetic mice, which could be easier to
attach to the GP bonding sites and therefore be degraded. After the intervention of MET and
BBR, the reaction velocity at the same concentration of glycogen from db/db mice decreased
dramatically and the Km value of glycogen to GP was substantially increased. This might be the
result of the more stable molecular structure of glycogen in db/db mice after the treatment with

MET and BBR. All these data here indicate that modifying impaired glycogen structure could
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weaken the affinity of glycogen to GP and decrease the degradation rate, which might be the

mechanism of MET and BBR inhibiting glycogenolysis.

A

= 0.025- DC
g
.g 0.020- MET
- — BBR
T 0.0154
2
<
Z 0.010-
[-=8
o0
£ 0.005
g
£ 0.000 . . . T :
0.00 0.25 0.50 0.75 1.00 1.25
concentration of glycogen(mg/mL)
B A
1000 | — NC
g
S 800 | —DC
g
£ 600 | -
& — BBR
< 400 f
&
— 200

v

2— 5 10 15 20 25
200 [ 1/Glycogen(mL/mg)

Fig. 9. The assay of the affinity of GP with the glycogen from each group. Reaction rate profile
for GP with a series of concentrations of glycogen (A). Lineweaver-Burk profile with double-
reciprocal plot for GP enzymatic reaction at a series of concentrations of glycogen (B). A
representative sample for each group is shown with all samples given in supplementary

information (n=3).
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4. Conclusion

This paper studied how key aspects of glycogen metabolism and glycogen structure from
db/db mice were affected by the treatment of two anti-diabetic drugs, MET and BBR. Our
results indicate that MET and BBR down-regulate the cAMP/PKA signaling pathway to inhibit
the expression of GPa, thus inhibiting the excessive glycogenolysis presented in diabetic livers,
a major contributor to the abnormal blood glucose levels seen in diabetes. MET and BBR also
appears to repair the altered glycogen structure seen in db/db mice to that in healthy, with the
a particles becoming more stable and the chain lengths, degree of branching and molecular
density resembling non-diabetic glycogen. The repair of glycogen structure might be a reason
that MET and BBR weaken the affinity of glycogen to GP in db/db mice back to non-diabetic
levels. This decreased affinity of glycogen to GP could slow down the rate of glycogenolysis,
thus inhibiting the excessive hepatic glucose output seen in diabetes. In addition, MET and
BBR could inhibit gluconeogenesis in diabetic liver via the AMPK/HNF-4a pathway and
inhibit the glycogenesis through the AMPK/GS signaling pathway in db/db mice. These effects
of MET and BBR mentioned above could effectively down-regulate hepatic glucose output by
inhibiting both glycogenolysis and gluconeogenesis. Since abnormal hepatic glucose output is
a characteristic manifestation of diabetes, this increased understanding of the mechanisms by
which MET and BBR suppress hepatic glucose output may provide new targets for the

development of novel anti-diabetic drugs.
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