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Abstract: Aberrant sugar metabolism is linked to an increased risk of pancreatic cancer. Previously, we found that 
high glucose induces genome instability and de novo oncogenic KRAS mutation preferentially in pancreatic cells 
through dysregulation of O-GlcNAcylation. Increasing O-GlcNAcylation by extrinsically supplying N-acetyl-D-glucos-
amine (GlcNAc) causes genome instability in all kinds of cell types regardless of pancreatic origin. Since many 
people consume excessive amount of sugar (glucose, fructose, and sucrose) in daily life, whether high sugar con-
sumption directly causes genome instability in animals remains to be elucidated. In this communication, we show 
that excess sugar in the daily drink increases DNA damage and protein O-GlcNAcylation preferentially in pancreatic 
tissue but not in other kinds of tissue of mice. The effect of high sugar on the pancreatic tissue may be attributed 
to the intrinsic ratio of GFAT and PFK activity, a limiting factor that dictates UDP-GlcNAc levels. On the other hand, 
GlcNAc universally induces DNA damage in all six organs examined. Either inhibiting O-GlcNAcylation or supple-
menting dNTP pool diminishes the induced DNA damage in these organs, indicating that the mechanism of action 
is similar to that of high glucose treatment in pancreatic cells. Taken together, these results suggest the potential 
hazards of high sugar drinks and high glucosamine intake to genomic instability and possibly cancer initiation. 
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is  
a devastating disease. Clinical observation 
reveals that several factors, including high 
blood glucose, obesity/overweight, high sugar/
high-fat diet (Western diet), and smoking histo-
ry, contribute to the increased risk of PDAC [1]. 
Of these, impaired glucose homeostasis is a 
common trait associated with PDAC. In epide-
miological studies, higher post-load plasma 
glucose levels and higher dietary sugar are 
associated with a higher risk of pancreatic can-
cer mortality, especially in men [2, 3]. Besides, 
pancreatic cancer patients with high blood glu-
cose are associated with poor prognosis [4], 
and long-term hyperglycemia is associated  
with malignancy [5]. High glucose accelerates 
pancreatic tumor growth at the mechanistic 
level via the SREBP1-autophagy axis [6] and 

increases invasive activity via ERK and p38 
induced by ROS [7]. Taken together, the discov-
ery of the influence of aberrant sugar metabo-
lism on the initiation and progression of cancer 
draws the attention of this aspect to cancer 
prevention and therapy. 

Previously, we have established a mechanistic 
link between disturbed glucose metabolism 
and genomic instability that induces de novo 
oncogenic KRAS mutations and cell transfor-
mation preferably in pancreatic cells [8]. Under 
high glucose conditions, O-GlcNAcylation is sig-
nificantly elevated in pancreatic cells due to  
low phosphofructokinase (PFK) activity. At least 
two key enzymes, PFK and RRM1, compromise 
their activities after O-GlcNAcylation, leading to 
dNTP pools deficiency, genomic DNA altera-
tions with KRAS mutations, and cell transfor-
mation. This result highlights the importance of 
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O-GlcNAcylation-mediated nucleotide pertur-
bation in pancreatic tumorigenesis. However, it 
is unclear whether high sugar (glucose, fruc-
tose, or sucrose) consumption directly causes 
metabolic imbalance in animals, resulting in 
DNA damage in pancreatic tissue.

Like phosphorylation, O-GlcNAcylation modu-
lates protein functions, including enzymatic 
activity, protein-protein interaction, subcellular 
localization, and transcription activity [9]. 
Emerging evidence reveals that the cellular 
O-GlcNAc level is linked to physiological and 
pathological conditions. Several studies show 
that O-GlcNAcylation is altered in multiple can-
cers, including breast, prostate, colon, leuke-
mia, bladder, endometrial, pancreatic, lung, 
and thyroid, linking O-GlcNAcylation with can-
cer phenotype [10]. Indeed, our previous work 
showed that low PFK1 is a critical factor for  
the high-glucose-induced effects through dys-
regulation of O-GlcNAcylation in pancreatic 
cells [8]. However, since glucose is metabo- 
lized toward the substrate of O-GlcNAcylation 
through glycolysis and hexosamine biosynthe-
sis pathways, other factors are likely to be 
involved in high glucose-induced effects.

Protein O-GlcNAcylation could be modulated by 
enzymes, including O-GlcNAc transferase (OGT) 
that adds O-GlcNAc to serine and threonine 
residues of protein and O-GlcNAcase (OGA) 
that removes the modification from them, and 
the substrate, UDP-GlcNAc, that provides fuels 
for OGT [11]. Interestingly, elevating O-GlcNA- 
cylation by adding N-acetyl-D-glucosamine 
(GlcNAc) into the culture medium increases 
DNA damage in many non-tumorigenic human 
cell lines and induces oncogenic KRASG12D 
mutation in non-tumorigenic pancreatic cells 
[8]. This result suggests that increasing 
O-GlcNAcylation by GlcNAc may cause univer-
sal effects on genomic instability and promote 
tumorigenesis. However, at present, GlcNAc or 
Glucosamine sulfate is considered as dietary 
supplement and consumed daily by the elderly. 
Therefore, the safety of these compounds in 
vivo needs to be further examined.

In this communication, we have assessed 
whether sugar consumption impacts genome 
stability directly through O-GlcNAcylation-medi- 
ated nucleotide perturbation in mice. We show 
that excess sugar in daily drinks preferentially 
increases DNA damage and protein O-GlcNAcy- 

lation in pancreatic tissue but not in other tis-
sues examined. The high sugar-induced effects 
in the pancreatic tissue may be attributed to 
the intrinsic ratio of GFAT and PFK activity, a 
limiting factor that dictates UDP-GlcNAc levels. 
In contrast to sugar, high dose of GlcNAc uni-
versally induces DNA damage in all six organs 
examined. The DNA damage caused by GlcNAc 
in vivo could be blocked by either inhibiting 
O-GlcNAcylation or supplementing with dNTPs, 
suggesting that GlcNAc elicits DNA damage 
through a mechanism similar to that of glucose 
in the pancreas. In summary, these results sug-
gest the potential hazards of high sugar drinks 
and high glucosamine intake to genomic insta-
bility and possibly cancer initiation.

Materials and methods

Animal protocol and treatment

All animal experiments were approved by  
the Institutional Animal Care and Utilization 
Committee of Academia Sinica, Taipei, Taiwan 
(IACUC#20-03-1451). All male C57BL/6JNarl 
mice at 7 weeks were purchased from National 
Laboratory Animal Center, Taiwan, Taipei. Mice 
were maintained in a specific pathogen-free 
animal facility at 20±2°C with a 12/12 hr light-
dark cycle. They had free access to water and a 
standard laboratory diet (LabDiet 5010) for a 
week before being subjected to the following 
experiments. A blood glucose meter (Roche 
ACCU-CHEK AVIA) was used to monitor the level 
of blood glucose. 

To evaluate the effect of DNA damage from 
sugar, we randomly allocated male mice with 
similar body weight and blood glucose levels to 
four groups: (1) vehicle control with distilled 
water; (2) high glucose; (3) high fructose; (4) 
high sucrose. All sugars were dissolved in dis-
tilled H2O and administered to mice three times 
daily by oral gavage. The dosing volume is 10 
µl/g. The total amount of sugar for a mouse is 
15000 mg/kg (mpk) per day. After 7 days, mice 
were sacrificed and dissected for analysis. 

To analyze the long-term sugar effects, we ran-
domly allocated male mice with similar body 
weight and blood glucose levels to two groups: 
(1) the chow diet (LabDiet 5010); (2) the high 
sugar diet (Labdiet, 57XL, Supplementary Ta- 
ble 1), which consists of 40% sugar in calorie 
intake. After 20 weeks, mice were sacrificed 
and dissected for analysis.
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To perform isotope-labeled glucose tracing 
assay, we treated male mice with 5000 mpk 
U13C glucose (Sigma, 389374) using oral 
gavage. At indicated time points (15, 30, 45, 
60, 120, 240 min) after administration, mice 
were sacrificed. The sera and six organs were 
collected for analysis. 

To evaluate the effects of DNA damage from 
glucose and N-acetyl-D-glucosamine (GlcNAc), 
we randomly allocated male mice with similar 
body weight and blood glucose levels to three 
groups: (1) vehicle control with distilled water; 
(2) high glucose; (3) high GlcNAc. Glucose and 
GlcNAc were dissolved in distilled H2O and 
administered to mice three times daily by oral 
gavage. The total amount of glucose or GlcNAc 
for a mouse is 15,000 mpk or 7500 mpk, 
respectively, per day. After 7 days, mice were 
sacrificed and dissected for analysis.

To perform long-term GlcNAc administration, 
we randomly allocated male mice with similar 
body weight and blood glucose levels to three 
groups: (1) vehicle control with distilled water; 
(2) 1X GlcNAc (212 mpk); (3) 10X GlcNAc (2120 
mpk). Mice were administered daily (P.O. and 
Q.D.) for 60 days. After treatment for 60 days, 
mice were sacrificed and dissected for analy- 
sis.

To test the effect of OSMI-1, we randomly allo-
cated male mice with similar body weight and 
blood glucose levels to three groups: (1) vehi- 
cle control with distilled water and I.P. solution; 
(2) GlcNAc along with GlcNAc 7500 mpk P.O. 
and I.P. solution; (3) GlcNAc plus OSMI-1 (1 mpk 
I.P.). I.P. solution contains 10% DMSO, 40% 
PEG300, 5% tween 80, and 45% saline for dis-
solving OSMI-1. The injection volume is 5 µl/g. 
After 7 days, mice were sacrificed and dissect-
ed for analysis.

To test the effect of supplementing deoxynu- 
cleotides, we randomly allocated male mice 
with similar body weight and blood glucose lev-
els to three groups: (1) vehicle control with dis-
tilled water; (2) GlcNAc (7500 mpk P.O.); (3) 
GlcNAc plus deoxynucleotide (240 mpk of each 
P.O.). Deoxynucleotide was dissolved in GlcNAc 
solution. After 7 days, mice were sacrificed and 
dissected for six organs collection.

Organs, including pancreas, brain, liver, lung, 
kidney, and colon, were collected from the 

experimental mice for immunohistochemistry, 
protein, or metabolites analysis. For protein or 
metabolite extraction, tissues were stored in 
cryogenic tubes (Biologix, 88-0150) under liq-
uid nitrogen.

Histology and sample preparation

Body weight and food consumption were 
recorded every week in each animal experi-
ment. At the indicated day, mice were eutha-
nized with isoflurane, and the heart blood  
samples were collected to analyze complete 
cell count and serum chemistry. Next, the ab- 
dominopelvic cavity and thoracic cavity were 
opened, and most organs, including thymus, 
lung, heart, intestine, colon, liver, spleen, kid-
ney, and reproductive system, were observed 
for gross abnormalities. The pancreas was  
dissected together with the duodenum and 
spleen to preserve orientation. Other organs, 
including the brain, liver, lung, kidney, and 
colon, were collected for analysis. All organs 
were formalin-fixed and paraffin-embedded. 
The processed pancreas was embedded in a 
mold with an orientation of the duodenum in 
the left and spleen in the right. After trimming 
tissue blocks, we cut them into 4 μm paraffin 
sections of the pancreas where most of the 
essential features of the pancreas, especially 
the main duct, could be observed. All other tis-
sues were carefully oriented, embedded in par-
affin blocks, and then cut into 4 μm paraffin 
sections. 

Immunohistochemistry (IHC) 

IHC was performed on BOND-MAX fully auto-
mated IHC staining system (Leica). Slices were 
baked, deparaffinized, and stained in this ins- 
trument. All slides were antigen-retrieved at PH 
9, 95°C, 30 min. Dilutions and incubations of 
antibodies were 1:100, 60 min at RT for anti-
γH2AX antibody (Cell Signaling #9718) and 
1:1000, 30 min at RT for anti-O-GlcNAcylation 
antibody (CTD 110.6) (Cell Signaling #9875), 
followed by 10 min incubation with HRP-con- 
jugated secondary antibody (Bond refine sys-
tems, Leica). Later, slides were stained with a 
DAB detection kit (Bond refine systems, Leica) 
for 5 min and counterstained with hematoxylin 
(Bond refine systems, Leica) for 7 min. All slides 
were mounted with coverslips and scanned at 
40× magnification by Aperio GT450 (Leica). For 
γH2AX quantification, 30 ROIs (1 mm2) were 
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randomly selected and quantified with positive 
cells detection algorithm from Qupath. In this 
algorithm, the threshold is determined by the 
Nucleus: DAB OD mean measurements, and  
a threshold of 0.1 was performed to count 
γH2AX positive cells. Statistical data are pre-
sented as positive cell percentage and relative 
folds, which all values are normalized to the 
average of the vehicle group. For O-GlcNAcyla- 
tion quantification, 30 ROIs (1 mm2) were ran-
domly selected and analyzed with a positive 
pixel counts v9 algorithm from Imagescope. 
H-score was assigned by [1× (% of weak posi-
tive pixel counts) + 2× (% of positive pixel 
counts) + 3× (% of strong positive pixel  
counts)]. Data are presented as a relative fold 
in which all values are normalized to the aver-
age of the vehicle control group. 

PFK activity assay

PFK activity assay was measured following the 
manufacturer’s instruction (MAK093, Sigma 
Aldrich). In brief, six tissues, including pancre-
as, brain, liver, lung, kidney, and colon, were 
collected from 10-week-old male C57BL/6JNarl 
mice, and each tissue was homogenized in 700 
μl of ice-cold PFK assay buffer by MagNA Lyser 
Instrument (Roche) and centrifuged at 6,500× 
g for 5 min at 4°C. After being centrifuged at 
12000× g for 10 min at 4°C, 450 μl of superna-
tant was collected and measured with BCA pro-
tein assay (Thermo #23225). 0.1 μg of protein 
was used for each activity assay, and the assay 
was performed according to the manufactur-
er’s instructions. PFK activity was reported as 
nmol/min/μg at 37°C. 

Antibodies

All antibodies used in this study were described 
in Supplementary Table 2.

GFAT activity assay

GFAT activity assay was modified from the pre-
vious method [12]. In brief, six tissues, includ-
ing pancreas, brain, liver, lung, kidney, and 
colon, were collected from 10-week-old male 
C57BL/6JNarl mice. Each tissue was homoge-
nized in 700 μl ice-cold PFK assay buffer with 
MagNA Lyser Instrument (Roche) and centri-
fuged at 6,500× g for 5 min at 4°C. After being 
clarified by centrifugation at 12000× g for 10 
min at 4°C, the 450 μl supernatant of protein 
was collected and measured with BCA protein 

assay (Thermo 23225). Sample with 240 μg of 
protein was mixed with fructose-6-phosphate 
(F6P) and glutamine in 100 μl reaction solution 
(F6P, 10 mM; glutamine, 10 mM: Tris, 50 mM; 
EDTA, 5 mM; GSH, 5 mM; glucose-6-phosphate 
Na2, 5 mM; and KCl, 50 mM; pH 7.8). After 0, 
30, 60 min at 37°C, each reaction was halted 
at 100°C for 3 min. Then, the metabolite was 
extracted by adding 400 μl of ice-cold metha-
nol. After 30-sec vortex and 10 min centrifuga-
tion at 12000× g at 4°C, 450 μl of supernatant 
was collected and concentrated by Speedvac 
(Thermo). The amount of glutamine was mea-
sured by LC/MS analysis. GFAT activity was 
determined as nmol/min/g at 37°C.

Metabolite extraction from tissue

50 mg of tissue was homogenized with 700 ul 
distilled water and centrifuged at 12,000× g for 
10 min at 4°C. The supernatant was collected, 
and the protein concentration was measured 
with a BCA protein assay. Then, 400 μl of meth-
anol was added to the supernatant of 100 μg 
protein in 100 μl of water, and the mixture was 
vortexed 30 sec and centrifuged at 13000 rpm 
for 10 min at 4°C. 450 μl of supernatant was 
collected and concentrated by Speedvac (Ther- 
mo) for further analysis. 

Metabolite extraction from cell

2~3×106 cells were collected in pellets, added 
with 300 ul distilled water, and sonicated with 
the amplitude of 80% on ice for 30 sec (Hiels- 
cher Ultrasound technology). After 10 min cen-
trifugation at 12,000× g at 4°C, the superna-
tant was collected, and the protein concen- 
tration was measured by BCA protein assay. 
Then, 400 μl of methanol was added to the 
supernatant containing 100 μg of protein in 
100 μl of water, and the mixture was vortexed 
for 30 sec and centrifuged at 13000 rpm for  
10 min at 4°C. About 450 μl of supernatant 
was collected and concentrated by Speedvac 
(Thermo) for further analysis.

Liquid chromatography-mass spectrometry 
(LC-MS) analysis for the targeted metabolites

The vacuum-concentrated samples were dis-
solved in 100 ul of 0.1% formic acid and centri-
fuged at 14800 rpm for 5 min at 4°C. LC-MS 
experiments were done by an LTQ FT Ultra 
(Linear quadrupole ion trap Fourier transform 
ion cyclotron resonance) mass spectrometer 
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(Thermo Electron, San Jose, CA) equipped with 
a standard ESI source, an Agilent 1100 Series 
binary high-performance liquid chromatogra-
phy pump (Agilent Technologies, Palo Alto, CA), 
and a Famos autosampler (LC Packings, San 
Francisco, CA). 5 μl of the sample was injected 
at 50 μl/min flow rate on BioResolve RP mAb (1 
mm I.D. ×150 mm, 2.7 µm). Chromatographic 
separation was done by 0.1% formic acid in 
water as mobile phase A and 0.1% formic acid 
in 80% acetonitrile as mobile phase B at 100 
ul/min flow rate. The employed gradient was 
2% buffer B at 2 min to 30% buffer B at 20 min. 
MS condition: mass range m/z 100-700, reso-
lution 50,000 at m/z 400. Electrospray voltage 
was maintained at 4.0 kV, and the capillary 
temperature was set at 275°C. 

Liquid chromatography-mass spectrometry 
(LC-MS) analysis for U13C glucose tracing

To perform a U13C-labeled glucose tracing 
experiment, we used Agilent 1290 Infinity  
II ultra-performance liquid chromatography 
(UPLC) system (Agilent Technologies, Palo Alto, 
CA, USA) coupled online to the Dual AJS elec- 
trospray ionization (ESI) source of an Agilent 
6545XT quadrupole time-of-flight (Q-TOF) mass 
spectrometer (Agilent technologies, Palo Alto, 
CA, USA). The sample was separated using the 
ACQUITY UPLC BEH amide column (1.7 μm, 
2.1×100 mm, Waters Corp., Milford, MA, USA). 
The column temperature was 40°C. The mobile 
phases were composed of double-distilled 
water (eluent A) and 10% double-distilled water 
in acetonitrile (eluent B), both of which were 
eluted with 15 mM ammonium acetate and 
0.3% NH3∙H2O. The flow rate was 300 uL/min, 
and the injecting volume of the sample was 2 
uL. The instrument was operated in positive 
and negative full-scan mode, collected in a 
range of 60-1500 m/z. The MS operating con-
ditions were optimized as follows: Vcap voltage 
3.5 kV, nozzle voltage 1 kV for negative mode 
or 0 V for positive mode, nebulizer 45 psi, gas 
temperature, 200°C sheath gas temperature 
300°C, sheath gas flow (nitrogen) 8 L/min, and 
drying gas (nitrogen) 10 L/min. The chromato-
gram acquisition, mass spectral peaks detec-
tion, and waveform processing were performed 
using Agilent qualitative analysis 10.0 (Agilent, 
USA). Isotopologue extraction was performed, 
and natural isotope abundance was corrected 
using Agilent profinder 10.0 (Agilent, USA). The 
mass tolerance was 10 ppm and retention time 
tolerance was 0.5 min. Data represent 13C 
labeled pool fraction of the metabolite. 

Cell culture

All cells were maintained in a 5% CO2, 37°C 
incubator (PHCBI). The non-transformed hu- 
man pancreatic ductal epithelial cells (HPDE, a 
gift from Dr. Kelvin K. Tsai, National Health 
Research Institute, Taiwan) were grown in kera-
tinocyte serum-free medium with 0.2 ng/ml 
EGF and 30 μg/ml BPE (Invitrogen). The non-
transformed human pancreatic acinar-to-duc-
tal epithelial-like cells (HPNE purchased from 
ATCC) were grown in a medium containing one 
volume of M3TM base medium (INCELL) and 
three volumes of glucose-free DMEM with 5% 
FBS, 1 g/L glucose, and 10 ng/ml EGF. The 
non-transformed human mammary epithelial 
cells MCF10A were purchased from ATCC and 
grown in a medium containing one volume of 
glucose-free DMEM and one volume of F12 
medium with 5% horse serum, 10 μg/ml In- 
sulin, 20 ng/ml EGF, 0.5 μg/ml hydrocortisone, 
and 100 ng/ml cholera toxin. The non-trans-
formed lung epithelial cells NL20 were a gift 
from Dr. Michael Hsiao (Genomics Research 
Center, Taiwan) and were grown in a medium 
containing one volume of glucose-free DMEM 
and one volume of F12 medium with 4% FBS, 5 
μg/ml insulin, 10 ng/ml EGF, 1 μg/ml transfer-
rin, and 500 ng/ml hydrocortisone. The non-
transformed mouse hepatocyte AML12 cells 
were purchased from ATCC (CRL-2254) and 
grown in a medium containing one volume of 
glucose-free DMEM and one volume of F12 
with 10% FBS, 40 ng/ml dexamethasone, and 
1X Insulin-Transferrin-Selenium (ITS-G, Gibco). 
The non-transformed mouse astrocyte C8-D1A 
cells were purchased from ATCC (CRL-2541) 
and grown in DMEM with 1 g/L glucose and 
10% FBS. All cell lines were regularly tested for 
mycoplasma contamination.

Immunofluorescent staining

Cells were fixed with 100% methanol at -20°C 
for 20 min, blocked with MAXblockTM solution 
(Active Motif) at 37°C for 1 hr, and stained with 
anti-γH2AX antibody (1:1000, Merck Millipore 
#05-636) or anti-RL2 antibody (1:1000, Ab- 
cam ab2739) at 4°C overnight. After extensive 
wash, these cells were stained with Donkey 
anti-Mouse IgG Alexa Fluor 488 antibody 
(1:100, Invitrogen #A-21202) and Hoechst 
33342 (10 µg/ml, Sigma #B2261) at room 
temperature for 1 hr. Cells were counted from 
ROIs randomly chosen in 20× magnification, 
and positive cells were defined as nuclei  
with at least 5 large foci. The intensity of 
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O-GlcNAcylation (RL2) was determined by the 
average fluorescent intensity of at least 2000 
cells. Images were captured by Image Xpress 
Micro XLS HCS System (Molecular Devices). 
Foci and fluorescent intensity were analyzed by 
Custom Module Editor (CME). Excel calculated 
the counted results.

Soft agar colony formation assay

500 cells were seeded in a layer of 0.35%  
agar/complete growth medium over a layer of 
0.5% agar/complete growth medium in a 
96-well plate. Cell medium containing indicat- 
ed concentration of GlcNAc, OSMI-1 (Abcam, 
ab235455), and deoxynucleotides (Sigma) was 
replenished every 2 days. After 14 days, cells 
were stained with Hoechst 33342 to measure 
colony formation efficiency. Images were cap-
tured in Z stack mode (10 pieces with 150 μm 
interval) of 2× magnification and overlapped 
into one piece for each well. The size of each 
colony was then calculated by Custom Module 
Editor (CME). Colonies larger than 50 µm were 
counted and analyzed using Image Xpress 
Micro XLS HCS System (Molecular Devices). 

RRM1 immunoprecipitation

Cells or tissues were sonicated or homoge- 
nized in RNR lysis buffer (50 mM Tris pH 7.5, 
150 mM NaCl, 0.5% NP40, 50 mM NaF, 1 mM 
Na2Vo3, 1 mM DTT, 0.1% SDS, 2 mM PMSF, and 
protease inhibitor). After being clarified by cen-
trifugation at 12,000 g for 15 min at 4°C, the 
supernatant was collected and pre-cleaned 
with protein G agarose beads (Thermo Fisher) 
at 4°C for 10 min, followed by incubation of 
anti-RRM1 antibody (500 µg total protein using 
1 ug antibody sc-11733 (Santa Cruz)) or anti-
goat IgG antibody at 4°C overnight. After incu-
bation of Protein G beads at 4°C for 1 hr, sam-
ples were washed three times with RNR lysis 
buffer, and proteins were eluted with Laemmli 
sample buffer for immunoblotting analysis.

Immunoblotting analysis

Cells or tissues were sonicated or homogeni- 
zed in RIPA buffer (20 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% 
SDS, and 1% sodium deoxycholate). After being 
clarified by centrifugation at 12,000 g for 15 
min at 4°C, the supernatant was collected for 
BCA protein assay. Samples were mixed with 
Laemmli sample buffer. For gel electrophore-
sis, 15 μg protein was loaded in 4~12% of gra-

dient gel, separated, and transferred to PVDF 
membrane (Millipore) by Biorad transblot sys-
tem in transfer buffer (Tris-base: 50 mM, 
Glycine: 40 mM, SDS: 0.04%, Methanol 20%). 
After being blocked with 5% skimmed milk at 
RT for 1 hr, the membrane was incubated with 
primary antibodies at 4°C overnight and treat-
ed with horseradish peroxidase-conjugated 
goat anti-rabbit IgG and goat anti-mouse IgG 
antibodies at room temperature for 1 hr. 
Chemiluminescent detection of the horserad-
ish peroxidase reaction was performed ac- 
cording to the manufacturer’s instruction 
(WBLUF0500, Merck Millipore) and filmed by 
ChemiDoc™ MP Imaging System (Biorad).

Statistical analyses

Immunohistochemistry, immunofluorescent st- 
aining, metabolites analysis, enzymatic acti- 
vity, and soft agar colony formation studies 
were analyzed with a two-tailed unpaired stu-
dent’s t-test. *, **, and *** indicate P<0.05, 
P<0.01, and P<0.001, respectively. N number 
used in the indicated section is shown in the 
figure legend.

Results

Sugar consumption increases DNA damage 
and O-GlcNAcylation in the pancreas but not in 
other tissues of mice 

To investigate the effects of free sugar, we 
searched the intake of sugar-sweetened bever-
ages in Taiwan [13] and the United States [14]. 
We concluded that the daily sugar intake of 
sugar-sweetened beverages for a young-aged, 
60 kg man is 70~75 g/day. Converting human 
dose to mice, we set up an experiment in which 
mice were treated with glucose 15000 mpk, 
fructose 15000 mpk, and sucrose 15000 mpk 
by oral gavage T.I.D for 7 days (Supplementary 
Figure 1A). As γH2AX immunostaining is con- 
sidered as an appropriate method for measur-
ing DNA damage [15], six tissues, including 
pancreas, liver, lung, kidney, colon, and brain 
from each mouse, were stained with antibodies 
against γH2AX. The positive γH2AX staining 
images in the low power field of γH2AX staining 
in the pancreas were presented as representa-
tive images (Figure 1A). The percentage of cells 
with positive γH2AX staining (Figure 1B, 1D, 1F, 
1H, 1J and 1L) and the relative fold of positive 
γH2AX staining (Figure 1C, 1E, 1G, 1I, 1K and 
1M) of all six tissues were shown in Figure 1. 
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Figure 1. High sugar consumption preferentially induces DNA damage in the 
pancreatic tissue but not in other tissues. Five male mice of each group 
were treated with vehicle (water), glucose (G, 15000 mpk (mg/kg)), fructose 
(F, 15000 mpk), or sucrose (S, 15000 mpk) for 7 days. All sugars were dis-
solved in water and administered to mice three times daily by oral gavage at 
10 μl/g. (A) Representative images of γH2AX staining by IHC in the pancreas. 

Upper panel: 10× magnification. 
Scale bar, 200 μm. Lower panel: 
40× magnification. Scale bar, 50 
μm. Yellow arrowhead: γH2AX 
positive nucleus (B-M). Percent-
age of positive cells (B, D, F, H, J 
and L) and relative folds (C, E, G, 
I, K and M) of γH2AX IHC staining 
in the pancreas (B and C), brain 
(D and E), kidney (F and G), lung 
(H and I), liver (J and K) and co-
lon (L and M). Relative folds are 
calculated from the percentage 
of γH2AX positive cells in differ-
ent groups and normalized to 
that of the vehicle control. Each 
dot represents the datum of one 
mouse. Values show mean ± 
SEM. **P<0.01 (two-tailed Stu-
dent’s t-test). 

These results suggest that the 
pancreas, but not the other 
five tissues, had 4 times more 
DNA damage than vehicle 
alone when mice were treated 
with glucose or fructose. In 
contrast, those treated with 
sucrose had a similar trend 
but did not reach statistical 
significance. 

It was noted that glucose-
induced DNA damage in the 
pancreas is caused by incre- 
ased O-GlcNAcylation [8]. We 
then immunostained these 
tissues with an anti-O-GlcNAc-
ylation antibody (CTD 110.6). 
Similarly, we found that pan-
creas had 1.3 times more 
O-GlcNAcylation than vehicle 
alone when mice were treated 
with glucose or fructose. In 
contrast, those treated with 
sucrose had a similar trend 
but did not reach statistical 
significance (Figure 2A, 2B). 
These results suggest that 
mice consuming high free 
sugar have more DNA dam- 
age and higher O-GlcNAcy- 
lation preferentially in their 
pancreas.

To explore the effects of long-
term sugar uptake, we intro-
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Figure 2. High sugar consumption preferentially increases protein O-GlcNAcylation in pancreatic tissue but not in 
other tissues. Five male mice of each group were treated with glucose (G, 15000 mpk), fructose (F, 15000 mpk), 
sucrose (S, 15000 mpk), or vehicle control (water) for 7 days. All sugars were dissolved in water and administered to 
mice three times daily by oral gavage at 10 μl/g. (A) Representative images and (B) quantifications of O-GlcNAcyla-
tion (CTD 110.6) staining by IHC in mouse pancreas, brain, kidney, lung, liver, and colon. (A) Upper panel: 40× mag-
nification. Scale bar, 50 μm. Lower panel: 200× magnification. Scale bar, 10 μm. (B) Quantitative bar graphs show 
the relative folds of the H-score of O-GlcNAcylation. Each dot represents the datum of one mouse. Data are normal-
ized to that from mice treated with vehicle control. Values show mean ± SEM. *P<0.05 (two-tailed Student’s t-test).
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Figure 3. Long-term treatment of the high sugar diet increases DNA dam-
age and protein O-GlcNAcylation in mouse pancreas. (A) Schematic model of 
mice high sugar diet experiment. Three male mice of each group were treat-
ed with a chow diet and a high sugar diet for 20 weeks. (B) Body weight and 
(C) non-fasting blood glucose levels at week 0 and week 20 of the treated 
mice. (D) Representative images and (E) quantification of O-GlcNAcylation 
(CTD 110.6) staining from each mouse pancreas. Data are normalized to 
that from mice treated with chow diet. (F) Representative images and (G) 
quantification of γH2AX staining of mouse pancreas from each group. Quan-
titative bar graphs showed the relative folds of the percentage of γH2AX 
positive cells. Data are normalized to that from mice treated with chow diet. 
(H) Representative images and (I) quantification of ki67 staining of mice 
pancreas. Upper panel: 40× magnification. Scale bar, 50 μm. Lower panel: 

200× magnification. Scale bar, 
10 μm. Quantitative bar graphs 
of the relative folds of the per-
centage of γH2AX positive cells. 
Data are normalized to that from 
mice treated with the chow diet. 
Each dot represents the datum of 
one mouse. Values show mean ± 
SEM. **P<0.005 (two-tailed Stu-
dent’s t-test).

duced a high sugar diet, of 
which sugar contained 40% 
calories (Supplementary Table 
1), to male mice for 20 weeks 
(Figure 3A). Similar to the 
short-term results above, we 
found that a high sugar diet 
did not affect mice’s body 
weight and blood glucose lev-
els (Figure 3B, 3C) but signifi-
cantly increased O-GlcNA- 
cylation, DNA damage, and 
cell proliferation in pancreas 
(Figure 3D-I). This result fur-
ther suggests that long-term 
sugar consumption causes 
genome instability and may 
trigger cancer initiation in 
pancreas.

GFAT/PFK ratio determines 
glucose shunt toward UDP-
GlcNAc and protein O-GlcNAc-
ylation

It was noted that cellular 
O-GlcNAcylation homeostasis 
is achieved through coor- 
dinating the optimal level of 
UDP-GlcNAc, the end product 
of Hexosamine Biosynthesis 
Pathway (HBP), and the O- 
GlcNAc-cycling enzymes, OGT, 
and OGA [11]. This diver- 
ges from glycolysis and is  
controlled by the first and 
rate-limiting enzyme, gluta-
mine: fructose-6-phosphate-
amidotransferase (GFAT), whi- 
ch converts fructose-6-phos-
phate to glucosamine-6-phos-
phate [16]. Moreover, phos-
phofructokinases (PFKs) cata- 
lyze the first ‘committed’ step 
in glycolysis, converting fruc-
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tose 6-phosphate and ATP to fructose 1,6 
bisphosphate and ADP [17]. To explore poten-
tial mechanisms of how sugar mainly affects 
pancreas, we first analyzed the protein expres-
sion levels of GFAT1, GFAT2, PFKL, PFKM, PFKP, 

OGT, OGA among 6 tissues, including pan- 
creas, brain, liver, lung, kidney, and colon, by 
immunoblotting analysis (Figure 4A). We found 
that pancreas had the highest GFAT1 expres-
sion level and the lowest PFKL, PFKM, and 

Figure 4. The PFK and GFAT activity ratio positively correlates with the cellular UDP-GlcNAc levels and protein O-
GlcNAcylation in mouse tissues. Pancreas, brain, liver, lung, kidney, and colon were collected from 10-week-old male 
C57BL/6JNarl mice. A. Protein levels of GFAT1, GFAT2, PFKL, PFKM, PFKP, OGT, OGA, and p84 in various tissues 
were analyzed by immunoblotting analysis. Data are normalized to those from pancreatic tissues and the amount of 
internal control protein, p84. B. GFAT activity among pancreas, brain, liver, lung, kidney, and colon (n=3). C. PFK ac-
tivity among pancreas, brain, liver, lung, kidney, and colon (n=3). D. GFAT/PFK activity ratio among pancreas, brain, 
liver, lung, kidney, and colon (n=3). Data are normalized to mice pancreas. E. UDP-GlcNAc levels among pancreas, 
brain, liver, lung, kidney, and colon (n=6). F. Protein O-GlcNAcylation was analyzed by immunoblotting analysis with 
an anti-RL2 antibody. Data are normalized to those from pancreatic tissues and the amount of internal control pro-
tein, p84. Each dot represents the datum of one mouse. Values show mean ± SEM.
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PFKP expression levels among these tissues 
examined, suggesting that the expression lev-
els of GFAT and PFK are more relevant to the 
high sugar-induced effects in the pancreas 
than that of other enzymes. Accordingly, we 
measured both GFAT and PFK enzymatic activi-
ties and found that pancreas had the highest 
GFAT activity and the lowest PFK activity among 
these tissues (Figure 4B, 4C). Interestingly, the 
pancreas has the highest GFAT/PFK activity 
ratio if dividing GFAT activity value with PFK 
activity value (Figure 4D). This ratio may be 
likely to determine the level of glycolysis/HBP-
related metabolite or protein O-GlcNAcylation.

To test this possibility, we analyzed the concen-
tration of related metabolites by LC/MS analy-
sis. It was noticed that pancreas had the high-
est UDP-GlcNAc level (Figure 4E), the end- 
product of the HBP pathway and the substrate 
of protein O-GlcNAcylation. However, there is 
no significant difference of F6P/G6P, glucos-
amine-6P, fructose-1,6-biphosphate, gluta-
mine, and glutamate, the substrates or prod-
ucts of PFK and GFAT, among all tissues ex- 
amined (Supplementary Figure 2A-E). Similarly, 
pancreas had the highest levels of O-GlcNA- 
cylation among all tissues examined (Figure 
4F). To further test whether pancreas metabo-
lizes more glucose to UDP-GlcNAc, we per-
formed a U13C glucose isotope tracing assay 
(Supplementary Figure 3A). In this experiment, 
blood glucose level peaked at 15 min and 
returned to normal at 120 min (Supplementary 
Figure 3B). All tissues examined had a similar 
amount of labeled glucose and lactate, indicat-
ing that all tissues had similar glucose uptake 
and glycolysis efficiency (Supplementary Figure 
3C, 3D). Interestingly, more M + 6 UDP-GlcNAc 
was observed in pancreas than in other organs 
(Supplementary Figure 3E), indicating that pan-
creas metabolized more glucose to HBP and 
produced more UDP-GlcNAc than other organs. 
These results suggest that the high intrinsic 
ratio of GFAT and PFK activity in pancreas is 
critical in enhancing UDP-GlcNAc levels result-
ing in high sugar-induced effects. 

N-acetyl-D-glucosamine (GlcNAc) universally 
triggers DNA damage

As noted above, the effect of glucose-induced 
DNA damage is mediated by the intrinsic ratio 
of GFAT and PFK activity through modulating 

UDP-GlcNAc levels. In contrast, the effect of 
GlcNAc may directly modulate UDP-GlcNAc lev-
els as it bypasses the intrinsic ratio of GFAT  
and PFK activity [18]. To test this notion, we 
compared the effects of glucose (15000 mpk) 
and GlcNAc (7500 mpk) daily on mice through 
oral gavage for 7 days (Supplementary Figure 
4A). With γH2AX IHC staining, both glucose and 
GlcNAc treatment increased DNA damage in 
pancreas, while GlcNAc also increased DNA 
damage in the other five organs, including 
brain, kidney, liver, lung, and colon (Figure 5A, 
5B). These results suggest that the DNA-
damaging effect of glucose is pancreas-specif-
ic, while the effect of GlcNAc is universal in all 
six tissues examined. 

As GlcNAc is undergoing clinical trials for chon-
droprotective effect on healthy individuals [19], 
the potential side effect of long-term use 
remains unclear. Based on the above findings, 
we treated mice with equivalent human dose 
(212 mpk=1X) or 10 times dose (2120 mpk= 
10X) of GlcNAc daily for 60 days (Supple- 
mentary Figure 5A). IHC staining of γH2AX 
showed that 1X of GlcNAc treatment induced 
DNA damage among pancreas, lung, and colon. 
However, 10X treatment universally increased 
DNA damage among pancreas, brain, liver, 
lung, kidney, and colon (Figure 6A, 6B). These 
results show that the dosage of GlcNAc used in 
clinical trials may impact on genome instability 
in those tissues examined.

GlcNAc treatment causes increased DNA 
damage and a cancer-like property through 
RRM1-O-GlcNAcylation-mediated dNTP pool 
imbalance 

To further investigate the possible mechanism 
of action of GlcNAc in normal cells, we treated 
non-tumorigenic human cell lines, including 
HPDE, HPNE, MCF10A, NL20, AML12, and 
C8-D1A, with 2, or 10 mM GlcNAc for 3 days. 
The levels of UDP-GlcNAc were increased 
among examined cell lines at the indicated 
dose in the result of LC/MS analysis (Figure 
7A). At the same time, protein O-GlcNAcylation 
levels were also increased in the results of 
immunoblotting analysis (Figure 7B) and immu-
nofluorescent staining (Figure 7C). Accordingly, 
DNA damage was increased among these cell 
lines under the indicated dose of GlcNAc treat-
ment (Figure 7D). To assess whether GlcNAc 
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treatment enhances anchorage-independent 
growth, we performed a soft agar colony assay 
[20]. After 14 days of GlcNAc treatment, all six 
cell lines had higher colony formation activity in 
a dose-dependent manner (Figure 7E). Taken 
together, GlcNAc treatment universally increas-
es O-GlcNAcylation, DNA damage, and anchor-
age-independent growth. 

If GlcNAc treatment induces DNA damage and 
cell transformation through RRM1-O-GlcNA- 
cylation-mediated dNTP pool imbalance, the 
DNA damage should be abolished by inhibition 
of O-GlcNAcylation or dNTP pool restoration. To 
test this possibility, we immunoprecipitated 
RRM1 and performed immunoblotting analysis 
with anti-O-GlcNAcylation antibody (RL2) in  
four cell lines, including HPDE, HPNE, MCF10A, 
and NL20, treated with 10 mM of GlcNAc for 3 
days. All these cell lines showed an increase of 
O-GlcNAcylated RRM1 (Figure 8A). To test 
whether either inhibition of O-GlcNAcylation or 
supplementation of dNTP pool reverses the 
increases in DNA damage and soft agar colony 
formation induced by GlcNAc, we supplement-
ed GlcNAc-treated cell lines with a small mole-
cule OGT inhibitor-OSMI-1 [21] or deoxynucleo-
tides (dN) and measured their DNA damage 
and colony formation activity. As shown in 
Figure 8, both DNA damage and colony forma-
tion activities were suppressed after being 
treated with OSM-1 and dN (Figure 8B, 8C). 

To further confirm these findings, we per- 
formed similar experiments in GlcNAc-treated 
mice by giving them OSMI-1 (1 mpk I.P.) [22] 
(Supplementary Figure 6A), or dN (240 mpk, of 
each P.O.) [23] (Supplementary Figure 6C). 
While both administrations did not affect the 
body weight of these mice (Supplementary 
Figure 6B, 6D), the GlcNAc-induced DNA dam-
age was diminished by either OSMI-1 or dN in 
all six tissues examined (Figure 8D, 8E). These 
results suggest that GlcNAc-induced DNA dam-
age and cell transformation are caused by 
RRM1-O-GlcNAcylation-mediated dNTP pool 
imbalance, a mechanism similar to the previ-

ous one found in high glucose-treated pancre-
atic cells [8].

Discussion

The modern dietary pattern, characterized by 
high-fat dairy products, high-sugar drinks, and 
low intakes of vegetables, increases the inci-
dence of type II diabetes, coronary heart dis-
ease, and cancer [24]. Here, we reported that 
high sugar consumption in mice induces DNA 
damage in pancreas but not in the other  
organs, including brain, liver, lung, kidney, and 
colon. Unlike sugar that induces pancreas-spe-
cific DNA damage, GlcNAc universally causes 
DNA damage in pancreas, brain, liver, lung, kid-
ney, and colon. Owing to higher GFAT activity 
and lower PFK activity in pancreas, more glu-
cose is metabolized to UDP-GlcNAc and RRM1-
O-GlcNAcylation is increased in pancreas. The 
O-GlcNAcylated RRM1 triggers ribonucleotide 
reductase complex disruption, leading to the 
enzymatic activity reduction and dNTP pool 
imbalance. GlcNAc-induced DNA damage is 
also mediated by dNTP pool imbalance through 
a similar action mechanism of high sugar treat-
ment in pancreas (Supplementary Figure 7). 

Glucose is the primary source of energy for 
most tissues. Glucose consumption leads to  
an immediate flux in circulation after intestinal 
absorption. The glycemic surge stimulates in- 
sulin secretion of beta cells that regulates glu-
cose absorption of peripheral tissues. In the 
United States, average Americans consume 
126 g of sugar per day, which exceeds the 
emphasized 10% of energy intake in 2015-
2020 Dietary Guidelines for Americans [25]. 
Those sugar sources mainly come from sweets 
and beverages which lack essential micronutri-
ents and are processed with sucrose (table 
sugar) and high-fructose corn syrup. The exces-
sive sugar intake is associated with the critical 
risk factor for obesity, insulin resistance, car-
diovascular diseases, and cancer [26]. In type 
2 diabetes, chronic hyperglycemia promotes 
pro-inflammatory cytokine secretion, NF-kappa 

Figure 5. High dose of GlcNAc treatment induces DNA damage in tissues. Five male mice of each group were treated 
with glucose (G, 15000 mpk) or GlcNAc (GNA, 7500 mpk) or vehicle control (water) for 7 days. Glucose and N-
Acetylglucosamine were dissolved in water and administered to mice three times daily by oral gavage at 10 μl/g. (A) 
Representative images and (B) quantifications of γ-H2AX staining by IHC of pancreas, brain, kidney, lung, liver, and 
colon from each group. (A) Upper panel: 40× magnification. Scale bar, 100 μm. Lower panel: 200× magnification. 
Scale bar, 20 μm. (B) Quantitative bar graphs of the relative folds of the percentage of γH2AX positive cells. Each 
dot represents the datum of one mouse. Data are normalized to that from mice treated with vehicle control. Values 
show mean ± SEM. *P<0.05; **P<0.01 (two-tailed Student’s t-test).
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B activation, Fas upregulation, DNA fragmenta-
tion, and impaired beta-cell function [27]. In 
addition, exposure to high glucose leads to 
mitochondria fragmentation and elevation of 
mitochondrial reactive oxygen species [28], 
and the advanced glycation end products 
caused by excessive sugar intake induce oxida-
tive stress and promote cancer growth and 
metastasis [29]. Interestingly, we found that 
high glucose or fructose treatment induces 
DNA damage, specifically in pancreas of mice, 
suggesting that high sugar intake is the culprit 
causing diseases.

Pancreas has lower PFK activity and higher 
GFAT activity, resulting in more UDP-GlcNAc 
metabolized from glucose, which increases 
O-GlcNAcylation and DNA damage. Apparently, 
the intrinsic ratio of GFAT and PFK activity is a 
critical factor dictating UDP-GlcNAc levels in 
pancreas. Consistently, either increasing PFK 
activity or decreasing GFAT1 expression sup-
presses high-glucose-induced effects in pan-
creatic cells [8]. It was noted that PFK serves  
as the gatekeeper of glycolysis, and three iso-
forms of PFK (PFKL, PFKM, and PFKP) modu-
late cell metabolic state and energy utilization 
[30]. Importantly, PFK activity is regulated by 
citrate acid, ATP, ADP, and AMP, suggesting its 
fine-tuning for cell energy utilization. The 
increased mechanical stimulus modulates PFK 
protein stability in normal lung cells by reduc- 
ing its ubiquitination and glycolytic rate [31]. In 
lung cancer cells, PFK1 is O-GlcNAcylated, 
which decreases its enzymatic activity, redi-
rects glucose flux through the pentose phos-
phate pathway, and promotes tumor growth 
[32]. In high-glucose-treated pancreatic cells,  
three PFK isoforms can also be O-GlcNAcylated 
and further reduce its activity, resulting in 
increased O-GlcNAcylation and DNA damage 
[8]. These data suggest that PFK activity may 
be regulated by protein expression levels and 
post-translational modification such as O- 
GlcNAcylation. However, the physiological role 
of low PFK activity in the pancreas remains to 
be explored.

On the other hand, GFAT, serving as the rate-
limiting enzyme of HBP for UDP-GlcNAc synthe-
sis, converts glutamine and fructose 6-phos-
phate to glucosamine-6-phosphate. There are 
two GFAT protein isoforms known as GFAT1 and 
GFAT2, encoded by separate genes, gfpt1 and 
gfpt2, respectively, and located on different 
chromosomes [33]. They share a 75% homolo-
gy but have distinct tissue distributions. GFAT1 
is highly expressed in the placenta, pancreas, 
and testis and GFAT2 is expressed throughout 
the central nervous system, particularly in the 
spinal cord [34]. In terms of gene regulation, 
GFAT is transcriptionally regulated by specificity 
protein 1 (Sp1) [35] and activating transcription 
factor 4 (ATF4) [36]. Furthermore, mammalian 
GFAT1 enzymatic activity is suppressed by 
UDP-GlcNAc [37]. In terms of tumorigenesis, 
the expression of GFAT1 is higher in human 
pancreatic cancer samples than adjacent nor-
mal tissue [38]. Targeting GFAT increases tu- 
moral sensitivity to immune-checkpoint thera-
py in pancreatic cancer [39] and increases the 
cancer-killing activity of immune cells in lung 
cancer [40]. Since the GFAT inhibitors nowa-
days are glutamine analogs and have concerns 
of off-target effects on other glutamine utilizing 
enzymes, a specific inhibitor aimed at GFAT1 is 
promising for procrastinating tumor formation 
and treating cancer.

In recent decades, glucosamine has been used 
to improve the symptoms and delay the pro-
gression of osteoarthritis [41]. Besides, glucos-
amine is reported to have no adverse effect at 
very high doses (5000-15,000 mpk) among 
mice, dogs, rabbits, and horses [42]. In hu- 
mans, glucosamine sulfate is as safe as a pla-
cebo in terms of adverse events and basic 
physiological characteristics in several ran- 
domized trials [43]. Similarly, GlcNAc has no 
adverse events reported [44]. Based on blood 
analytic results of our long-term GlcNAc experi-
ment, the equivalent human dose of GlcNAc 
(212 mpk) did not affect blood cell count and 
biochemical composition of blood (data not 
shown). 

Figure 6. Long-term GlcNAc treatment induces DNA damage in tissues. Five male mice of each group were treated 
with 1X GlcNAc (212 mpk=1X), or 10X GlcNAc (2120 mpk=10X) or vehicle control (water) daily for 60 days. GlcNAc 
was dissolved in water and administered to mice once daily by oral gavage at 10 μl/g. (A) Representative images 
and (B) quantifications of γ-H2AX staining by IHC of pancreas, brain, kidney, lung, liver, and colon from each group. 
(A) Upper panel: 40× magnification. Scale bar, 100 μm. Lower panel: 200× magnification. Scale bar, 20 μm. (B) 
Quantitative bar graphs of the relative folds of the percentage of γH2AX positive cells. Each dot represents the da-
tum of one mouse. Data are normalized to that from mice treated with vehicle. Values show mean ± SEM. *P<0.05; 
**P<0.01 (two-tailed Student’s t-test).
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Figure 7. GlcNAc treatment increases cellular UDP-GlcNAc levels, protein O-GlcNAcylation, DNA damage, and an-
chorage-independent growth in various non-tumorigenic cell lines. Non-tumorigenic cell lines, including human pan-
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Interestingly, pancreas has higher relative fold 
of DNA damage than other tissues under the 
long-term GlcNAc treatment. There are several 
possible explanations. Firstly, UDP-GlcNAc lev-
els in the pancreas have already been higher 
than those in other tissues due to the higher 
intrinsic ratio of GFAT and PFK activity (Figure 
4E). Additionally, the metabolic efficiency of 
UDP-GlcNAc may be different in various  
organs. After searching mRNA expression from 
the GTEx database [45], we found that enzy- 
mes that are involved in the GlcNAc salvage 
pathway (Supplementary Figure 8A) have  
different levels of RNA expression among the 
organs (Supplementary Figure 8B-E). The pan-
creas has a higher PGM3 expression and a 
lower GALE expression than the other organs, 
converting more GlcNAc to UDP-GlcNAc and 
metabolizing fewer UDP-GlcNAc to UDP- 
GalNAc. The accumulated UDP-GlcNAc can be 
easily higher in pancreas, leading to higher 
O-GlcNAcylation and more serious DNA dam-
age in the long-term treatment of GlcNAc. 
Alternatively, pancreatic tissue may accumu-
late more DNA damage induced by GlcNAc 
treatment over time because of lower DNA 
repair efficiency [46]. 

On the contrary, epidemiological studies report 
that glucosamine plus chondroitin reduces 
colon cancer risk [47]. It is noted that such 
reduction in cancer risk was observed based 
on a shorter-duration use. As high O-GlcNA- 
cylation is instrumental in pancreas, lung, and 
colon malignancy, long-term glucosamine con-
sumption may increase O-GlcNAcylation, which 
draws the concern of cancer risk. Since pan- 
creatic [48] and colon cancer [49] take more 
than 10 years to develop into recognizable 
malignancy, the long-term effect of glucos-

amine on cancer development needs further 
investigation. 

Cells commonly face DNA damages generated 
by ROS, ionizing radiation, ultraviolet light, 
chemicals, hydrolysis, nucleotide imbalance, 
and replication error. Accordingly, they undergo 
DNA damage response (DDR) that determines 
its fate toward DNA repair or apoptosis [50]. 
However, if DDR is impaired, the genome will 
suffer mutations from damaged DNA, thereby 
providing a selective advantage for mutant 
cells to further develop into malignant cells 
[51]. As reported in our previous study, high 
glucose-induced DNA damage promotes onco-
genic KRAS mutation and anchorage-indepen-
dent growth through the increased O-GlcNAcy- 
lation in the pancreatic cells. In the communi-
cation, we also demonstrate that high glucos-
amine treatment induces DNA damage and 
anchorage-independent growth through the 
increased O-GlcNAcylation in various cells 
(Figure 8A, 8B). Furthermore, either OGT in- 
hibition or deoxynucleotides supplementation 
rescues glucosamine-induced DNA damage in 
mice tissues (Figure 8C, 8D), suggesting that 
combining these approaches may minimize 
DNA damaging effects but sustain therapeutic 
benefits of glucosamine. Further development 
of useful OGT inhibitors or nucleotide precur-
sors is of interest to pursue. 
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Figure 8. GlcNAc induces DNA damage through RRM1 O-GlcNAcylation and dNTP pools imbalance. A. O-GlcNAcyl-
ated RRM1 determined by immunoprecipitation with anti-RRM1antibody and immunoblotting analysis with anti-
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Supplementary Table 1. Macro-nutrition (calories, %) provided by a chow diet and a high sugar diet
Ingredients Chow diet High sugar diet
Protein 28.5 26.45
Fat 13.42 12.49
Carbohydrate 58.08 61.06
Of which starch 18.53 2.7
Of which glucose 0.13 9.09
Of which fructose 0.17 9.09
Of which sucrose 2.15 20.24

Supplementary Table 2. Antibodies in this study
Antibodies Brand Cat. No. Application & dilution
γH2AX Merck Millipore 05-636 ICC-1:1000
γH2AX Cell sig. tech. #9718 IHC-1:100
110.6 Cell sig. tech. #9875 IHC-1:1000
GFAT1 Genetex GTX64638 WB-1:1000
GFAT2 Genetex GTX66370 WB-1:1000
PFKL Genetex GTX105697 WB-1:1000
PFKM Genetex GTX111597 WB-1:1000
PFKP Genetex GTX107857 WB-1:1000
OGT(DM-17) Sigma O-6264 WB-1:1000
OGA Sigma SAB4200311 WB-1:5000
p84 Genetex GTX70220 WB-1:10000
RRM1 Genetex GTX54666 WB-1:10000
RRM1 Santa Cruz sc-11733 IP-1:500
RL2 Abcam Ab2739 WB-1:1000, ICC-1:500
Ki67 Abcam Ab15580 IHC-1:1000
Donkey anti-Mouse IgG Alexa Fluor 488 antibody Invitrogen #A-21202 IF-1:100
HRP-conjugated goat anti-rabbit IgG Jackson immunoReseach 111-035-144 1:5000
HRP-conjugated goat anti-mouse IgG Jackson immunoReseach 115-035-146 1:5000
HRP-conjugated goat anti-mouse IgM GENETEX GTX77230 1:5000
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Supplementary Figure 1. Oral sugar uptake has no effects on mice’s food consumption and body weight. (A) Experi-
mental scheme for the oral administration of sugar in mice. 8-week-old male C57BL/6JNarl mice were treated with 
vehicle (water), glucose (G, 15000 mg/kg (mpk)), fructose (F, 15000 mpk), or sucrose (S, 15000 mpk) for 7 days. 
All sugars were dissolved in water and administered to mice three times daily by oral gavage at 10 μl/g. (B) Average 
food consumption (g/day) and (C) Body weight (g) of sugar-treated mice on day 0 and day 7. Each dot represents the 
datum of one mouse. Each group contained 5 mice. Values show mean ± SEM. 
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Supplementary Figure 2. The concentration of substrate and product metabolites of PFK and GFAT in 6 organs. 
Pancreas, brain, liver, lung, kidney, and colon were collected from 10-week-old male C57BL/6JNarl mice. Metabo-
lites, including G6P/F6P (A), glucosamine-6-P (Gln-6P) (B), fructose 1,6 biphosphate (FBP) (C), glutamine (D), and 
glutamate (E), were extracted from these six organs and quantified by LC-MS analysis. Each group contained 6 mice. 
Each dot represents the datum of one mouse. Data were presented in nmole/mg. Values show mean ± SEM. 
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Supplementary Figure 3. Glucose uptake in the pancreas may be converted into more UDP-GlcNAc than other or-
gans. (A) Experimental scheme for U-13C6 glucose tracing assay. 8-week-old male C57BL/6JNarl mice were treated 
with glucose(U-13C6) (5000 mpk). After glucose(U-13C6) administration, mice were sacrificed at 15, 30, 45, 60, 120, 
240 min for blood glucose (mg/dl) analysis (B). Isotope labeled glucose fraction (C), lactate fraction (D), and UDP-
GlcNAc ion counts (E) were determined from sera of pancreas, liver, lung, kidney, colon, brain by LC-MS analysis. 
Each dot represents the datum of one mouse. Each group contained 1 mouse. 
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Supplementary Figure 4. Either high sugar or high GlcNAc oral administration has no effects on mice’s food con-
sumption and body weight. A. Experimental scheme for the oral administration of sugar in mice. 8-week-old male 
C57BL/6JNarl mice were treated with vehicle (water), glucose (G, 15000 mpk), or GlcNAc (GNA, 7500 mpk) for 7 
days. Glucose and GlcNAc were dissolved in water and administered to mice three times daily by oral gavage at 10 
μl/g. B. Average food consumption (g/day). C. Body weight (g) of glucose- or GlcNAc-treated mice on day 0 and day 
7. Each dot represents the datum of one mouse. Each group contained 5 mice. Values show mean ± SEM.

Supplementary Figure 5. Long-term GlcNAc treatment doesn’t affect food consumption and body weight in mice. (A) 
Experimental scheme for the oral administration of sugar in mice. 8-week-old male C57BL/6JNarl mice were treated 
with vehicle (water), the human equivalent dose of GlcNAc (212 mpk=1X), or 10 times dose (2120 mpk=10X) daily 
for 60 days. (B) Average food consumption (g/day) and (C) body weight (g) of glucose- or GlcNAc-treated mice on day 
0 and day 7. Each dot represents the datum of one mouse. Each group contained 5 mice. Values show mean ± SEM.
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Supplementary Figure 6. Either OSMI-1 intraperitoneal administration or deoxynucleotides oral administration 
has no effects on body weight in mice. A. Experimental scheme for OSMI-1 intraperitoneal administration in mice. 
8-week-old male C57BL/6JNarl mice were treated with vehicle (water) + I.P. solution, GlcNAc (GNA, 7500 mpk) + I.P. 
solution, or GlcNAc (GNA, 7500 mpk) combined with OSMI-1 (1 mpk I.P.) for 7 days. GlcNAc was dissolved in water 
and administered to mice three times daily by oral gavage at 10 μl/g. OSMI-1 was dissolved in I.P. solution (10% 
DMSO, 40% PEG300, 5% tween 80, and 45% saline), and administered to mice once daily by needle at 5 μl/g. B. 
Average Body weight (g) of GlcNAc and OSMI-1-treated mice on day 0 and day 7. Each dot represents the datum of 
one mouse. Each group contained 3 mice. Values show mean ± SEM. C. Experimental scheme for deoxynucleotides 
oral administration in mice. 8-week-old male C57BL/6JNarl mice were treated with vehicle (water), GlcNAc (GNA, 
7500 mpk), or GlcNAc (GNA, 7500 mpk) combined with deoxynucleotide (240 mpk P.O.) for 7 days. GlcNAc and 
deoxynucleotide were dissolved in water and administered to mice three times daily by oral gavage at 10 μl/g. D. 
Average Body weight (g) of GlcNAc and deoxynucleotide-treated mice on day 0 and day 7. Each dot represents the 
datum of one mouse. Each group contained 3 mice. Values show mean ± SEM.

Supplementary Figure 7. The proposed model of differential effects of glucose and GlcNAc on DNA damage and 
cell transformation. High glucose preferentially induces DNA damage and cell transformation in the pancreas. Un-
like high glucose that induces pancreas-specific DNA damage, high GlcNAc universally causes DNA damage in the 
pancreas, brain, liver, lung, kidney, and colon, possibly triggering cell transformation. Owing to higher GFAT activity 
and lower PFK activity in the pancreas, more glucose is more metabolized to UDP-GlcNAc and increases RRM1-O-
GlcNAcylation. O-GlcNAcylated RRM1 triggers ribonucleotide reductase complex disruption, leading to the enzymat-
ic activity reduction and dNTP pool imbalance. High GlcNAc-induced effects are also mediated by O-GlcNAcylated 
RRM1-mediated dNTP pool imbalance, similar to the action mechanism of high glucose treatment in the pancreas. 
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Supplementary Figure 8. GlcNAc metabolic-related mRNA expression levels among tissues. (A) Scheme 
of GlcNAc metabolism. (B-E) The mRNA expression levels of (B) NAGK (ENSG00000124357.12), (C) PGM3 
(ENSG00000013375.15), (D) UAP1 (ENSG00000117308.13), and (E) GALE (ENSG00000117308.14) among tis-
sues from GTEx database. TPM: Transcript per million.  


