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Abstract

Introduction: Diabetes has long been implicated as a major risk factor for inter-

vertebral disc (IVD) degeneration, interfering with molecular signaling and matrix bio-

chemistry, which ultimately aggravates the progression of the disease. Glucose content

has been previously shown to influence structural and compositional changes in

engineered discs in vitro, impeding fiber formation and mechanical stability.

Methods: In this study, we investigated the impact of diabetic hyperglycemia on

young IVDs by assessing biochemical composition, collagen fiber architecture, and

mechanical behavior of discs harvested from 3- to 4-month-old db/db mouse caudal

spines.

Results: We found that discs taken from diabetic mice with elevated blood glucose

levels demonstrated an increase in total glycosaminoglycan and collagen content, but

comparable advanced glycation end products (AGE) levels to wild-type discs. Diabetic

discs also contained ill-defined boundaries between the nucleus pulposus and annu-

lus fibrosus, with the latter showing a disorganized and unaligned collagen fiber net-

work at this same boundary.

Conclusions: These compositional and structural changes had a detrimental effect on

function, as the diabetic discs were twice as stiff as their wild-type counterparts and

demonstrated a significant resistance to deformation. These results indicate that dia-

betes may predispose the young disc to DDD later in life by altering patterns of

extracellular matrix deposition, fiber formation, and motion segment mechanics inde-

pendently of AGE accumulation.

K E YWORD S
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1 | INTRODUCTION

Lower back pain is an extremely prevalent disorder and one of the

leading causes of disability worldwide, with approximately 50% to

80% of the adult population experiencing symptoms at least once in

their lifetime.1,2 Although a variety of risk factors are attributed to

its onset, degeneration of the intervertebral disc (IVD) is implicated

as a major contributor to its advancement.3–5 Disc degeneration is a

complex, multifactorial process characterized by deterioration of the

disc's composition and structure, as well as irreversible changes to
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its endogenous cell population.3–7 As the disease progresses the

highly hydrated nucleus pulposus (NP) loses water content and is

rendered unable to sustain loads, while the complex fiber network of

the surrounding annulus fibrosus (AF) becomes increasingly disorga-

nized, eventually leading to rupture or herniation of the disc. The

accumulation of damage to the AF triggers a degenerative cascade,

favoring catabolism and upregulating matrix metalloproteases

(MMPs) and other factors contributing to extracellular matrix (ECM)

degeneration,8–14 which the cell population is no longer able to

repair.

Diabetes is a collection of chronic metabolic illnesses with varying

etiologies, but common symptoms characterized by improper produc-

tion, and in some cases resistance, to the hormone insulin which in

turn results in heightened blood glucose levels or hyperglycemia.15–18

With time, diabetes and its associated symptoms result in additional

comorbidities such as cardiovascular disease, loss of vision or total

blindness, musculoskeletal disorders, nerve damage, impaired wound

healing, and so forth, all of which can lead to decreased quality of life

or even death.16,18–22

Diabetes is also a common comorbidity for degenerative disc dis-

ease.23–33 Clinical studies have indicated that patients receiving surgi-

cal intervention for lumbar disc disease demonstrate a higher

incidence of diabetes.28–30 Additionally, diabetic patients have been

found to be significantly more likely to receive surgical treatments for

lumbar disc disease than nondiabetics, and while they experience

higher initial benefit from surgery,29 they are seven times more likely

to require additional surgical intervention.32 Laboratory studies mean-

while have attempted to elucidate the mechanisms under which dia-

betes contributes to DDD, finding strong evidence suggesting that

diabetes has a degenerative effect on the disc and may interfere with

molecular pathways associated with disc disease.24,26,33–35 However,

it can be difficult to discern which changes arise as a direct conse-

quence of diabetes from those associated with typical degeneration,

as both diseases are time-dependent and DDD is only diagnosed fol-

lowing reports of painful symptoms, and the damage is discovered

once they are well established.

While the connections between diabetes and DDD have been

reported clinically, the mechanism behind this connection is still not

fully understood, particularly at the molecular level. Previous studies

have investigated the effect of glucose on the formation of collagen

fibers in fibrocartilaginous tissues, similar to the AF of the IVD.36–38

High levels of glucose drove contractile forces and increased proteo-

glycan content, which ultimately had a negative effect on the forma-

tion of the collagen network. Fiber organization was maximal at low

physiologic levels of glucose (500 mg/L), while the higher range of

physiologic and superphysiological concentrations (4500 mg/L)

resulted in the formation of unaligned and disorganized fiber net-

works. Utilizing self-assembling tissue engineered IVD (TE-IVD) con-

structs39–44 to investigate the impact of glucose on the formation of

the engineered disc, we showed that these superphysiological levels

of glucose also had a detrimental effect on mechanics: TE-IVDs with

elevated proteoglycan content and diminished fiber alignment in the

AF region demonstrated lower equilibrium moduli when subjected to

mechanical testing.38 Mechanical integrity was ultimately found to

correlate most with fiber alignment rather than proteoglycan content,

highlighting the importance of structure over composition on the

function of the disc.

Interestingly, diabetics are reported to have fasting blood glucose

levels greater than 1250 mg/L, while hyperglycemia occurs around

1800 mg/L.17 Taken together this evidence suggests that diabetes

may not only aggravate the progression of DDD but may in fact play a

detrimental role in the developing disc by impeding fiber formation,

leading to a highly disorganized and ultimately mechanically inferior

matrix. The purpose of this study, therefore, was to investigate the

effect of hyperglycemia on the structure and mechanical function of

developing IVDs. Using discs collected from mouse caudal spines, we

assessed biochemical composition, fiber structure, and mechanical

response to find that diabetic animals demonstrated noticeable detri-

mental changes to the disc as compared to nondiabetics.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

Whole tails were harvested from 3- to 4-month-old female db/db

(n = 8) and db/+ (n = 9) mice postmortem as described previously.45

Caudal spines were then collected from the tails per existing

protocol.39,40

2.2 | Diabetic characterization

Whole blood samples were collected at time of euthanasia follow-

ing 6 hours of fasting, and fasting blood glucose levels were mea-

sured using a GLUCOCARD Vital blood glucose meter (ARKRAY,

Edina, MN). A hemoglobin A1C (HbA1c) (Crystal Chem, Elk Grove

Village, Illinois) assay was used to quantify glycemic control in these

blood samples over the previous 2 to 3 months. Caudal discs were

hydrolyzed in 12 N HCl for 3 hours to assay advanced glycation

end product (AGE) content as previously described.46 Fluorescence

was measured against a quinine standard and normalized to

hydroxyproline.

2.3 | Biochemical assays

Discs were extracted from the CA9/10 space and lyophilized for

48 hours prior to overnight digestion in a papain digest buffer. Bio-

chemical content was then measured for each whole disc, NP and AF

regions included, as previously described.38,40,43 A Hoescht DNA

assay,47 modified 1,9-dimethylmethylene blue assay,48 and hydroxy-

proline (hypro) assay49 were used to measure DNA, sulfated glycos-

aminoglycan (s-GAG), and collagen content, respectively. These values

were then normalized to wet weights, dry weights, and wet weight

DNA content.
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2.4 | Mechanical testing

Motion segments were collected from the CA7/8 disc space and adja-

cent vertebrae, then potted in poly(methyl methacrylate) (PMMA)

(COE Tray Plastic, GC America, Alsip, IL) to prevent slippage during

testing. To maintain hydration during mechanical tests, samples were

wrapped in gauze soaked in PBS (Dulbecco's 1x PBS, Corning, New

York) with added protease inhibitor (ThermoFisher Scientific, Wal-

tham, Massachusetts). Segments were clamped at the potted ends

and subjected to unconfined mechanical tests utilizing an ElectroForce

(ELF) 5500 mechanical testing frame (TA Instruments, New Castle,

Delaware) to determine biomechanical behavior.

Dynamic compressive responses were measured by applying a

cyclic uniaxial loading protocol. A dynamic amplitude of 8% sinusoidal

strain was imposed about the neutral position at 13 frequencies from

1 MHz to 1 Hz with 3 cycles per frequency. Time-dependent load

response was measured at each of the frequencies. Following these

tests, a uniaxial stress-relaxation protocol consisting of 10 incremental

steps of 5% strain each up to 50% total strain was imposed on each

sample. Time-dependent load response was measured at each of the

steps.

Effective compressive moduli and hydraulic permeability were

calculated for wild-type and diabetic samples using previously

described poroelastic models and custom MATLAB codes, while equi-

librium moduli and permeability were calculated using fiber-reinforced

poroelastic models.40,50,51

2.5 | Histology

Motion segments from the aforementioned mechanical tests were pre-

pared for histological assessment as previously described.40,43,52–54

Segments were removed from the PMMA pots and cut closer to the

endplates, then fixed in 10% buffered formalin for 48 hours prior to

transfer to 70% ethanol. Following an overnight running water rinse,

the segments were then decalcified in a solution consisting of 44%

formic acid and 20% sodium citrate. Based on previous studies,40,54

samples were decalcified for 24 hours until bone was soft and flexi-

ble, then cut parallel to the sagittal plane and sliced to 5-μm thick

sections. Sections were stained with either Safranin-O and a fast

green counterstain for proteoglycan content, or picrosirius red for

collagen network visualization. Safranin-O and picrosirius red stained

sections were imaged using bright-field microscopy, and picrosirius

red stained sections were additionally imaged with polarized light

microscopy to qualitatively assess collagen alignment through bire-

fringent intensity.

2.6 | Multiphoton microscopy

Motion segments were generated using the CA8/9 disc and adjacent

vertebrae, then placed in 10% buffered formalin and transferred to

70% ethanol after 48 hours. Samples were sliced down the sagittal

axis prior to imaging with a Zeiss LSM i-880 confocal microscope.

10�/0.45 C-Apochromat water immersion and 20�/0.75 Fluor DICII

objectives were used as previously described,36–38 and collagen fiber

architecture was captured using second harmonic generation (SHG),

with reflectance between 437 and 464 nm.

2.7 | Image processing and quantitative
assessment

Safranin-O images of the whole disc were processed using ImageJ for

quantitative staining assessment. Images were deconvolved in ImageJ

and split into red, green, and blue color channels, after which intensity

normalization and background subtraction were performed on the

red. Depth of stain was subsequently calculated as the ratio of the

number of pixels in the stained region over the number of pixels in

the whole disc. The relative dimensions of the NP were also quanti-

fied by taking the ratio of pixels in the NP region and dividing by the

pixels in the whole disc.

F IGURE 1 (A) Fasting blood glucose level, (B) percent HbA1c content, and (C) body mass measured for each group. Significant differences
(P < .05) are indicated using (*) and bars. Error bars represent SD. (n = 8-9)
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SHG images of the AF regions at 20� magnitude were processed

using ImageJ as previously described55 for quantitative fiber orienta-

tion assessment. Briefly, initial processing steps included intensity

normalization, sharpening, background subtraction (sliding paraboloid/

rolling ball), and smoothing. Images were then converted to 8-bit gray-

scale before a final noise removal (despeckle) step was applied. Fiber

orientation in the AF region was determined for wild type and diabetic

samples using the OrientationJ plugin.56–58 The resulting orientation

angle distributions from 0� to +90� were filtered to remove baseline

noise and then normalized to total number of samples for each experi-

mental group. The distributions were assumed to be symmetric and

were mirrored to generate histograms for �90� to +90� orientations.

2.8 | Statistics

Dynamic stiffness was analyzed using a two-way analysis of vari-

ance with repeated measures, followed by Tukey's test for post-

hoc analysis in R Studio. Differences in fiber orientation angle

distributions were assessed using a χ2 test for independence in R

Studio. All other parameters were analyzed using a t test in

MATLAB/Excel. Data are presented as mean ± SD, with signifi-

cance determined at P ≤ .05.

3 | RESULTS

db/db mice are known to develop diabetes at 4 to 8 weeks of age,

and as such had an average fasting blood glucose level of

263.6 ± 37.0 mg/dL (Figure 1A) and body mass of 53.34 ± 2.79 g

(Figure 1C). db/+ mice meanwhile had an average fasting blood glu-

cose level of 52.1 ± 8.8 mg/dL (Figure 1A) and body mass of 23.32

± 2.03 g (Figure 1C). Diabetic animals also had an average HbA1c

level of 8.5% ± 1.3% compared to wild-type mice at 4.0 ± 0.8%

(P < .05), with levels of 6.5% and higher indicative of diabetes

(Figure 1B). When normalized to wet weight, s-GAG content was

higher in the diabetic discs, averaging at 34.0 ± 12.7 μg/mg compared

to 27.8 ± 9.2 μg/mg in the wild type (Figure 2A, P > .05). Average col-

lagen content as approximated from hydroxyproline concentration

was also higher in the diabetic samples, with 300 ± 166 μg/mg pre-

sent in the diabetic and 233 ± 134 μg/mg in the wild-type discs

(Figure 2B, P > .05). The opposite trends were evident when s-GAG

F IGURE 2 (A) Whole disc
sulfated glycosaminoglycan
(s-GAG) concentration, (B) whole
disc collagen content, and
(C) whole disc DNA content
normalized to wet weight for
each group. (D) Advanced
glycation end products (AGE)
content normalized to
hydroxyproline for each group.
Significant differences (P < .05)
are indicated using (*) and bars.
Error bars represent SD. (n = 8-9)
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and collagen contents were normalized to dry weight (Figure S1A,B,

P > .05), while normalization to DNA content displayed the same

trends as wet weight normalization (Figure S1C,D, P ≤ .05). Wild-type

discs showed significantly higher cell content than their diabetic coun-

terparts (Figure 2C), with an average of 9.93 ± 4.46 μg/mg DNA con-

tent as compared to 7.02 ± 1.68 μg/mg in the diabetic discs (P < .05).

No significant differences in AGE content were detected between

db/db (0.017 ± 0.005 μg quinine/μg hydroxyproline) and db/+ (0.016

± 0.005 μg quinine/μg hydroxyproline) animals (Figure 2D, P > .05).

Gross histological images revealed morphological differences

between the diabetic and wild-type IVDs. The NP regions in the dia-

betic discs appeared more oval than their wild-type counterparts,

extending further into the disc with an irregular AF/NP boundary

(Figure 3). They were also significantly larger, accounting for

F IGURE 3 Representative histological
images for Safranin-O staining of wild-type (top)
and diabetic (bottom) discs of the (A) entire disc
at 40� and (B) inner AF at 100� magnification.
Significant differences (P < .05) are indicated
using (*) and bars. Error bars represent SD while
scale bars indicate 0.15 mm. (n = 5-6)

F IGURE 4 Representative second harmonic generation (SHG) images for wild-type (top) and diabetic (bottom) discs of the (A) entire disc and
(B) inner annulus fibrosus (AF). (C) Normalized fiber orientation distributions for wild-type (top) and diabetic (bottom) discs. Scale bars indicate
200 (A) or 100 μm (B). (n = 6-7)
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approximately 41.8% of the whole disc area as compared to 35.1% in

the wild-type discs (Figure S2A, P < .05). On average, there were no

discernible differences in height:width ratios between the groups.

Safranin-O staining for proteoglycan content also extended further

past the NP boundary and into the inner AF for the diabetic discs as

compared to the wild type, occupying 65.8% of the whole disc area in

the former and 55.0% in the latter (Figure S2B, P < .05).

SHG microscopy also revealed subtle qualitative differences in

the collagen fiber architecture at the inner AF between the two

groups. Collagen fibers at the AF/NP border in diabetic discs

appeared more disorganized and less aligned than in the wild-type

samples, with larger gaps present between fiber bundles as well as

bundles arranged at a wider variety of angles (Figure 4). The fiber bun-

dles in wild-type IVDs were more tightly packed and oriented in a

more parallel fashion. Quantitative analysis indicated two primary

peaks in fiber orientation distribution for wild-type discs, centered

around ±30� (Figure 4C). These peaks were also present for the dia-

betic discs, though the peaks were less prominent than in the wild

type and the overall curve flatter to indicate a wider range of angles

(Figure 4C). Approximately 10% and 13.3% of fibers lie within ±5� of

the main peaks for the diabetic and wild-type discs, respectively. This

trend of greater fiber organization in wild-type IVDs continues as the

range of angles increases, with a ± 10� range yielding 20.0% and

26.4%; a ± 15� range yielding 29.9% and 39.2%; and a ± 20� range

yielding 39.9% and 51.4%, for example. Of the aforementioned

values, the groups were statistically distinct at the ±20� range alone

(χ2 = 121.89, P < .05).

In order to assess mechanical response, samples were subjected

to a two-part mechanical testing protocol consisting of (a) dynamic

tension/compression about the neutral position and (b) compressive

stress-relaxation. Both diabetic and wild-type discs demonstrated

time- and frequency-dependent behavior in response to loading.

Following cyclic testing, average dynamic stiffness increased from

518 MPa at 1 MHz to 998 kPa at 1 Hz for the diabetic samples, while

the wild-type demonstrated an average stiffness of 367 and 551 kPa

at 1 MHz and 1 Hz, respectively (Figure 5A, P < .05). The dynamic

stiffness data fit well to a poroelastic model (R2 ranged from .84 to

.99), enabling the calculation of an average equilibrium modulus of

232 kPa and hydraulic permeability of 1.1 � 10�14 m2/Pa*s for the

wild-type segments, while the diabetic averaged 451 kPa and

0.761 � 10�14 m2/Pa*s in comparison (Figure 5B,C, P < .05).

Stress-relaxation data were also fit to a poroelastic model for cal-

culation of material properties, with wild-type samples having an aver-

age compressive modulus of 130 kPa and hydraulic permeability of

2.71 � 10�14 m2/Pa*s while their diabetic counterparts averaged

278 kPa and 0.981 � 10�14 m2/Pa*s. (Figure 5D,E, P < .05).

4 | DISCUSSION

The objective of this study was to determine whether diabetes, a

major risk factor for the development of DDD later in life, can

generate significant degenerative changes to the developing IVD.

Using caudal spines collected from 3- to 4-month-old db/db and

db/+ mice, we quantified the structural and mechanical character-

istics of the discs to determine if there were any major functional

differences between diabetic and healthy animals. Our results indi-

cate that increased levels of glucose appeared to impact the for-

mation and deposition of fibers in the AF to result in an unaligned,

disorganized matrix with biochemical and mechanical properties

distinct from those present in physiologic or healthy levels of

glucose.

In assessing ECM composition, we found that both bulk s-GAG

and collagen content normalized to wet weight were higher in the

F IGURE 5 (A) Dynamic stiffness for each group over 13 frequencies. (B) Equilibrium modulus and (C) hydraulic permeability determined from
stiffness and phase angle values following cyclic tests for each group. (D) Compressive modulus and (E) hydraulic permeability determined from
stress/relaxation tests for each group. Significant differences (P < .05) are indicated using (*) and/or bars. Error bars represent SD. (n = 7-9)
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diabetic discs: the former demonstrated an average value approxi-

mately 22.1% larger than the wild type, the latter 29.0% larger

(P > .05). Assessment of the microscopy and histology images yielded

additional insight into the trends in proteoglycan content. In the

healthy disc, proteoglycans were primarily contained in the NP, com-

prising 35% to 65% of the NP dry weight as opposed to 15% to 20%

in the AF.6,59–64 This is consistent with our wild-type samples, where

the NP had a regular cross-section and was contained by a defined

inner AF. In diabetic animals, however, the NP/AF boundary was ill-

defined compared to the wild-type discs, with 6.7% greater

Safranin-O staining, consistent with a higher proteoglycan content

than in healthy animals.

Analysis of the collagen structure of AF showed significant differ-

ences between diabetic and wild-type mice. SHG microscopy revealed

that the inner AF of the diabetic animals was structurally distinct from

their wild-type counterparts, and appeared more disorganized, similar

to what is seen in degeneration.65 Compiling quantitative fiber orien-

tation data supported this observation, showing that healthy fiber net-

works demonstrated clean peaks in orientation at ±30�, producing a

bimodal distribution, while those in diabetic IVDs ranged across a

broader distribution with less defined peaks. Taken together, these

data point to a disruption in the structure of the disc that is associated

with changes in biochemical components. Collectively, these data indi-

cate that in diabetic animals, hyperglycemic levels of glucose were

associated with an increase in proteoglycan content and a disruption

in collagen organization.

Assessment of mechanical properties provided insight into the

functional consequences of biochemical and structural changes in

IVDs from diabetic animals. During cyclic testing, diabetic discs dem-

onstrated almost twice the dynamic stiffness of their wild-type coun-

terparts. When the dynamic stiffness and phase angle data from the

cyclic tests were fit to a poroelastic model, the resulting equilibrium

modulus and hydraulic permeability values observed the same trends:

diabetic discs had approximately twice the moduli of their wild-type

counterparts and half the permeability. Analysis of the stress-

relaxation data had comparable differences between the experimental

groups, with diabetic discs demonstrating an approximately twofold

increase in compressive modulus over the wild-type as well as about

half the hydraulic permeability. Both the wild-type and diabetic

groups demonstrated dynamic moduli that were almost twice their

stress-relaxation counterparts, likely explained by the differences

between the tests. While stress-relaxation consists of solely compres-

sion, dynamic testing has an aspect of tension, and this incorporation

may explain the twofold increase in dynamic modulus over stress-

relaxation modulus. Despite these differences, the measured moduli

are comparable to what has been seen in previous rodent in vivo stud-

ies. Rattail IVDs extracted from the caudal spine demonstrated an

average compressive modulus of 238 kPa following the same stress-

relaxation loading protocol used in this study.40 Mouse caudal IVDs

have been shown to range from 160 kPa to 2.48 MPa as compared to

the 430 kPa to 3.65 MPa range seen in lumbar IVDs when exposed to

a variety of testing regimes.66 These results indicate that the diabetic

discs were significantly stiffer than the wild-type and had a greater

resistance to deformation as well as taking markedly longer to recover

from deformation, as seen in previous studies.33,67 Various groups

have investigated the mechanisms governing the consequences of

hyperglycemia on collagen matrix properties.67–72 Matrix synthesis in

collagen type I gels, for example, was found to be elevated in response

to elevated levels of glucose, resulting in alterations to cell-matrix

interactions, enhanced collagen fiber crosslinking and bundling, and

ultimately matrix stiffening.69–71 Diminished biomechanical behavior

in IVDs specifically is attributed to increased disc tissue stiffness as a

result of hyperglycemia.68,72 As a result, the structural changes evi-

dent in the diabetic discs are likely contributing to their poor mechani-

cal behavior. Specifically, the increased proteoglycan deposition and

disrupted collagen structure at the NP/AF boundary may play a role in

explaining mechanical discrepancies.

Numerous studies have determined a strong correlation between

diabetes and DDD, as well as investigated the mechanisms by which

diabetes and its comorbidities aggravate disc degeneration. As a con-

sequence of long-term hyperglycemia the formation of AGEs is accel-

erated, the accumulation of which severely damages tissues on their

own as well as stimulates the production of biologic mechanisms and

other byproducts, such as oxidative species, which further degenera-

tion.73 For example activation of MMP-13, one of the main

metalloproteinases associated with increased catabolism in DDD, is

found to be stimulated by the presence of reactive oxygen spe-

cies.34,73–75 Hyperglycemia has also been found to promote the

expression of factors which trigger apoptosis or senescence in dis-

cogenic cells, accelerating the progression of DDD in diabetic ani-

mals.26,35 Additionally, the receptor for AGE (RAGE) has been

implicated as a trigger for further inflammatory responses in the

disc.76–78 Increases in RAGE content via AGE accumulation, for exam-

ple, have been shown to directly impact AF structure, resulting in

increased collagen disruption and degeneration.75,76 The structural

changes brought about by early onset diabetes on developing discs,

however, is less understood.

A striking feature of this model is the lack of AGE accumulation in

these young animals. The results here suggest that the negative

effects of hyperglycemia precede that of AGE accumulation. Since the

formation of AGEs require sustained hyperglycemia, it is thus not sur-

prising AGE accumulation is not elevated at this relatively short dura-

tion of hyperglycemia. Despite this lack of accumulation, there are

clear changes to the ECM in the diabetic animals, notably significant

deposition of proteoglycans in the inner AF. Interestingly, higher

levels of AGEs present in diabetic animals have been shown to corre-

late with decreased proteoglycan content.68,79,80 Our findings demon-

strate that diabetic animals show distinct detrimental changes even at

a young age and prior to AGE accumulation. These data indicate that

the disease affects the manner in which the young disc is formed via

an imbalance in its composition. Ultimately, this imbalance results in

structural changes to the complex fiber architecture of the AF and the

distinct AF/NP boundary which serves to contain the NP, conse-

quences of an inferior matrix deposited by cells with altered metabo-

lism. It has been established that the IVD's structure is fundamental to

its function,59,81,82 evident here where the disc's ability to resist
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deformation is significantly impaired under diabetic conditions. Collec-

tively our data suggest that while diabetes accelerates the progression

of DDD later in life through the accumulation of AGEs, hyperglycemia

associated with diabetes predisposes the disc to the disease through

the presence of an ECM that is too rich in proteoglycans and deficient

in fiber formation.

This deficiency in fiber formation is consistent with previous

in vitro studies examining the effect of glucose media content on

engineered fibrocartilage.36–38 In general, many of the same trends

observed in vitro in the development of TE-IVDs were reflected in this

in vivo study. Wild-type mice in our cohort averaged a fasting blood

glucose level of 52.1 mg/dL (or 521 mg/L), in line with the in vitro

optimal glucose concentration (500 mg/L) that yielded both the

highest degree of fiber alignment36–38 and the highest effective stiff-

ness.38 db/db mice in our cohort meanwhile averaged a hyperglyce-

mic blood glucose concentration of 263.6 mg/dL (2636 mg/L) when

tested. This value lies between the two high glucose concentrations

examined in vitro: 1000 mg/L (high physiologic) and 4500 mg/L

(superphysiologic).36–38 These higher glucose groups both saw sub-

stantial decreases in fiber alignment and effective stiffness as com-

pared to the 500 mg/L group, indicating that glucose levels at the

cusp of the physiologic limit will already affect the disc cell population

and alter their metabolism, impacting their ability to effectively pro-

duce and maintain matrix. Collectively, these data point to the impor-

tance of monitoring blood glucose levels in vivo and in optimizing

glucose concentration in culture media in experiments aimed at

achieving robust collagen fiber formation in vitro.

One of the potential limitations of this study is that the db/db

mutation in mice not only results in diabetes but also leads to addi-

tional phenotypical changes such as obesity. The db/+ mice in our

cohort had an average body mass of 23.32 g while the db/db mice

averaged a significantly higher body mass of 53.34 g (Figure S1B,

P < .05). Obesity has been implicated as a major risk factor for DDD

as well as a common comorbidity for diabetes28,33,83,84 and as such

the effects may be difficult to divorce from those arising as a result of

diabetic hyperglycemia alone. However, as the discs were extracted

from the tails of the animals, any loading effects resulting from obesity

are likely minimal. We also note that while the mice used here are

3 to 4 months of age and are therefore young animals, not infants,

db/db mice at this age are not yet fully grown.85,86 As a result, the

discs are likely still maturing along with the organism and may yet pro-

vide interesting insight into the mechanisms by which the diabetic

disc arises. Additionally, compositional changes were assessed using

bulk assays to determine total biochemical content. It appears, how-

ever, that abnormalities may arise in the diabetic disc from a more

nuanced imbalance of factors. As DDD progresses, for example, there

is a shift in collagen content in both the NP and AF, with the ratio of

type I to type II collagen increasing in the NP and outer AF65 as

opposed to the healthy IVD. More precise assays, then, may yield a

more complete understanding of the impact of diabetic hyperglycemia

on the developing disc. To determine if these trends are also present

in the developing disc, the presence of specific molecules—collagen

types, for example—could be probed and identified through

immunohistochemical analysis. Finally, due to the small size of murine

caudal discs, NP and AF regions could not be separated for biochemi-

cal analysis. Given the histological assessments here indicated signifi-

cant structural alterations to both the NP and inner AF sections of the

diabetic disc, further analysis of the compositional changes associated

with these observations could provide additional insight into the

mechanisms responsible.

In conclusion, we found that diabetes and its associated hyperglyce-

mia impact matrix formation in the IVD prior to the onset of DDD and

independently of the accumulation of AGEs. Diabetic discs with super-

physiological glucose levels displayed elevated proteoglycan content as

compared to the wild-type mice; these trends corresponded to a greater

degree of disorganization in the AF, ill-defined AF/NP boundaries, and

impaired mechanical response to deformation. Ultimately, these observa-

tions indicate that diabetes impacts discogenic cells' ability to effectively

produce and maintain matrix in development, altering the disc's basic

structure and biomechanical function in such a manner that the disc is

now primed for DDD later in life.
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