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Abstract 29 

The chronic inflammation present in type 2 diabetes causes many chronic inflammatory comorbidities, 30 

including cardiovascular, renal, and neuropathic complications.  Type 2 diabetes is also associated with a 31 

number of spinal pathologies, including intervertebral disc (IVD) degeneration and chronic neck and back 32 

pain.  Although confounding factors such as obesity are thought to increase the loads to the 33 

musculoskeletal system and subsequent degeneration, studies have shown that even after adjusting age, 34 

body mass index, and genetics (e.g. twins), patients with diabetes suffer from disproportionately more IVD 35 

degeneration and back pain.  Yet the tissue-specific responses of the IVD during diabetes remains 36 

relatively unknown.  We hypothesize that chronic diabetes fosters a proinflammatory microenvironment 37 

within the IVD that accelerates degeneration and increases susceptibility to painful disorders. To test this 38 

hypothesis, we evaluated two commonly used mouse models of diabetes – the leptin-receptor deficient 39 

mouse (db/db) and the chronic high-fat diet in mice with impaired beta-cell function (STZ-HFD).  The 40 

db/db is a genetic model that spontaneous develop diabetes through hyperphagia, while the STZ-HFD 41 

mouse first exhibits rapid obesity development under HFD and pronounced insulin resistance following 42 

streptozotocin administration.  Both animal models were allowed to develop sustained diabetes for at 43 

least twelve weeks, as defined by elevated hemoglobin A1C, hyperglycemia, and glucose intolerance.  44 

Following the twelve-week period, the IVDs were extracted in quantified in several measures including 45 

tissue-specific secreted cytokines, viscoelastic mechanical behavior, structural composition, and 46 

histopathologic degeneration.  Although there were no differences in mechanical function or the overall 47 

structure of the IVD, the STZ-HFD IVDs were more degenerated.  More notably, the STZ-HFD model 48 

shows a significantly higher fold increase for eight cytokines: CXCL2, CCL2, CCL3, CCL4, CCL12 49 

(monocyte/macrophage associated), IL-2, CXCL9 (T-cell associated), and CCL5 (pleiotropic).  Correlative 50 

network analyses revealed that the expression of cytokines differentially regulated between the db/db and 51 

the STZ-HFD models.  Moreover, the STZ-HFD contained a fragmented and modular cytokine network, 52 

indicating greater complexities in the regulatory network.  Taken together, the STZ-HFD model of type 2 53 

diabetes may better recapitulate the complexities of the chronic inflammatory processes in the IVD during 54 

diabetes.  55 
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Introduction 56 

{Figure 1} 57 

Type 2 diabetes (T2D) is a prevalent metabolic disorder marked by insulin resistance and prolonged 58 

hyperglycemia, impacting millions around the globe and leading to significant healthcare expenses 59 

(Srinivasan and Ramarao, 2007; Boucher et al., 2014; Petersen and Shulman, 2018; United States, 60 

Center for Disease Control, 2022). This disease shares several characteristics with autoimmune 61 

disorders, including the chronic, systemic overexpression of immunomodulating cytokines, which can 62 

gradually lead to widespread accrual of tissue damage across multiple organ systems (Itariu and Stulnig, 63 

2014; Chen et al., 2017; de Candia et al., 2019; Daryabor et al., 2020). Intervertebral disc (IVD) 64 

degeneration is a comorbidity of particular interest due to strong evidence for chronic-inflammatory 65 

etiology (Risbud and Shapiro, 2014; Molinos et al., 2015; Navone et al., 2017; Lyu et al., 2021; Pinto et 66 

al., 2023) and low back pain is a potently association with chronic T2D (Robinson et al., 1998; Jhawar et 67 

al., 2006; Sakellaridis, 2006; Liu et al., 2018; Alpantaki et al., 2019; Cannata et al., 2019; Broz et al., 68 

2021). In T2D, chronic inflammation driven by a persistent milieu of chemokines may foster a pro-69 

degenerative microenvironment within the IVD, potentially linking T2D-induced inflammation to 70 

accelerated IVD degeneration.  71 

Various animal models are used to study T2D, primarily being rodent models due to their cost-72 

effectiveness, ease of handling, and genetic similarities to humans. Models can be classified into genetic 73 

(spontaneously induced) and non-genetic (experimentally induced) types. Typical genetic models involve 74 

animal strains with inherent mutations predisposing the animal to developing T2D, while experimentally-75 

induced models typically employ some combination of chemical induction, dietary manipulations, and 76 

surgical methods (Srinivasan and Ramarao, 2007; Islam and Wilson, 2012). Each model mimics different 77 

aspects of T2D pathogenesis, such as insulin resistance and beta-cell dysfunction, but none can entirely 78 

replicate the human condition. The Leprdb (db/db) mouse, a particularly popular model for studying T2D, is 79 

characterized by a point mutation in the db gene, leading to the inactivation of the leptin receptor [Fig. 1A] 80 

(Chen et al., 1996; Lee et al., 1996). This model exhibits metabolic characteristics similar to human T2D, 81 

including severe obesity, hyperglycemia, insulin resistance, and hyperinsulinemia, making it a valuable 82 

model for studying T2D (Wang et al., 2014). The etiology of T2D in db/db mice differs from human T2D, 83 
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though, as it is driven by leptin receptor deficiency rather than a combination of genetic and lifestyle 84 

factors commonly seen in humans. This distinction complicates the direct translation of findings from this 85 

model to human T2D (Wang et al., 2014). 86 

The db/db mouse model has been widely employed in spine research to further investigate the 87 

consequences of T2D on spinal complications. Studies focusing on the IVDs of db/db mice have shown 88 

that these mice exhibit signs of disc degeneration, including increased cell apoptosis and extracellular 89 

matrix degradation (Li et al., 2020; Natelson et al., 2020; Lintz et al., 2022). These findings suggest that 90 

the db/db model can be useful for studying T2D-induced IVD degeneration. However, the absence of 91 

functional leptin signaling complicates interpretations of these changes as it may independently affect IVD 92 

homeostasis. Leptin, beyond its well-known role in energy regulation and appetite control, influences 93 

various systemic functions, including immune response modulation, bone formation, and reproductive 94 

health (Francisco et al., 2018). In the musculoskeletal system, leptin affects chondrocyte proliferation, 95 

osteoblast activity, the synthesis of extracellular matrix proteins, and many more tissue- and cell-level 96 

functions crucial for maintaining homeostasis (Gruber et al., 2007; Li et al., 2013; Han et al., 2018; 97 

Sharma, 2018; Segar et al., 2019; Curic, 2021). Leptin's responsibilities in the IVD specifically include 98 

promoting anabolic processes and reducing catabolic activities, thereby supporting disc health (Li et al., 99 

2013; Han et al., 2018). Consequently, the lack of leptin signaling in db/db mice might mask or alter the 100 

degenerative pathways activated by the diabetic condition, potentially confounding observations of the 101 

diabetic milieu with those of leptin ablation. This complicates the interpretation of T2D-related changes in 102 

the IVD observed in this model, as the effects could be due to the absence of leptin signaling rather than 103 

diabetes alone.  104 

In contrast, the Streptozotocin-High Fat Diet (STZ-HFD) model offers a non-genic approach to 105 

replicating T2D. It induces the condition through pro-glycemic diet and low-dose streptozotocin-induced 106 

pancreatic beta-cell dysfunction, avoiding genetic ablation of hormonal pathways like leptin (as seen in 107 

the db/db model) [Fig. 1A]. This model is characterized by significant metabolic disturbances to glycemic 108 

status, insulin resistance, and body weight, mirroring the human T2D phenotype more closely (Kusakabe 109 

et al., 2009; Islam and Wilson, 2012). Additional metabolic characteristics reported in STZ-HFD mouse 110 

studies include elevated serum insulin levels, dyslipidemia (increased triglycerides, LDL cholesterol, and 111 
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total cholesterol), and increased markers of inflammation and oxidative stress (Gilbert et al., 2011; Alquier 112 

and Poitout, 2018; Yin et al., 2020). This sets this mouse model apart as valuable tool for studying the 113 

complex interactions within diabetic complications without the confounding factor of complete leptin 114 

signaling ablation (Kusakabe et al., 2009). Previously this model has been employed in studying diabetic 115 

complications in bone (Eckhardt et al., 2020). Our study aims to uncover the mechanisms behind 116 

inflammatory-pathway contribution to IVD degeneration and dysfunction, advancing the field's 117 

understanding of T2D-related IVD complications. 118 

Inflammatory cytokines are central to the pathophysiology of both IVD degeneration and T2D. 119 

They not only mediate acute inflammatory responses but also perpetuate chronic inflammation, leading to 120 

tissue degradation (Guest et al., 2008; Velikova et al., 2021). Key proteins such as ADAMTs and MMPs, 121 

regulated by cytokines, are instrumental in the degradation of extracellular matrix in the IVD, furthering 122 

degeneration (Bond et al., 1998; Malemud, 2019). The identification and characterization of these 123 

cytokines in the context of T2D can elucidate potential therapeutic targets and markers for early 124 

intervention (Al-Shukaili et al., 2013; Herder et al., 2013). 125 

Studies have shown that inflammatory cytokines are involved in the degradation of IVD tissue, 126 

contributing to conditions like pain and disc degeneration (Shamji et al., 2010; Risbud and Shapiro, 2014). 127 

Research indicates that pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, are upregulated in 128 

degenerated and herniated disc tissues, perpetuating the inflammatory response and leading to further 129 

tissue damage (Wuertz and Haglund, 2013; Molinos et al., 2015; Navone et al., 2017; De Geer, 2018). 130 

Moreover, these cytokines influence the expression of matrix-degrading enzymes like ADAMTS-4 and 131 

MMP-9, which are crucial for the breakdown of extracellular matrix components, exacerbating disc 132 

degeneration (Tian et al., 2013; Zhang et al., 2015). 133 

The role of inflammatory cytokines in T2D is also well-documented. They contribute to insulin 134 

resistance and beta-cell dysfunction, key features of T2D (Calle and Fernandez, 2012). Studies have 135 

identified elevated levels of pro-inflammatory cytokines in T2D patients, suggesting their role in the 136 

disease's progression and complications (Guest et al., 2008; Velikova et al., 2021). Targeting these 137 

cytokines could provide novel therapeutic approaches for both T2D and IVD degeneration, highlighting 138 

the interconnected nature of these conditions (Al-Shukaili et al., 2013; Herder et al., 2013). 139 
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This study seeks to shift the research focus towards using the STZ-HFD model by comparing the 140 

overall IVD health between the db/db and STZ-HFD mouse models, with a particular focus on 141 

inflammation and related complications. We will examine inflammation and broad genomic changes in 142 

functional spine units to understand the molecular mechanisms at play. Additionally, degeneration and 143 

morphological changes will be assessed to determine the extent of tissue damage and structural 144 

alterations. Finally, the mechanical function of the intervertebral discs will be evaluated to understand the 145 

impact of T2D. By investigating these comprehensive metrics [Figure 1C], we aim to dissect the specific 146 

pathways through which T2D exacerbates IVD degeneration. Our findings will enhance the understanding 147 

of the interplay between T2D and IVD homeostasis and validate the relevance of the STZ-HFD model.  148 

Materials & Methods 149 

Animals. In this study, we focused on skeletally-mature (12-week-old) male C57BL/6 mice (N = 20) for 150 

their established susceptibility to Type 2 Diabetes (T2D) when exposed to a high-fat diet (HFD) and 151 

treated with streptozotocin (STZ). Previous findings have indicated that this strain, particularly males, 152 

exhibits rapid obesity development under HFD and pronounced insulin resistance following STZ 153 

administration (Luo et al., 1998; Mu et al., 2006; Mu et al., 2009). As a result of estrogen-mediated 154 

mechanisms of protection, female STZ-HFD mice are resistant to developing T2D and are thus excluded 155 

from this study (Medrikova et al., 2012; Pettersson et al., 2012; Stubbins et al., 2012). To contrast the 156 

STZ-HFD model's pathology with a well-characterized model of chronic T2D, we included a parallel 157 

cohort of 3-month-old homozygous (db/db) male Leprdb mutant mice with heterozygous (db/+) littermate 158 

controls (N = 18), as at this timepoint they have endured a similar duration of T2D symptoms; male mice 159 

were used to avoid confounding effects of sex-based differences. All mice were group-housed (max. 5 160 

mice per cage) under pathogen-free conditions in standard cages; the environment was controlled with a 161 

stable temperature and a 12-hour light/dark cycle, with ad libitum access to food and water. All 162 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Washington 163 

University in St. Louis. Regular health and welfare assessments were conducted, including general 164 

monitoring of weight, food supply, and behavior. 165 

Study Design. The study was organized into two phases: initially, mice were maintained on a HFD for four 166 

to six weeks, after which they received a one-time dose of STZ and continued on the HFD for an 167 
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additional 12 weeks. The STZ-HFD group (n = 13) was given a high-fat diet (Research Diets, Inc., 168 

D12492i, 60% kcal from fat) for the duration of the study, with the Control + Vehicle group (n = 7) 169 

receiving standard mouse chow (5053 PicoLab® Rodent Diet 20, 13% kcal from fat). At the end of the 170 

initial phase, baseline measurements of body weight and fasting blood glucose were collected. Following 171 

the first phase, STZ-HFD mice were injected intraperitoneally with 100 mg/kg Streptozotocin 172 

(MilliporeSigma) in 50 mM sodium citrate buffer (pH 4.5), with Con+Veh animals receiving the sodium 173 

citrate buffer only. The two experimental groups received their respective diets for 12 weeks following the 174 

injection (experimental phase), and animals were assessed for diabetic status via glucose tolerance. 175 

Finally, animals were euthanized, and sterile coccygeal functional spine units (FSUs) including IVDs were 176 

harvested from each animal for organ culture and terminal measurements. The overall study design is 177 

outlined in the schematic in Fig. 1B and Fig. 1C.  178 

Measures of diabetic status. As previously mentioned, several measures of diabetic status were collected 179 

at various points throughout the experimental phase, including fasting blood glucose, % A1C, and glucose 180 

tolerance. Blood glucose levels (mg/dL) were measured using a glucometer (GLUCOCARD Vital® Blood 181 

Glucose Meter). Blood samples were drawn via superficial incision to the tail tip of fasted mice using a 182 

scalpel; the tail was immediately treated with analgesic (Kwik Stop® Styptic Powder) after blood 183 

collection. The percentage of glycated hemoglobin (% A1C) was measured using the A1CNow®+ system 184 

(PTS Diagnostics) according to kit instructions. Blood samples were drawn in the same way as during the 185 

blood glucose test. Finally, to assess glucose tolerance (oral glucose tolerance test, oGTT), mice were 186 

fasted and had their blood glucose measured as described above to establish a baseline. Mice were then 187 

injected intraperitoneally with 2 g/kg glucose in sterile water. Additional blood glucose measurements 188 

were taken at 30 min., 60 min., and 90 min. post injection. The area-under-the-curve of blood glucose 189 

(mg•h/dL) was calculated over the course of the test. For the purpose of evaluating diabetic status for 190 

inclusion in the study, a  cutoff of 435 mg•h/dL on the GTT, established in previous studies on human T2D 191 

criteria (Sakaguchi et al., 2015), was adjusted for time and interspecies differences in blood glucose 192 

levels. 193 

Organ culture. Following extraction, FSUs were cultured in 2 mL Dulbecco’s Modified Eagle 194 

Medium/Nutrient Mixture F-12 Ham with L-glutamine and 15 mM HEPES (Sigma-Aldrich, D6421) . 195 
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Culture medium was supplemented with 20% fetal bovine serum (Gibco No. A5256801) and 1% penicillin-196 

streptomycin (Gibco No. 15140122). Cultures underwent a preconditioning period of 7 days with regular 197 

media changes to account for the inflammatory response from extraction. Conditioned media was 198 

collected 48 hours after the final media change at the end of the preconditioning period and immediately 199 

frozen in -80° C.  200 

Chemokine assay. A multiplex assay of remodeling factors and inflammatory chemokines (45-Plex Mouse 201 

Cytokine Discovery Assay, Eve Technologies Assays; CCL-2,3,4,5,11,12,17,20,21,22; CSF-1,2,3; IL-202 

1α,1β,2,3,4,5,6,7,9,10,11,12A,12B,13,15,16,17; CXCL1,2,5,9,10; CX3CL1; IFN-γ,β1; TNFα; LIF; VEGF; 203 

EPO; TIMP-1) was performed on conditioned media samples. Cytokine levels were analyzed using 204 

Welch’s t-Test. Cytokines with greater than 25% missingness across all experimental groups were 205 

excluded from further analysis. Significantly upregulated cytokines in each model were selected for a 206 

secondary fold change analysis, where protein expression levels for db/db and STZ-HFD mice were used 207 

to calculate fold change for each cytokine over the corresponding average expression of the control (db/+ 208 

and Con+Veh respectively).  209 

Cytokine Interaction Network Construction and Analysis. To further investigate the inflammatory profiles of 210 

these T2D models, networks of cytokine interactions were constructed and analyzed using a custom 211 

MATLAB (Version: 9.13.0.2080170 R2022b) script. Networks were generated by calculating a Pearson 212 

correlation matrix for each experimental group based on cytokine expression data from the multiplex 213 

panel of conditioned media. To isolate strong protein correlations, a threshold (|r| > 0.7) was applied to the 214 

correlation matrices. The filtered matrices were used to create undirected graphs, with nodes 215 

representing cytokines and edges representing significant interactions. Centrality measures were 216 

calculated to determine the importance of each cytokine within the networks. Eigenvector centrality and 217 

betweenness centrality were computed for each network using the centrality function. The resulting 218 

centrality values were organized into tables and sorted to identify the top-ranking cytokines. For each 219 

centrality metric, shared high-ranking cytokines between the diabetic models and unique cytokines for 220 

each diabetic model were aggregated. Additionally, key network characteristics were extracted to 221 

understand the structure and function of the cytokine networks. The average path length was determined 222 

using the distances function to compute the shortest finite paths between all pairs of nodes. Modularity 223 
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and community structure were assessed using the Louvain community structure and modularity algorithm 224 

(Blondel et al., 2008). We also computed k-hop reachability to assess the extent to which cytokines can 225 

influence each other within one (k=1) or two (k=2) steps. The Jaccard index was used to compare the 226 

reachability matrices between different groups, providing a measure of similarity. Finally, the networks 227 

were visualized using force-directed layouts with nodes colored by eigenvector centrality and sized by 228 

betweenness centrality.  229 

Histology. Following removal from culture, FSUs were fixed in 10% neutral-buffered formalin (Epredia™ 230 

5735) overnight and decalcified in ImmunoCal (StatLab STL14141) for 72 hours. Samples were fixed in 231 

paraffin, sectioned in the sagittal plane at 10 µm thickness, and stained with Safranin-O/Fast Green prior 232 

to being imaged via Hamamatsu NanoZoomer with a 20x objective. Blinded histological images of the 233 

IVDs were evaluated for degeneration based on a standardized histopathological scoring system 234 

(Melgoza et al., 2021). 235 

Contrast-enhanced Micro-computed Tomography. To prepare for imaging, functional spine units were 236 

incubated in a 175 mg/mL Ioversol solution (OptiRay 350; Guerbet, St. Louis) diluted in PBS at 37 °C. 237 

Following 4 hours of incubation, the samples underwent scanning with a Viva CT40 (Scanco Medical) at a 238 

10-µm voxel size, using 45 kVp, 177 µA, high resolution, and a 300 ms integration time. CEµCT data was 239 

exported as a DICOM file for analysis in a custom MATLAB program 240 

(https://github.com/WashUMusculoskeletalCore/Washington-University-Musculoskeletal-Image-241 

Analyses). After an initial Gaussian filter (kernel size = 5), functional spine units were segmented by 242 

drawing a contour around the perimeter of the IVD every 10 transverse slices and morphing using linear 243 

interpolation. This was defined as the whole disc mask. The NP was segmented from the whole disc by 244 

thresholding and performing morphological close and morphological open operations to fill interior holes 245 

and smooth NP boundaries. The volumes and intensities were calculated from the NP and whole disc 246 

regions. Disc height index (DHI) was measured by averaging the height-to-width ratio of the IVD over five 247 

slices in the mid-sagittal plane. Finally, the NP intensity/disc intensity (NI/DI) ratio and NP volume fraction 248 

(NPVF; NP volume / total volume) was computed using the intensity and volume metrics reported by the 249 

output analysis within the MATLAB program. All thresholding and analysis were performed in a blinded 250 

fashion. This approach is described in further detail in prior studies (Lin et al., 2016; Lin and Tang, 2017). 251 
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Mechanical Testing. Mechanical testing of functional spine units was performed using cyclic compression 252 

on a microindentation system (BioDent; Active Life Scientific) with a 2.39 mm probe as previously 253 

described (Liu et al., 2015). Samples were adhered to an aluminum plate and placed in a PBS bath prior 254 

to aligning the sample beneath the probe with a 0.03 N preload. Each unit was then sinusoidally loaded in 255 

compression at 1 Hz for 20 cycles with a 35 μm amplitude. A loading slope value was calculated from the 256 

linear region of the force-displacement curve, and the tan delta (loss tangent) was calculated from the 257 

phase delay between loading and displacement. This approach is described in further detail in prior 258 

studies. 259 

Matrix Protein Assays. Whole extracted discs were used to measure the biochemical content of various 260 

matrix proteins. First, discs were digested overnight in a papain digestion buffer, after which the buffer 261 

was collected for a 1,9-dimethylmethylene blue assay of sulfated glycosaminoglycan content with a 262 

chondroitin sulfate standard (Liu et al., 2017). The disc was then subjected to high temperature bulk 263 

hydrolyzation in 12 N HCl. Hydrolysates were desiccated and reconstituted with 0.1x phosphate-buffered 264 

saline (PBS) and measured against a quinine standard for advanced glycation end product content (Liu et 265 

al., 2017). Finally, a hydroxyproline assay was used to quantify collagen content as previously described 266 

(Liu et al., 2017). 267 

Results 268 

{Figure 2} 269 

The db/db and STZ-HFD Mouse Models Exhibit a Characteristically Diabetic Phenotype 270 

Both db/db and STZ-HFD mice demonstrate hallmark features of diabetes, as evidenced by the 271 

results in Figure 2. Both groups exhibit AUC GTT values above the defined threshold, indicating impaired 272 

glucose tolerance [Fig. 2A]. The comparison between Con+Veh and STZ-HFD groups is highly significant 273 

(p < 0.0001), indicating particularly severe glucose intolerance in the STZ-HFD model. The terminal body 274 

weights show that db/db mice weigh significantly more than both db/+ and STZ-HFD mice, underscoring 275 

the severe obesity associated with the db/db model [Fig. 2B]. This highlights the db/db mice as a 276 

representative model of a more severely obese type 2 diabetic phenotype than the STZ-HFD model. The 277 

terminal fasting blood glucose levels indicate a significant difference only between the STZ-HFD and 278 

Con+Veh groups, demonstrating notable fasting hyperglycemia in the STZ-HFD model [Fig. 2C]. HbA1c 279 
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levels reveal no difference between db/db mice and STZ-HFD mice, but each group significantly differs 280 

from their respective controls [Fig. 2D]. This indicates that both models exhibit chronic hyperglycemia, 281 

confirming their relevance as models of T2D. 282 

{Figure 3} 283 

Histopathological Analysis Reveals IVD Degeneration in STZ-HFD Mice 284 

The STZ-HFD models exhibited a more degenerative phenotype in a histopathological analysis of 285 

both models. Figure 3 presents a comparison of histological phenotypes across the four groups (db/+, 286 

db/db, Con+Veh, and STZ-HFD), showing the range of histopathological scores within this study [Fig. 287 

3A]. Histopathological scoring revealed that only the STZ-HFD mice exhibit significantly greater IVD 288 

degeneration compared to the control group [Fig. 3B]. Figure 3C highlights common degenerative 289 

characteristics in the IVD of STZ-HFD mice. In the Con+Veh samples, the annulus fibrosus has healthy, 290 

convexed outer lamellae (�) and well-organized, concentric inner lamellae (�). In contrast, the STZ-HFD 291 

samples show degenerate crimped, concave outer lamellae (�) and wavy, disorganized inner lamellae 292 

(�), indicating altered matrix structure in the AF. 293 

{Figure 4} 294 

CT Analysis, Matrix Assays, and Mechanical Testing All Show No Major Effects in IVD Physiology 295 

The analysis of CEµCT data, mechanical testing, and matrix protein assays revealed only one significant 296 

difference among the four groups across all nine measured outcomes. Specifically, parameters such as 297 

NI/DI, NPVF, loading slope, hysteresis energy, tan delta, and biochemical content showed no variations 298 

between groups. The only significant result was a difference in morphology between the db/db and STZ-299 

HFD groups, as indicated by the DHI. These findings suggest that the structural integrity, mechanical 300 

behavior, and biochemical composition of the IVDs are mostly consistent across the db/db and STZ-HFD 301 

models. The lack of significant differences broadly implies that, under the conditions tested, type 2 302 

diabetes does not markedly affect IVD properties in these models, and cannot further establish the 303 

degenerate features gleaned in the histopathological analysis. This highlights the need for more sensitive 304 

measures or longer study durations to detect subtle changes related to T2D. 305 

{Figure 5} 306 

Cytokines Representing a Plethora of Immune Functions Are Chronically Upregulated STZ-HFD IVDs  307 
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The comparative analysis of cytokine expression levels between db/db and STZ-HFD models 308 

provides novel insights into diabetic inflammation of the IVD. The initial comparative analysis of the two 309 

models’ protein expression levels revealed that two cytokines (CCL2,3) and sixteen cytokines 310 

(CCL2,3,4,5,12; CXCL1,2,9,10; CX3CL1; IL-2,6,16; CSF-3; VEGF; LIF) were upregulated in the db/db 311 

and STZ-HFD models respectively, and thus included in the fold change analysis. In Fig. 4A, the fold 312 

change in cytokine levels is computed over their respective controls (db/+ for db/db, Con+Veh for STZ-313 

HFD). The STZ-HFD model exhibited a significantly higher fold increase compared to the db/db model for 314 

8 cytokines: CXCL2, CCL2, CCL3, CCL4, CCL12 (monocyte/macrophage associated cytokines) (Sagar et 315 

al., 2012; Arendt et al., 2013; Lança et al., 2013; Etna et al., 2014; Motwani and Gilroy, 2015; He et al., 316 

2016; Lim et al., 2016; DeLeon-Pennell et al., 2017; Ruytinx et al., 2018; Sindhu et al., 2019; Zhang et al., 317 

2019, 38; Huang et al., 2020; Pelisch et al., 2020; Yang et al., 2020; Xu et al., 2021a; Xu et al., 2021b; 318 

Sheng et al., 2022), IL-2, CXCL9 (T-cell associated cytokines) (Chang and Radbruch, 2007; Venetz et al., 319 

2010; Shachar and Karin, 2013; Ochiai et al., 2015; Boff et al., 2018; Kuo et al., 2018; Mortara et al., 320 

2018; House et al., 2020; Marcovecchio et al., 2021; Markovics et al., 2022), and CCL5 (pleiotropic 321 

cytokine) (Juhas et al., 2015; Atri et al., 2018; Kranjc et al., 2019; Chen et al., 2020; Zeng et al., 2022). 322 

Figure 4B shows a Venn diagram illustrating the cytokine expression profiles. The outer circle represents 323 

the STZ-HFD model, encompassing a large number of upregulated cytokines. The inner circle represents 324 

the db/db model, containing only the two upregulated cytokines, both of which are also upregulated in the 325 

STZ-HFD model. This indicates that the STZ-HFD model has a broader and more pronounced cytokine 326 

response compared to the db/db model. 327 

{Figure 6} 328 

Differential Network Structures Reveal Unique Inflammatory Pathways of T2D in IVD 329 

Our analysis of cytokine networks in these two models revealed several key insights into the 330 

inflammatory pathways associated with T2D. CCL2 and CCL4 emerged as pivotal cytokines in both 331 

models based on betweenness centrality, highlighting their crucial roles in maintaining network 332 

connectivity (Error! Reference source not found.). In the db/db mouse model, unique cytokines were 333 

identified that are likely influenced by the absence of leptin signaling. These included CSF-3 334 

(betweenness centrality), CXCL-5, CXCL-9, CXCL-10, and IL-4 (eigenvector centrality), and IL-11 (both 335 
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centralities) (Error! Reference source not found.). In contrast, the STZ-HFD mouse model, which 336 

maintains functional leptin signaling and mimics human T2D etiology, presented a different profile of 337 

unique cytokines. CXCL2 and IL-6 (betweenness centrality), and IL-16, CCL11, and CSF3 (eigenvector 338 

centrality) were central in this model (Error! Reference source not found.). This indicates that these 339 

cytokines may be independently regulated through pathways that are either bypassed or inhibited in the 340 

simultaneous presence of leptin signaling and T2D-associated chronic inflammation. The db/db model 341 

demonstrated a shorter average path length compared to the STZ-HFD model (Error! Reference source 342 

not found.), indicating more efficient communication within the cytokine network of the db/db model. The 343 

longer path length in the STZ-HFD model suggests a more dispersed network structure, consistent with 344 

the wide array of upregulated cytokines across multiple signaling cascades. Additionally, the STZ-HFD 345 

network had the highest modularity (Error! Reference source not found.). Higher modularity in the STZ-346 

HFD model indicates well-defined communities within the cytokine network, reflecting distinct functional 347 

signaling pathways in a broad inflammatory response. The lower modularity in the db/db model suggests 348 

a less distinct community structure and a more generic inflammatory response. The Jaccard index values 349 

for the STZ-HFD and WT comparisons were 0.144 (k=1) and 0.246 (k=2), indicating low similarity 350 

between these networks. Comparisons between db/db and db/+ showed slightly higher values, indicating 351 

closer similarity (Error! Reference source not found.). This suggests significant changes in the cytokine 352 

networks of the STZ-HFD model, while the db/db model retains more similarity to its control, reflecting 353 

less drastic alterations to the inflammatory signaling cascade.  354 

Discussion 355 

This study offers novel insights into the chronic inflammatory profiles and degeneration in the IVD of 356 

murine T2D models, specifically comparing the db/db and STZ-HFD mouse models. Our findings reveal 357 

critical differences between these models, underscoring the heightened relevance of the STZ-HFD model 358 

for studying T2D-related complications and inflammation in the IVD. Both db/db and STZ-HFD mice 359 

exhibit classic diabetic traits, specifically glucose intolerance and chronic hyperglycemia. These 360 

phenotypic characteristics align with established literature on human T2D (Dalgaard and Pedersen, 2001; 361 

Cefalu, 2006; Lin and Sun, 2010), validating the use of these models in diabetes research. However, 362 

while both models mimic key aspects of T2D, the STZ-HFD model parallels the etiology of human T2D 363 
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(severe insulin resistance and pancreatic beta-cell dysfunction) more closely (Gilbert et al., 2011; Stott 364 

and Marino, 2020). 365 

In terms of IVD degeneration, our study demonstrates that STZ-HFD mice exhibit significantly 366 

more IVD degeneration compared to controls, indicating a notable degenerative phenotype. As evidenced 367 

by the structural integrity, mechanical behavior, and biochemical composition of the IVDs in these two 368 

models, the degenerative features remain primarily encapsulated by the histopathological analysis and 369 

are not further elucidated by these measures. In contrast, db/db mice, although characterized by severe 370 

obesity, insulin resistance, and chronic hyperglycemia, show less severe IVD degeneration compared to 371 

littermate controls. This fits within the broader picture of existing literature wherein db/db mice develop 372 

moderate IVD degeneration, influenced by factors such as sex and specific metabolic disruptions. Studies 373 

by Lintz et al. (2022), Natelson et al. (2020), and Li et al. (2020) support these observations, noting that 374 

while db/db mice do exhibit IVD degeneration, its typically mild or nuanced in features.  375 

Our novel findings on the inflammatory profiles of these models serve as the strongest evidence 376 

to the superiority of the STZ-HFD model in mimicking clinically relevant T2D. The STZ-HFD model shows 377 

a significantly more robust inflammatory response, upregulating 16 different cytokines, including those 378 

associated with monocyte and macrophage recruitment, T-cell activation, and pleiotropic immune cell 379 

effects. This extensive cytokine upregulation indicates a more complex inflammatory response, which 380 

may contribute to the IVD degeneration observed in the STZ-HFD model. The relevance of these findings 381 

is underscored by literature examining the inflammatory profile of human T2D. CXCL2 is elevated in T2D 382 

patients (Rebuffat et al., 2018; Pan et al., 2021). Similarly, CCL2 and CCL3 are found at higher levels in 383 

diabetic conditions (Neumeier et al., 2011; Arner et al., 2012; Sullivan et al., 2013; Sindhu et al., 2017; 384 

Chang et al., 2021; Pan et al., 2021). The presence of CXCL9 and IL-2, aligns with findings in diabetic 385 

patients, highlighting the potential role of T-cell-mediated inflammation in the T2D IVD (Higurashi et al., 386 

2009; Nawaz et al., 2013; Pan et al., 2021; Suri et al., 2022). CCL4 is also elevated in human studies 387 

where this cytokine are implicated in chronic inflammation in T2D (Chang et al., 2021; Pan et al., 2021; 388 

Mir et al., 2024). Moreover, the upregulation of the pleiotropic cytokine CCL5 in the STZ-HFD model, a 389 

significant marker in human T2D inflammation, further underscores the physiological relevance of this 390 

model (Keophiphath et al., 2010; Pettigrew et al., 2010; Inayat et al., 2019; Chang et al., 2021; Pan et al., 391 
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2021; Alshammary et al., 2023; Mir et al., 2024). In summary, the STZ-HFD mouse model demonstrates a 392 

more comprehensive inflammatory response, akin to the inflammatory profile observed in human T2D, 393 

making it a more physiologically relevant model for studying diabetic inflammation in the IVD. The db/db 394 

model, while still relevant, exhibits a more limited cytokine profile. This comprehensive inflammatory 395 

characterization of the STZ-HFD model provides a valuable framework for future research into T2D-396 

associated IVD degeneration and related pathologies. 397 

Our network analysis further identified the STZ-HFD IVD as having a distinct inflammatory profile, 398 

revealing unique cytokine interactions and regulatory mechanisms. In the db/db model, the absence of 399 

leptin signaling results in compensatory network configurations wherein cytokines like CSF-3, CXCL-5, 400 

CXCL-9, CXCL-10, IL-4, and IL-11 are more responsible for network function. Leptin's regulatory effects 401 

on the immune system and inflammation are crucial (Francisco et al., 2018); without them, the 402 

inflammatory response to chronic stimuli from untreated T2D is stifled and incomplete. This is consistent 403 

with the db/db network, which is indicative of a constrained inflammatory response, as revealed by the 404 

short average path length and high similarity to control networks. Conversely, the STZ-HFD model, which 405 

maintains leptin signaling and mirrors human T2D etiology, exhibits extensive cytokine upregulation. As 406 

demonstrated by the cytokine network modeling, CXCL2, IL-6, IL-16, CCL11, and CSF3 are crucial 407 

mediators of this response. CXCL2, with both high centrality and significantly upregulated expression, 408 

may serve as a potential therapeutic target for inhibiting diabetic inflammation in the IVD. The presence of 409 

leptin signaling supports a more comprehensive and complex inflammatory response, reflecting the 410 

systemic impact of obesity and insulin resistance on the immune system (Francisco et al., 2018; Rebuffat 411 

et al., 2018; Sharma, 2018; Segar et al., 2019; Pan et al., 2021). The STZ-HFD network has higher 412 

modularity and longer average path length, suggesting a dispersed network with distinct functional 413 

modules. This indicates a collective of specific pathways driving the broader inflammatory response, 414 

aligning with literature above that suggests obesity and diabetes regulate a broad range of pathways.  415 

Despite these significant findings, this study has several limitations. The selection of cytokines 416 

examined was relatively small, potentially missing other important inflammatory mediators involved in IVD 417 

degeneration. Additionally, the mechanistic link between inflammation and degeneration remains unclear 418 

and warrants further investigation. While the STZ-HFD model provides a comprehensive inflammatory 419 
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profile, the specific pathways driving the observed IVD degeneration need to be elucidated through future 420 

studies. Future directions for research based on our findings include expanding the panel of cytokines 421 

and other inflammatory mediators examined in the STZ-HFD model to gain a more complete 422 

understanding of the inflammatory landscape in T2D. Investigating the specific molecular and cellular 423 

mechanisms linking inflammation to IVD degeneration will be crucial to furthering future therapeutic 424 

approaches. Finally, exploring therapeutic interventions targeting the identified cytokine pathways could 425 

provide insights into potential treatments for T2D-related IVD degeneration.  426 

In conclusion, our findings establish the STZ-HFD model as a more physiologically relevant 427 

model for studying T2D-related inflammation and IVD degeneration. The extensive cytokine upregulation 428 

and significant degenerative phenotype observed in this model provide a valuable framework for future 429 

research into T2D-associated pathologies. The db/db model, while still relevant, exhibits a more stunted 430 

cytokine profile and limited IVD degeneration, making it less representative of the chronic inflammatory 431 

environment seen in human T2D. These insights enhance our understanding of T2D-induced IVD 432 

degeneration and identify key cytokine pathways for therapeutic development, emphasizing the need to 433 

address these pathways holistically for effective intervention. 434 
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Figure 1. Experimental design, animal model, and workflow of the current study. (A) The db/db model arises due to a point 
mutation in the leptin receptor gene, while the STZ-HFD model develops diabetes through a pro-glycemic diet and beta cell 
impairment. Both models present symptoms of obesity, chronic hyperglycemia, and insulin resistance, though the magnitude can 
vary both between and within each model. (B) The experimental timeline outlines the progression of the study for both models. The 
db/db mice are acquired at skeletal maturity (12 weeks old) and sacrificed after metabolic measurements are collected. For the STZ-
HFD model, mice undergo a lead-in phase of 4-6 weeks on a HFD followed by a single low dose of STZ. Subsequently, the 
experimental phase for the STZ-HFD mice continues with HFD for 12 weeks, with periodic assessments of fasting blood glucose, 
A1c levels, and glucose tolerance. (C) After sacrifice, FSUs, consisting of the intervertebral disc and the adjacent vertebral bodies, 
are extracted from mice. FSUs are then utilized for terminal measures pictured above. 

Figure 3. STZ-HFD mice exhibit more severe histopathological IVD degeneration compared to db/db mice. (A) Comparison 
of histological phenotypes in db/+, db/db, Con+Veh, and STZ-HFD groups, showing best, median, and worst samples. (B)
Histopathological scoring shows significantly greater IVD degeneration in STZ-HFD mice versus controls. (C) Con+Veh samples 
have healthy lamellae (��); STZ-HFD samples show degenerate, disorganized lamellae (��). 

Figure 2. Both db/db and STZ-HFD mice represent a characteristically T2D phenotype. (A) AUC GTT shows elevated glucose 
intolerance in db/db and STZ-HFD mice, with a highly significant difference between Con+Veh and STZ-HFD (p < 0.0001). (B)
Terminal body weights indicate db/db mice are significantly heavier than db/+ and STZ-HFD mice. (C) Terminal fasting blood 
glucose levels are significantly higher in STZ-HFD mice compared to Con+Veh. (D) HbA1c levels indicate chronic hyperglycemia in 
both db/db and STZ-HFD mice, with no difference between them, but significant differences from their respective controls. 

Figure 4. Comparative analysis of IVD structure, mechanics, and composition are similar between db/db and STZ-HFD 
mice. (A)-(C) NPVF, NIDI, and DHI indicate few significant differences in structural integrity between the models. (D)-(F) Load slope, 
energy dissipated, and phase shift demonstrating no significant variations in viscoelastic mechanical behavior. (G)-(I) Biochemical 
content measurements, including collagen, s-GAG, and AGEs, show no significant differences. 

Figure 5. STZ-HFD IVD Produces a More Pro-Inflammatory Microenvironment than the db/db IVD in Comparative Analysis 
of Cytokine Expression. (A) The STZ-HFD model shows a significantly higher fold increase for eight cytokines: CXCL2, CCL2, 
CCL3, CCL4, CCL12 (monocyte/macrophage associated), IL-2, CXCL9 (T-cell associated), and CCL5 (pleiotropic). (B) The STZ-
HFD model encompasses a broader and more pronounced cytokine response compared to the db/db model, highlighting the 
extensive upregulation of inflammatory cytokines in the STZ-HFD model. 

Figure 6. STZ-HFD IVD Invokes Unique Inflammatory Signaling Pathways in Networks of Cytokine Expression. (A) The STZ-
HFD model shows a distinct network structure, demonstrating the unique upregulation of various inflammatory pathways (B) The 
STZ-HFD and db/db networks each rely on a number of unique (red/blue) and shared (purple) cytokines, indicating both leptin-
dependent and leptin-independent inflammatory signaling cascades (C) The STZ-HFD mouse model displays a fragmented and 
modular cytokine network, indicating the parallel signaling of multiple signaling pathways. 
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