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Introduction: Ankle arthrodesis is one of the treatments of choice, particularly in late-stage and unstable diabetic Charcot 
arthropathy. Unfortunately, poor healing capacity might play a role in the high nonunion rate (10–40%). The advancement in 
regenerative medicine opens a new horizon for enhancing fusion after ankle arthrodesis in patients with poor healing capacity. 
However, a suitable small animal model is warranted to study the effectivity of these regenerative medicine approaches. Streptozotocin 
(STZ)-induced diabetes models and adjuvant-induced arthritis models with complete Freund’s adjuvant are two established models. 
However, no study has combined those two models to make a diabetic arthritic model that more closely resembles the condition in 
Charcot arthropathy.
Methods: Twenty male Sprague-Dawley rats were assigned into five groups, consisting of one control group, and four diabetic groups 
which were induced by STZ injection and a high-fat diet. Among these diabetic rats, two groups received complete Freund’s adjuvant 
(CFA) injections to the left ankle of the hind limb. The control group, one of the diabetic-only groups, and one of the arthritic-diabetic- 
induced groups were euthanized at 4 weeks after STZ induction, and the remainder were euthanized 6 weeks after STZ induction. 
Clinical, radiological, and histological examinations were then compared in all five groups.
Results: Diabetic status was successfully achieved in the model, which was maintained until the completion of the study. The CFA- 
induced ankles were significantly larger than the contralateral ankles in all groups (p<0.05). Histopathological evaluation confirmed 
arthritic changes in the CFA-induced group with less variability after 4 weeks of arthritis induction.
Conclusion: This rat model of arthritic diabetic mimics the progressive and chronic nature of Charcot arthropathy in humans. This 
model can be further use to study treatments that might enhance the fusion rate in ankle arthrodesis in healing-defective patients such 
as those with diabetes.
Level of Clinical Evidence: 5.
Keywords: ankle, diabetes mellitus, streptozotocin, Charcot arthropathy, models, animal

Introduction
Animal models have long been studied to support translational studies in humans. It helps clinicians understand the 
complexity of certain pathological conditions as it allows them to study each progressive stage of the disease in 
a controlled and reproducible manner. Moreover, it also helps researchers and clinicians develop better disease 
treatments. Arthritic models can be made in various ways to study acute diseases such as rheumatoid arthritis and 
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chronic arthritic conditions such as osteoarthritis.1,2 However, to our knowledge, there is limited data on the animal 
model of a metabolic condition such as Charcot arthropathy. Charcot arthropathy is a progressive joint destruction due to 
repetitive microtrauma and the accumulation of local inflammation as a result of neuropathic dysfunction.3,4 Charcot 
arthropathy is a disabling complication of type 2 diabetes mellitus (T2DM) and has been reported as occurring between 
0.3% and 0.85% annually among people within that population. Arthrodesis is a treatment of choice to provide stable gait 
by fusing the ankle and hind foot joints.5–8 However, the potentially high rate of fusion failure (10–40%) urges efforts to 
augment fusion.9–11

Our primary aim was to create an appropriate small animal model before conducting further study to increase the 
fusion rate in Charcot ankle arthrodesis. Animal models play a crucial role in understanding the pathogenesis of diseases, 
evaluating potential therapeutic interventions, and drug testing. The common animal models of arthritis are collagen- 
induced arthritis (CIA), adjuvant-induced arthritis (AIA), streptococcal cell wall (SCW) arthritis, spontaneous models, 
and transgenic and knockout models.12–14 Meanwhile, diabetic animal models commonly made by chemical-induced, 
high fat diet induced, surgical pancreatectomy model, virus induced, and genetically modified models.15 However, to 
date, there is no model that truly represents both diabetes and arthritis, such as in the Charcot ankle condition.

In our study, a T2DM animal model was induced in Sprague Dawley rats using streptozotocin (STZ) on a high-fat 
diet (HFD) background, which was followed by arthritis induction using Complete Freund’s adjuvant (CFA). We 
hypothesized that the lesion may resemble Charcot arthropathy in humans with diabetes, and the condition can be 
maintained throughout the study time frame better replicating the continuum model and the chronic nature of diabetic 
arthropathy in humans.

Materials and Methods
Animals
All procedures involving animals were performed following approval by the Institutional Animal Care and Use 
Committee (IACUC) of PT Bimana Indomedical (approval number R.04–22-IR). All methods were carried out in 
compliance to the guidelines by the IACUC, which referred to the national ethical standard and guidelines of medical 
research and applicable animal welfare regulations in Indonesia, as well as The Guide for the Care and Use of Laboratory 
Animals (8th Edition) by the US National Research Council. The manuscript was written in accordance with the 
ARRIVE guideline. Twenty clinically healthy male Sprague Dawley rats (age 6–8 weeks old) obtained from the 
National Food and Drug Agency of Indonesia (Jakarta, Indonesia) were included in this study. Animals were acclima-
tized and conditioned to reach a body weight of 250–300 grams. Randomization based on body weight was then 
performed to allocate rats into five groups. Basic characteristics were obtained before the induction process, such as body 
weight, ankle diameter, lipid profile, blood glucose, and ankle x-ray. Five groups were assigned based on the diabetes 
status and treatment of the left hind limb ankle joints: group 1 was a control group (no diabetic and arthritic induction); 
groups 2 and 3 were diabetic-only groups; and groups 4 and 5 were diabetic and arthritic-induced groups. Groups 1, 2, 
and 4 were terminated at 4 weeks after diabetic induction (ie 2 weeks after arthritic induction in group 4), and the rest 
were terminated at 6 weeks after diabetic induction (ie 4 weeks after arthritic induction in group 5).

Diabetic Induction
The T2DM pre-conditioning was done by administering a high-fat diet (HFD) with total calory of 40 kJ/kg consisted of 
20% animal fat (lard), 45% carbohydrate (starch, sucrose, maltodextrin), and 22% protein (casein/milk protein). This 
HFD background was maintained until study endpoint. After two weeks of HFD consumption, a single dose (30 mg/kg) 
of streptozotocin or STZ (Sigma) dissolved in a solution of 0.1 M citric acid buffer (pH 4.5), was administered 
intraperitoneally, following a baseline fasting blood glucose evaluation. Rats were monitored by measuring fasting 
blood glucose levels (ie 6-hour fasting) weekly for three weeks, The rats were considered diabetic when two consecutive 
positive blood glucose concentration higher than 200 mg/dL was achieved, at 9 and 14 days following STZ injection. 
Lipid profile was also measured after diabetic condition was achieved. An emergency procedure which included 
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a subcutaneous insulin injection (4 IU ultralente insulin) was in place for rats that experienced clinical abnormality with 
confirmed hyperglycemia.

Arthritis Induction
Two groups of eight diabetic-confirmed rats received an intra-articular injection of 0.2 mL of Complete Freund’s 
Adjuvant (CFA) containing Mycobacterium tuberculosis. The injection was given on the ankle joint in left hind limb, 
performed on the rats under anesthesia with isoflurane and in aseptic manner. The ankle joint was determined by one 
hand fixing the tarsal bones and the other hand aiming to find a soft spot medial to the tip of the lateral malleolus with 
a mosquito clamp. A 26G-needle was introduced into the ankle joint just lateral to the anterior tibial tendon, with some 
distraction of the joint by pulling the toe away from the tibia to open the joint space (Figure 1). After induction, tramadol 
(5–20 mg/kg) was administered to reduce pain. Rats were euthanized by intracardiac injection of sodium pentobarbitone 
(200 mg/kg) in deep anesthesia (Ketamine 80 mg/kg and Xylazine 10 mg/kg). Ankle diameter was measured before 
induction (baseline) and upon study completion at 2 or 4 weeks after CFA injection, whereas body weights were 
measured weekly. At necropsy, bilateral hind limb ankle joints were collected for radiology and histology purposes.

Radiographs Analysis
Radiographic evaluation was performed (Indoray IR-1000, West Java, Indonesia) under 40 kV and 100 mA settings. 
Antero-posterior and lateral X-ray images of the ankle joints were collected after the animals were euthanized. Two 
independent observers blindly evaluated the images to determine the arthritic status according to the Kellgren-Lawrence 
(0–4) classification.

Histological Analysis
Samples were prepared by cutting each ankle 5 mm above the joint, and the skin was completely removed. The samples 
were then fixed in formalin for further histological processing: fixation and decalcification. The fixed ankle joint blocks 
were made, and the paraffin-embedded joints were cut into 0.5-mm-thick slices in a sagittal section and evaluated by 
optical microscopy (DM2500M-Leica, Wetzlar, Germany). Sections were deparaffinized and rehydrated before the 
staining process with hematoxylin–eosin (HE). Arthritic changes were evaluated in five high power fields (HPF): 
superior-medial, superior-lateral, central, inferior-medial, and inferior-lateral. Arthritis was classified as a universal 0– 
3 severity score: 0 (no arthritic changes), 1 (mild arthritis), 2 (moderate arthritis), and 3 (severe arthritis) based on 
synovial inflammation and cartilage erosion.

Figure 1 (A) Diabetes induction by intraperitoneal streptozotocin injection. (B) Arthritis induction in diabetic rats. Complete-Freund’s Adjuvant was injected in ankle joint 
space by palpating a soft spot anterolateral to the anterior tibialis tendon in a manually distracted joint.
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Statistical Analysis
The Shapiro–Wilk and Levene tests were applied to verify the normality of the data and the homogeneity of the variance, 
respectively. A student’s paired t-test was used in comparisons between baseline values and post-procedural values. 
Normally distributed numeric data were represented using the mean and standard deviation and analyzed using mean- 
based statistical tests (Student’s t-test). Statistical Package for the Social Sciences (SPSS) for Windows®, version 25.0, 
was used with a significance level of 5%.

Results
High Fat Diet consumption followed by STZ injection with the dose of 30 mg/kg resulted in diabetic condition in all 
animals, some with more marked clinical condition compared to others. The baseline characteristics are summarized in 
Table 1. There was no indication of infection or local inflammation. After 2 weeks of exposure to high-fat diet (HFD) and 
before STZ injection, all groups showed baseline glucose level of 125 ± 9.97. Most of the diabetic induction groups 
achieved diabetic status after one attempt of STZ induction, achieving a mean fasting glucose level of 421 ± 27.16, which 
was similar between experimental groups (p = 0.113) and this condition was maintained until the end of the study. All 
diabetic rats showed dyslipidemia with a low-density lipoprotein (LDL) level of 6.25 (4.7–12.1). One rat was euthanized 
due to ketoacidosis at two days after STZ induction. There were two rats that required a second dose of STZ, given at 2 
weeks after the initial induction. One of those was excluded from the study after failing to achieve diabetic status.

After arthritic induction with CFA, there was a significant body weight loss in the arthritic-induced groups 4 (p = 
0.003) and 5 (p = 0.023) compared to the body weight before arthritic induction. Body weight reduction was not seen in 
other groups (p-values of 0.12, 0.18, and 0.31 for groups 1, 2, and 3, respectively). Clinically, local inflammation was 
seen as a marked joint swelling in the arthritic-induced group (groups 4 and 5), which showed a significantly increased 
ankle diameter compared to the ankle diameter before CFA injection (p<0.05) (Table 2), as well as the comparison 
between the arthritic ankle to the contralateral ankle and normal ankle in the control group (Table 3).

Table 1 Subject Characteristic (n=20)

Parameters Group 1 Group 2 Group 3 Group 4 Group 5 p value

Initial blood glucose 110.75 ± 4.35 123.67 ± 4.93 132.00 ± 4.36 129.50±3.11 134.50 ± 6.45 <0.001

Body weight

- Initial 260.15 (206.3–263.5) 256.43 ± 8.75 175.53 ± 13.64 248.37 ± 20.08 253.87 ± 17.21 0.865
- After 2 weeks HFD 210.92 ± 124.41 333.4 (31.0–341.2) 335.26 ± 47.2 251.42 ± 147.69 264.47 ±157.37 0.061

Initial Ankle diameter 9.63 ± 0.49 8.83 ± 0.55 9.55 ± 0.05 9.72 ± 0.67 9.39 ± 0.32 0.197

LDL after HFD 2.45 ± 0.37a 7.73 ± 3.85 5.80 ± 0.96 7.35±1.85 6.62 ± 1.75 0.051

Notes: aGroup 1 did not receive HFD treatment. Bold value represents statistically significant result. 
Abbreviations: HFD, High-Fat Diet; LDL, Low-Density Lipoprotein.

Table 2 Comparison of Left Hind Limb Ankle 
Diameter Before and After Induction

Group Pre CFA Post CFA p-value

1 (control) 9.64 ± 0.49 9.77 ± 0.46 0.089
2 8.83 ± 0.55 8.86 ± 0.58 0.423

3 9.55 ± 0.05 9.50 ± 0.10 0.225

4 9.72 ± 0.67 12.50±0.87 0.001
5 9.39 ± 0.32 11.85±0.74 0.019

Note: Bold value represents statistically significant result.
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The arthritic group demonstrated radiological changes at the ankle joint, such as narrowing joint space, bony cysts, 
subchondral sclerosis, and osteophyte formation (Figure 2). A marked arthritis change was seen in group 5 compared to 
group 1 (p = 0.036), with good interobserver reliability (Interclass Correlation Coefficient 0.803). There was no 
significant difference between groups 4 and 5 (p = 0.222).

The histopathology analysis with HE staining demonstrated marked synovial hyperplasia and extensive inflammatory 
cell infiltration in the synovial membrane of the arthritic group compared to the control group (no inflammatory reaction) 
(Figure 3). There was also the appearance of inflammatory cell infiltration at the contralateral ankle joint in both arthritic- 
induced groups and in diabetic-only groups, although it was not as extensive as in the CFA-induced ipsilateral ankle joint.

The Kruskal–Wallis test revealed a non-significant result among groups (p = 0.091). The Mann–Whitney test showed 
that group 5 significantly showed more arthritic changes compared to group 1 (p = 0.025) and group 3 (p = 0.026). 
Statistically, there was no significant difference in the histopathology profile between groups 4 and 5. The box plot graph 
shows that group 4 has wider variability than group 5 (Figure 4).

Discussion
Charcot arthropathy, a non-infectious bone and joint progressive destruction, happens in 1% of diabetic patients. Efforts 
have been made to overcome fusion failure after arthrodesis in the Charcot joint ankle, such as increasing mechanical 
stability and utilizing regenerative medicine principles.5,6,16,17 This study was made as a preliminary study to improve the 
efficacy of arthrodesis in an arthritic model with poor healing capacity such as in diabetic condition, which resembled 
Charcot arthropathy in humans.

Diabetic induction in animals has been reported in various animal models by either chemical induction (eg alloxan, 
streptozotocin/STZ), spontaneous autoimmune models, genetic modification, or surgery.7 STZ destroys the pancreatic 
cell, which leads to insulin secretion impairment. Conditioning the animal with an HFD mimics the order of the 
pathological events as seen in T2DM in humans, which is dyslipidemia followed by pancreatic β-cell failure. The 
dose of STZ itself was somewhat tricky. Reed et al used an STZ dose of 50 mg/kg in 31 rats that were fed a HFD, which 
resulted in a significant increase in glucose level, insulin resistance, and triglyceride compared to the control group.8 

Other studies used lesser dose of STZ 30 mg/kg after 4 weeks of HFD which was repeated after 1 week if diabetic state 

Table 3 Comparison to Contralateral Ankle and Control 
Group

Arthritic Group 4 5

Left 12.50 ± 0.87 11.85 ± 0.74

Right 9.67 ± 0.61 9.30 ± 0.41

Control 9.64 ± 0.49

Left to right comparison 0.001 0.021
Comparison to control group 0.003 0.037

Note: Bold values represent statistically significant result.

Figure 2 Ankle radiograph. (A) initial. (B) normal ankle after induction (Kellgren-Lawrence / KL 0) (C) KL-2, (D) KL-3, (E) KL-4.

Orthopedic Research and Reviews 2024:16                                                                                      https://doi.org/10.2147/ORR.S457848                                                                                                                                                                                                                       

DovePress                                                                                                                         
167

Dovepress                                                                                                                                                      Boedijono et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 3 Histology findings in normal ankle (A–C) vs grade 3 severely arthritic ankle (C and D) with Hematoxylin-Eosin staining. (A) Talo-tibial joint space (red asterisk) in 
normal ankle, total magnification (TM) 40x. (B) Healthy synovium consisted of 1–2 of synovial cell linings (yellow asterix). TM 100x. (C) Synovial connective tissue showed 
no infiltration of inflammatory cells. TM 400x. (D) Joint space was markedly reduced with irregularity of the articular cartilage. TM 40x. (E) Synovial cells hyperplasia (yellow 
asterix). TM 100x. (F) Dense inflammatory cells infiltrate in synovial connective tissue. TM 400x.

Figure 4 The boxplot graph showed a higher median in arthritic group (4 and 5) compared to control group (group 1) and diabetic only group (2, 3). Group 4 and 5 have 
a nearly identical medians, however, group 4 has more variability than group 5.
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had not been achieved.9,10 In the pilot study (unpublished results), we initially used a 50 mg/kg dose to remain consistent 
with most of the literatures on diabetes induction strategy. However, all rats developed ketoacidosis, which caused 100% 
mortality. In this study, a 30 mg/kg dose of STZ with HFD was used and successfully induced diabetes in most of the 
rats, which was maintained until the end of the study. The metabolic dyslipidemia state was also significantly achieved in 
the HFD group compared to the control group, which further completes the entire metabolic condition that resembles 
T2DM.

The arthritic model has long been studied to learn the nature, basic science, and treatment of rheumatoid arthritis and 
osteoarthritis.12 The adjuvant-induced arthritis (AIA) model is commonly used, and among the commercially available 
adjuvants, complete Freund’s adjuvant (CFA) is the most commonly used to develop an arthritic animal model. The CFA- 
induced arthritic model was first developed by Stoerk et al11 to develop polyarthritis, and this model has been evolved 
and modified either by the dosing or the routes of injections (subcutaneous, intradermal, or intraarticular) to make various 
inflammatory reactions of either acute, chronic, single joint, or multiple joint.18–20

The administration of CFA has been known to cause a series of inflammatory reactions after being injected into the 
joint space, including primary cell destruction, which releases the cell wall phospholipid, which will undergo an 
enzymatic process that secretes arachidonic acid. The thromboxane A2 will attract monocytes to release interleukin 
1-β, which further causes cartilage destruction via matrix metalloproteinase activation.21,22 The synovial changes were 
induced by the increased expression of TNF-α and MMP3, as well as inflammatory cell infiltration into the synovium, 
which causes synovial hyperplasia and synovitis.23

In our study, the inflammatory changes in the CFA-injected ankle confirmed the arthritic state as shown clinically, 
radiologically, and histologically. According to other reports, the histological exam revealed immune cell infiltration and 
synovial hyperplasia. In the previous study, the CFA was shown to give an earlier change compared to other substance- 
induced arthritis, yet still give a steadier outcome that will last up to 6 weeks. Primary lesion develops within 3–5 days 
and secondary lesions will develop 11–12 days after injection.19 In our study, the histology showed marked joint 
inflammation as early as 2 weeks after arthritis induction. Although there was no significant difference in arthritic profile 
between the 2- and 4-week models, we chose the 4-week model as it produced a more stable outcome, as shown by the 
narrow box plot, which means less variation in the result. In this study, a mechanical failure of the limbs was not modeled 
to avoid causing more stress to the animal, morbidity and mortality. This lack of approach may be considered a limitation 
to the study, as a true Charcot arthropathy often involves physical trauma. More than that, the sensory impairment aspect 
must be further studied to allow for a more suitable model that mimics almost all pathologies in the Charcot joint.

In conclusion, we were able to develop a model of diabetic arthritis using HFD/STZ and CFA-induction in male 
Sprague-Dawley rats, which required an approximately 8-week process. This model has the potential to be used for 
further studies relating to Charcot arthropathy and its treatment approaches, such as evaluating neuropathic parameters, 
adding mechanical factors to prove the mechanical failure in Charcot arthropathy, as well as the application of 
regenerative medicine to augment healing, diabetic foot ulcer wound management, or new surgical techniques to 
overcome or prevent the deformity as other complications of Charcot arthropathy.

Animal Welfare
The study was performed in compliance with the guidelines by the Animal Care and Use Committee of PT Bimana 
Indomedical, which referred to the national ethical standard and guidelines of medical research and applicable animal 
welfare regulations in Indonesia, as well as The Guide for the Care and Use of Laboratory Animals (8th Edition) by the 
US National Research Council. The manuscript was written in accordance with the ARRIVE guideline.
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Ethical approval and all experimental protocols for this study were obtained from the Institutional Animal Care and Use 
Committee of PT Bimana Indomedical (ACUC Number: R.04-22-IR).
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