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Abstract

The purpose of this study was to determine the effect of the diabetic phenotype on the mechanical
properties of the native patellar tendon and its enthesis. Diabetes was induced via intraperitoneal
injection of streptozotocin in Lewis rats. Control (7= 18) and diabetic animals(77 = 20) were killed
at 12 and 19 days for analysis. Statistical comparisons were performed using Student’s #tests and
a two-tailed Fisher test with significance set at p < 0.05. Pre- and post-injection intraperitoneal
glucose tolerance tests demonstrated significant impairment of glycemic control in the diabetic
compared to control animals (p = 0.001). Mean serum hemoglobin Alc levels at 19 days was 10.6
+ 2.7% and 6.0 £ 1.0% for the diabetic and control groups, respectively (o= 0.0001). Fifteen of
sixteen diabetic animals demonstrated intrasubstance failure of the patellar tendon, while only 7 of
14 control specimens failed within the tendon substance. The Young’s modulus of the diabetic
tendon was significantly lower than control specimens by 19 days post-induction (161 + 10 N m™2
compared to 200 + 46 N m~2, respectively) (o= 0.02). The metabolic condition of poorly
controlled diabetes negatively affects the mechanical properties of the native patellar tendon.
These altered structural properties may predispose diabetic patients to a greater risk of
tendinopathy and/or traumatic rupture.
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The impact of sustained hyperglycemia on the musculoskeletal system has only recently
been examined. Clinical and experimental studies have revealed that the diabetic state is
associated with impaired fracture healing,1® reduced skeletal mass,’ reduced bone mineral
density, impaired collagen production,®19 increased stiffness,11-15 increased risk of
tendinopathy, 16 increased presence of advanced glycation end products (AGE’s),17-20
abnormal cell morphology 2122 as well as a greater risk of infection and complications
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following tendon repair.2324 The effect of diabetes mellitus on native tendon tissue,
however, has not been explored.

The primary function of the patellar tendon is to transmit forces from the patella to the tibia,
producing joint motion. The tendon insertion (the enthesis) is a transitional zone where the
tendon graduates to bone through a series of fibrocartilaginous layers. The enthesis allows a
gradual change in mechanical properties from the flexible tendon to the rigid bone. Loss of
tendon function due to tendinopathy, rupture or injury,16:23-28 will adversely affect joint
function. Understanding the mechanical properties of tendons in diabetics will provide
clinicians with critical information when counseling these patients on whether they are more
predisposed to tendon degeneration and traumatic musculoskeletal injuries. We hypothesized
that sustained hyperglycemia would adversely affect mechanical properties of native tendon
compared to euglycemic controls. The purpose of this study was to determine the effect of
the diabetic phenotype on the mechanical properties of the native patellar tendon and its
enthesis. This hypothesis was tested using a controlled laboratory model of streptozotocin-
induced diabetes in rats.

METHODS
Study Design

This study was approved by our Institutional Animal Care and Use Committee. Diabetes
was induced via intraperitoneal (IP) injection of streptozotocin (STZ, 65 mg/kg; Sigma, St.
Louis, MO), a selective toxin of pancreatic p-cells, in 20 male Lewis rats of identical age
(weight: 250-300 g; Harlan, Indianapolis, IN). Induction of diabetes was confirmed with
both pre- and post-STZ injection IP glucose tolerance tests (IPGTT). Eighteen control
animals received an IP injection of citrate buffer solution only. Animals in both groups
underwent rotator cuff surgery 5 days after injection to evaluate tendon-to-bone healing for a
different study. The native tibia-patellar tendon-patella complex was harvested at 12 or 19
days post-induction from the right lower extremity. Our primary outcome measure was
biomechanical analysis of the tendon and its enthesis while histological analysis was a
secondary outcome.

Induction of Diabetes

Rats were anesthetized with isoflurane and diabetes was induced by an IP injection of STZ.
The STZ was dissolved in citrate buffer (pH 4.6) containing 75 mM citric acid, 150 mM
NaOH, and 25 mM HCI. Four days after the injection, STZ-treated and control (untreated)
rats were fasted for 6 h and subjected to an IPGTT. Blood glucose levels were measured at 0,
15, 30, 60, 90, and 120 min after an IP injection of a 50% dextrose solution in sterile saline
at 1.5 g/kg body weight (Sigma). All rats maintained a sustained diabetic phenotype, defined
by persistent fasting blood glucose levels equal or greater than 250 mg/dL. Blood glucose
levels were measured every 3 days using a glucometer (True Result™, Fort Lauderdale, FL)
in all rats to ensure maintenance of a euglycemic and hyperglycemic state in the control and
diabetic groups, respectively.
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Measurement of Glycosylated Hemoglobin

Immediately after the rats were killed, whole blood was collected into 3 ml EDTA tubes
(BD, Franklin Lakes, NJ) via a single intracardiac puncture and immediately refrigerated.
Blinded samples of blood were provided to an independent institution for analysis
(Louisiana State University, Baton Rouge, LA). Serum HbAlc levels were measured to
confirm a diabetic or euglycemic phenotype and to quantify the severity of sustained
hyperglycemia.2%-32 HbAlc was measured using standard affinity microchromatographic
methodology (Helena Laboratories, Beaumont, TX).33

Histological Analysis

The right patella, patellar tendon, and tibia were carefully dissected free of all remaining soft
tissues at the time of sacrifice (1= 4/group). The qualitative appearance (tendon swelling,
thickening, and discoloration) of the native patellar tendon and its tubercle insertion were
evaluated in a blinded-fashion by two individuals (AJF and AB). The tissue was fixed in
10% neutral buffered formalin at 4°C for 48 h, and then decalcified in formic acid
(Immunocal, Tallman, NY) for 48 h and washed in phosphate-buffered saline solution. The
samples were then dehydrated and embedded in paraffin following standard tissue
processing techniques. Five micrometer thick, mid-sagittal sections of the specimen were
mounted on silane-coated slides and were stained with hematoxylin and eosin, safranin-O,
and picrosirius red. The patellar tendon and enthesis were qualitatively examined under light
and polarized light microscopy at 40x to assess fibrocartilage and collagen organization
(Eclipse E800; Nikon, Melville, NY).

Immunohistochemistry

Serial sections were treated with 3% H,0, to quench endogenous peroxidase activity, and
non-specific antibody binding was blocked with 5% goat serum. One percent bovine serum
albumin/phosphate-buffered saline solution was used as a negative secondary reagent
control. AGE staining of tissues was assessed using a monoclonal anti-AGE antibody (MP
Biomedicals, Solon, OH) and was applied to sections for 60 min at 37°C. Bound antibodies
were visualized using a goat avidin-biotin peroxidase system with diamino-benzidine
(D.A.B., DakoCorp., Carpinteria, CA) as a substrate. Assessment of AGE deposition was
performed at 100x by two independent observers (AB and AJF) who were not aware of the
slide identification. The patellar tendon and enthesis were graded as 0, 1+, 2+, or 3+, based
on the intensity of the staining. Distribution of staining was also documented.

Biomechanical Testing

Animals (7= 8/group) were killed at 12 or 19 days post-injection by CO5 inhalation. The
right hind limb was disarticulated at the hip, placed in saline-soaked gauze and stored at
—80°C until the time of biomechanical testing. On the day of testing, specimens were thawed
overnight at 4°C and acclimated to room temperature. The patella-patellar tendon-tibia
complex was carefully dissected under magnification in a blinded fashion with respect to
group. The length of the tendon was viewed from the anterior surface from the distal pole of
the patella to the tibial insertion. The length and cross-sectional area (width x thickness) of
the tendon was calculated using measurements taken by a digital micrometer. The
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reproducibility of this technique was characterized by two individuals independently taking
measurements in triplicate and averaging the dimensions and has been validated in
previously published models.3435 Each specimen was mounted on a custom-designed
uniaxial system. The patella was secured in a screw grip using a cone-shaped wedge and the
tibia was secured into a serrated vice grip that prevented slippage or fracture through the
proximal tibial physis. A 45-N load cell attached to a linear bearing allowed uniaxial
alignment of the tendon. The tibial jig was fixed to the linear stage and the specimen were
pre-loaded to 0.5 N and then loaded to failure at a rate of 16.7 um/s (1 mm/min). The
preload and rate of loading is physiologically relevant and in concordance with previously
validated experiments.343% A single operator performed all the biomechanical testing and
the maximum load-to-failure and failure location (mode) were recorded. The linear region of
the load-displacement curve was used to calculate the stiffness for each specimen. Young’s
modulus was calculated as stress divided by strain.

Statistical Analysis

RESULTS

Statistical analysis was performed using SigmaStat (Systat Software Inc., Chicago, IL) with
p < 0.05 defined as significant. Mean serum HbA1c levels, histological data, area under the
curve (AUC), analysis of IPGTT, load-to-failure and stiffness were compared between
control and diabetic groups using Student’s #test. A two-tailed Fisher test was performed to
compare the mode of failure between control and diabetic specimens. Results were reported
as mean values * standard error of the mean. The study was powered to detect significant
differences in load-to-failure and stiffness between diabetic and control specimens.

Induction of Diabetes

Induction of diabetes with STZ was both effective and sustained. AUC analysis of IPGTT in
both experimental and control groups provided a quantitative index of the severity of
hyperglycemia. Mean AUC was significantly greater in the diabetic (21,510 + 2,826)
compared to control animals (9,826 + 1,366) (p = 0.0001). Analysis of the AUC in
experimental animals pre- and post-STZ injection demonstrated a significant reduction in
glycemic control (10,278 + 410 and 22,421 + 3,162, respectively) (p= 0.001). Mean HbAlc
level at 19 days was significantly greater in the diabetic group compared to the control group
(10.6 £2.7% vs. 6.0 £ 1.0%, respectively) (p=0.0001).

Gross and Histological Findings

The patellar tendon of the diabetic animals appeared qualitatively different at sacrifice from
those of control specimens. The tendon of the diabetic rats appeared fragile and
demonstrated a yellowish discoloration compared to the more robust, healthy tissue
observed in control animals. Mean length, width, and thickness of diabetic patellar tendons
was 8.08 £ 0.14 mm, 2.52 £ 0.13 mm and 0.64 + 0.08 mm, respectively, and 8.09 + 0.29
mm, 2.37 £ 0.13 mm, 0.57 £ 0.05 mm in control tendons, respectively. There were no
significant differences in length, width, or thickness between groups. The patellar tendons of
diabetic animals demonstrated less fibrocartilage at the tibial tubercle enthesis compared to
the control group at 19 days (Fig. 1). Examination of collagen birefringence revealed less
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organized collagen at the tubercle enthesis in the diabetic compared to control specimens at
19 days (Fig. 2). AGE’s were detected in minimal quantities within the tendon substance and
enthesis in both groups. These observations were purely qualitative, however, as the study
was underpowered to detect statistically significant differences in histomorphometric
measurements.

Biomechanical Findings

There was a significant difference in the mode of failure between the diabetic and control
specimens. Fifteen of sixteen diabetic animals demonstrated intrasubstance failure of the
patellar tendon during load-to-failure testing. In contrast, only 7 of 14 control specimens
failed within the tendon substance, while the remaining specimens failed via avulsion of the
tibial tubercle or fracture through the proximal tibial physis (o= 0.014). No significant
differences in mean load-to-failure or stiffness were detected between diabetic and control
animals at either time-point. The Young’s modulus of the diabetic patellar tendon was
significantly lower than control specimens. At 19 days, the mean Young’s modulus of the
diabetic patellar tendons was 162 + 10 N m~2 compared to 200 + 46 N m~2 in control
tendons (p = 0.02). A significant difference in Young’s modulus of the tendon was also
detected between diabetic (161 + 30 N m~2) and control (189 + 14 N m~2) groups at 12 days
(0= 0.04) (Fig. 3).

DISCUSSION

Diabetes mellitus is a complex disorder characterized by persistent hyperglycemia. The
metabolic perturbations of diabetes result in detrimental changes to the musculoskeletal
system,11-16,21,22,26-28,36-46 however the effect of diabetes on native tendon tissue has not
been well defined.

The tensile strength of a tendon is highly dependent on the intra- and intermolecular cross-
links, orientation, density, and length of collagen fibrils and fibers.2”:4” Any disruption to the
homeostatic environment will impact the micro-structural integrity of the tendon extra-
cellular matrix (ECM). The patellar tendon has a parallel arrangement of collagen fibrils,
providing the major resistance to mechanical loading. In this study, we found that the
diabetic patellar tendons had a significantly reduced Young’s modulus and a predisposition
for mid-substance failure compared to non-diabetic control specimens. Our results indicate
that the diabetic phenotype alters the micro-structural properties of the tendons and their
insertions that may predispose them to certain musculoskeletal injuries.

The results of our study suggest that diabetic patients may be uniquely susceptible to certain
injury patterns. We found a predilection for mid-substance tendon rupture in the diabetic
group, in contrast to the control specimens which often failed at the tibial enthesis. This
finding is supported by the well-established increased prevalence of tendinopathy and
tendon rupture in this patient population.11-17.23.25-28,36-45 Athough the underlying
pathological etiology of tendinopathy remains unclear, recent studies in the human
population have reported that intrinsic factors such as mucoid and lipid accumulation may
play a causative role in tendinopathy.*6 Abnormalities in these intrinsic factors may result in
altered tendon matrix metabolism, composition and organization and may have contributed
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to the tendon degeneration as seen in the diabetic group in this study. There may be a role
for implementation of preventative exercise or rehabilitation programs in this patient
population to help ameliorate the negative influences on musculoskeletal tissues.
Furthermore, counseling to avoid certain activities that place diabetic patients at substantial
risk for tendon injury or rupture may be appropriate. It is possible that hyperglycemia alters
the mechanical properties of the enthesis and bone, which in-turn alters the relative location
of load transmission and ultimate failure. Future studies to evaluate the effect of sustained
hyperglycemia on bone and tendon microstructure in both animal and clinical contexts
would provide further insight into these findings and their mechanism.

Increasing evidence in the literature suggests that an accumulation of AGE’s (hamely
modifying collagen) may be responsible for the inferior biomechanical properties of
connective tissues.®18:31 While we did not detect significant AGE deposition within the
tendon or enthesis, it is plausible that the normal, healthy turnover of other ECM molecules,
growth factors and glycoaminoglycans (GAG’s) is perturbed by diabetes. GAG’s
specifically are essential to tendon function and are responsible for cellular migration and
differentiation and may also play a regulatory role in collagen fibril growth and in the three-
dimensional arrangement of collagen fibrils.#” Furthermore, remodeling and homeostasis of
the ECM is mediated primarily by matrix metalloproteinases (MMP) and their inhibitors, the
tissue inhibitors of MMPs (TIMPs). Several studies have reported changes in MMP activity
in diabetic tendinopathy.3%-4148 |t is also plausible that the sustained hyperglycemia in our
model produced an imbalance of MMP and TIMP activity, thus compromising the structural
and functional integrity of the tendon. Future studies are warranted to determine if other
ECM molecules, growth factors and/or GAG’s are up- or down-regulated with sustained
hyperglycemia.

The limitations of this study are important to note. First, we evaluated animals for only 12
and 19 days. The short (acute) duration of the STZ-induced diabetic phenotype in these rats
does not reflect the pathophysiologic condition in humans, which tends to occur over a
period of years. Longer time-points may provide valuable information regarding the effect of
chronic hyperglycemia on the tendon and enthesis. However, we were limited by
deterioration in the general health of the animals in this STZ-induced diabetic model from
pursuing later time-points. The loss of weight and increased lethargy displayed by the
diabetic rats may influence the patellar tendons in a non-specific way such as reduced
mechanical load. However, the finding of poor health using uncontrolled diabetic animals is
not unique to our study.#4° Second, our diabetic model creates a Type | insulin-dependent
diabetic condition and presents a “worst case” scenario of glycemic control. The diabetic
condition includes a broad spectrum of pathology, ranging from subtle insulin resistance to
severe hyperglycemia, such that future studies using different models are necessary to
elaborate upon the findings of our pilot study. Lastly, the animals in our study also
underwent an acute rotator cuff repair at 5 days post-injection to evaluate tendon-bone
healing for a different study. While both animal groups were subjected to the same
treatment, it is possible that the post-operative stress condition affected the properties of the
native patellar tendon.
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SUMMARY
Sustained hyperglycemia resulted in a significantly reduced Young’s modulus of the patellar
tendon compared to control specimens and resulted in an increased incidence of mid-
substance tendon failure. Altered structural properties in musculoskeletal tissues may
predispose diabetic patients to a greater of risk of tendinopathy and certain musculoskeletal
injury patterns compared to euglycemic patients.
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Figure 1.
Safranin-O staining of the native patellar tendon enthesis at the tibial tubercle in the control

and diabetic group. At 19 days, the area of fibrocartilage was qualitatively less in the
diabetic compared to the control group. B, bone; E, enthesis; T, tendon; (x40).
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Figure2.
Polarized light microscopy with picrosirius red staining revealed less organized collagen at

the tubercle enthesis in the diabetic (B) compared to control (A) specimens at 19 days.
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The mean Young’s modulus of the diabetic patellar tendon was significantly lower than

control animals at both 12 days (p=0.04) and 19 days (o= 0.02).
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