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Abstract

Glycogen is a highly branched biomacromolecule that functions as a glucose buffer. It is
involved in multiple diseases such as glycogen storage disorders, diabetes, and even liver

cancer, where the imbalance between biosynthetic and catabolic enzymes results in structural
alterations and abnormal accumulation of glycogen that can be toxic to cells. Accurate and
sensitive glycogen quantification and structural determination are prerequisites for understanding
the phenotypes and biological functions of glycogen under these conditions. In this research,

we furthered cell glycogen characterization by presenting a highly sensitive method to measure
glycogen content and degree of branching. The method employed a novel fructose density
gradient as an alternative to the traditional sucrose gradient to fractionate glycogen from cell
mixtures using ultracentrifugation. Fructose was used to avoid the large glucose background
allowing the method to be highly quantitative. The glycogen content was determined by
quantifying 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatized glucose residues obtained from
acid hydrolyzed glycogen using ultra-high performance liquid chromatography triple quadrupole
mass spectrometry (UHPLC/QqQ-MS). The degree of branching was determined through linkage
analysis where the glycogen underwent permethylation, hydrolysis, PMP derivatization and
UHPLC/QQgQ-MS analysis.

The new approach was used to study the effect of insulin on the glycogen phenotypes of human
hepatocellular carcinoma (Hep G2) cells. We observed that cells produced greater amounts of
glycogen with less-branching under increasing insulin levels before reaching the cell’s insulin-
resistant state, where the trend reversed and the cells produced less but higher-branched glycogen.
The advantage of this method lies in its high sensitivity in characterizing both the glycogen level
and structure of biological samples.
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Introduction

Glycogen is described as a hyperbranched polysaccharide of glucose and serves as the

vital energy storage in the human body. It plays important roles in regulating glucose-
dependent functions and supporting physical activities.! The structure of glycogen controls
its physiochemical properties and biological functions. For example, the glycogen branching
frequency mediates the water solubility as well as the rate of glucose storage and release.?
Abnormal structural alterations and accumulation of glycogen caused by disorders of
biosynthetic and catabolic enzymes, are often fatal for cells.3# The metabolic dysregulation
of glycogen results in many storage diseases and may contribute to the development of
diabetes and cancers.>"” Current diagnosis of glycogen-related diseases is a combination of
clinical presentation, metabolite (e.g., serum glucose) test, enzyme activity, and molecular
genetic analysis.8 Direct analysis of glycogen requires an invasive muscle or liver biopsy
by which, abnormal levels of glycogen have been found in multiple human tissues with
diseases (Table 1).710-12 Glycogen structures with unusual degree of branching were also
noted for some glycogen storage disorders (e.g., Cori disease and Andersen disease) but
remained to be characterized for diabetes and other diseases.!?

Due to the importance of glycogen, efforts have been made to characterize glycogen content
and structure to differentiate disease phenotypes and develop diagnostic biomarkers. Total
glucose methods including anthrone and phenol-sulfuric acid assays measured glycogen
levels by utilizing concentrated sulfuric acid to break down and dehydrate glycogen. The
resulting hydroxymethyl furfural was then reacted with anthrone or phenol to produce a
blue-green or yellow-gold color that could be measured with spectrophotometry.13:14 These
methods provide rapid and convenient approaches to quantify total carbohydrates but lack
specificity for glycogen. Alternatively, amyloglucosidase (AMG), an enzyme that cleaves
both 1,4 and 1,6-a-D-glucosidic bonds in glycogen was used to digest glycogen. The
released glucose monomers were then oxidized by glucose oxidase to produce hydrogen
peroxide which could be detected with a colorimetric probe.1>-17 These colorimetric
methods provide quantitative information about total glycogen, but provide no structural
information and are readily complicated by the large glucose background.

To characterize the glycogen structure, proton nuclear magnetic resonance (*H NMR)
spectroscopy was employed to directly study the degree of branching by measuring the
fraction of a-1,6 linkages!8; however, the method requires large amount of samples

(in milligram quantities). The degree of branching could also be calculated from chain-
length distributions which are measured by the complete hydrolysis of a-1,6 linkages
with isoamylase before separating and analyzing the resulting linear glucans based on
their degree of polymerization using techniques such as fluorophore-assisted carbohydrate
electrophoresis (FACE)1920 and high-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD)?1.22, These techniques showed satisfactory
reproducibility but compromised throughput, sensitivity and quantitative accuracy.23

Mass spectrometry (MS)-based methods have emerged as powerful tools to analyze both
polysaccharide content and structure. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI/TOF-MS) was used as a fast and sensitive technique
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to study carbohydrate chain-length distribution but showed compromised reproducibility.24
We recently developed robust and high-throughput methods to determine both the
monosaccharide constituents and glycosidic linkages of carbohydrates by employing
UHPLC/QqQ-MS.25 The monosaccharide content method first hydrolyzed polysaccharides
with strong acid, then PMP-derivatized and quantified the monosaccharides with an

external calibration curve composed of monosaccharide standards. The glycosidic linkage
method permethylated and hydrolyzed polysaccharides, and PMP-derivatized and quantified
the methylated monosaccharides based on their peak areas. The relative abundances of
monosaccharide units at the terminal, linear, bisecting, and trisecting positions were
compared to provide structural information.2® The sensitivity, specificity and reproducibility
of these MS-based methods showed high potential in application of cell glycogen analysis.
However, these methods have only been used to analyze plant and food polysaccharides, and
have not been applied towards characterizing glycogen.

In this research, we developed a cell glycogen extraction and analysis workflow that can
sensitively and simultaneously determine the glycogen amount and degree of branching
using UHPLC/QgQ-MS (Fig. 1). We found that the commonly used glycogen purification
method via sucrose gradient centrifugation could introduce glucose impurities from the
sucrose which affect the glycogen analysis, so instead we developed a novel fructose
gradient centrifugation method to extract and purify glycogen from the complex cellular
environment and to avoid the contamination. The glycogen content was then measured
through the monosaccharide analysis by quantifying PMP-derivatized glucose units and
the degree of branching was monitored through the linkage analysis by comparing the
abundances of different glycosidic linkages. The limit of detection (LOD) and limit of
quantification (LOQ) of the glycogen quantification method were determined to be 5 pg
and 5 ng, respectively. To demonstrate the method’s viability, we examined the Hep G2 cell
glycogen phenotypes under insulin-stimulated and resistant cell states. We discovered that
the glycogen content increased and degree of branching decreased when the cells were first
treated with higher concentration of insulin while a reverse trend was observed when the
cells reached their insulin-resistant states. The results highlighted the sensitivity, efficacy
and robustness of this method making it ideal for glycogen analysis in research using small
sample sizes such as in blood samples and cell models. By providing both quantitative

and structural information, the method will facilitate studies in glycogen structure-function
relationship and help further the understanding of disease-related glycogen phenotypes.

Cell culture and insulin treatment.

Hep G2 cells were grown in DMEM containing 25 mM D-glucose, supplemented with
10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. The cells were maintained at 37°C
in a humidified cell culture incubator with 5% CO» and split at 80% confluency using a
1:5 ratio. After the cells were plated in a 10-cm Petri dish for 24 hrs, the medium was
changed to FBS-free DMEM for 24 hrs. For the treatment, the media was changed into
FBS-free DMEM containing 1 x 104, 1 x 103, 1 x 102, 10, 1 nM insulin.2”:28 After 24
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hrs of incubation, 100 pL of the cell culture media was collected to determine glucose
consumption and the cells were harvested for glycogen analysis.

Cell glycogen extraction using density gradient centrifugation.

Fructose gradients were prepared at least one night prior to glycogen extraction. Stock
solutions for 30%, 60% and 80% (w/v) fructose were prepared with nanopure water and
stored at 4°C until use. To a 1.5 mL ultracentrifuge tube, 400 pL of the 80% fructose

stock solution was added to the bottom and allowed to freeze on dry ice. Then, subsequent
layers of 400 pL of each 60% and 30% fructose solutions were added on top after the
previous layer was frozen. The gradients can be stored in —=80°C and moved to 4°C one night
before use to allow the gradient to become linear. Sucrose gradients (25%, 50%, 75%) were
prepared the same way.

The glycogen extraction method was developed based on previous approaches.12:29:30 Cells
were washed twice with DPBS and harvested with scrapers (Fig. 1a). The cell mixture

was centrifuged at 130 x g for 7 min at 4°C. The cell pellet was resuspended in 1.2

mL of 20 mM HEPES buffer at pH 7.4 and heated in a boiling water bath for 5 min to
inactivate endogenous enzymes that digest glycogen. The samples were cooled to 4°C and
the condensed liquid was spun down. The cells were lysed at 4°C using a probe sonicator
(Q700; QSonica) through five on (5 s) and off (10 s) pulse cycles at 25% amplitude. The
lysate was centrifuged at 6,000 x g for 10 min at 4°C to remove cellular debris and nuclear
fractions. An aliquot of 2 L of the supernatant was used to measure protein concentration
through BCA assay. The protein content was used later to normalize the glycogen content.
Another aliquot of 1 mL of the supernatant was collected for ultracentrifugation at 50,000
x gfor 30 min at 4°C. The pellet was reconstituted in 200 uL of 20 mM HEPES buffer

and layered on top of a linear fructose gradient. The sample was ultracentrifuged at 280,000
x gfor 2.5 hrs at 4°C to separate glycogen from other cellular fractions. The top 1.38

mL of supernatant was removed carefully. To the remaining solution, 500 pL of ethanol
was added, vortexed and stored in —80°C for 20 min to precipitate the glycogen. The
sample was centrifuged at 4,000 x g for 10 min at 4°C before the supernatant with most
fructose was removed. Another wash with 100 pL of ethanol was performed using the same
procedure. The precipitate was dried in vacuo completely and reconstituted in 100 uL of
nanopure water. Aliquots of 5 uL and 50 L of the solution were used for glycogen content
determination and degree of branching analysis, respectively. The remaining material was
stored in —80°C for further use.

Glycogen content determination using LC-MS.

The glycogen quantification method was adapted from the monosaccharide compositional
analysis.2>31.32 The samples were hydrolyzed in 100 uL of 4 M TFA at 120°C for 1

h (Fig. 1b upper). The released monosaccharides were dried completely in vacuo. An
external calibration curve was prepared by diluting a pool of monosaccharide standards

into concentrations ranging from 0.001 to 50 pg/mL per monosaccharide. The pool
included glucose, galactose, mannose, fructose, allose, fucose, rhamnose, arabinose, xylose,
ribose, galacturonic acid, glucuronic acid, N-acetylgalactosamine and N-acetylglucosamine.
Together with the standards, the samples were derivatized with 100 L of 0.2 M PMP in
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methanol and 100 pL of 28% ammonium hydroxide at 70°C for 30 min. The samples were
dried completely in vacuo and reconstituted in nanopure water. Chloroform-water extraction
was performed twice to remove the excess PMP reagent. The water layer was analyzed

with an Agilent 1290 Infinity 11 UHPLC coupled with an Agilent 6495 QqQ MS using
dynamic multiple reaction monitoring (dMRM). The data were analyzed with the Agilent
MassHunter quantitative analysis software version B.08.00 (Fig. 1c upper). The transition
m/z511.2 — m/z175.1 was used to quantify glucose and the product ion m/z217.1

was monitored as a qualifier ion. The amount of glucose derived from the glycogen was
extrapolated from the external calibration curve and normalized to protein amount.

Degree of branching analysis.

The degree of branching analysis was adapted from the glycosidic linkage analysis.26:33.34
The 50 L aliquots of glycogen samples were dried in vacuo and permethylated by reaction
with 5 pL of saturated NaOH solution for 30 min and 150 pL of DMSO for 30 min in argon,
followed by 40 pL of iodomethane for 50 min (Fig. 1b lower). Dichloromethane-water
extraction was performed five times to remove the excess NaOH and DMSO. The organic
layer was dried completely in vacuo and hydrolyzed with 100 uL of 4 M TFA at 100°C for
2 hrs. The samples were dried and underwent the same PMP derivatization as the glycogen
quantification method. The dried samples were reconstituted in 100 uL of 70% methanol/
water and analyzed with an Agilent 1290 Infinity Il UHPLC coupled with an Agilent 6495
QqQ MS using dMRM. The data were analyzed with the Agilent MassHunter quantitative
analysis software version B.08.00 (Fig. 1c lower). The precursor ions /m/z539.2, 553.6 and
567.2 and the product ion m/z175.1 were used to quantify 4,6-glucose (at branching points),
4-glucose (at linear chains) and T-glucose (at termini), respectively. The product ion m/z
231.2 was monitored as a qualifier ion for these glycoside analytes. The relative abundance
of the glucose units was calculated based on the integrated peak areas.

Glycogen degree of branching analysis using NMR.

The samples were prepared for 1TH NMR (600 MHz Varian VNMRS Spectrometer) by
dissolving 10 mg of the glycogen standard in 1 mL of deuterium oxide.3® The degree of
branching was determined by comparing the peak integrals for the anomeric protons of
a(1—6)-linked glucose residues (4.97 ppm) and the anomeric protons of a(1—4)-linked
glucose residues (5.40 ppm) using MestReNova software.

Results and Discussion

Extraction of cell glycogen

Both the quantification and structural analysis of glycogen required the extraction and
purification of glycogen. Without extensive purification, the accuracy of the analysis is
compromised due to interference from free glucose, residues containing glycans and other
biomolecules that react with the analytical reagents. Current methods for tissue glycogen
extraction consist of sample homogenization followed by glycogen purification. Sample
homogenization has been performed under various conditions and with different solutions.
Hot alkaline solution had been used but was found to degrade glycogen compared to

cold trichloroacetic acid solution, which produced glycogen of much larger molecular
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weights.38-40 Tris buffer was employed to inactivate enzymes that degrade glycogen.15:29.30
Formalin solution was also tested on liver samples that were already preserved in it.17
Glycogen purification has been conducted by direct ethanol precipitationl”41:42 or an
additional step of fractionation using sucrose-density gradient centrifugation before ethanol
precipitation15:29:30, Both methods were reported to produce glycogen of a similar size
distribution but the use of a separation gradient yielded a higher purity of glycogen.

We compared the sample homogenization methods using boiling KOH solution and

boiling HEPES buffer to minimize glycogen breakdown by cytosolic and lysosomal
enzymes. We also optimized the glycogen purification by comparing the efficiency of
ethanol precipitation, density gradient centrifugation and molecular weight cut-off (MWCO)
centrifugal filters. These methods have not been compared systematically before, and we
were able to characterize and compare their extraction and purification efficiency using the
LC-MS-based methods through both monosaccharide and glycosidic linkage analyses (Fig.
2).

The pellet obtained from the 50,000 x g ultracentrifugation was analyzed without cleanup
as a control to compare with the glycogen extraction methods. The monosaccharide
composition analysis revealed the presence of ribose, fucose, mannose and galactose in
the pellet mixture, which potentially originated from RNA and glycoprotein sources. The
linkage analysis also detected a large fraction of terminal and 2-linked galactose and 3-

6- and 3,6- linked mannose corresponding to the respective monosaccharide compositions.
The analysis also yielded a 55.7% peak area ratio between T-Glc and 4-Glc. Due to the
performance of the linkage analysis being largely based on the efficiency of permethylation
and hydrolysis, the accuracy of the analysis would benefit from a cleaner reaction system.
Therefore, multiple attempts at extracting and purifying glycogen from the complex cell
mixture were conducted to ensure better results as described below.

The first cleanup method used MWCO centrifugal filters. The pellet was reconstituted in
400 pL of nanopure water and centrifuged in a 30 kDa or 50 kDa filter at 14,000 x g

at 25°C. The sample was washed with 400 uL of nanopure water three times through the
same centrifugation procedure. The final solution in the filter device was collected, dried
and reconstituted for glycosidic linkage analysis. The 30 kDa and 50 kDa filtrations partially
reduced the contamination of biomolecules containing ribose, galactose and mannose as
compared to the control but still not efficiently.

The sucrose gradient2%:30 composed of 25%, 50% and 75% sucrose solutions was then
adapted for glycogen purification. The method provided moderate fractionation of the
cellular mixture, which decreased the contamination from the RNA and glycoproteins as
shown by lower ribose, galactose and mannose abundances. However, the sucrose from the
gradient was found to remain in the samples after ethanol precipitation, where the glucose
component of sucrose affected both the quantification and degree of branching analysis of
glycogen. The ratio of T-Glc to 4-Glc (T-Glc/4-Glc) was 94.3%, determined to be much
higher than the control and indicated the contamination of glucose from sucrose. Further
removal of sucrose could be achieved by multiple washes with ethanol solution, however,
with the risk of glycogen loss.
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To minimize glucose interference, we replaced the sucrose with a fructose gradient (30%,
60% and 80%), which maintained the density and viscosity of sucrose*3 for cell component
fractionation by ultracentrifugation. The water solubility of fructose is nearly double

that of sucrose thereby accelerating fructose removal during ethanol precipitation and
significantly enhancing the glycogen cleanup for further reactions. The gradient composition
was optimized to achieve a high glycogen recovery of 92.1%. The fructose gradient

was effective in minimizing the contamination of glycogen as shown by the minimal
signals for monosaccharides other than glucose. Fructose could still be detected, but was
distinguishable from glucose due to the large separation in retention time. The degree

of branching analysis resulted in a T-Glc/4-Glc ratio of 29.9%. Due to the purity of the
acquired glycogen, the linkage analysis of glycogen further yielded quantitation of the
bisecting 4,6-linked glucose residues. The ratio of the branched point 4,6-Glc versus 4-Glc
may further yield structural information.

Additionally, minimal ribose was found in the enriched glycogen sample using the KOH
method, indicating the RNA was degraded in the alkaline environment and removed during
ethanol precipitation prior to glycogen analyses. The degree of branching analysis of the
pellet yielded a 44.9% T-Glc/4-Glc ratio, higher than the result from HEPES buffer-fructose
gradient method, indicating glycogen degradation in alkaline solution. Thus, the HEPES
buffer-fructose gradient method outperformed the other methods and was employed in the
following cell treatment experiments.

Quantification of glycogen

To determine the glycogen content with greater rigor, the absolute quantitation of

glucose derived from glycogen was required. Therefore, efficient hydrolysis of glycogen
polymer was crucial for accurate quantification. We investigated two methods, one with
amyloglucosidase (AMG) and another with trifluoroacetic acid (TFA), to achieve the best
hydrolysis efficiency and LC-MS detection. Different amounts of a commercial rabbit liver
glycogen standard (5 pg to 5 ug, 85% purity) were hydrolyzed using the two methods,

and the glucose content was quantified with LC-MS (Fig. 3). The LOD of AMG and TFA
methods were below 5 pg of glycogen. The lowest amounts (LOQ) within the linear ranges
of calibration curves of both methods was 5 ng of glycogen. The correlation coefficients of
the calibration curves were 0.9996 and 0.9985 within the linear range from 5 to 1250 ng of
glycogen. The two methods also shared similar coefficients of variation, 5% for the AMG
method and 6% for the TFA method. With the regression line slope of 0.3 under the AMG
method, a calibration curve of glycogen standards would be necessary to quantify unknown
samples and resolve the biased signal response. Additionally, it would be difficult to search
for the right type of glycogen standards that resemble the samples. In comparison, the TFA
method had a regression line slope of 0.9, so the glycogen amount could be determined
with much higher accuracy by direct quantification of the derivatized glucose. The variation
between the two methods might arise from one step deviation in the AMG method workflow
thus allowing for introduction of impurities, therefore the TFA method was selected for
glycogen quantification in this work. Compared to previous methods,36 our method showed
a 20-fold-lower limit of quantification, enabling the quantification of glycogen of limited
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sample size such as that from cells, and a wider linear range for comprehensive coverage of
glycogen content differences among samples.

Commercial glycogen samples processed from rabbit liver, bovine liver, oyster and blue
mussel of over 75%-85% purities were analyzed for method validation. The average
glycogen recovery rate and coefficient of variance were 82% and 5%, respectively (Fig.
4a).

Determination of the degree of branching

The degree of branching has been recognized to be an important property of glycogen.
For example, in Lafora disease and Andersen disease, low branching frequency causes the
glycogen particles to be insoluble, forming the pathological polyglucosan bodies.3” In this
study, the degree of branching was characterized by comparing the relative abundances of
terminal glucose and 4-glucose using the linkage analytical method. We propose that the
greater the abundance of terminal glucose, the greater the branching.

In the glycosidic linkage analysis, the glycogen molecules were permethylated and
hydrolyzed. The glucose units were differentiated based on the degree of permethylation
(DoPe) of their corresponding hydrolysates. For example, a glucose unit at the terminus of
a glycogen chain (T-Glc) was only linked at the anomeric hydroxyl position, and therefore
had four free hydroxyl groups available for permethylation (DoPe = 4). After hydrolysis,
the glucose was labelled with PMP at the anomeric end and subjected to LC-MS analysis.
A glucose unit on the linear glycogen chain (4-Glc) was linked at both the anomeric and
(1—4)-hydroxy! positions, so only three hydroxyl groups were methylated (DoPe = 3). The
hydrolysis yielded a monomer with three methoxy and one hydroxyl groups. Similarly, a
glucose unit at the branching point (4,6-Glc) of glycogen was linked at both (1—4)- and
(1—6)-hydroxy! positions (DoPe = 2), resulting in a monomer with two methoxy and two
hydroxyl groups after hydrolysis. These derivatized linkage residues with different DoPe
were separated by reverse phase chromatography. Their relative abundance was calculated
based on the relative peak area.

A higher relative abundance of terminal or branching glucose over linear-chain glucose
indicated a higher branched structure, therefore, the ratios of terminal glucose to 4-linked
glucose (T-Glc/4-Glc) and the abundance of branching 4,6-Glc normalized to 4-Glc (4,6-
Glc/4-Glc) were examined to represent the degree of branching. Commercial glycogen
standards from rabbit liver, bovine liver and oyster were examined to develop and validate
this method. Amylopectin, a less branched storage polysaccharide found in plants, was also
analyzed for comparison. The glycogen from rabbit liver was found to have the highest ratio
and therefore the most branched with T-Glc/4-Glc ratio of 68.0% followed by glycogen from
oyster and bovine liver (42.6% and 40.0%, respectively) (Fig. 4b). Amylopectin was the
least branched with a ratio of 13.3%. The ratios of 4,6-Glc/4-Glc of the standards followed
similar trends but did not correlate as strongly.

We further employed 1H NMR (which required 1000 times more material) to determine
the branching frequency by comparing the ratios of intensities of protons at the a.(1—6)
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and a(1—4) positions. The results showed similar trends thereby validating the use of
T-Glc/4-Glc to measure the degree of branching (Fig. S1).

The ratio 4,6-Glc/4-Glc could also be an indicator of branching, however, the peak
abundance of 4,6-Glc was significantly smaller than that of 4-Glc and T-Glc due to less
efficient ionization and column retention and the ratio did not correlate as strongly with the
ratio T-Glc/4-Glc. We therefore did not pursue the use of 4,6-Glc further.

Analysis of glycogen from insulin-stimulated and insulin-resistant Hep G2 cells

To demonstrate the sensitivity, specificity and robustness of the method, we analyzed the
changes of Hep G2 cell glycogen content and structure under insulin treatments. Insulin

is a vital hormone that regulates glucose homeostasis in human body. Insulin deficiency
and resistance impair the insulin-mediated glucose uptake of cells, resulting in elevated
blood glucose level (hyperglycemia) and eventual diabetes mellitus if left untreated.*4
Diabetes has been recognized to affect the glycogen content in multiple human tissues,

as both type 1 and type 2 diabetes lead to decreased glycogen level in liver and skeletal
muscle tissues and increased glycogen level in heart and kidney tissues.12 However, little
information is known regarding the structural change of these glycogen molecules (Table
1). Human hepatoma Hep G2 cells have been widely used as an alternative to primary
hepatocytes to study glucose metabolism and insulin modulation because they express many
differentiated hepatic functions such as glycogen synthesis and insulin signaling.27:45:46 We
applied our methods to evaluate the effects of insulin concentrations on glucose metabolism
and glycogen phenotypes using the Hep G2 cell model.

In order to establish insulin-stimulated and insulin-resistant cell models, Hep G2 cells were
treated with 1 x 104, 1 x 103, 1 x 102, 10, 1 nM insulin in DMEM containing 25 mM D-
glucose for 24 hrs. The cell glucose consumption was calculated by subtracting the glucose
concentration of the medium at the end of the incubation from the initial concentration. The
collected medium was diluted by 100 times and a 5 pL aliquot was used for the analysis.
The glucose concentration was determined by free monosaccharide analysis performed

in the same manner as the monosaccharide compositional analysis excluding the initial

acid hydrolysis step. The glucose consumption of the cells increased with rising insulin
concentration from zero to 10 nM and suddenly dropped when insulin reached 1 x 102 nM
which simulated the state when the cell is receiving no insulin. The glucose consumption
increased slowly when insulin concentration continued rising to 1 x 104 nM (Fig. 5a). A
similar trend was observed in the cell glycogen content as it increased significantly when the
cells were stimulated with 10 nM insulin and dropped when the insulin level increased to 1
x 102 nM (Fig. 5b). In this experiment, the insulin-resistant state of the cell was triggered
by insulin at concentration of 1 x 102 nM determined by the decrease in the cell’s response
to insulin stimulation through glucose consumption and glycogenesis. The glycogen became
significantly less branched under insulin stimulation condition (Fig. 5¢). This trend has not
been previously reported for human cells. One possible reason is that insulin stimulates
glycogen synthesis through activation of glycogen synthase (GS) by inactivating glycogen
synthase kinase 3 and protein kinase A that phosphorylate and inhibit GS,12 and during

the process, the activity of glycogen branching enzyme (GBE) stays intact. Therefore, we
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hypothesized that more glycogen with less branching was generated due to normal GBE
and elevated GS activity triggered by insulin. Within the nominal insulin concentration
range of human blood (below 2 nM)*7 we observed a lower average in glycogen branching
with increasing insulin level. This observation of Hep G2 cell glycogen structural change
appeared to have a similar trend with the result of a previous study on mouse-liver glycogen,
showing that the liver glycogen from diabetic mice, a model for type 2 diabetes, had longer
chains (lower branching frequency) on average than that of wild-type mice.*8 The same
trend was also shown in mouse skeletal muscle in models with overexpression of GS where
the increase of GBE activity was insufficient compared with the increase of GS activity to
produce normally branched glycogen.*® While the insulin level increased further to trigger
the Hep G2 cell insulin-resistant state, the glycogen branching frequency increased, as

an opposing trend to the insulin stimulation. There was a significant drop in degree of
branching when insulin reached 1 x 10* nM. The formation of “abnormal” glycogen could
be attributed to the much higher-than-normal insulin level used for the treatment.

Conclusion

We presented an optimized workflow that enabled the highly sensitive quantification and
structural elucidation of cell glycogen. The method consisted of cell glycogen extraction
through a novel fructose gradient fractionation, followed by absolute quantification
measuring the glucose derived from glycogen, and degree of branching analysis comparing
the relative abundance of glucose residues at the terminal and linear chain positions using
UHPLC/QgQ-MS. The method improved the sensitivity in both glycogen quantification
and structural analysis compared to existing protocols utilizing colorimetric methods for
quantification, and NMR spectroscopy for degree of branching analysis, which largely
reduced the required sample size while still providing accurate and precise information. We
successfully applied the workflow to investigate the effect of insulin concentration on Hep
G2 cell glycogen. We discovered that these cells produced more but less-branched glycogen
under treatments with increasing levels of insulin before hitting the cell’s insulin-resistant
state, at the point when the trend reversed and the cells produced less but higher-branched
glycogen. Our method will be useful to study glycogen of small sample sizes such as cell
and blood samples allowing for a better understanding of the role of glycogen in health and
disease by developing cell glycogen as a biomarker to improve diagnosis, prognosis, and
therapy.
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Figurel.
Sample preparation workflow of cell glycogen for quantification and degree of branching

analysis via LC-MS. (a) Glycogen was extracted from cells through lysis, a series of
centrifugations, and ethanol precipitation. All centrifugations were performed at 4°C. (b)
The glycogen was hydrolyzed and derivatized for monosaccharide composition analysis
(top) or permethylated before hydrolyzed and derivatized for glycosidic linkage analysis
(bottom). (c) The derivatized glycosides from glycogen samples were subjected to UHPLC/
QqQ-MS analysis, resulting in chromatograms with the green peaks. Reference peaks
obtained from pooled mono- or oligo-saccharide standards were shown in blue and
superimposed on the sample peaks. The green fructose peak in the monosaccharide analysis
originated from the fructose gradient.
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Figure 2.

Ti?e cell glycogen extraction method was optimized based on the (a) monosaccharide
composition analysis which characterized the absolute abundances of 14 monosaccharides
and (b) glycosidic linkage analysis of the extracted samples which characterized the relative
abundances of 21 glycosidic linkages.
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1.2

TFA and AMG methods resulted in different LC-MS responses when same amount of rabbit
liver glycogen was hydrolyzed and injected. The x-axis has been adjusted according to the
purity of the standard. Both methods yielded comparable limits of quantification (5 ng),
linear ranges (5-1250 ng) and coefficients of variance (5-6%). The regression equations for
the two methods were y = 0.8669x — 0.0012 (R? = 0.9996) and y = 0.3233x + 0.0300 (R? =

0.9985). The error bars represent the standard deviations based on triplicates.
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Figure 4.
Commercial glycogen standards were analyzed directly for their (a) glycogen contents

(data adjusted according to the purities of the standards) and (b) degree of branching.
Higher relative abundances of terminal glucose and 4,6-linked glucose compared to 4-linked
glucose indicated a higher degree of branching.
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Figure5.
Changes of Hep G2 cell (a) glucose consumption, (b) glycogen content and (c) glycogen

degree of branching under treatments of different concentrations of insulin (increasing
from left to right). Cell insulin-resistant states were identified when a less-than-expected
cell response was noticed for the treatment and were labelled with red arrows. Statistical
significance was determined with unpaired t-test (n = 3). *P < 0.05, **P < 0.01, ***P <
0.001. The data are presented as mean + standard deviation.
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Disease Deficiency Principal tissue affected Glycogen content  Glycogen
branching
GSD 0 Glycogen synthase Liver, muscle, heart Null/Low level Normal
GSD | (Von Gierke disease) Glucose-6-phosphatase Liver, kidney Increase Normal
GSD |1 (Pompe disease) a-1,4 glucosidase Muscle, heart, skin Massive increase Normal
GSD |11 (Cori or Forbes disease)  Debranching enzyme Liver, muscle, heart Increase Increase
GSD IV (Andersen disease) Branching enzyme Liver, muscle, heart, nervous  Increase Decrease
GSD V (McArdle disease) Phosphorylase (muscle) Muscle Moderate increase  Normal
GSD VI (Hers disease) Phosphorylase (liver) Liver Increase Normal
GSD VII (Tarui disease) Phosphofructokinase (muscle) ~ Muscle Increase Normal
GSD VI Phosphofructokinase (liver) Liver Increase Normal
EPM2 (Lafora Disease) Laforin or Malin Liver, muscle, heart, nervous  Increase Decrease
IDDM (Type 1 diabetes) Insulin deficiency Liver, muscle, adipose Decrease 77?
Heart, kidney Increase ?7?
NIDDM (Type 2 diabetes) Insulin resistance Liver, muscle Decrease 7?
Heart, kidney Increase 27?

GSD (Glycogen Storage Disease)

EPM2 (Epilepsy Progressive Myoclonic 2)

IDDM (Insulin-Dependent Diabetes Mellitus)

NIDDM (NonlInsulin-Dependent Diabetes Mellitus)
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