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ABSTRACT

Type 1 diabetes mellitus (T1DM) affects 9.5% of the population. TIDM is characterized by severe insulin deficiency that causes hyper-
glycemia and leads to several systemic effects. TIDM has been suggested as a risk factor for articular cartilage damage and loss, which
could expedite the development of osteoarthritis (OA). OA represents a major public health challenge by affecting 300 million people
globally, yet very little is known about the correlation between T1IDM and OA. In addition, current studies that have looked at the
interaction between diabetes mellitus and OA have reported conflicting results with some suggesting a positive correlation whereas
others did not. In this study, we aimed to evaluate whether T1DM exacerbates the development of spontaneous OA or accelerates the
progression of posttraumatic osteoarthritis (PTOA) after joint injury. Histological evaluation of TIDM and control joints determined
that TIDM mice displayed cartilage degeneration measurements consistent with mild OA phenotypes. RNA sequencing analyses
identified significantly upregulated genes in T1DM corresponding to matrix-degrading enzymes known to promote cartilage matrix
degradation, suggesting a role of these enzymes in OA development. Next, we assessed whether preexisting T1DM influences PTOA
development subsequent to trauma. At 6 weeks post-injury, TIDM injured joints displayed significantly less cartilage damage and
joint degeneration than injured non-diabetic joints, suggesting a significant delay in PTOA disease progression. At the single-cell res-
olution, we identified increased number of cells expressing the chondrocyte markers Col2al, Acan, and Cytl1 in the T1IDM injured
group. Our findings demonstrate that T1IDM can be a risk factor for OA but not for PTOA. This study provides the first account of
single-cell resolution related to TIDM and the risk for OA and PTOA. © 2022 The Authors. JBMR Plus published by Wiley Periodicals
LLC on behalf of American Society for Bone and Mineral Research.
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1. Introduction

D iabetes mellitus is one of the most common metabolic dis-
eases worldwide. According to the National Diabetes Statis-
tics Report published in 2020 (https://www.cdc.gov/diabetes/
library/features/diabetes-stat-report.html), in the US, diabetes
affects more than 34.2 million people annually, a number that
is rising at alarming rates. There are two forms of diabetes melli-
tus: type 1 diabetes (T1DM) and type 2 diabetes (T2DM). During
T1DM, the ability of the pancreatic beta cells to produce insulin is
disrupted, leading to impaired glucose uptake by the tissues and
an increase in blood glucose. Most TIDM cases are diagnosed
during childhood, and it has a strong genetic contribution. On
the other hand, T2DM is the most common type of diabetes
that mostly develops in adults and is characterized by insulin

resistance.” Well-known systemic effects of diabetes mellitus
include neuropathy, nephropathy, and retinopathy. In addition,
most recent studies have also shown an effect of diabetes melli-
tus on bone and cartilage, a field that is less studied.®™”
Osteoarthritis (OA) is a degenerative joint disease that affects
at least 32.5 million adults in the US.®) OA is characterized by pro-
gressive cartilage loss, increase in bone remodeling, and synovial
inflammation.” There are two types of OA: primary and second-
ary. Primary OA develops idiopathically during aging and is
caused by a combination of genetics and lifestyle factors; sec-
ondary OA is most commonly triggered by a traumatic joint
injury that exacerbates joint degeneration and cartilage break-
down. It is estimated that at least 50% of people that had a joint
injury will develop posttraumatic osteoarthritis (PTOA) within
1 to 2 decades after the injury.'® OA can affect any joint,
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however, the most common joints affected are the hands, lower
back, neck, and weight-bearing joints such as knees, hips, and
feet.® Currently, there are no approved therapies available to
prevent OA or PTOA and existing treatments mainly target OA
symptoms such as pain.

To date, several studies have assessed the association
between diabetes and OA. However, these studies have reported
conflicting results with some suggesting a positive correlation(3,
4 whereas others did not.°7'" Furthermore, some of these
studies did not account for the difference in disease progression
between TIDM and T2DM, a controversy that can explain the
discrepancy in past results. It has been reported that T2DM
patients are more prone to develop OA,®'? and studies in differ-
ent diabetic animal models also support these results. However,
most of these studies did not account for or report body weight
changes, a well-known risk factor for OA."*7'® On the other
hand, a more recent meta-analysis did not support the idea that
diabetes is an independent risk factor for OA and suggested that
an increase in body weight, an effect found more often in T2DM
patients, is the main driver of OA in this population.'” Few addi-
tional studies are also in support of this hypothesis.*~” Because
of the discrepancy in the current literature, an adequate under-
standing of the association between diabetes and primary and
secondary OA becomes a necessary task in the musculoskele-
tal field.

In the present study, we focused on a well-characterized
T1DM mouse model and investigated whether TIDM is a risk fac-
tor for OA and/or PTOA. To assess the role of TIDM in promoting
OA, we used the streptozotocin (STZ)-induced diabetic model.
(2,16’ Sixteen-week-old control and T1DM male mice were histo-
logically assessed for OA development. TIDM mice exhibited
mild OA-like structural impairments, including modest proteo-
glycan loss, thinning of the cartilage layer, and clefting of the
articular surface when compared with control mice. Whole knee
joint RNA sequencing (RNA-Seq) analysis showed high expres-
sion of several matrix-degrading enzymes in the TIDM group,
suggesting a role of these enzymes in contributing to the OA
phenotypes. To further determine if OA progression is acceler-
ated after a joint injury in TIDM mice, we used a noninvasive tib-
ial compression injury model. Our findings show that despite the
mild OA phenotype exhibited by T1DM mice, preexisting T1DM
did not accelerate the progression of PTOA. Instead, we found
that TIDM mice developed significantly milder PTOA pheno-
types after joint injury compared with non-diabetic injured mice.
At single-cell resolution, we identified significantly more chon-
drocytes present in the articular cartilage of injured TIDM mice
relative to injured non-diabetic mice. Our findings show that
T1DM can be a moderate risk factor for OA but does not acceler-
ate PTOA after joint injury. We also found that the protective
effect on the injured T1DM group seems to be driven by preserv-
ing the number of Col2a1-, Acan-, and Cyt/1-expressing chondro-
cytes in the T1DM group. This study is the first to describe at the
single-cell level T1DM effects on OA and PTOA.

2. Materials and Methods

2.1 Animals and tibial compression overload injury
model

Eight-week-old vehicle-injected control mice (C57BL/6J, stock
no. 000664) and STZ-injected C57BL/6J (stock no. 33853) male
mice were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). Before arrival at our facilities, 6-week-old C57BL/6J male

mice received daily intraperitoneal injections of 50 mg/kg STZ
for 5 days to induce diabetes. After arrival at our facilities, diabe-
tes status was confirmed by cutting off the tip of the tail and
using a blood glucose meter (O’'WELL Blood Glucose Monitoring
System). Readings of =300 mg/dL were used to assign animals to
the T1DM groups. For primary OA assessment, joints were har-
vested at 16 weeks of age. For PTOA assessment, TIDM and con-
trol animals were injured at 10 weeks of age using the
noninvasive tibial compression overload injury model, as previ-
ously described."”~' Briefly, the mice were anesthetized via iso-
flurane inhalation and placed in a prone position with right tibias
vertically aligned between two platens for tibial compression.
The right knee joint was injured using a compressive load of
10 to 12 N. A single noninvasive tibial compression overload at
1 mm/s displacement rate was used to rupture the anterior cru-
cial ligament (ACL) using an electromagnetic material testing
system (ElectroForce 3200, TA Instruments, New Castle, DE,
USA). Buprenorphine analgesia was administered immediately
post-injury (0.01 mg/kg) for pain relief. Samples were collected
6 weeks post-injury. All animal experimental procedures were
completed in accordance with the Institutional Animal Care
and Use Committee (IACUC) guidance at Lawrence Livermore
National Laboratory and the University of California, Davis, in
AAALAC-accredited facilities under protocol 278 approved in
April 2019.

2.2 Histological assessment of disease severity

Injured and contralateral joints from control and T1DM animals
were collected at 6 weeks post-injury or when the mice were
16 weeks old (n = 5 per group). Dissected joints were fixed in
4% paraformaldehyde for 72 hours at 4°C, decalcified using
0.5 M EDTA, infiltrated in increasing concentrations of isopropa-
nol, equilibrated into mineral oil, and embedded into paraffin
wax. The joints were sectioned in the sagittal plane, and serial
medial sections that included the femoral condyles, menisci,
and tibial plateaus were cut at 6 pm; stained on glass slides using
0.1% Safranin O (0.1%, Sigma, St. Louis, MO, USA; S8884) and
0.05% Fast Green (0.05%, Sigma; F7252) using standard proce-
dures (IHC World, Woodstock, MD, USA); and imaged using a
Leica (Buffalo Grove, IL, USA) DM5000 microscope. Three blind
reviewers independently assessed OA severity using modified
Osteoarthritis Research Society International (OARSI) scoring
parameters for sagittal views;!'’?% grade scale: 0-0.5 normal;
1-2 mild; 3-4 moderate; 5-6 severe cartilage damage.

2.3 Bulk RNA sequencing and data analysis

Control and TIDM mice were euthanized at 16 weeks old. Knee
joints were collected, dissected, and cut at the edges of the joint
region with small traces of soft tissue to preserve the articular
integrity. Joints were then homogenized in Qiazol (79306,
Qiagen, Valencia, CA, USA) using a PRO tissue homogenizer
(Bio-Gen PRO 200, PRO Scientific Inc.,, Oxford, CT, USA). Total
RNA was purified using Rneasy Mini Kit (Qiagen Inc., German-
town, MD, USA) according to the manufacturer’s protocol, and
the RNA integrity was assessed using a bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Poly(A)™-enriched cDNA
libraries were generated using the lllumina TruSeq RNA Library
Prep kit v2 (lllumina Inc.,, Hayward, CA, USA). The sequencing
was performed using an lllumina (lllumina Inc) NextSeq
500 instrument to generate 75 bp single-end reads. The quality
of sequencing data was checked using FastQC (http://www.
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bioinformatics.bbsrc.ac.uk/projects/fastqc). Sequence reads
were mapped onto the mouse reference genome (mm10) using
STAR.®" A matrix of read counts per gene was generated using
featureCount. Differentially expressed genes were identified
using edgeR.?? Genes with log2-fold changes >0.5 and false dis-
covery rate (FDR) adjusted p value <0.05 were considered as sig-
nificantly differentially expressed. Ontology analysis was
performed using Enrichr.*®) RNA data can be obtained through
NCBI, accession number GSE198836.

2.4 Micro-computed tomography (uCT) and osteophyte
quantification

Injured and contralateral knee joints were dissected and fixed in
4% formaldehyde for 72 hours at 4°C. Samples were then stored
in 70% ethanol at 4°C until scanned. Whole knee joints were
scanned using a pCT instrument (SCANCO pCT 35, Brittisellen,
Switzerland) according to the rodent bone structure analysis
guidelines (X-ray tube potential = 55 kVp, intensity = 114 pA,
10 um isotropic nominal voxel size, integration time = 900 ms).
Trabecular bone in the distal femoral epiphysis was analyzed
by manually drawing contours on 2D transverse slides. The distal
femoral epiphysis was designated as the region of trabecular
bone enclosed by the growth plate and subchondral cortical
bone plate. Epiphyseal trabecular bone volume fraction was
determined by quantifying trabecular bone volume per total vol-
ume (BV/TV). Trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular spacing (Tb.Sp) were also quantified. Min-
eralized osteophyte volume in injured and contralateral joints
was quantified by drawing contours around all heterotrophic
mineralized tissue attached to the distal femur and proximal
tibia, as well as the whole fabellae, menisci, and patella. Total
mineralized osteophyte volume was then determined as the vol-
umetric difference in mineralized tissue between injured and
uninjured joints. Statistical analysis was performed using a
paired t test to compare injured and contralateral knees.

2.5 Single-cell RNA sequencing (scRNA-Seq) and data
analysis

Single-cell preparation of joint-derived cells were obtained from
freshly dissected 7 days post-injury and contralateral knee joints
from control and T1DM mice, 4 to 5 mice per group. Briefly, the
tissue around the joint was removed without disrupting the joint
or fracturing the bone and then washed in PBS to further
remove superficial cells. Connective tissue was next severed into
digestion media 7.5 mL of 3 mg/mL Collagenase type |
(Worthington, Lakewood, NJ, USA) with 100 pg/mL Dnase |
(Roche, Basel, Switzerland) in DMEM/F12 for two sequential
1-hour digests at 37°C with shaking at 150 rpm. After each
digest, cells were washed in 5 mL PBS with 1% FBS, and superna-
tants were collected and centrifuged at 500g. Red blood cell
removal was next performed using ACK lysing buffer (Thermo
Fisher Scientific, Waltham, MA, USA) followed by immune cell
depletion using anti-CD45 magnetic microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) in combination with LS col-
umns (Miltenyi Biotec). Cells were resuspended in PBS with
0.04% non-acetylated BSA before the single-cell sequencing step
using Chromium Single-cell 3" GEM, Library & Gel Bead Kit v3
(10x Genomics, Pleasanton, CA, USA) on a 10x Genomics Chro-
mium Controller following the manufacturer’s protocol. Single-
cell library preparation was performed using Chromium Single
Cell 3’ GEM, Library & Gel Bead Kit v3 (10x Genomics; catalog

no. 1000075) following the manufacturer’s protocol. Sequencing
was performed on an Illlumina NextSeq 500. The transcriptome
data was computationally analyzed to determine cell-specific
gene expression and cell identity as described before.?* Cell
Ranger Single-Cell Software Suite (10x Genomics) was used to
perform sample demultiplexing, barcode processing, and
single-cell gene counting. The gene count matrix from the Cell
Ranger pipeline was further analyzed using Seurat R toolkit*®
as described before'? and various cell populations and their
transcriptome profiles were determined. Clusters expressing
chondrocyte markers Acan, Sox9, and Col2al were extracted
and further analyzed to determine differences between control
and T1DM articular cartilage. RNA data are available for down-
load from NCBI under accession no. GSE198837.

2.6 Immunofluorescent staining

Six-micrometer sagittal sections from control and T1DM injured
and uninjured mice were used for immunohistochemistry (IHC)
as previously described.?* For antigen retrieval method, sam-
ples were treated with unitrieve for 30 minutes at 65°C. Primary
antibodies MMP11 (MA5-32285 [1:250]), MMP28 (18237-1-AP
[1:50]), and Coll2 (MA5-12789 [1:00]) (Thermo Fisher Scientific):
CYTL1 (15856-1-AP [1:75]) (Proteintech, Rosemont, IL, USA) and
MMP3 (Ab52915 [1:50]) (Abcam, Cambridge, UK) were incubated
overnight at room temperature in a dark, humid chamber. Sam-
ple slides were then incubated at room temperature for 2 hours
with the secondary antibodies (1:1000). Negative control slides
were incubated with secondary antibody-only. Stained slides
were mounted with Prolong Gold with DAPI (Molecular Probes,
Eugene, OR, USA). Slides were imaged using a Leica DM5000
microscope. ImagePro Plus V7.0 Software and a QIClick CCD
camera (Qimaging, Surrey, Canada) were used for imaging and
photo editing.

3. Results

3.1 STZ-induced T1DM promotes cartilage degeneration
in the knee joints of 16-week-old male mice

To determine if TIDM is a risk factor for primary OA, we exam-
ined the knee joints of control and TIDM mice at 16 weeks of
age (Fig. 1A). Non-fasting blood glucose levels were significantly
elevated (p < 0.005) at 10 and 16 weeks of age in the T1IDM
group, whereas control mice maintained lower blood glucose
levels <300 mg/dL (Supplemental Fig. S1). Body weight was also
assessed throughout the experiment, and consistent with previ-
ous reports(2 STZ-treated mice had lower body weight and
maintained similar levels throughout the experiment when com-
pared with the control mice (p < 0.0001; Supplemental Fig. S1).
OA development was evaluated using Safranin O and Fast Green
staining. Control mice exhibited healthy cartilage characterized
by a smooth and strong Safranin O staining, and no bone degra-
dation was visible on either the femoral condyle or in the tibia
(Fig. 1B). In contrast, TIDM mice exhibited loss of Safranin O
staining and minor fibrillation, suggesting the loss of proteogly-
can content (Fig. 1B). The articular cartilage layer also appeared
slightly thinner in some regions in the T1DM joints than in the
controls (Fig. 1B, yellow arrows). OA severity was quantified using
a modified Osteoarthritis Research Society International (OARSI)
grading scale, and the OA score was found to be significantly
higher (p < 0.05) in the TIDM group (Fig. 1B). These results
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Fig. 1. Type 1 diabetes mellitus promotes mild osteoarthritis in C57BL/6J male mice. (A) Schematic representation of the experimental design. (B) Histological
evaluation of the knee joint of 16-week-old control and T1DM mice using Safranin O (red = cartilage) and Fast Green (green = surrounding tissue) (5x mag-
nification; scale bars = 100 um). High-magnification images corresponding to green boxes (A, B) are provided (a, b). Yellow arrows show cartilage thickness, while
black arrows show lighter cartilage. OA severity was quantified using the Osteoarthritis Research Society International (OARSI) scoring system. (C) Heat map of
selected matrix-degrading enzymes and OA genes of interest. (D) Heat map of genes associated with insulin signaling and lipid metabolism. (E) Protein expres-
sion of MMP11 and MMP28. Blue = DAPI staining showing the nucleus; red = staining showing the protein of interest (20x magnification; scale bar = 10 pm).
Bar graphs values are average =+ standard error; control n = 5, diabetic n = 10 per group. Statistical analysis performed by t test. *p < 0.05.
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confirm that T1IDM is a risk factor for primary OA, and STZ-
induced T1DM mice display mild OA phenotypes at 16 weeks
of age.

To understand how T1DM promotes primary OA, at the
molecular level, we compared whole knee joint RNA-sequences
(RNA-Seq) between 16-week-old control and T1DM mice. Com-
putational analyses identified 951 up- and 1002 downregulated

genes differentially expressed in TIDM joints relative to control
joints (Supplemental Tables S1-S2). Among the upregulated
genes, we identified several transcripts encoding for matrix-
degrading enzymes, including matrix metallopeptidase
11 (Mmp11), Mmp23 and Mmp28, metalloproteinase 33 (Adam
33), metallopeptidase 14 (Adamts 14), Adamts4, and Adamts10
(Fig. 1C). Cartilage-specific genes such as collagen type Il alpha
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Fig. 2. Preexisting type 1 diabetes mellitus prevents posttraumatic osteoarthritis in C57BL/6J male mice. (A) Schematic representation of the experimen-
tal design. (B) Histological evaluation of uninjured and injured control and diabetic mice at 6 weeks post-injury using Safranin O (red = cartilage) and Fast
Green (green = surrounding tissue) (5x and 20x magnification; scale bars = 100 and 10 um). PTOA severity was quantified using the Osteoarthritis
Research Society International (OARSI) scoring system. (C) Osteophyte imaging using pCT and osteophyte volume at 6 weeks post-injury. Bar graph values
are average =+ standard error; n = 5 per group. Statistical analysis performed by t test. *p < 0.05; **p < 0.001.
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Table 1. Femoral Subchondral Bone Parameters in Control and Diabetic Uninjured and Injured Mice

Femoral subchondral bone parameters

Uninjured

Injured

Control (n = 5)

Diabetic (n = 5)

Control (n = 5) Diabetic (n = 5)

Parameter

BV/TV % 37.79 £ 0.83 30.84 £ 2.11* 30.26 + 0.64* 2741 £ 135
Tb.Th (mm) 0.063 =+ 0.001 0.054 + 0.003* 0.058 £ 0.001* 0.049 + 0.002
Tn.N (1/mm) 5.97 4+ 0.06 5.75 +0.10 5.45 4+ 0.08* 5.63 + 0.11
Th.Sp (mm) 0.16 + 0.002 0.16 &+ 0.004 0.17 4 0.002* 0.16 £ 0.003

BV/TV = trabecular bone volume per total volume; Tb.Th = trabecular thickness; Tb.N = trabecular number; Tb.Sp = trabecular spacing.

*p < 0.05 compared with uninjured control.

1 chain (Col2a7) were also affected by T1DM (Fig. 1C). Consistent
with this gene expression data, immunohistochemical (IHC)
staining confirmed higher protein levels of MMP11 and MMP28
in the articular cartilage of TIDM mice compared with
controls (Fig. 1E), suggesting that these enzymes may be respon-
sible for the emerging OA phenotype observed in the T1IDM
group. Other significantly upregulated genes of interest included
extracellular matrix and skeletal development-associated genes
(Supplemental Fig. S2). We and others have also previously
shown that STZ-induced T1DM decreases bone mineral density
in mice;(2, 26, 27 in support of this phenotype, we also found
elevated expression levels of several bone remodeling markers,
including Bglap, Acp5, Cstk, Oscar, and Pth1r, in the T1DM group
(Supplemental Fig. S2). Significantly downregulated genes were
enriched in several functional categories, including markers of
bone mineral content and skeletal muscle tissue development
and morphology (Supplemental Fig. S2). We also observed
downregulation of several genes associated with insulin signal-
ing such as Gck, Pck1, Igf, and Ppargcia, as well as Lpl, a regulator
of lipid metabolism and leptin (Lep) (Fig. 1D).?%-3?

An ontology analysis identified type | interferon signaling
pathway (GO:0060337), extracellular matrix organization
(GO:0030198), response to cytokine (GO:0034097), and osteo-
clast differentiation (GO:0030316) as some of the key biological
processes associated with upregulated genes while response to
insulin (GO:0032868), regulation of lipid biosynthetic process
(GO:0046890), and response to leptin (GO:0044321) were identi-
fied as enriched biological processes associated with downregu-
lated genes (Supplemental Tables S3-5S4).

3.2 Injury-induced knee joint degeneration is blunted in
T1DM mice

Using a noninvasive tibial compression (TC) injury model in mice
previously shown to reproducibly cause PTOA by 6 weeks post-
injury” ¥ we injured 10-week-old TIDM and C57BL/6J control
mice, as previously described”'83? (Fig. 2A). Six weeks post-injury,
joints were harvested and PTOA phenotypes were examined by his-
tology and pCT. Consistent with previous results,"”'®*® injured
control mice displayed severe cartilage degradation with significant
loss of Safranin O staining, and most of the medial femoral condyle
was lacking the articular cartilage layer (Fig. 2B). In sharp contrast,
injured TIDM mice more closely resembled the uninjured T1DM
controls. Cartilage thickness was preserved, and while some proteo-
glycan staining loss was observed in the deep layer, the superficial
layer was unchanged, suggesting a significantly slower progression
to PTOA in the T1DM mice (Fig. 2B). Quantification of OA severity
using the OARSI grading scale system showed significantly higher

cartilage score in the injured control group than in the injured
T1DM group (Fig. 2B; p < 0.05). Subchondral trabecular bone mass
and osteophyte volume was also quantified by pCT. Consistent with
prior reports that TIDM promotes bone loss,>*® uninjured T1DM
mice had significantly less BV/TV and less trabecular thickness com-
pared with the control mice. Although joint injury also significantly
affected bone mass in the control mice, trabecular bone mass was
not affected in the TIDM group relative to the controls. No addi-
tional significant bone loss was observed in the subchondral bone
of injured TIDM mice when compared with uninjured T1IDM or
injured control mice (Table 1). T1DM mice were also protected from
osteophyte formation in response to injury, where significantly less
ectopic bone was quantified around the injured joints of the TIDM
group (Fig. 2C). These results suggest a slower progression of PTOA
in TIDM mice.

3.3 scRNA-Seq analysis identified more chondrocyte in
the T1DM mouse knee joints

To determine the mechanism by which T1DM prevents cartilage
degradation after injury, we performed single-cell RNA sequenc-
ing (scRNA-Seq) analysis of the knee joint at 7 days post-injury.
ScRNA-Seq was conducted in viable, immune, and blood
depleted cells isolated from uninjured and injured control and
T1DM mice. A graph-based clustering of the stroma cells using
Seurat resulted in 9 cell clusters with distinct gene expression
profiles (Figs. 3A and Supplemental S3). Cluster 0 showed high
expression of the endothelial cell markers Pecam1 and
VE-Cadherin (Cdh5).*® Cluster 1 expressed high levels of well-
known osteoblast markers osteocalcin (Bglap) and Collal and
was labeled osteoblast.®> Cluster 2 was labeled fibroblast based
on enrichment of genes Dcn and Clec3b.%® Cluster 3 showed
enrichment for Acan and Col2al and was annotated chondro-
cytes.?” Cluster 4 showed high expression of proliferative
markers Mki67 and Top2a and was named proliferative cells.®®
Cluster 5, named pericytes, showed high levels of Myh11 and
Rgs5.373® Cluster 6 was named synovial intimal fibroblasts
(SIFs) because of the expression of fibroblast markers lubricin
(Prg4) and Htra4.®*® Cluster 7 named perimysial cells expressed
high levels of Myod1 and Chod!.***" Cluster 8 peripheral ner-
vous system (PNS) cells showed high expression of Mpz and
Mbp.*? Cluster 9 muscle cells expressed high levels of Tnnc2
and My/1.434% We then extracted and reexamined in more detail
cluster number 3, which expressed the chondrocyte markers
Acan and Col2al (Fig. 3A, B).

After injury, there was a significant reduction in Col2al, Sox9,
and Acan expression in both T1DM and C57BL/6J control groups
(Fig. 3C). However, we also observed that T1DM injured mice had
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higher levels of Col2al and Acan when compared with the
injured C57BL/6J control group (Fig. 3C). In uninjured healthy
chondrocytes, we observed higher expression of cartilage-
associated genes Col9al, Col9a2, and Ucma compared with other
groups (Fig. 3C). We also observed an increase in frequency of
cells expressing several genes dysregulated in OA, such as Cilp2,
Prg4, and Thbs1 in the STZ injured groups when compared with
C57BL/6J injured mice (Fig. 3D). Interestingly, the T1DM injured
group had more Cytl-expressing cells (Fig. 3D). In prior work,
we have shown high expression of Cyt/1 in the mid layer of the
articular cartilage and that this expression was reduced as a
result of injury and aging.“*** Consistent with lower cartilage
degradation in the injured TIMD mice, this group also showed

significantly higher levels of type Il collagen (Col2) protein
expression when compared with injured control and with unin-
jured T1D controls (Fig. 4A). Furthermore, IHCs confirmed that
T1DM injured joints preserved a significantly higher number of
Cytl1-positive cells (Fig. 4B). An increased number of Col2al-,
Acan-, and CytlT-expressing chondrocytes in the TIDM group
therefore indicates slower OA progression in T1DM group.

4, Discussion

Diabetes and OA are two conditions that can significantly impact
a patient’s quality of life. As the life expectancy of the elderly
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DAPI staining showing the nucleus; red = staining showing Cytl1 (20x magnification; scale bar = 100 pm).

population increases, the coexistence of OA and diabetes
becomes more prevalent. In addition, >70% of people over the
age of 65 have evidence of radiological knee OA. During the last
decade, several studies have investigated the relationship
between diabetes and OA; however, the results have been
inconsistent and even contradictory. In the present study, we
show, unexpectedly, that systemic preexisting T1DM while
slightly elevating the risk for primary OA development also con-
fers a protective effect against trauma-induced osteoarthritis.
T1DM slows the joint degeneration initiated by anterior cruciate
ligament (ACL) rupture, slowing down cartilage degeneration,
subchondral bone loss, and osteophyte formation.

Several studies in humans have addressed whether diabetes
can be considered a risk factor for OA. However, studies in

humans are complex and care should be taken when interpret-
ing the results. In addition, OA and diabetes share several addi-
tional common risk factors, such as obesity and aging, which
may further skew data analysis and the interpretation of the
results.*” Our histological analysis in 16-week-old male mice
showed a mild OA phenotype in the T1DM diabetic group when
compared with the control group, suggesting an effect of TIDM
on spontaneous (idiopathic). Our findings corroborate several
studies in mice in which loss of chondrocytes and cartilage tissue
in the joints of diabetic animals were reported.'*'>4647) How-
ever, the severity of OA in our study was much less preeminent
than in other studies. This difference in OA severity and
responses in the TIDM animals may be explained by several fac-
tors such as the use of different animal strains, the age of the
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animal, the duration of the experiment, type of diabetic model
used, and the type of histological assessment of OA. One of
the strengths of our study is that we used the STZ-induced dia-
betic animal model, which does not promote a gain in body
weight, completely separating the effect of body weight mass
versus the effect of TIDM on OA. An additional strength of our
study is the use of a noninvasive injury model, which elimi-
nates the variability and robust inflammatory response pro-
duced by invasive surgical methods used to sever ligaments
in the joint.

By bulk RNA-Seq, we identified several OA-related genes such
as Mmp11, Mmp23, Mmp28, Adam33, Adamts4, and Adamts14
that may be responsible for the emerging OA phenotype
observed in the TIDM group. However, one of the limitations
of doing bulk RNA-Seq is the inability to tease out the contribu-
tion of individual cell type/subtype-specific gene expressions
changes. Therefore, it is possible that our bulk gene expression
data are not only from the articular tissue but include some cells
from adjacent tissues such as the subchondral bone, bone mar-
row, muscle, and synovium. To overcome this challenge, we
examined tissue-specific expression of genes using single-cell
RNA-Seq for the second part of this project.

Despite findings that TIDM promotes mild spontaneous OA,
our data also unexpectantly showed that preexisting T1DM
blunts the development of PTOA after noninvasive ACL rupture.
Although we identified a significant reduction in Col2al, Sox9,
and Acan expression in both T1DM and C57BL/6J control injured
groups, the TIDM injured joints displayed a significant increase
in the number of Col2a -, Sox9-, and Acan T-expressing chondro-
cytes when compared with the injured control joints at 7 days
post-injury. We chose to perform our scRNA-Seq analysis at
7 days post-injury because previous data from our lab have
determined the most differentially expressed genes occur at this
specific time point.“® Col2a1, Sox9, and Acan are all well-known
key regulators of cartilage development and homeostasis.“>~>"
In addition, our lab has also shown a reduction in the expression
of these genes in aging mice that have PTOA.®? Cytl1, a gene
that has recently been shown to be involved in chondrocyte
and cartilage development, was also highly expressed in the
T1DM injured mice.?*33°253 Cyt/1 expression is also downregu-
lated in injured and 62-week-old mice®® and Cyt/7 knock-out
mice are more sensitive to OA than wild-type mice.®? Consistent
with our single-cell RNA-Seq data, immunohistochemical analy-
sis showed that Cytl1 expression is blunted in the T1DM injured
group and reduced in the injured control group. Elevated expres-
sion of CytlT-expressing chondrocytes in the T1DM injured mice
suggest a potential role of these cells in the prevention of PTOA
development by T1DM. The injured TIDM mice also exhibited
less osteophyte formation than the C57BL/6J control injured
group, and there is a possibility that osteophyte formation posi-
tively correlates with disease severity, and hence there are some
synergistic effects. However, in prior work, we did find excep-
tions to this observation; for example, STR/ort strain of mice,
which are genetically susceptible to OA and develop spontane-
ous OA, upon injury, developed less osteophytes than injured
C57BL/6)J control injured groups.® Similarly, C57BL/6)J injured
joints from mice treated with LPS, while exhibiting a more severe
PTOA phenotype than the saline-treated C57BL/6J injured
group, also had less osteophyte formation than the group with-
out LPS.® These examples suggest that cartilage-osteophyte
interactions are more complex and may involve several cell types
and multiple modeling and remodeling steps to achieve the
observable phenotypes.

When animals were euthanized, we also observed less subcu-
taneous white adipose tissue (WTA) and our bulk RNA-Seq also
show lower expression of Lpl, a regulator of lipid metabolism
and leptin (Lep) in the T1DM uninjured mice. Our results are con-
sistent with prior reports where rats treated with STZ showed a
decrease in parametrial (PWAT) and retroperitoneal (RWAT)
white adipose tissues.*> A different study also reported that
T1DM-induced rats showed marked reductions in fat mass and
mean of fat cell diameter at all subcutaneous (SC), proximal epi-
didymal (PE), distal epididymal (DE), perirenal (PR), and retroper-
itoneal (RP) fat depots.*® Parting from the findings that less
adipose tissue can prevent OA®” we would have expected less
OA in the TIDM animals; however, our data show more OA in
T1DM mice, suggesting no correlation between fat and OA
development in our model.

In conclusion, our study is the first to describe molecular
changes at single-cell resolution in the knee joint of TIDM ani-
mals in context of OA and PTOA. We also investigated gene
expression at the single-cell level, and we have shown the indi-
vidual cell type/subtype that might be involved in slowing PTOA
progression in the TIDM joint environment. Although we found
that T1DM promotes mild OA and prevents PTOA, it remains to
be elucidated whether T2DM can also have similar effects.
Human studies looking at the role of DM on OA have yielded
inconsistent and conflicting results with some showing a signifi-
cant role for DM in promoting OA, while others finding no signif-
icant interactions between these two conditions. Interestingly, in
our study, we found that TIDM can promote primary OA, while
preventing or slowing down secondary OA, suggesting that dif-
ferent mechanisms are at play by which primary and secondary
OA develop. Furthermore, to our knowledge, no study to date
has addressed the effects of TIDM on PTOA in humans; this is
a knowledge gap that we hope will be examined by future clini-
cal work. Our study highlights the importance of studying T1DM
in the context of both OA and PTOA and suggests that while
T1DM may increase susceptibility to degenerative OA, upon
injury, the PTOA disease progression is blunted in the diabetic
environment.
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