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Abstract

Aim: Heparin, a widely used antithrombotic drug has many other anticoagulant-
independent physiological functions. Here, we elucidate a novel role of heparin in
glucose homeostasis, suggesting an approach for developing heparin-targeted thera-
pies for diabetes.

Methods: For serum heparin levels and correlation analysis, 122 volunteer’s plasma,
DIO (4 weeks HFD) and db/db mice serums were collected and used for spectropho-
tometric determination. OGTT, ITT, 2-NBDG uptake and muscle GLUT4 immunofluo-
rescence were detected in chronic intraperitoneal injection of heparin or heparinase
(16 days) and muscle-specific loss-of-function mice. In 293T cells, the binding of in-
sulin to its receptor was detected by fluorescence resonance energy transfer (FRET),
Myc-GLUT4-mCherry plasmid was used in GLUT4 translocation. In vitro, C2C12 cells
as mouse myoblast cells were further verified the effects of heparin on glucose ho-
meostasis through 2-NBDG uptake, Western blot and co-immunoprecipitation.
Results: Serum concentrations of heparin are positively associated with blood glu-
cose levels in humans and are significantly increased in diet-induced and db/db obesity
mouse models. Consistently, a chronic intraperitoneal injection of heparin results in
hyperglycaemia, glucose intolerance and insulin resistance. These effects are inde-
pendent of heparin’s anticoagulant function and associated with decreases in glucose
uptake and translocation of glucose transporter type 4 (GLUT4) in skeletal muscle.
By using a muscle-specific loss-of-function mouse model, we further demonstrated
that muscle GLUT4 is required for the detrimental effects of heparin on glucose
homeostasis.

Conclusions: Heparin reduced insulin binding to its receptor by interacting with in-
sulin and inhibited insulin-mediated activation of the PI3K/Akt signalling pathway in

skeletal muscle, which leads to impaired glucose uptake and hyperglycaemia.
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1 | INTRODUCTION

Type 2 Diabetes mellitus (T2DM) is a ‘silent disease’ characterized
by hyperglycaemia and reduced insulin function. It has become one
of the most life-threatening diseases of human health.! While de-
veloping more effective treatments for T2DM is urgently needed,
our understanding of the pathophysiology of T2DM s limited.
Glycosaminoglycans (GAGs), the most abundant linear heteropoly-
saccharides in the body, play an essential role in glucose homeo-
stasis regulation.2 Early studies have found a significant increase of
GAGs levels in serum® and urine* in patients with diabetes. A recent
study consistently indicated that the content of GAGs in urine is a
potential diagnostic indicator for diabetes.’

Heparin, a naturally occurring GAG mainly stored within mast
cells® has been widely used in the clinical setting as an anticoagulant
and antithrombotic drug.7 Notably, heparin has long been of interest
in relation to the treatment of T2DM, particularly with the mitigation
of renal and cardiovascular complications. In both human and animal
studies, heparin has shown to prevent the occurrence of diabetic
nephropathy,® accelerate wound healing,” and reduce the risk of
thrombosis in diabetes mellitus.'® However, the limitations of hepa-
rin usage in diabetes have also been reported. For example, despite
its beneficial anticoagulant functions during islet transplantation,
heparin enhances islet amyloid deposition, thus affecting transplant
success rate.!! Heparin treatment also results in aldosterone sup-
pression and hyperkalaemia, particularly in patients with diabetes
mellitus.*?

Besides well-established anticoagulant functions, various other
physiological effects of endogenous heparin have been explored, for
example anti-inflammation,*® increasing lipid metabolism,'* stimu-
lating appetite® and promoting activity of insulin-like growth fac-
tor-1.% Interestingly, it has been shown that blood levels of heparin in
diabetic patients are higher than normal.® Consistent with this asso-
ciation, a direct link between heparin and insulin signalling has been
reported back in the 1980s. This pioneering study demonstrated re-
duced insulin function in the presence of heparin,'’ suggesting a key
role of heparin in glucose homeostasis. However, it was noted that
this change occurred in specific tissues. The heparin-induced inhi-
bition of insulin binding was only observed in cultured human lym-
phocytes, but not in adipocytes, erythrocytes or hepatoma cells.’”
Despite no changes in insulin binding, in isolated adipocytes, heparin
reduced basal and insulin-stimulated glucose oxidation. Additionally,
in intact hepatoma cells, heparin inhibited both insulin binding and
insulin-stimulated autophosphorylation in receptors solubilized from
these cells.” These observations suggest a tissue-specific role of
heparinininsulin signalling and glucose homeostasis. Until now, there
has been no direct evidence for the systemic effects of heparin on
glucose homeostasis. The central questions of our study are whether

heparin regulates whole-body glucose homeostasis and whether it
occurs through a tissue-specific reduction of affinity for insulin.

In the present study, we first evaluated the physiological signifi-
cance of circulating heparin in diabetic patients, db/db mice and diet-
induced obesity mice. We then investigated the systemic effects of
heparin treatment on blood glucose, whole-body glucose tolerance,
whole-body insulin sensitivity and glucose uptake in different tissues.
Finally, we used a heparin agarose competitive binding assay, fluores-
cence resonance energy transfer (FRET) microscopy and a muscle-
specific conditional mouse model generated by the clustered regularly
interspaced short palindromic repeats (CRISPR) technique to deter-
mine whether heparin impairs whole-body glucose homeostasis by
inhibiting insulin binding and subsequent actions in skeletal muscle.

2 | RESEARCH DESIGN AND METHODS

2.1 | Animals

All mice were housed at 20°C-26°C, on a 12 h light-dark cycle (6 a.m.
and 6 p.m.). All mice within each experiment were of the same strain
and sex, and had similar body weight (at the age of 10-18 weeks).
Unless otherwise stated, the mice were maintained ad libitum on
standard mouse chow and water.

2.2 | Heparin’s effects on glucose homeostasis

The systemic effects of heparin on glucose homeostasis were evalu-
ated in C57BL/6J (BL6), db/db, muscle-specific glucose transporter
type 4 (GLUT4) KO and streptozotocin (STZ)-induced type 1 diabe-
tes mellitus (T1DM) mouse models. Blood glucose was measured
once per four days in mice intraperitoneally (i.p.) injected with saline
or 1 mg/kg heparin every other day for 16 days. Glucose tolerance,
insulin sensitivity, and glucose uptake in epididymal white adipose
tissue (EWAT), gastrocnemius (GST) and liver were measured after
16 days of heparin treatment.

2.3 | Cellular signal mechanisms of heparin-
induced inhibition on skeletal muscle glucose uptake

Heparin’s effects on insulin-insulin receptor interaction were tested
by a heparin agarose competitive binding assay and fluorescence
resonance energy transfer (FRET) microscopy. In both in vitro C2C12
cells and in vivo GST muscle of BL6 mice, glucose uptake was eval-
uated after co-treatment of heparin and insulin, and heparin’s ef-
fects on insulin-dependent downstream cascades were tested. To
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determine if heparin-induced inhibition on muscle glucose uptake is
mediated through classic insulin cascades, glucose uptake was moni-
tored after heparin treatment in mutant mice with muscle-specific
deletion of GLUT4 or overexpression of protein kinase B (Akt).

2.4 | Statistics

Statistical analyses were performed using GraphPad Prism. Methods
of statistical analyses were chosen on the basis of the design of each
experiment and are indicated in the figure legends. Data are pre-
sented as mean = SEM. A p-value less than .05 was considered to
indicate statistical significance.

3 | RESULTS

3.1 | Heparin treatment impairs glucose
homeostasis

Consistent with the high blood heparin levels observed in diabetic

3,18

patients,”® we showed that serum heparin levels were significantly

elevated in both genetic and diet-induced obesity mouse models.

M

Specifically, we found that after 4 weeks of high-fat diet feeding,
serum heparin concentration in male C57BL/6J (BL6) mice was in-
creased by 30% compared with that in chow-fed control male BL6
mice (2.30 + 0.17 vs 2.97 + 0.19; Figure 1A). Consistently, male db/
db (leptin receptor deficiency) C57BLKS/J (BLKS) mice, the most
widely used mouse model of T2DM, had a similar but more robust
increase of serum heparin levels compared to littermates with one
allele of mutant in leptin receptor (db/+; 1.48 + 0.18 vs 3.28 + 0.37,;
Figure 1A). Notably, male db/+ BLKS mice showed significantly
lower serum heparin levels compared with both chow- and HFD-
fed male BL6 mice. This inconsistency may be attributed to the
difference in background strain. It has been shown that despite
70% genetic homology, BL6 and BLKS inbred mouse strains differ
dramatically in response to diet- and genetic-induced obesity.!?*%°
Interestingly, plasma heparin concentrations in humans also exhib-
ited a statistically significant positive correlation with blood glucose
levels (Figure 1B), suggesting an essential role of heparin in blood
glucose control.

The elevated blood heparin in both obese animals and diabetic
patients leads a notion that aberrant levels of heparin may contrib-
ute to glucose homeostasis disorders. To test this possibility, we in-
traperitoneally (i.p.) injected heparin (1 mg/kg) in chow-fed male BL6
mice every other day for 16 days. We found that chronic heparin
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FIGURE 1 A, Serum heparin concentrations in male C57BL/6J (BL6) mice after 4 weeks chow diet or high-fat diet (HFD) feeding (n = 5

or 6) and male db/+ or db/db littermates with C57BLKS/J (BLKS) background (n = 4 or é). B, Linear correlation between blood glucose and
heparin levels in humans (n = 122). C, Blood glucose of male BL6 mice intraperitoneally (i.p.) injected with saline or 1 mg/kg heparin every
other day for 16 days (n = 7). D-E, Oral glucose tolerance test (OGTT, D) and quantification of area under the curve (AUC, E) in male BL6
mice after 16 days of i.p. injection of saline or 1 mg/kg heparin (n = 7). F-G, Insulin tolerance test (ITT, F) and quantification of AUC (G) in
male BL6 mice after 16 days of i.p. injection of saline or 1 mg/kg heparin (n = 7). H, Serum insulin levels in male BL6 mice after 16 days of i.p.
injection of saline or 1 mg/kg heparin (n = 5 or 6). I, Blood glucose of chow-fed male BL6 mice i.p. injected with saline or 5 U/kg heparinase
every other day for 16 days (n = 6). J, Blood glucose of male db/db BLKS mice i.p. injected with saline or 5 U/kg heparinase every other day
for 3 weeks (n = 5). C, D, F, | and J, Results are presented as mean + SEM. * p < .05, ** p < .01 in two way ANOVA analyses followed by post
hoc Bonferroni tests. (A, E, G and H) Results are presented as mean + SEM. *, p < .05 or **, p < .01 in non-paired Student's t test
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treatment induced a significant increase in blood glucose compared
to control littermates injected with saline (Figure 1C). The stimula-
tory effects of heparin were observed as early as 4 days after in-
jection and lasted for the duration of the experiment (Figure 1D).
Consistently, glucose intolerance (Figure 1D,E) and insulin resistance
(Figure 1F,G) were observed after 16 days of heparin injection, indi-
cating impaired glucose homeostasis. Additionally, 16 days heparin
treatment significantly increased serum levels of insulin (Figure 1H)
but not glucagon or corticosterone (Figure S1A,B), suggesting an im-

paired insulin action.
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The essential role of heparin in glucose homeostasis mainte-
nance is further supported by the evidence from mice chronically
treated with heparinase, a key enzyme specifically catalysing the
degradation of heparin. We found that while heparinase failed to
decrease blood glucose of chow-fed male BL6 mice (Figure 1I), it
dramatically reduced the blood glucose of diabetic db/db mice after
3 weeks of treatment (Figure 1J). These data suggest a key role of
heparin in db/db-induced diabetes. These observations are consis-
tent with indirect evidence regarding another member of the GAG

family, heparan sulphate, which shares a very similar structure with
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FIGURE 2 A, Uptake of 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D- glucose (2-NBDG) in the epididymal white adipose
tissue (EWAT), gastrocnemius muscle (GST) and liver of male BL6 mice after i.p. injection of saline or 1 mg/kg heparin every other day for

16 days (n = 5). B-D, Uptake of 2-NBDG in C2C12 cells cultured with vehicle or 100 pug/ml heparin (B), vehicle or 100 pg/ml DSH (C) and
vehicle or 100 IU/ml LMWH (D) (control data in this panel same as C) for 12 h (n = 5 or 6), vehicle (cell culture medium). E, Immunoblots and
quantification of glucose transporter type 4 (GLUT4) protein in the GST of male BL6 mice after i.p. injection of saline or 1 mg/kg heparin
every other day for 16 days (n = 4). F-G, Representative images (F) and quantification (G) of GLUT4 membrane protein in the GST of male
BL6 mice after i.p. injection of saline or 1 mg/kg heparin every other day for 16 days. GLUT4 was stained with green fluorescence. DAPI
(blue) was used to mark the cell nuclei (n = 4). H, Schematic experimental strategy using Myc-GLUT4-mCherry fusion protein to detect
GLUT4 translocation and plasma membrane surface exposure. |-J, Representative images (l) and quantification (J) of GLUT4 surface exposure
in 293T cells cultured with vehicle or 100 pg/ml heparin for 12 h. The ratio of surface to total GLUT4 was quantified by dividing Myc green
fluorescence to mCherry red fluorescence. Data were normalized and expressed as a percentage of vehicle-treated cells (n = 24), vehicle (cell
culture medium). Results are presented as mean = SEM. * p < .05 or **, p < .01 in non-paired Student's t test
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FIGURE 3 A, Schematic experimental strategy of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) with sgRNAs
targeting GLUT4 gene. The sgRNA sites were located in intron 7 and exon 8 of the GLUT4 gene. The DNA sequences contained sgRNA-
binding regions are labelled with red. NHEG, non-homologous end joining. B, Schematic experimental strategy of generating muscle-specific
GLUT4 knockout mice. C, Genomic validation of GLUT4 knockout in the GST of male MCK-GLUT4™" mice. D-E, Immunoblots (D) and
quantification (E) of GLUT4 protein in the GST, EWAT and liver of male MCK-GLUT4™" mice (n = 6). F, Uptake of 2-NBDG in the GST, EWAT
and liver of male BL6 control or MCK-GLUT4™~ mice after i.p. injection of saline or 1 mg/kg heparin every other day for 16 days (n = 4 or

5). G, Blood glucose of male BL6 control or MCK-GLUT4™" mice after i.p. injection of saline or 1 mg/kg heparin every other day for 16 days
(n =4 or 5). H-1, OGTT (H) and quantification of AUC (I) in male BL6 or MCK-GLUT4 ™™ mice after i.p. injection of saline or 1 mg/kg heparin
every other day for 16 days (n = 4 or 5). J-K, ITT (J) and quantification of AUC (K) in male BL6 or MCK-GLUT4™" mice after i.p. injection of
saline or 1 mg/kg heparin every other day for 16 days (n = 4 or 5). E, Results are presented as mean + SEM. ** p < .01 in non-paired Student's
t test. (F, G, | and K) Results are presented as mean + SEM, different letters between bars indicate p < .05 by one-way ANOVA followed by
post hoc Tukey's tests

heparin. Heparanase, the catalytic enzyme of heparin sulphate, has Hence, heparin-induced hyperglycaemia is likely independent of its
been shown to effectively alleviate genetic and chemical-induced anticoagulant activity.

T1DM in mice.?!?2 Additionally, we tested the blood glucose lev-

els after chronic treatment of two other heparin derivatives,

desulphated heparin (DSH with lower anticoagulant activity) and 3.2 | Heparin reduces glucose uptake and GLUT4
low-molecular-weight heparin (LMWH with higher anticoagulant translocation in skeletal muscle

activity). We found that DSH induced a similar increase in blood

glucose levels as we observed in heparin-treated mice (Figure S1C), To explore the tissue-specific mechanisms for heparin-induced hy-
whereas LMWH failed to affect blood glucose levels (Figure S1D). perglycaemia, we used a fluorescent derivative of glucose, 2-Deox
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y-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG),

to measure glucose uptake® in different tissues after chronic hepa-
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rin treatment in chow-fed male BL6 mice. These tissues include
EWAT, GST and liver. All of these tissues have been known to play
important roles in glucose uptake. Skeletal muscle and adipose tis-
sue account for approximately 70% and 10% of insulin-dependent
glucose uptake, respectively, whereas liver acts as a site for insulin-
independent intracellular glucose uptake.?* Interestingly, we found
that heparin decreased glucose uptake in GST but not in EWAT or
liver (Figure 2A), suggesting a muscle-specific impairment of glu-
cose uptake induced by heparin. Consistently, heparin and DSH,
but not LMWH, showed similar inhibitory effects on glucose up-
take in in vitro C2C12 cells, an immortalized mouse myoblast cell
line (Figure 2B-D). Additionally, we also found that heparin failed to
affect the mRNA expression of glycolysis-related genes in the GST
(Figure S2A) as well as glycolysis- or gluconeogenesis-related genes
in the liver (Figure S2B,C), indicating unchanged glycolysis and glu-
coneogenesis. These results suggest that heparin may induce hyper-
glycaemia by impairing skeletal muscle glucose uptake.

Insulin-dependent glucose uptake in skeletal muscle is primar-
ily mediated by altering the subcellular distribution of GLUT4 from
intracellular stores to the plasma membrane, a process known as
GLUT4 translocation.?> We asked whether GLUT4 translocation
is altered by heparin signals. We found that chronic heparin treat-
ment significantly decreased protein expression (Figure 2E) and
plasma membrane distribution (Figure 2F,G) of GLUT4 in the GST
of chow-fed male BL6 mice, suggesting a heparin-induced inhibi-
tion on GLUT4 translocation. This view is further supported by the
evidence from an in vitro GLUT4 translocation cell model. Although
HEK293 cells do not express insulin-responsive GLUT4, insulin still
could promote glucose uptake after artificial expression of GLUT4.%¢
So, we specifically chose 293T cells were transfected with a plasmid
vector to express a Myc-GLUT4-mCherry fusion protein.27 In this
model, Myc tag was inserted in the first exofacial loop of GLUT4
N terminus, and mCherry was fused at the C terminus (Figure 2H),
which allows detection of GLUT4 on plasma membrane (by Myc in
a non-permeabilized condition) and total GLUT4 (by mCherry). We
found that compared with vehicle-treated cells, heparin-treated
cells showed a reduced plasma membrane distribution of GLUT4
(Figure 21,J). These results suggest a possible role of GLUT4 in the
inhibitory effects of heparin on muscle glucose uptake.

3.3 | Skeletal muscle GLUT4 mediates heparin-
induced hyperglycaemia

To directly test if skeletal muscle GLUT4 is required for heparin-
induced hyperglycaemia, we generated a mouse model with GLUT4
selectively deleted in skeletal muscle by using the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) method.
Specifically, we crossed muscle creatine kinase-Cre (MCK-Cre)
mice?® with Cre-dependent Cas9 overexpression (LSL-Cas9) mice??
to generate MCK-Cre/LSL-Cas9 (MCK-Cas9) mice, a mouse model

with Cas9 selectively over-expressed in MCK positive muscle cells.
As previously described,?® AAV virus vector carrying paired sin-
gle guide RNAs (AAV1-sgRNAs) targeting GLUT4 (sgRNA-binding
sites with 205bp interval were located in intron 7 and exon 8 of the
GLUT4 gene) was then i.p. injected into MCK-Cas9 mice at postna-
tal day 3 (P3) to generate a muscle-specific GLUT4 deletion mouse
model (MCK-GLUT4™", Figure 3A,B). We found non-homologous
end joining (NHEJ) repair of GLUT4 in the GST of MCK-GLUT4™~
mice (Figure 3C), suggesting a Cas9-induced GLUT4 DNA editing.
Importantly, both GLUT4 mRNA and protein were dramatically de-
creased in the GST but not in the EWAT and liver of MCK-GLUT4™~
mice (Figure 3D,E), which validates our knockout model. In addition,
we did not find any side effects during the experiment after virus
injection, and only GFP expression was seen in muscle of MCK-Cas9
mice (Figure S3A,B).

After validation, we investigated the effects of chronic hep-
arin treatment on glucose homeostasis in MCK-GLUT4™" mice.

31-33 galine-treated male MCK-

Consistent with previous reports,
GLUT4™" mice showed impaired muscle glucose uptake, hypergly-
caemia, glucose intolerance and insulin resistance (Figure 3F-K)
compared to saline-treated male BL6 mice. This physiological ev-
idence provides additional support for the successful deletion of
muscle GLUT4 in MCK-GLUT4™ mice. Notably, muscle-specific
GLUT4 knockout abolished the inhibitory effects of heparin on
glucose uptake in the GST (Figure 3F), suggesting a key role of
GLUT4 in heparin-induced impairment of muscle glucose uptake.
Consistently, while chronic heparin treatment led to hypergly-
caemia, glucose intolerance and insulin resistance in control male
BL6 mice, heparin failed to induce any of these changes in MCK-
GLUT4™" mice (Figure 3G-K). Interestingly, we also found that
chronic heparin treatment significantly increased body weight
gain and food intake in both male BL6 and MCK-GLUT4™" mice
(Figure S3C,D). These results are consistent with our previous re-
port on the orexigenic and obesogenic effects of heparin,*® and
also suggest that heparin-induced hyperglycaemia and hyperpha-
gia may be mediated by distinct mechanisms. Taken together, our
results suggest that heparin inhibits muscle GLUT4 translocation
to decrease glucose uptake, and further induces hyperglycaemia

and impaired glucose homeostasis.

3.4 | Heparinreduces skeletal muscle glucose
uptake by inhibiting the insulin signalling pathway

Previously heparin has been shown to reduce the affinity of cells to
insulin.’’ Interestingly, skeletal muscle accounts for approximately
70% of insulin-mediated glucose uptake.?* Based on these findings,
we predict that heparin inhibits muscle glucose uptake through an
insulin-dependent pathway. In support of this view, we found that
chronic heparin treatment significantly reduced the phosphoryla-
tion of two essential insulin cascade proteins (Figure 4A-C), insu-
lin receptor substrate (IRS) and Akt, in the GST of male BL6 mice,
suggesting a heparin-induced inhibition on the insulin signalling
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pathway. Consistent with these in vivo observations, heparin dose-
dependently inhibited the phosphorylation of IRS, Akt and phosph-
oinositide 3-kinase (PI3K, an insulin receptor downstream enzyme
that activates Akt) in in vitro C2C12 cells (Figure S4A-D). These re-
sults indicate that heparin treatment in C2C12 cells exerts the same
inhibitory effects on IRS/PI3K/Akt signalling pathways as in mice,
which validated C2C12 cells as a model to study heparin’s effects on
insulin signalling in skeletal muscle.

To directly test if PI3K/Akt mediates the inhibitory effects of
heparin on muscle glucose uptake, we generated both in vitro and
in vivo Akt overexpression models. In the in vitro model, we trans-
fected C2C12 cells with a plasmid containing constitutively active
Akt (Akt CA)%* to over-express a constitutively phosphorylated (ac-
tive) form of Akt mutant protein. In the in vivo model, we intramuscu-
larly (i.m.) injected a lentivirus packed with Akt CA plasmid into the
GST of male BL6 mice to selectively over-express Akt CA protein in
the skeletal muscle. We found that the heparin-induced inhibition
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on glucose uptake was blocked in Akt CA transfected C2C12 cells
(Figure 4D) as well as in the GST of male BL6 mice injected with
Akt CA lentivirus (Figure 4E). Notably, heparin failed to induce any
changes of glucose uptake in the EWAT and liver of both naive and
Akt CA-infected male BL6 mice (Figure 4E). Thus, evidence from
both strategies consistently indicates an essential role of PI3K/Akt
in the inhibitory effects of heparin on muscle glucose uptake.

To further test if PI3K/Akt mediates the inhibitory effects of
heparin on GLUT4 translocation, we adapted the strategies de-
scribed above and applied them to Myc-GLUT4-mCherry plasmid
transfected 293T cells. We found that Akt CA overexpression di-
minished the heparin-induced decreases in the ratio of surface to
total GLUT4 (Figure 4F,G). These results suggest a mediating role
of PI3K/Akt in heparin-induced inhibition of GLUT4 translocation.
Therefore, our data support that heparin reduces muscle glucose
uptake through inhibiting insulin-dependent downstream cascades
(IRS/PI3K/Akt/GLUT4).
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FIGURE 4 A-C, Immunoblots (A) and quantification (B and C) of phosphorylation (at Tyr*®®) of insulin receptor substrate (IRS) and
phosphorylation (at Ser*”?) of protein kinase B (Akt) in the GST of male BL6/J mice after i.p. injection of saline or 1 mg/kg heparin every
other day for 16 days (n = 3). D, Uptake of 2-NBDG in C2C12 cells transfected with constitutively active Akt or empty vehicle plasmid.
Cells in each group were further divided into two groups to culture with vehicle or 100 pg/ml heparin for 12 h (n = 4), vehicle (cell culture
medium). E, Uptake of 2-NBDG in the GST of male BLé mice injected with Akt CA or vehicle lentivirus into the GST. Mice in each group
were further divided into two groups to receive i.p. injection of saline or 1 mg/kg heparin every other day for 16 days (n = 5 or é). F-G,
Quantification (F) and representative images (G) of GLUT4 surface exposure in Myc-GLUT4-mCherry transfected 293T cells. The Myc-
GLUT4-mCherry expressing 293T cells were transfected with constitutively active Akt plasmid and culture with vehicle or 100 pg/ml
heparin for 12 h (n = 24 cells/each), vehicle (cell culture medium). Results are presented as mean = SEM. * p < .05, **, p < .01 or *** p <.001
in non-paired Student's t test
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FIGURE 5 A, Uptake of 2-NBDG in C2C12 cells cultured with vehicle, 100 pg/ml heparin, 10 ng/ml fibroblast growth factor (FGF) or
heparin+FGF for 12 h (n = 5), vehicle (cell culture medium). B, Uptake of 2-NBDG in C2C12 cells cultured with vehicle, 100 pg/ml heparin,
10 ng/ml epidermal growth factor (EGF) or heparin+EGF for 12 h (n = 5), vehicle (cell culture medium). C, Uptake of 2-NBDG in C2C12

cells cultured with vehicle, 100 pg/ml heparin, 10 nM insulin-like growth factor (IGF-1) or heparin+IGF-1 for 12 h (n = 5), vehicle (cell
culture medium). D, Uptake of 2-NBDG in C2C12 cells cultured with vehicle, 100 pg/ml heparin, 100 nM insulin or heparin+insulin for

12 h (n = 5), vehicle (cell culture medium). E, Schematic model of Insulin (Ins)-insulin receptor (IR) intramolecular fluorescence resonance
energy transfer (FRET) in IR-GFP expressing 293T cells treated with insulin-Cy3. FRET channel: Ex/Em:470/585 nm; GFP: donor; Cy3:
acceptor. F-G, Representative images (F) and FRET efficiency quantification (G) of the fluorescence intensities at the cell surface of IR-GFP
expressing 293T cells cultured with vehicle+Ins-Cy3 or 100 pg/ml heparin+ins-Cy3 for 40 min. Sensitized emission was normalized to
calculate FRET efficiency as described in Methods (n = 24), vehicle (cell culture medium). H, Immunoblot of IR in the immunoprecipitates of
GST using anti-Ins antibody. Male BL6/J mice were i.p. injected with saline or 1 mg/kg heparin every other day for 16 days. The GST was
isolated and pulled down with anti-Ins antibody. The associated IR was detected with anti-IR antibody. IR in the immunoprecipitates was

measured with immunoblotting. Input was measured by immunoblotting for IR in cell lysates. IP, Immunoprecipitation; IB, immunoblotting

(n = 2). 1, Scintillation counting in heparin beads incubated with increasing concentrations of insulin-1125. Bead-bound heparin agarose

was incubated with 5 plU insulin and radiolabelled insulin-1125 at different concentration (0, 0.5, 1, 5, 10 and 20 plU) at 4°C for 19 h. After
separation, the 1125 radioactivity was detected in the bead-bound heparin (n = 3). J, Scintillation counting in heparin beads incubated with
increasing concentrations of insulin. Bead-bound heparin agarose was incubated with 5 plU radiolabelled insulin-1125 and insulin at different

concentration (0, 0.5, 1, 5, 10, 20 and 40 plU) at 4°C for 19 h. After separation, the 1125 radioactivity was detected in the bead-bound
heparin (n = 3). Results are presented as mean + SEM. * p < .05, **, p < .01 in non-paired Student's t test

3.5 | Heparinimpairs muscle glucose uptake by
binding to insulin

Although PI3K/Akt/GLUT4 signalling is well-known as an insulin-
dependent downstream pathway, it is also regulated by various
other hormones, such as fibroblast growth factor (FGF),% epider-

mal growth factor (EGF)®¢ and insulin-like growth factor (IGF-1).%7

What is more, heparin did not decrease glucose uptake of C2C12
cells in serum-free medium (Figure S5A), indicated that some of
factors that regulate glucose uptake in serum were destroyed by
heparin. To exclude the possibility that heparin acts through other
hormone-dependent signalling to reduce muscle glucose uptake,
C2C12 cells were co-cultured with heparin and insulin or other
hormones. We found that the inhibitory effects of heparin on
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glucose uptake were only abolished by co-treatment of insulin,
but not FGF, EGF or IGF-1 (Figure 5A-D), suggesting a blockade of
glucose uptake in C2C12 cells through reducing insulin-dependent
signalling.

We previously showed that heparin reduces food intake by
inhibiting the binding of insulin to insulin receptor (IR) on agouti-
related peptide (AgRP) neurons in the arcuate nucleus of the hypo-
thalamus (ARC).}® Based on these findings, we speculate a similar
mechanism for the inhibitory effects of heparin on muscle glucose
uptake. To test this possibility, 293T cells were transfected with a
plasmid containing GFP-IR%® and treated with insulin labelled with
a Cy3 fluorescent probe, which is designed to be an acceptor for
emission fluorescence released by GFP (Figure 5E). Intramolecular
fluorescence resonance energy transfer (FRET) signals were used
to represent insulin and IR binding, specifically quantified by fluo-
rescence intensity at 585 nm when excited at 470 nm.%’ We found
that compared to control groups, that is 293T cells transfected
with IR-GFP without insulin-Cy3 treatment or 293T cells treated
insulin-Cy3 without IR-GFP transfection, FRET signals were sig-
nificantly higher in IR-GFP expressing 293T cells treated with
insulin-Cy3 (Figure S5B,C), which validated our model. We also
found that FRET signals were significantly inhibited by heparin
treatment (Figure 5F,G), suggesting reduced insulin-IR binding.
Consistently, we found that chronic heparin treatment reduced
the expression of IR after immunoprecipitation of insulin in the
GST of male BL6 mice (Figure 5H), suggesting a similar in vivo in-
hibitory effect induced by heparin. Our data from both in vitro and
in vivo models consistently showed that heparin reduces binding
of insulin to IR, which may mediate the inhibitory effects of hepa-
rin on muscle glucose uptake.

There are two possible mechanisms for heparin to interact with
insulin and IR binding: it either directly binds with insulin or competes
with insulin for IR binding. By using a heparin competitive binding
assay, we showed that insulin dose-dependently bound with hepa-
rin (Figure 51,J). These observations are consistent with the previous
report that heparin acts as a strong polyanion to bind with insulin
and inhibit insulin aggregation.*® Our results suggest that heparin
may directly bind with insulin to inhibit insulin/IR-dependent down-

stream signalling pathways.

3.6 | Insulin alleviates heparin-induced
hyperglycaemia

To directly test if the suppression of insulin action is required for the
heparin-induced hyperglycaemia, we tested the inhibitory effects of
heparin on muscle glucose uptake in mice with or without insulin
treatment. In the male BL6 mice without insulin treatment, we found
that heparin significantly decreased glucose uptake in the GST
(Figure 6A). These results suggest that heparin impairs glucose ho-
meostasis when a normal physiological dose of insulin is presented.
Importantly, this inhibitory effect induced by heparin was blocked by
pharmacological supplementation of 1 U/kg insulin (Figure 6A). This
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dose of insulin is a commonly used dose for insulin tolerance tests,
which has been shown to effectively decrease blood glucose levels
in normal lean mice.** These observations clearly indicate an essen-
tial role of insulin suppression in heparin-induced hyperglycaemia.
This view is further supported by the evidence from a STZ-induced
T1DM mouse model. Specifically, we found that heparin failed to af-
fect glucose uptake in the GST of STZ-treated male mice (Figure 6B),
which has very low circulating insulin level (Figure 6C). Consistently,
16 days of heparin treatment also failed to induce any changes of
blood glucose (Figure 6D), suggesting an insulin-dependent mecha-
nism. Thus, it is clearly demonstrated that heparin induces hypergly-
caemia by interrupting insulin’s functions.

Importantly, the changes of several important essential kinases/
receptors in insulin-dependent downstream cascades also support
our hypothesis. For example, in STZ-induced T1DM male mice, we
found that chronic heparin treatment failed to affect GLUT4 trans-
location in the GST (Figure 6E,F). On the other hand, in the BL6
male mice, long-term heparin treatment decreased GLUT4 translo-
cation in the GST, and this heparin-induced inhibition was dimin-
ished by acute insulin injection (Figure 6G,H). Consistent with these
in vivo observations, we found a similar blockage effect of insulin
on heparin-induced decreases of GLUT4 translocation in the 293T
cells (Figure 61,J). Additionally, insulin also abolished the inhibitory
effects of heparin on the phosphorylation of three essential insu-
lin downstream protein kinases, IRS, PI3K and Akt, in both C2C12
cells (Figure S6A-D) and the GST of BL6 male mice (Figure 6K-M).
Therefore, our data support a model that heparin binds with insulin
to reduce the skeletal muscle glucose uptake and by doing so, in-
duces hyperglycaemia and glucose homeostasis abnormalities.

4 | DISCUSSION

The major finding of our study is that heparin, a widely used anti-
coagulant clinical drug, impairs skeletal muscle glucose uptake and
disrupts glucose homeostasis in mice. Our study revealed that blood
heparin levels are significantly increased in both pre-diabetic (DIO)
and diabetic (db/db) models in mice. Consistently, hyperglycaemia is
associated with hyperheparinemia in humans. Long-term systemic
treatment of heparin induces hyperglycaemia, glucose intolerance
and insulin resistance. We further provided both in vitro and in vivo
evidence supporting that heparin induces hyperglycaemia by bind-
ing with insulin to inhibit the insulin-dependent downstream cas-
cade PI3K/Akt/GLUT4 signalling pathway, which impairs glucose
uptake in skeletal muscle.

We recently found that systemic heparin treatment promotes
weight gain and obesity by increasing food intake,'® suggesting
an essential role of heparin in the regulation of energy homeo-
stasis. It is well-known that obesity is a major driving factor for
diabetes. It is possible that heparin also plays an important role in
the regulation of glucose homeostasis. Consistent with this view,
we found that blood heparin concentrations increased in both
DIO and db/db mice. DIO BL6 mice have been used as a model
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FIGURE 6 A, Uptake of 2-NBDG in the GST of male BL6 mice. Male BL6 mice were i.p. injected with saline or 1 mg/kg heparin every
other day for 16 days. At the end of heparin treatment, the GST was collected 40 min after i.p. injection of 2-NBDG (2.5 mg/kg) or
2-NBDG+insulin (1 U/kg) (n = 5). B, Uptake of 2-NBDG in the GST of male BL6 mice treated with streptozotocin (STZ). At 8 weeks of age,
male BL6 mice were i.p. injected with 60 mg/kg STZ once a day for 7 days. Two weeks after recovery, mice were i.p. injected with saline or
1 mg/kg heparin every other day for 16 days. At the end of heparin treatment, the GST was collected 40 min after i.p. injection of 2-NBDG
(2.5 mg/kg) (n = 5). C, Serum insulin levels in control or STZ-treated male BL6 mice (n = 10). D. Blood glucose of STZ-treated male BL6 mice
i.p. injected with saline or 1 mg/kg heparin every other day for 16 days. (n = 5). E-F, Representative images (E) and quantification (F) of
GLUT4 immunofluorescent staining (red) in the GST of STZ-treated male BL6é mice after 16 days of i.p. injection of saline or heparin (n = 4).
G-H, Representative images (G) and quantification (H) of GLUT4 immunofluorescent staining (green) in the GST of male BL6 mice. Male
BL6 mice were i.p. injected with saline or 1 mg/kg heparin every other day for 16 days. At the end of heparin treatment, the GST of mice
in each group was collected 40 min after i.p. injection of vehicle or 1 U/kg insulin (n = 4). I-J, Representative images (I) and quantification

(J) of GLUT4 surface exposure in Myc-GLUT4-mCherry expressing 293T cells cultured with vehicle, 100 pug/ml heparin, 100 nM insulin or
heparin+insulin for 12 h (n = 24), vehicle (cell culture medium). K-M, Immunoblots (K) and quantification (L and M) of phosphorylation of PI3K
(at Tyr508) and phosphorylation of Akt (at Ser473) in the GST of male BL6 mice. Male BLé mice were i.p. injected with saline or 1 mg/kg
heparin every other day for 16 days. At the end of heparin treatment, the GST of mice in each mice was collected 40 min after i.p. injection
of vehicle or 1 U/kg insulin (n = 4). Results are presented as mean £ SEM. *, p < .05, ** p < .01 in non-paired Student's t test
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for pre-diabetes, while db/db mice are the most commonly used
T2DM model. Importantly, we also observed a positive association
between levels of heparin and glucose in the blood of humans.
This is consistent with previous findings that blood heparin lev-
els are elevated in diabetic patients.® Data from both animal and
human studies consistently support a possible role of heparin in
glucose homeostasis.

However, these association studies do not exclude the possibility
that the increase in heparin levels is only a complication of diabetes
development. To exclude this possibility and directly test the effects
of heparin on glucose homeostasis, we systemically administered
heparin, DSH and LMWH to normal chow-fed BL6 mice. DSH is a
heparin derivative with the 2-O and 3-O sulphate groups removed
and lacks anticoagulant activity, whereas LMWH is a depolymerized
form of heparin and produces more efficient anticoagulant activity.42
We found that chronic injection of heparin and DSH consistently in-
duced hyperglycaemia, suggesting that heparin increases blood glu-
cose independently of its anticoagulant effect. On the other hand,
LMWH failed to induce any changes in blood glucose. Opposite to
the hyperglycaemia phenotypes observed in heparin-treated BL6
mice, we found that long-term systemic treatment of heparinase, a
heparin cleavaging enzyme, significantly decreased blood glucose in
diabetic db/db mice, but not in normal chow-fed BL6 mice. These
findings are reminiscent of those observed in heparanase overex-
pression mice, which have decreased heparan sulphate,?? with de-
creased blood glucose levels in STZ-induced diabetic condition, but
not in normal physiological condition. This may be attributed to the
fact that low levels of heparin are present in the blood under normal
physiological condition, while hyperheparinemia is associated with
diabetic conditions.

To further characterize the effects of heparin on glucose bal-
ance, we performed both glucose tolerance tests (GTT) and insulin
tolerance tests (ITT). We found chronic heparin treatment-induced
glucose intolerance and insulin resistance. Importantly, these im-
pairments were associated with increased blood insulin levels,
suggesting that the heparin-induced hyperglycaemia and glucose
intolerance may be due to impaired insulin action. Interestingly, it
has been shown that in vitro, heparin reduces insulin sensitivity of
cultured human lymphocytes, but not adipocytes, erythrocytes or
intact hepatoma cells.}” Our previous study also found that hepa-
rin decreases the insulin sensitivity of AgRP neurons in the ARC.?®
These findings suggest that heparin may induce glucose homeosta-
sis abnormalities by decreasing insulin action, possibly in a tissue-
specific way.

Glucose homeostasis is a dynamic process that is primarily de-
pendent on the balance between glucose production by the liver and
glucose consumption by insulin-dependent tissues (such as skeletal
muscle and adipose tissue) and insulin-independent tissues (such as
the liver).*® We found that chronic heparin treatment failed to affect
the mRNA expressions of genes that are essential for gluconeogen-
esis and glycolysis in the liver of chow-fed BL6 mice, suggesting un-
changed glucose production and degradation. On the other hand,
it was found that heparin dramatically decreased glucose uptake in
the GST but not in the liver or EWAT, suggesting inhibitory effects of
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heparin on insulin-dependent glucose consumption in skeletal mus-
cle. It is notable that chronic heparin treatment also increased insulin
concentration in the GST, suggesting higher insulin aggregation in
skeletal muscle. A similar phenotype has been shown in T2DM pa-
tients with hyperinsulinemia, which is considered to be a defence
mechanism to combat insulin insensitivity.** Importantly, evidence
from the C2C12 skeletal muscle cell line further revealed that hepa-
rin inhibits glucose uptake independently of its anticoagulant prop-
erties. Considering the fact that skeletal muscle is the predominant
site of insulin-mediated glucose uptake, and that skeletal muscle in-
sulin resistance is the primary defect before overt hyperglycaemia
develops,* we speculate that heparin impairs glucose homeostasis
by inducing skeletal muscle insulin resistance.

If heparin induces skeletal muscle insulin resistance, the insulin-
mediated downstream cascade would be inhibited by heparin ad-
ministration. Consistently, we found that GLUT4 translocation (from
the cytoplasm to cell membrane), which is one of the crucial insulin-
dependent downstream cascades, was inhibited by heparin in both
C2C12 cells and GST. Based on these observations, we hypothe-
sized that GLUT4 translocation is required for the inhibitory effects
of heparin on skeletal muscle glucose uptake. To directly test this,
we generated a mouse model with GLUT4 deleted selectively in the
skeletal muscle. We found that these mutant mice showed inhib-
ited skeletal muscle glucose uptake, which is consistent with previ-
ous studies,* and indirectly validates our knockout model. Notably,
although muscle-specific GLUT4 KO mice have been reported to
have normal body weight and muscle mass, these mice have re-
duced blood glucose, disrupted glucose homeostasis, decreased
muscle contraction, and increased muscle fatigability.47 We can not
exclude the possibility that these disruptions in muscle physiology
impact the upstream mechanisms of glucose and insulin signalling.
However, to the best of our knowledge, this is the best model at the
current stage. Interestingly, we found that muscle-specific knockout
of GLUT4 diminished the hyperglycemic effects of heparin, without
affecting the hyperphagic effects induced by heparin. These results
suggest that two independent mechanisms are involved in the reg-
ulatory effects of heparin on appetite and skeletal muscle glucose
uptake. To further support the essential role of insulin-dependent
cascades in heparin-induced hyperglycaemia, we tested the role of
GLUT4 upstream PI3K/Akt signalling. Specifically, we blocked hep-
arin’s effects on PI3K/Akt signalling pathways by genetic activation
of Akt. This strategy diminished the inhibitory effects of heparin
on skeletal muscle glucose uptake. Our data support a model that
heparin induces hyperglycaemia by inhibiting an insulin-dependent
downstream cascade and glucose uptake in the skeletal muscle.

Besides insulin, several other endocrine hormones (FGF, EGF
and IGF-1) have been shown to regulate PI3K/Akt signalling and
enhance glucose uptake in skeletal muscle and fat tissue.*375% It is
possible that heparin acts through FGF, EGF or IGF-1-dependent
downstream signalling pathways to regulate glucose uptake in skel-
etal muscle. To exclude these possibilities, we tested the responses
of C2C12 cells to the co-treatment of heparin and four different
hormones, that is insulin, FGF, EGF or IGF-1. Supporting our hypoth-
esized insulin-dependent model, the inhibitory effects of heparin
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on glucose uptake were only blocked by insulin but not other hor-

LEY-& Metabolism oy

mones. Notably, insulin was also shown to diminish heparin-induced
inhibition on the PI3K/Akt/GLUT4 signalling pathway in C2C12 or
293T cells. Consistent with the in vitro evidence, systemic insulin
administration abolished chronic heparin treatment-induced inhibi-
tion on GLUT4 membrane expression and glucose uptake in skeletal
muscle in male BL6 mice. These findings provide additional evidence
to support that heparin induces hyperglycaemia through inhibiting
insulin-dependent glucose uptake in skeletal muscle.

Consistent with the previous reports, >’

we found that heparin
reduced insulin binding to its receptor. These results suggest that
heparin-induced impairment of insulin and IR binding may contribute
to the inhibitory effects of heparin on skeletal muscle glucose up-
take. Notably, the molecular mechanism in which heparin interferes
with insulin binding is still unknown. Previous studies have shown
that both FGF and EGF have heparin-binding sites,”®>’ which fa-
cilitate direct binding of heparin with FGF or EGF and subsequent
activity regulation. However, insulin does not have any heparin-
binding sites (data not shown), suggesting an alternative mechanism.
Importantly, heparin failed to induce any changes in GST GLUT4
membrane expression, GST glucose uptake and blood glucose in a
STZ-induced T1DM mouse model, which has partial destruction of
the insulin-producing p cells of the pancreas. On the other hand, in
male BL6 mice, the detrimental effects of heparin on glucose ho-
meostasis were abolished by insulin administration. These results
clearly indicate that heparin impairs glucose homeostasis by inhib-
iting insulin action in skeletal muscle.

In conclusion, we found that independent of its anticoagulant
functions, heparin plays a vital role in the regulation of insulin sensitiv-
ity and glucose homeostasis. We demonstrated that heparin interacts
with insulin to inhibit insulin and IR binding, and subsequent insulin-
dependent downstream cascade in skeletal muscle, and by doing so,
impairs skeletal muscle glucose uptake and glucose homeostasis. Thus,
our findings identify heparin as a potential target for the treatment of
diabetes. Our results also demonstrate that the clinical application of
heparin in diabetic patients should be more cautious. Long-term ther-
apeutic beneficial effects of heparin on renal failure or cardiovascular

diseases could be at the expense of increased glucose tolerance.

5 | ASTATEMENT IDENTIFYING THE
GUARANTOR

Dr. Gang Shu, who is independent of any commercial funder or spon-
sor, is the ‘guarantor’ of the study. He had full access to all the data
in the study and takes responsibility for the integrity of the data and
the accuracy of the data analysis.

6 | PRIOR PRESENTATION INFORMATION

The studies have not been presented in a scientific meeting or via
webcast.
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