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Introduction: Diabetic patients routinely have high levels of high mobility group box 1 (HMGB1) protein in their plasma, vitreous
and ocular membranes, which is strongly correlated with subclinical chronic inflammation in the eye. Our previous work has suggested
that high HMGB1 in diabetes plays a role in retinal inflammation and angiogenesis, but its role in the optic nerve damage is unclear.
Therefore, our goal is to examine the role of HMGB1 in optic nerve damage in diabetes.
Methods: Gene expression of HMGB1 was quantified in the optic nerve from streptozotocin-induced diabetic mice by qRT-PCR, and
their protein expressions by Western blot analysis and immunofluorescence staining. Using immunohistochemical technique, expres-
sion of reactive astrogliosis (indicator of neuroinflammation) and nerve demyelination/damage were determined by quantifying glial
fibrillary acid protein (GFAP) and myelin basic protein (MBP), respectively. The role of HMGB1 in the optic nerve damage and
alteration visual pathways was confirmed in mice receiving glycyrrhizin, a HMGB1 inhibitor. Similar parameters were measured in the
optic nerve from human donors with diabetes.
Results: Compared to normal mice, diabetic mice exhibited increased levels of HMGB1, higher GFAP expression, and decreased
MBP in the optic nerve. Double immunofluorescence microscopy revealed that diabetes induced increased HMGB1 immunoreactiv-
ities were significantly colocalized with GFAP in the optic nerve. Glycyrrhizin supplementation effectively reduced HMGB1 and
maintained normal axonal myelination and visual conduction. Results from mice optic nerve confirmed the results obtained from
human donors with diabetes.
Discussions: Thus, diabetes-induced HMGB1 upregulation promotes optic nerve demyelination and inflammation. The regulation of
HMGB1 activation has potential to protect optic nerve damage and the abnormalities of visual pathways in diabetic patients.
Keywords: diabetes, visual function, optic nerve, inflammation, HMGB1

Introduction
Diabetes, besides damaging the vascular system of the retina, also damages the tissue surrounding the retina.1–3 Optic
nerve transmits visual information including brightness, color perception and contrast sensitivity in the form of electrical
impulses from the eye to the brain, and is formed by the axons of retinal ganglion cells belonging to the central nervous
system. In diabetes, optic nerve damage is seen in both retinopathy and neuropathy, and in advanced stages of diabetic
retinopathy, clinical manifestations of optic nerve damage, such as apillopathy, atrophy and neovascularization of optic
disc can be observed.4–6 However, recently several clinical studies have demonstrated defects in color perception,
contrast sensitivity, retinal nerve fiber layer (RNFL), pattern electroretinograms (pERGs) and visual evoked potentials
(VEP), reflecting ganglion cell and optic nerve dysfunction, in the absence of vascular retinopathy. The magnitude of the
defects increases with the duration of diabetes, suggesting that the optic nerve damage is an early event in visual
dysfunctions in diabetes.7–14 Experimental models have shown that optic nerve conduction and its integrity are damaged
within few weeks after induction of diabetes without showing any signs of retinopathy.15,16

Optic nerve myelination is fundamental for electrical pulse conductance, and destruction of the myelin sheaths can
lead to delay in visual conduction or vision loss.17 Myelin basic proteins (MBPs) are a family of positively charged
proteins that contribute to formation and compaction of myelin sheath, and MBPs are disarranged and disorganized in
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diabetes.15 Animal models have shown that the optic nerve has reduced axon numbers, impaired axonal transport, and
swollen neurites in diabetes, and their microglia/astrocytes have increased immunoreactivity for ionized calcium binding
adaptor molecule 1 (Iba-1)/glial fibrillary acid protein (GFAP) as early as six weeks after streptozotocin
administration,15,16,18–21 suggesting that inflammation could be one of the key factors in the optic nerve damage in
diabetes. However, the pathogenesis underlying optic nerve damage in diabetes remains unclear.

Early systemic inflammatory signaling after an injury can be induced by a large group of circulating molecules,
collectively referred as damage-associated molecular patterns (DAMPs). These endogenous molecules are released from
the damaged cells and act as danger signals to promote and exacerbate the inflammatory responses.22 One of the prototypic
DAMP molecules, a chromatin-binding protein, High mobility group box 1 (HMGB1), is considered as a critical factor in
mediating inflammation under cellular stress or cell loss.23 HMGB1 is a multifunctional protein, exerting various biologic
effects depending on its cellular localization; while in the nucleus, it regulates biological functions including transcriptional
regulation and nucleosome stabilization, and once released in the extracellular space, it promotes inflammation.24,25 In the
pathogenesis of ocular diseases, HMGB1 has been shown to participate in inflammatory and immune-related processes.26

Previously, we have shown that intravitreal administration of HMGB1 in rat increases retinal vascular permeability and
activates nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-κB).27 Glycyrrhizin, a HMGB1 inhibitor
which inhibits its expression, protects retina from diabetes-induced increased inflammation, oxidative stress and vascular
permeability.27–32 HMGB1 also damages retinal neuronal functions in diabetes and inhibition of HMGB1 prevents
retinopathy and neuropathy.33 The role of HMGB1 in the optic nerve damage in diabetes is, however, not clear.

The aim of this study was to investigate the role of HMGB1 in the optic nerve damage in diabetes. Using optic nerve
from mice, 12 weeks after streptozotocin-induced diabetes, we investigated the role of HMGB1 in its damage and visual
impairments. The results were confirmed in the optic nerve from human donors with >15 years of diabetes.

Materials and Methods
Mice
Diabetes was induced in 7–9-week-old male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) by intraperitoneal
injection of streptozotocin (55 mg/kg BW) for four consecutive days (n = 62; 5–6 mice/cage housed). The mice
presenting blood glucose >250 mg/dL, 2 days after the last injection, were considered diabetic (Diab).34,35

Immediately after establishment of diabetes, a group of mice (n = 24) were randomly assigned to be treated with freshly
prepared glycyrrhizin in their drinking water (GZA, 150 mg/kg/day; Cat. No. G2137; Sigma-Aldrich, St. Louis, MO)
every day,27,31 and their water consumption was measured weekly for the first month, and then twice a week to ensure
that mice were consuming the correct dose of drug. Based on mouse water consumption, glycyrrhizin did not appear to
change the taste of the water. Twelve weeks after induction of diabetes, the animals were sacrificed, and their optic nerve
(5–10 mm intraorbital) was collected. Age-matched normal mice were used as controls (Norm, n = 30). GZA
supplementation did not affect the blood glucose levels and body weight of these diabetic mice, and the values obtained
at the initiation, and at 3 months were similar in the two groups of diabetic mice (P < 0.05 versus normal and P > 0.05
versus diabetes; Table 1). The treatment of animals conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and was approved by the Wayne State University’s Institutional Animal Care and Use
Committee.

Table 1 Effect of GZA on Body Weight and Glucose of Diabetic Mice

Group Body Weight (g) Initial → Final Blood Glucose (mg/dl) Initial → Final

Norm 20.3 ± 1.8 → 36 ± 3.9 140 ± 18 → 134 ± 21

Diab 20.8 ± 2.1 → 25 ± 3.1* 417 ± 97* → 457 ± 85*

Diab/GZA 20.2 ± 1.4 → 24 ± 4.1* 438 ± 118* → 398 ± 102*

Notes: Each group had 25 or more mice, and body weight and blood glucose are the mean ± SD of the values obtained in the
beginning (initial) and at the end of the experiment (final). *P < 0.05 versus normal.
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Human Donor
Human postmortem eye globes with small portion of the optic nerve (2–8 mm intraorbital), enucleated between 6 and 11
hours postmortem, were supplied on ice by the Eversight Eye Bank, Ann Arbor, MI, USA. Diabetic donors, 54 to 75
years of age with a history of diabetes for 15 or more years. The optic nerve was removed, dissected, and was used for
histology and biochemical assay. Age- and sex-matched nondiabetic donors (ND) were used as controls.34 The eye
globes were coded by the Eye Bank, and did not contain any patient identification; this met the criteria for ‘exemption’
from Wayne State University’s Institutional Review Board.

Immunofluorescence Staining
The optic nerve was enucleated and subjected to post-fixation with 4% paraformaldehyde (PFA) at 4°C, washed with PBS
and incubated in 30% sucrose solution (in PBS) for 24 h at 4°C for cryoprotection, and then were embedded in optimal
cutting temperature medium. Ten-micron-thick sections (cross section for human optic nerve and longitudinal for mice)
were prepared using a cryostat, and after washing with PBS, the sections were fixed with 4% PFA. They were then blocked
with 5% (w/v) bovine serum albumin (BSA) and 0.2% Triton X-100 for 1 h, and incubated with primary antibodies
overnight at 4°C. The primary antibodies used were mouse anti-MBP (1:200, Cat. No. sc-271524, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-HMGB1 (1:500, Cat. No. ab18256, Abcam, Cambridge, MA) and mouse
anti-GFAP (1:200, Cat. No. sc-33673, Santa Cruz Biotechnology) in 2.5% (w/v) BSA. After washing three times with PBS,
the slides were incubated with Alexa Fluor-488 (green) conjugated anti-rabbit (Cat. No. Molecular Probes-Life
Technologies, Grand Island, NE, 1:500 dilution) or Texas red-conjugated anti-mouse (Cat. No. Vector Laboratories,
Burlingame, CA; 1:500 dilution) corresponding secondary antibodies in the dark for 2 h. The sections were mounted
with DAPI (4′,6-diamidino-2-phenylindole; blue) containing mounting media (Vector Laboratories, Burlingame, CA) to
visualized nucleus and were examined using Zeiss ApoTome fluorescence microscope (Carl Zeiss, Inc., Chicago, IL).36 At
least eight random images were recorded from each independent preparation. The ‘arithmetic mean intensity’ (AMI), and
Pearson coefficient were calculated using Zeiss software module. Relative percentage change was calculated considering
the values obtained from normal mice, as 100%.

Gene Transcripts
Total RNA was extracted from optic nerves (intraorbital region) using TRIZOL reagent (Invitrogen, Carlsbad, CA), and
prepared cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Quantitative real-time PCR (qRT-PCR) reaction was performed using SYBR green master mix (Applied Biosystems)
using the primers listed in Table 2. The specific products were confirmed by SYBR green single melt curve analysis with
ABI750 Real Time PCR System.37 Data were normalized to β-actin (human) or 18S (mice), and the change (x-fold) in
gene expression relative to normal was calculated by the delta delta Ct method.38

Western Blotting
Optic nerve (intraorbital region) was homogenized in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5%
sodium deoxycholate, 1% NP-40%, and 0.1% SDS), supplemented with 1% complete EDTA-free protease inhibitor
cocktail, and centrifuged at 15,000 × g for 15 min at 4°C as described previously.39 Supernatant (20μg protein) was

Table 2 Primer Sequence

Gene Sequence (5’-3’)

HMGB1 (Human) Fwd-GGT GGA AGA CCA TGT CTG CTA AAG; Rev-AAG AGG AAG AAG GCC GAA GGA

β-ACTIN Fwd-AGC CTC GCC TTT GCC GAT CCG; Rev-TCT CTT GCT CTG GGC CTC GTC G

HMGB1 (Mice) Fwd-AAA GGC TGA CAA GGC TCG TTA TG; Rev-CCA GGA TGC TCG CCT TTG ATT T

18S Fwd-GCC CTG TAA TTG GAA TGA GTC CAC TT; Rev-CTC CCC AAG ATC CAA CTA CGA GCT TT
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separated on a 4–20% gradient acrylamide gel (Bio-Rad, Hercules, CA) and transferred onto a nitrocellulose membrane.
After blocking at room temperature in 5% non-fat milk for 1 h, the blots were then incubated with primary antibodies
against HMGB1 (1:1000 dilution; Cat No. ab18256, Abcam), NF-κB p65 (1:500 dilution; Cat No. sc-8008, Santa Cruz
Biotechnology) overnight at 4°C. After incubation with the corresponding horseradish peroxidase-conjugated secondary
antibodies (1:2000, Sigma-Aldrich) at RT for 1 h, the bands were visualized by West Femto chemiluminescent substrate
(Thermo-scientific, Rockford, IL), and densitometry analysis was performed with the ImageJ software (Rasband, W.S.,
ImageJ, US National Institutes of Health, Bethesda, Maryland, http://rsb.info.nih.gov/ij/, 1997–2009).27 Relative protein
expression was quantified by normalizing the band intensity to that of β-actin (1:2000 dilution; Cat No. A-5316, Sigma-
Aldrich), and the percentage change was calculated considering the values obtained from normal mice, as 100%.

Figure 1 Effect of diabetes on HMGB1 expression in the optic nerve. HMGB1 expression was analyzed by quantifying (A) gene transcript by qRT-PCR using 18s as
a housekeeping gene and (B) protein expression by Western blotting using β-actin as the loading protein. (C) Representative image of the co-localization of HMGB1 and
MBP in optic nerve cryosections using DyLight-488 (green) and Texas Red (red) conjugated secondary antibodies. The sections were imaged at 5x objective, and the scale
bar represents 200 μm. Each measurement was made in duplicate in 6 to 7 mice/group, and the histograms represent values mean ± SD. Norm, normal; Diab, diabetic mice;
*P < 0.05 versus normal.
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Visual Evoked Potential
Mice were dark-adapted overnight, and anesthetized by intraperitoneal injection of Ketamine (67mg/kg)- Xylazine (10mg/
kg). Their pupils were dilated with a drop of tropicamide, followed by administering one drop of 0.4% oxybuprocaine
hydrochloride. Needle electrodes were placed subcutaneously at the base of the tail and at the snout to serve as ground and
reference electrodes, respectively. The active electrode was inserted subcutaneously at the midline at the back of the head.
Two contact-lens light-emitting diodes (LEDs) were placed over the two eyes of the animal to serve as light stimulators. The
animals were placed on a heated platform to keep warm, and the VEP recordings were carried out using the Celeris ERG
system (Diagnosys LLC, MA, USA).40 Each eye was separately exposed to white light flashes of 0.05 cd.s/m2, swept 100
times per trial. Percentage change was calculated considering the values obtained from normal mice, as 100%.

Statistical Analysis
Data are presented as mean ± SD. The nonparametric Mann–Whitney U-test was used to compare means from two
independent groups. When comparing three independent groups, the Kruskal–Wallis test was performed. P-value less
than 0.05 indicated statistical significance. GraphPad Prism version 8.0 software (GraphPad Software, Inc., San Diego,
CA) for Windows was used for statistical analysis.

Figure 2 GFAP expression and its colocalization with HMGB1 in the optic nerve. (A) Expression of GFAP was evaluated in nerve cryosections by immunofluorescence
staining using anti-GFAP (red) antibody. The sections were imaged using 5x objective, and the scale bar represents 200 μm. The arithmetic mean intensity of the images was
quantified with ZEISS pro-inbuilt software package and modules. (B) HMGB1 and GFAP co-localization were determined in nerve cryosections by double staining using anti-
HMGB1 (green) and anti-GFAP (red, for glial cells) antibodies. After capturing the images in ZEISS with the Apotome module, they were calibrated with ZEISS pro-inbuilt
colocalization software module was used to determine the Pearson’s correlation coefficient. The histogram represents the mean ± SD fluorescence intensity quantified from
5 to 8 images/group, and the scale bar represents 10 μm. Norm, normal; Diab, diabetic mice; *P < 0.05 versus normal.
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Results
Mice
Compared to normal mice, gene transcripts of HMGB1 were elevated by over twofold in the optic nerve of diabetic mice
(*P < 0.05, Figure 1A), and its protein expression was elevated by about threefold (Figure 1B). To evaluate the
localization of HMGB1, optic nerve cryosections were analyzed by immunofluorescence staining; diabetic mice had
an overall increase in HMGB1 fluorescence intensity, compared to normal mice (Figure 1C).

Retinal neurodegeneration in diabetes is shown to result in reactive gliosis41,42 and increased GFAP expression has
been reported in neuroinflammatory diseases.43,44 We examined the expression of GFAP using immunofluorescence
technique. Figure 2A shows a significant upregulation of GFAP expression in the optic nerve from diabetic mice
compared to normal mice. To understand the cellular source of HMGB1 increase in the optic nerve, its colocalization
with GFAP were quantified, and Figure 2B shows increased colocalization of HMGB1 and GFAP in diabetes, compared
with normal, suggesting the role of HMGB1 in reactive glial cells in diabetes.

Glycyrrhizin is a natural inhibitor of HMGB1 and is reported with neuroprotective effects through oral
administration;45,46 glycyrrhizin was used to determine the effects of HMGB1-inhibition on diabetes-induced HMGB1
and NF-kB expression. Figure 3A shows that glycyrrhizin administration in diabetic mice significantly decreased
HMGB1 protein expression in the optic nerve. In the same animals, glycyrrhizin supplementation prevented increase

Figure 3 Effect of HMGB1 regulation on inflammation, myelination and electrophysiological change. Optic nerve from mice receiving glycyrrhizin were analyzed for (A)
HMGB1 and (B) NF-kB expression by Western blotting. (C) Immunohistochemical staining was performed in longitudinal sections for MBP (20x objective; scale bar
represents 50μm). (D) N1 amplitudes of VEPs in dark-adapted mice were quantified by exposing each eye separately to white light flashes of 0.05 cd.s/m2, at 20 µV for
100ms. Each measurement was made in 6 to 7 mice/group, and the histograms represent values mean ± SD. Norm, normal; Diab and Diab/Gza, diabetic mice without or
with glycyrrhizin respectively. *P < 0.05 versus normal, #P < 0.05 versus diabetes.
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in NF-kB p65, a master regulator of cytokine productions, and attenuated decrease in MBP fluorescence intensity
(Figure 3B and C). Glycyrrhizin also improved diabetes-induced optic nerve structural distortion (Figure 3C).

To determine the role of HMGB1 in propagation of visual signals in diabetes, VEPs recording was performed. The
VEPs recorded in diabetic mice were significantly reduced in amplitude (N1) compared with those measured in control
animals. Regulation of HMGB1 by glycyrrhizin prevented diabetes-induced down regulation of VEPs’ waves amplitude;
VEP waves amplitude (N1) in diabetic mice receiving glycyrrhizin was not significantly different from those obtained
from normal mice (Figure 3D).

Optic Nerve from Human Donors
Consistent with our in vivo results, expression of HMGB1 (gene and protein) was increased in the optic nerve from
human donors with diabetes, compared to their age-matched non-diabetic donors (Figure 4A and B), and HMGB1-
immunoreactivity was increased (Figure 4C). Furthermore, colocalization of HMGB1 with GFAP increased (Figure 4D),
and MBP expression was also decreased in the optic nerve from human donors with diabetes, compared to their age-
matched nondiabetic donors (Figure 4E).

Discussion
Upregulation of HMGB1, one of the prototypic DAMP molecules, is implicated in many inflammatory diseases including
traumatic brain injury, Alzheimer’s, multiple sclerosis, endophthalmitis and glaucoma.26,47,48 Our previous work has
shown HMGB1 expression is upregulated in the vitreous fluid and epiretinal membranes from patients with proliferative
diabetic retinopathy, and is correlated with the levels of inflammatory biomarkers.28,49,50 In addition, HMGB1 expression
is also upregulated in the retinas of diabetic rodents.27,29–31 This is the first report demonstrating the role of this DAMP in
the optic nerve damage in diabetes; here we show that HMGB1 and GFAP are significantly upregulated in the optic nerve
of diabetic mice, and MBP is downregulated. Furthermore, administration of an inhibitor of HMGB1, glycyrrhizin,

Figure 4 HMGB1 and its co-localization with GFAP, and MBP expression in the optic nerve of diabetic human donors. HMGB1 expression was analyzed in the optic nerve
by quantifying (A) gene transcripts using qRT-PCR and (B) protein expression by Western blotting. Cross-sections of the proximal region of the optic nerve (10μm thick)
were stained for (C) HMGB1 (scale bar represents 200 μm), (D) its co-localization with GFAP (scale bar represents 20 μm), and (E) MBP (scale bar represents 200 μm), and
the secondary antibodies used were conjugated with DyLight-488 (green) or Texas Red (red). The sections were imaged using 5x and 63x objectives. Measurements were
performed in the optic nerve from 5 diabetic human donors (diabetes) and 4 nondiabetic controls (ND). Histograms are represented as mean ± SD. *P < 0.05 compared with
nondiabetic donors.
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significantly ameliorates diabetes-induced increase in HMGB1 and NF-κB and decrease in MBP, and protects VEP
abnormalities in the optic nerve. Taken together, these findings imply that HMGB1 upregulation has a pathogenic role in
the optic nerve damage in diabetes.

Neurodegenerative changes in the visual pathway are common in diabetes, and diabetic patients have visual field defects
in the absence of clinically detectable retinopathy. Multiple clinical studies have shown that VEP, which provides
measurements of demyelination and axonal damage in the visual system, is altered in the absence of retinopathy in diabetic
patients.7,9,51,52 Similarly, RNFL, considered as a sensitive indicator for the assessment of optic nerve health and injury,53–55

often progressively degenerates before the onset of diabetic retinopathy,7,8,56 and inflammation is considered as one of the
key components of diabetes induced ocular complications contributing in chronic neurodegeneration and neurological
impairments in the eye.57,58 Gene profiling studies have shown that diabetes alters expression of many genes associated
with inflammation in the retina and glial cells,59 and inflammatory cytokine’s are elevated soon after induction of diabetes
in rodents.60 Both clinical and experimental models have shown that inflammation is one of the crucial factors in the optic
nerve damage in diabetes.15,19,20,61–64 HMGB1 acts as a cytokine by signaling via the receptor for advanced glycation end-
products or toll-like receptors.24,65,66 In diabetes, elevated HMGB1 is associated with increased retinal inflammation and
angiogenesis,27–31,49,50 and by promoting inflammation, it is also implicated in neuronal dysfunction.33 HMGB1 is actively
released from the damaged neurons, microglia, and astrocytes during inflammation,47,48,67,68 and reactive astrogliosis,
including an increased GFAP expression, has been reported in different retinal pathologies and animal models of
glaucoma.69,70 Here, our results show that diabetes increases in extranuclear HMGB1-immunoreactivity, and upregulates
GFAP expression and its colocalization with HMGB1.

Figure 5 A schematic representation depicting a possible mechanism of HMGB1-derived optic nerve damage in the diabetes.
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Glycyrrhizin is a natural triterpene, and is shown to be effective against inflammatory diseases such as sepsis, chronic
hepatitis, colitis brain injury and Alzheimer’s disease via inhibiting HMGB1.45,48 In neurological disorders, glycyrrhizin
effects are mainly attributed to the attenuation of neuronal damage by inhibiting HMGB1 expression. In the retina,
glycyrrhizin reduces the HMGB1 protein level and protects its neurodegeneration,27,31,71 and improves its neuronal and
vascular outcomes in diabetic rodents.33,72 Supplementation of glycyrrhizin in diabetic mice also prevents loss of ganglion
cells and the thinning of the retinal layers.33 Here, we show that glycyrrhizin effectively reduces HMGB1 levels in the optic
nerve, and activation of NF-kB. Optic nerve axons are surrounded by myelin sheaths, and its demyelination causes disturbed
signal transduction, leading to visual disorders. Axonal myelin also protects the neurofilaments from inflammatory processes
and its downregulation is considered as an early specific indicator of neurological degenerative disorders.73,74 Optic nerve
myelin disarrangement and ultrastructural alterations, and reduction in the number of myelinated fibers are seen within 6–8
weeks of diabetes in rodents.15,20 Here, we show that MBP is decreased in the optic nerve of diabetic mice, which can be
prevented by glycyrrhizin, suggesting HMGB1-mediated structural damage to the optic nerve structural damage. In addition,
glycyrrhizin also attenuates alterations in VEP waves, suggesting that HMGB1 inhibition also protects optic nerve axon
demyelination. Results accrued from diabetic mice are supported by significant increase in HMGB1 and reduction in MBP in
the optic nerve from diabetic human donors, further strengthening the role of HMGB1 in optic nerve structural and functional
damage in diabetes. However, further investigation is required to address the pharmacokinetics of glycyrrhizin after oral
administration of it, especially the tissue distribution.

In conclusion, results presented here suggest that HMGB1 upregulation plays a causative role in structural and
functional damage of optic nerve in diabetes (Figure 5), and blockage of HMGB1 upregulation could be a novel
therapeutic option to protect the optic nerve damage in diabetic patients.
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