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Introduction

Diabetes, a disease that features hyperglycemia, is a major 
health epidemic at this time. It affects ~34 million people 
in the US (10.5% of the population) according to the 2020 
National Diabetes Statistics Report from the Centers for 
Disease Control and Prevention (CDC). Nearly 34.5% of the 
adult population is hyperglycemic enough to be considered 
pre-diabetic [1]. Prolonged highly elevated blood glucose 
levels, hyperglycemia, create metabolic stresses that are 
associated with a wide variety of serious complications 
involving chronic inflammation in multiple organ systems, 
including renal disease, cardiovascular and peripheral vascular 
diseases, peripheral neuropathy that delays wound healing, 
chronic infections to feet and legs, and ulcerative colitis [1-4]. 
Further, chronic elevated blood glucose has also been linked 
to heart attacks and death in subjects with no diagnosis of 
diabetes mellitus (DM), coronary heart disease, or history of 
heart failure [3]. However, in almost all cases the relationship 
of elevated glucose levels to underlying disease mechanisms 

has not been fully defined, but these diabetic complications 
do share a common association with extensive and chronic 
inflammation due to infiltration by activated leukocytes that 
originate from the bone marrow (BM). 

Hyaluronan Synthesis and Its Regulation by 
Hyperglycemia and Heparin

Hyaluronan (HA) is a fascinating macromolecule with a simple 
structure and a very complex biology. HA is a unique member 
of the glycosaminoglycan (GAG) family, which includes heparin 
and chondroitin sulfate (CS). Structurally, HA is the simplest 
GAG, consisting of a disaccharide, N-acetyl-glucosamine-
glucuronic acid (GlcNAc-GlcUA) with one negative charge, 
that can be repeated >10,000 times (MW 5-10 MDa) due to 
its unique synthesis. The hydrophilic viscous properties of 
HA allow it to occupy large hydrodynamic volumes. Further, 
by interaction with many HA-binding proteins, HA also has a 
central role in many normal and disease processes that involve 
cellular signaling and inflammation [5]. HA is synthesized in 
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non-dividing cells by hyaluronan synthases (HASs) that are 
transported from the endoplasmic reticulum (ER) to the 
plasma membrane in an inactive form (Figure 1, Normal). 
Once embedded in the plasma membrane they are activated 
and alternately add cytosolic UDP-GlcNAc and UDP-GlcUA 
and extrude the growing GlcNAc-GlcUA disaccharide chains 
through the plasma membrane to form the cell surface coats 
and extracellular HA matrices [5-7] that have important 
physiological roles in maintaining the normal cellular and 
tissue functions. 

Under hyperglycemia, the increased influx of glucose into 
the dividing cells initiates a protein kinase C (PKC) response 
that activates hyaluronan synthase (HAS) in intracellular 
compartments. The glucose stress elevates the cytosolic 
substrates (UDP-GlcUA and UDP-GlcNAc), which is inhibited 

by initiating intracellular synthesis of HA, which deposits 
this high MW (5-10 MDa), polyanionic glycosaminoglycan 
in intracellular compartments (endolasmic reticulum (ER), 
transport vesicles, golgi) [8,9]. This initiates ER stress and a 
unique autophagy [10,11] with subsequent extrusion of an 
extracellular monocyte-adhesive HA matrix after division that 
leads to inflammatory responses (Figure 1, Hyperglycemic). 
We propose that pre-inflammatory monocytes/macrophages 
(Mpi) recruited into the diabetic tissues initiate inflammatory 
and fibrotic responses that are ineffective in removing the 
HA matrix, which mediates the initiation and progression of 
diabetic complications.

Heparin is a highly sulfated, hence highly polyanionic, 
glycosaminoglycan with a repeating disaccharide that 
contains a hexuronic acid (either glucuronic acid or iduronic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Model of monocyte adhesive hyaluronan matrix formation. Normal: HA is synthesized in non-dividing cells by hyaluronan 
synthases (HASs) that are transported from the endoplasmic reticulum (ER) to the plasma membrane in an inactive form. Once embedded 
in the plasma membrane they are activated and extrude the growing HA chains through the plasma membrane to form the cell surface 
coats and extracellular HA matrices [5]. Hyperglycemic: Cells that divide in hyperglycemic glucose levels activate HASs in intracellular 
membranes entering S phase. This inserts the large, polyanionic HA intracellularly into ER, Golgi and transport vesicles, which induces ER 
stress and autophagy responses and extrusion of an extracellular monocyte-adhesive HA matrix after division [8,14]. Heparin/Hep-Tri: 
Low concentrations (Kd ~20 nM) of heparin and of Hep-Tri prevents the intracellular HA synthesis and reprograms the cells to synthesize a 
monocyte-adhesive extracellular HA matrix after division [8,14].
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acid) and glucosamine (either N-acetylated or N-sulfated). It 
is synthesized as a proteoglycan (serglycin) that is found in 
mast cells. Daily IP injections of a small amount of heparin 
in the Streptozotocin (STZ) diabetic rats prevented the 
pathological responses even though the animals sustained 
hyperglycemic levels of glucose throughout [12]. This led to 
clinical trials with heparin for treatment of diabetic patients. 
However, the molecular and cellular mechanism(s) underlying 
the roles of heparin are still unclear. Low concentrations (Kd 
~20 nM) of heparin prevents the intracellular HA synthesis 
in hyperglycemic dividing bone marrow progenitor cells 
and reprograms them to synthesize a monocyte-adhesive 
extracellular HA matrix after division (Figure 1, Heparin/Hep-
Tri) [8,13,14]. We propose that the tissue repairing monocytes/
macrophages (Mtr) under hyperglycemia treated with heparin 
effectively remove the HA matrix without initiating the 
inflammatory and fibrotic responses, which allows the cells 
and tissue to maintain their functions while still synthesizing 
a monocyte-adhesive HA matrix in response to the 
hyperglycemia. This prevents the cytosolic concentrations of 
UDP-GlcNAc and UDP-GlcUA from increasing to unacceptable 
levels during cell division under glucose stress [7].

Hyperglycemia and Hematopoiesis

Hyperglycemia in diabetes induces impairment of 
hematopoiesis, an important consequence in bone marrow 
(BM) that contributes to chronic complications in advanced 
diabetes [15-17]. Preclinical and clinical studies have shown 
impaired function of hematopoietic stem cells (HSCs) and 
hematopoietic progenitor cells (HPCs) [15,16,18-20]; of 
increased numbers of activated inflammatory monocytes/
macrophages [15,21-23]; and of accumulation of monocyte 
adhesive HA matrices in diabetic BM [9]. Euglycemic control in 
diabetes minimally reverses the HSC and HPC defects [16]. A 
mechanism of central importance is an increased ratio of Mpi/
Mtr monocytes/macrophages in diabetic BM in both animal 
models and humans [23-25]. This appears to have key roles in 
inducing inflammatory processes that are poorly understood 
[15,22,25-27]. Further, anti-inflammatory drugs (NSAIDS) 
do not reverse diabetic BM dysfunctions. Understanding 
the formation of the pro-inflammatory Mpi monocytes and 
macrophages in diabetic BM and the reason for their NSAID 
resistance is an important goal for future studies [15].

A recent comprehensive review article describes alterations 
to blood cells associated with DM pathologies [21]. It 
concludes: “This review expands our current understanding of 
the role of DM in risk of development of blood cell damages. 
However, precise mechanism of DM action that stimulates 
these damages remains unclear.” Further, HA was not featured 
in any of the cited papers [21]. Our recent publication indicates 
that aberrant intracellular synthesis of HA by hyperglycemic 
dividing BM progenitors is the central mechanism involved 
[13]. It shows that: 1) circulating monocytes of hyperglycemic 

diabetic patients with hemaglobulin blood A1c >7 have 
intracellular HA, which is absent in non-hyperglycemic patients 
with A1c <7; and 2) 3 mouse models for diabetes [Akita, STZ 
treated, High fat diet] also showed circulating monocytes with 
intracellular HA only when their blood glucose levels were 
elevated to diabetic levels (Figure 2). We demonstrated that 
macrophages that divided in hyperglycemia became pro-
inflammatory Mpi and that the presence of low concentrations 
of heparin (~50 nM) prevented the intracellular HA synthesis 
and promoted a tissue repair Mtr phenotype (Figures 5 and 6 in 
[13]). Thus, we hypothesize that hyperglycemia compromises 
the functions of HSCs and HPCs by initiating the intracellular 
HA induced ER stress response during their asymmetric cell 
division, which generates pro-inflammatory Mpi monocytes 
and prevents generation of anti-inflammatory, tissue-
reparative Mtr monocytes. 

Future Studies and Conclusion

We are the first research team to determine that intracellular 
HA is intrinsically involved in the pathological mechanism that 
occurs in dividing cells stressed by hyperglycemia. Although 
intracellular HA has been documented in smooth muscle cells 
cultured in DMEM [28], it was not recognized as a high glucose 
induced response because DMEM, which is hyperglycemic, 
has long been used as the standardized medium for cell 
culture. Through the studies conducted over the past 10 
years, we have established the pathological mechanism that 
occurs in dividing cells stressed by hyperglycemia. Therefore, 
we propose that the intracellular HA-mediated inflammatory 
responses in BM HSCs and HPCs are central to many diabetic 
pathologies. Our discovery of these mechanisms provides 
the opportunity to develop new approaches for ameliorating 
some diabetic complications, including impairment and 
disruption of hematopoiesis [13]. We have shown that heparin 
interferes with intracellular HA synthesis, ER stress and the 
induced inflammatory responses in hyperglycemic stressed 
cells [8,13,29]. Further, the non-reducing terminal trisaccharide 
of heparin, Hep-Tri, is sufficient to reverse the hyperglycemic 
stress responses [14]. This is very significant because Hep-
Tri lacks the deleterious side effects of heparin. Hep-Tri does 
not have anti-coagulant activity nor does it bind to a variety 
of potentially important growth factors [30,31], which have 
been complicating factors for the use of heparin in the 
diabetic rat model and in other translational studies that have 
been tried [12]. Hep-Tri can be used to target hyperglycemic 
hematopoietic cell alteration by preventing HSC and/or HPC 
differentiation to pro-inflammatory Mpi monocytes with loss 
of function, and promoting tissue repair anti-inflammatory 
Mtr monocytes. Thus, the Hep-Tri cell surface binding receptor 
and/or its downstream components during division represent 
a target that may be leveraged to ameliorate the complications 
of diabetes. We are looking for innovative treatments with 
Hep-Tri to prevent abnormal high glucose inside dividing 
cells by activating the hexosamine synthetic pathway (HSP) 
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to synthesize HA that is secreted extracellularly. To best of our 
knowledge, this will be the first proposed study in the field to 
utilize the HSP as a tool to detoxify the glucose toxicity from 
hyperglycemia.

We propose that pro-inflammatory responses induced in 
monocytes by hyperglycemia are the result of abnormal 
accumulation of intracellular hyaluronan during their 
formation by bone marrow progenitor cells. The future 
studies will be to investigate whether the very large and 
polyanionic HA accumulates abnormally directly within 
intracellular compartments, ER, Golgi, transport vesicles, in 
monocytes and/or leukocytes, BM HSCs and HPCs. Our recent 
study [13] showed, in three diabetic mouse models and in a 
human patient, that circulating monocytes contain extensive 
intracellular HA, and they are expected to be Mpi in most 
diabetic complications, as shown in our studies [8,9] with 
kidney glomeruli in the STZ diabetic rat. 

Three goals can be pursued in the future studies: 1) 
Determine the basic mechanisms for how hyperglycemia-
induced intracellular metabolic stress in dividing HPCs leads 
to pro-inflammatory Mpi monocytes, and identify ways to 
prevent it; 2) Identify which HPC lineages are at greater risk 
of developing the intracellular HA stress response during 
division in hyperglycemia; and 3) Test whether heparin and 
Hep-Tri have therapeutic utility. This objective is based on our 
discovery [14] that the non-reducing trisaccharide of heparin, 
Hep-Tri, without anticoagulant activities [30,31], reverses 
the hyperglycemic stress responses. Diabetic complications 
associated with hyperglycemia result in extensive and chronic 
inflammation in numerous organ systems. These proposed 
studies will reveal new insights regarding the potential 
therapeutic roles of Hep-Tri to sustain normal hematopoietic 
cell functions by: 1) preventing formation of Mpi monocytes, 
and 2) promoting tissue repair Mtr monocyte activation in 
diabetic bone marrow.
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Figure 2. Hyperglycemic stressed murine circulating monocytes contain an abnormal HA matrix in intracellular compartments. The 
fluorescent micrographs show examples of circulating monocytes in blood smears from normoglycemic and hyperglycemic diabetic mice 
models that were stained for HA using a fluorescent conjugate of biotinylated HA-binding protein (green) and nuclei stained with DAPI 
(blue). Representative circulating monocytes in blood smears are shown for hyperglycemic mice from Ins2Akita (C and D), streptozotocin-
treated (G and H), and high-fat diet–fed (K and L) mice compared with their controls (A and B, E and F, and I and J), n = 4. A representative 
circulating monocyte in blood smears are shown from deidentified type 2 diabetic patients of a HbA1c > 7, n = 4 (O and P), compared with 
patients (M and N) with a HbA1c <7; n = 4. Scale bars, 10 μm. (Directly adapted from Figure 9 in [13]).
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