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ABSTRACT 

Objective: To evaluate the effect of HTK (Histidine-Tryptophan-Ketoglutarate solution) infusion on the protection 

and replantation of amputated limb. Methods: In experiment 1, the amputated limbs of male New Zealand white rabbits 

were preserved by different preservation methods, including low-temperature HTK solution perfusion group, low-

temperature normal saline perfusion group, low-temperature preservation group and non-perfusion group at normal 

temperature. The homogenates of muscle tissue at different time points were collected for biochemical detection. H&E 

(hematoxylin and eosin) staining was performed on muscle tissue. Bax, Bcl-2 protein immunohistochemical staining and 

Tunel method were used to detect apoptosis in muscle, nerve, and vascular tissues. The ultrastructure of cells was observed 

by transmission electron microscope. In experiment 2, the amputated limbs of rabbits were treated with HTK perfusion 

and cryopreservation without perfusion, respectively. The survival of rabbits and their limbs were observed, and detected 

by H&E, TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick End Labeling) and scanning electron microscopy. 

Statistical analysis was performed using SPSS 22 (SPSS Inc., Chicago, IL, USA). χ2 test, student’s t-test, and ANOVA 

(Analysis of Variance) were used to compare the categorical and continuous variables. Results: Experiment 1: With the 

extension of disconnection time, there were statistical differences between the biochemical indexes of the HTK liquid 

perfusion group and those of the non-low temperature non-perfusion group, while some indexes of the other groups were 

different. Immunohistochemical staining of tissues (muscle, nerve, and blood vessel) in each group showed that the 

number of cells stained by anti-apoptotic protein BCL-2 in each group significantly increased with the extension of time, 

while the number of cells stained by pro-apoptotic protein BAX2 in each group significantly decreased. Tunel test showed 

that compared with other treatment groups, the apoptosis rate of the HTK liquid group was significantly decreased. 

Experiment 2: The survival rate of the experimental group was 60%, and that of the control group was only 30%. H&E 

staining, the TUNEL method and scanning electron microscopy suggested that HTK infusion could reduce ischemia-

reperfusion injury in muscle tissue. Conclusion: 1. Perfusion preservation of severed limbs at 4 ℃ can effectively reduce 

tissue damage caused by ischemia and hypoxia, and the effect is stronger than direct preservation. 2. HTK solution and 

normal saline were used for one-time perfusion of the severed limbs of rabbits, and the preservation effect of HTK solution 

was the best. 3. HTK solution was used for one-time perfusion of severed hind limbs of rabbits, which was refrigerated 

at 4 ℃ and then replanted (ischemia time was 3–5 h). Compared with the replanted limbs after cold storage alone, the 

survival rate was higher, and the postoperative ischemia and hypoxia injury of surviving limbs were less. 
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1. Introduction 

In clinical practice, it is not only the technical level of 

microsurgery that affects the survival rate and postoperative functional 

recovery of amputated limbs but also the correct and reasonable 

preservation methods of amputated limbs[1]. How to preserve the 

severed limbs reasonably and effectively before surgery, reduce the 

tissue damage caused by ischemia and hypoxia, delay the metabolic 

process, provide energy for the severed tissues, remove the 

accumulation of metabolic and toxic products in the tissues, and 

prolong the degeneration and necrosis of tissue cells has become 

particularly critical[2]. Before the reconstruction of blood circulation, 

the amputated limb should be reasonably preserved simply and 

inexpensively to reduce ischemia-reperfusion injury, gain precious 

time for replantation and improve the survival rate of replantation and 

postoperative functional recovery[3]. The composition of the limb is 

complex and different from that of the visceral organs with a relatively 

simple composition. Currently, there is no liquid specially used for the 

preservation and perfusion of the limb in clinics. So, what kind of 

liquid infusion can be used to achieve better results? Nowadays, the 

transplantation technology of solid organs such as kidney, liver and 

heart has been relatively mature.  

We have accumulated a lot of experience in perioperative organ 

preservation and postoperative immune rejection prevention. Before 

transplantation, UW fluid perfusion of donor kidney[4] and HTK fluid 

perfusion of donor heart can achieve good functional protection, which 

has become an international consensus[5]. According to the different 

degrees of tolerance of different tissues to ischemia and hypoxia, 

effective tissue perfusion can usually preserve the heart for 24 h, the 

liver for nearly 30 h, and the kidney even for 72 h[6,7]. The purpose of 

this experiment is to verify through animal experiments, compare the 

protection effect of amputated limb preservation methods commonly 

used at home and abroad on rabbit amputated limb, which is the 

strongest, find out the protection method suitable for amputated limb 

perfusion, delay the process of tissue degeneration, prolong the 

preservation time of amputated limb activity, reduce the tissue damage 

caused by ischemia and hypoxia. And lay experimental experience and 

clinical foundation for improving the survival rate of replanted limbs. 

2. Materials and methods 

2.1. Ethics approval and grouping of experimental animals 

This study has been approved by the Institutional Ethics 

Committee of Ethics Committee of Mongolian National University of 

Medical Sciences (MNUMS-2019-12-20) and Affiiated hospital of 

Inner Mongolla Universlty for The Nationalities Approval Notice 

(NM-LL-2019-06-02-01) and has followed the principles outlined in 

the Declaration of Helsinki.  
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In Experiment 1, a comparative study of different preservation methods for the amectomy limbs of 

experimental animals: 40 healthy adult New Zealand white rabbits (male, 2–2.5 kg) after 1 week of adaptation 

were randomly divided into 4 groups with 10 rabbits in each group: the blank control, the cryopreservation, 

the normal saline perfusion, and the HTK infusion, respectively. 

Experiment 2, a comparative study on re-transplantation of severed limbs: 20 healthy adult New Zealand 

white rabbits after 1 week of adaptation were randomly divided into 2 groups, including the blank control and 

the HTK infusion, with 10 rabbits in each group. 

2.2. Preparation of animal models 

Model preparation for experiment 1: Slow injection of 1.5% pentobarbital sodium (2 ml/kg) through the 

auricular vein for anesthesia; After the anesthesia was stable, the lower limbs, abdomen, and back were shaved 

and fixed in the supine position on the animal operating table. The surgical area was disinfected with iodophors, 

and a sterile surgical sheet was laid. The skin and subcutaneous tissue were cut through the curved incision 

line in the bilateral groin, and the femoral artery, vein, and sciatic nerve were separated under the surgical 

microscope. Cut off femoral arteries and veins and flush the lumen with an anticoagulant flushing solution. 

The femoral artery and femoral vein were punctured with an indwelling trocar and fixed with wire. The severed 

sciatic nerve, muscle, and other tissues were removed successively, and the femur was severed at 1/3 of the 

femoral close to the inguinal ligament with a chainsaw. After complete hemostasis by bipolar 

electrocoagulation, the skin of the broken end was sutured discontinuously with a 5-0 silk thread to wrap the 

wound to reduce tissue exposure. The severed limbs of the perfusion group were kept in the refrigerator at 4 ℃ 

for low-temperature preservation, and the femoral artery holding needle was connected to a volume-based 

infusion pump. The perfusion fluid was injected from the femoral artery, and the perfusion pressure was 100 

cm H20 for the severed hind limb. The corresponding perfusion fluid was injected according to the groups, 

and the perfusion was recorded as 0 h until the outflow was clarified (Figure 1A–D). 

 

Figure 1. Perfusion diagram of rabbit hind limb dissection. (A) Anesthesia and disinfection; (B) Off the hind limb; (C) The 
amputated hind limb was infused with HTK solution; (D) The HTK solution is perfused. 

Model preparation for experiment 2: Under the same anesthesia method, one side of the lower limb, 

abdomen, and back were shaved and fixed on the animal operating table in a supine position when the 

anesthesia was stable. The skin was cut along the groin, the subcutaneous tissue was separated from the groin, 

and the femoral artery and femoral vein from the inguinal ligament to the medial part of the knee joint were 

carefully separated under the microscope (10×), and the branch vessels were ligated. The lower limbs were 

squeezed with elastic bandages for blood displacement, and the femoral arteries and veins were clipped and 

cut off. After intermittent rinsing with an anticoagulant flushing solution, the outer membrane of the vessels 

was trimmed, and an indwelling trocar was placed for puncture and fixed by binding. A chainsaw was used to 

cut off 1/3 of the femur, and then the muscles and nerves of the hind limb were completely cut off. After 

complete hemostatic treatment with bipolar electric coagulation, the severed femur was shortened by 3–5 mm, 

the bone fragments were cleaned, and the bone marrow cavity on both sides of the broken end was rinsed with 

normal saline. Subcutaneous tissue and skin were sutured with a 5-0 silk thread to close the wound stump and 

reduce tissue exposure, and then wrapped with wet gauze of normal saline and stored as required. The severed 
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limbs in the perfusion group were kept in a 4 ℃ refrigerator at a low temperature, and the severed hind limbs 

were perfused with the corresponding solution from the remaining inset trocar at the perfusion pressure of 100 

cm H20 until the femoral vein and wound outflow were clarified and the toes were white. The drip rate was 

not controlled, the needle was pulled out after perfusion, and the wounds of severed limbs were wrapped with 

saline gauze in both the experimental group and the control group. The limbs covered with gauze were placed 

in a clean petri dish with a lid and refrigerated at 4 ℃. The experimental animals were given 200 mL of 

supplemental hydroxyethyl starch injection during and after the operation and placed in a single cage until 

recovery from anesthesia (Figure 2A–C). 

2.3. Back implantation of the amputated limb model of experimental animals 

Anesthesia was fixed again with the same method; iodophor was used to disinfect the surgical area; sterile 

surgical sheets were laid; suture lines were removed;iodophor was disinfected; and Kirschner wire of 

appropriate thickness and length was inserted into the bone marrow cavity on both sides of the broken end of 

the femur to fix the femoral shaft. Under the surgical microscope (10×), the femoral arteriovenous and femoral 

nerves were anastomosed end to end with the 10-0 microsuture line. The arteriovenous and venous stitches 

were 8–10 each, and the arteriovenous arteries and veins were unobtrusive without obvious bleeding. Then the 

wound was rinsed, and hemostasis was stopped. After the wound was disinfected with alcohol again, an 

intravenous drip of dextran 40 injections (100 mL) to supplement blood volume, 1 mL of heparin saline for 

anticoagulation, inject papaverine solution (1.5 mg) into the muscle and put it back into the cage (Figure 2D–

F). After operation, all experimental animals were kept in a single cage, kept dry and clean, and paid attention 

to indoor heat preservation (27–28 ℃). Pay attention to the bleeding of the wound; if there is more blood near 

the wound, an alcohol gauze ball should be wiped away. 

 

Figure 2. Replantation of experimental rabbit. (A) Anesthesia and disinfection; (B) Off the hind limb; (C) The amputated hind limb 
was infused with HTK solution; (D) Hind limb replantation; (E) Suture of hind limb; (F) After the recovery of hind limb re-
attachment.  

2.4. Test items 

2.4.1. Biochemical parameters’ detection of different preservation methods for the severed 

limbs of experimental animals 

Fresh tibialis anterior muscle, femoral artery, and sciatic nerve were clipped at 6, 12, 18, and 24 h after 

limb amputation, prepared by tissue homogenization mechanism, centrifuged at 3000 r/min for 10 min with 
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low temperature and low-speed centrifuge, and the supernatant abandoned precipitate samples were placed in 

the Hitachi 7170 automatic biochemical analyzer (Zhejiang Xinke Medical Technology Co., Ltd, China) for 

biochemical following parameters: alkaline phosphatase (ALP), Alanine aminotransferase (ALT), Aspartate 

aminotransferase (AST), Creatine kinase (CK), Lactate dehydrogenase (LDH), Superoxide dismutase (SOD), 

Glucose (GLU), and Lactic acid (LAC). 

2.4.2. Hematoxylin and Eosin (H&E) staining 

The complete tissues of the gastrocnemius muscle, femoral artery, and sciatic nerve were cut at the 6th, 

12th, 18th, and 24th hours after the hind limbs of the experimental animals were severed, which were fixed in 

buffer formalin, embedded, sliced, and stained with H&E staining. Each section was randomly selected with 

5 fields under a 400× light microscope and photographed with the same brightness. 

2.4.3. Immunohistochemical (IHC) staining 

The sections were deparaffinized in xylene, rehydrated in graded alcohols, and washed with reaction 

buffer followed by incubation with primary BAX antibody (Abcam, Cambridge, MA, USA) and BCL-2 

antibody (Abcam, Cambridge, MA, USA) at a 1:50 dilution for 60 min at 42℃. Then followed with biotin 

secondary antibody (ZhongShan JinQiao, BJ, CN), HRP working solution (Thermofisher, USA), DAB 

chromogenic solution (Solarbio, CN), and counterstained with hematoxylin (Roche Diagnostics, CH) 

according to the manufacturer’s instructions. Positive and negative control stains were also performed. Photos 

were taken, and each tissue was randomly selected for statistical analysis. Integral optical density (IOD) and 

Mean density were analyzed by ImagePro Plus. IOD is the value obtained by adding up all the optical density 

values of each brown dot on the image. The average optical density (AOD) is the value obtained by dividing 

IOD by the area of the effective target distribution area. 

2.4.4. TUNEL assay for cell apoptosis 

The slides were digested with Tris-buffered saline (TBS) (1:200) freshly diluted Proteinase K at 37 ℃, 

followed by labelled buffer and block solution, the biotinized anti-digoxin antibody, and the SABC 

(streptavidin-biotin complex), then 50µL/tablet was mixed successively and added to the specimen, and l mL 

distilled water was taken. Add a drop of reagents A, B, and C (WL029a, Wanleibio, CN) to the DAB kit 

(DA1010, Solarbio, CN) mix well, and add them to the specimen piece for colour rendering, dehydration, 

transparency, and sealing. 

2.4.5. Transmission electron microscopy (TEM) study 

TEM was used to detect the ultra-histological structure at 12 and 24 hours after dissection. The tissue of 

the gastrocnemius muscle, femoral artery, and sciatic nerve was fixed in a glutaraldehyde solution, washed 

with PBS buffer, and then the tissue blocks were immersed in acetone and dehydrated once. The fully 

dehydrated tissue blocks were immersed in the solution successively: a mixture of dehydrating agent and 

embedding agent 1 (pure acetone: resin embedding agent = 1:1) at room temperature for 1 h; the mixture of 

dehydrating agent and embedding agent 2 (pure acetone: resin embedding agent = 1:2) at room temperature 

for 2 h; pure resin embedding agent, room temperature, overnight. At last, saturated uranium acetate and lead 

citrate staining were used to prepare ultrathin sections, and the ultrastructure was observed and photos taken 

under a TEM. 

2.4.6. Observation indexes of experimental animals after replantation of severed hind limbs 

(1) Pay attention to observing whether the animals died and the survival of the hind limbs after 

implantation (the colour of the paw). If the animal survived, they were anesthetized again on the 1st or 7th day 

after surgery, and the wound about 0.5 cm long was cut on the skin of the implanted limb with ophthalmic 

scissors, and the bleeding of the wound was observed. 

(2) The anterior tibial muscle and sciatic nerve tissues were examined by H&E staining, and the muscle 
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tissues were examined by TUNEL staining and transmission electron microscopy. 

(3) One surviving animal in each group was selected for vascular ultrasound measurement at 4 weeks 

after surgery. 

2.5. Statistical analysis 

SPSS22 software (SPSS Inc., Chicago, IL, USA) was used for analysis, and the data were expressed as x 

± s. The homogeneity test of variance was conducted on the experimental data. For homogeneity of variance, 

repeated measure ANOVA was used for the comparison of biochemical indicators between groups, and a t-

test was used for the comparison between groups. The proportion of pathological area in routine H&E staining 

and immunohistochemical IOD value were compared by factorial design analysis of variance. A T-test was 

used for ischemic time between the two groups. The rank sum test was used when the variance was not 

homogeneous. Test standard a = 0.05, p < 0.05 was considered statistically significant. 

3. Results 

3.1. Experiment 1 

3.1.1. Morphological observation 

In the control group, the limbs were severely wrinkled, the feet were greyish-purple in colour, and the 

toes were slim and close together. In the low-temperature group, the limbs were slightly wrinkled, the foot 

colour was slightly greyish purple, and the toes were slim and close together. After 24 h refrigeration at 4 ℃, 

the limbs of each perfusion group showed different degrees of swelling, the feet were pink-white to white, and 

the toes were open. The saline group had the most swelling. The swelling of the HTK group was slighter than 

that of the normal saline group, and there was no obvious difference between the two groups. 

3.1.2. Biochemical parameters 

The biochemical results are shown in Table 1. Generally, it shows ALP, ALT, AST, CK, LDH and LAC 

increased gradually, while GLU and SOD decreased gradually with the extension of discontinuation time.  

Table 1. Biochemical results of amputated hind limbs in rabbits (̅X ± S, n = 10). 

Biochemical indexes Time (h) Normal saline group Cryopreservation group HTK liquid group Control group 

ALT 

(IU/L) 

0 25.30 ± 4.28 26.87 ± 5.92 23.45 ± 3.44 24.83 ± 4.97 

6 36.82 ± 3.98 36.30 ± 5.19 32.00 ± 2.29## 43.52 ± 1.18 

12 40.98 ± 7.54 42.98 ± 3.16 38.00 ± 5.64** 51.00 ± 4.57 

18 56.00 ± 8.03 48.13 ± 2.02 44.43 ± 1.68 59.43 ± 1.98 

24 62.25 ± 1.30 52.82 ± 7.31 50.53 ± 4.19 73.22 ± 2.20 

ALP 
(IU/L) 

0 
6 
12 
18 
24 

29.1 ± 1.22 
63.5 ± 3.58 
88.1 ± 2.53 
105.6 ± 4.60 
162.2 ± 2.33 

27.57 ± 1.15 
62.85 ± 3.66 
92.88 ± 2.10 
112.98 ± 4.60 
173.37 ± 2.85 

28.15 ± 2.80 
52.45 ± 1.85 
82.46 ± 2.88**∆∆ 
92.67 ± l.55**∆∆ 
122.68 ± 1.60 

29.68 ± 1.99 
72.98 ± 2.60 
103.41 ± 5.47 
123.53 ± 3.66 
193.55 ± 4.86 

AST 
(U/L) 

0 38.68 ± 4.74 40.48 ± 3.99 38.57 ± 2.50 43.23 ± 2.32 

6 68.58 ± 3.55 66.78 ± 3.61 58.70 ± 1.30∆∆ 79.82 ± 4.35 

12 102.58 ± 1.70 117.10 ± 8.95 98.85 ± 4.80**∆∆ 126.08 ± 4.49 

18 110.93 ± 3.45 139.68 ± 4.80 104.48 ± 5.37**∆∆ 192.23 ± 1.46 

24 200.12 ± 6.61 212.20 ± 6.27 142.87 ± 6.09 234.37 ± 5.61  

CK 
(U/L) 

0 1678.17 ± 49.84 1496.83 ± 39.12 1486.50 ± 91.05 1819.17 ± 143.29 

6 2282.17 ± 38.39 2184.50 ± 37.26∆∆ 1548.33 ± 90.96∆∆ 2597.17 ± 538.85 

12 2700.33 ± 61.96 2675.17 ± 67.21 1958.83 ± 42.87∆∆ 3186.50 ± 816.92 
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Table 1. (Continued). 

Biochemical indexes Time (h) Normal saline group Cryopreservation group HTK liquid group Control group 

 18 2958.83 ± 45.77 3134.83 ± 41.96 2209.00 ± 38.88 3710.33 ± 340.35 

24 3390.83 ± 42.04 3833.50 ± 31.87 2719.67 ± 41.52 4286.50 ± 547.56 

LDH 
(U/L) 

0 104.50 ± 42.82 123.17 ± 78.89 123.91 ± 39.09 128.33 ± 45.56 

6 251.33 ± 31.73 255.67 ± 94.25∆∆ 247.50 ± 25.96**∆∆ 318.83 ± 50.18 

12 309.00 ± 47.37 329.17 ± 96.74 298.50 ± 65.65**∆∆ 371.83 ± 49.74 

18 391.50 ± 61.16 408.83 ± 50.79 321.90 ± 99.76 433.83 ± 44.09 

24 439.50 ± 53.20 482.50 ± 37.18 357.83 ± 28.78 579.83 ± 78.34 

GLU 
(mmol/L) 
 

0 6.097 ± 1.06 5.333 ± 0.96 5.365 ± 1.11 5.342 ± 1.08 

6 5.275 ± 2.07 4.310 ± 1.08 4.298 ± 0.13 4.272 ± 0.36 

12 4.250 ± 0.92 4.248 ± 1.03 4.278 ± 0.06∆∆ 3.213 ± 0.75 

18 3.245 ± 1.04 3.240 ± 0.84 4.322 ± 0.19 2.197 ± 0.93 

24 2.245 ± 0.840 2.240 ± 0.94 3.852 ± 0.19 1.187 ± 1.04 

LAC 
(mmol/L) 
 

0 0.717 ± 0.073 0.848 ± 0.100 0.993 ± 0.27 0.79 ± 0.08 

6 1.533 ± 0.098∆∆ 1.860 ± 0.347**∆∆ 1.467 ± 0.30∆∆ 1.97 ± 0.24 

12 l.782 ± 0.080 1.928 ± 0.247^^ 1.720 ± 0.29 2.33 ± 0.29 

18 2.300 ± 0.100 2.405 ± 0.264 1.872 ± 0.40 2.82 ± 0.45 

24 2.790 ± 0.160 2.892 ± 0.196 2.393 ± 0.36 3.332 ± 0.58 

 0 96.38 ± 5.89 94.60 ± 8.92 92.08 ± 8.36 91.87 ± 5.38 

SOD 

(U/mL) 

6 81.02 ± 11.46 81.72 ± 3.85^^ 77.90 ± 8.82**∆∆ 82.50 ± 9.68 

12 78.37 ± 10.96 75.70 ± 8.49 72.38 ± 9.04**∆∆ 78.47 ± 1.01 

18 67.50 ± 7.64 69.55 ± 1.58 64.50 ± 4.10 69.78 ± 4.10 

24 58.82 ± 9.46 58.62 ± 4.97 53.71 ± 10.60 56.03 ± 8.55 

** P < 0.05 vs normal saline group, ∆∆ P < 0.05 vs control group, ## P < 0.05 cryopreservation group, ^^ P < 0.05 vs HTK liquid  
group. 

ALP: With the extension of disconnection time, ALP of each group showed a gradually increasing trend, 

and there were statistical differences between HTK liquid group and normal saline group, HTK liquid group 

and control group, respectively (p < 0.05); 

ALT: With the extension of disconnection time, the ALT level of each group showed a gradual increasing 

trend, and there were statistical differences between HTK liquid group and normal saline group, HTK liquid 

group and low-temperature group (p < 0.05);  

AST: With the extension of disconnection time, the AST level of each group showed a gradually 

increasing trend, and there were statistical differences between HTK liquid group and normal saline group and 

HTK liquid group and control group (p < 0.05); 

CK: With the extension of disconnection time, the CK level of each group showed a gradual increasing 

trend, among which, there were statistical differences between the low-temperature group and the HTK liquid 

group compared with the control group (p < 0.05);  

LDH: With the extension of disconnection time, the LDH level of each group showed a gradual increasing 

trend, and there were statistical differences between HTK liquid group and normal saline group, HTK liquid 

group and control group, and low-temperature group and control group (p < 0.05); 

LAC: With the extension of disconnection time, LAC level of each group showed a gradual increasing 

trend, among which, there were statistical differences between the low-temperature group and the normal 

saline group, the HTK liquid group and the low-temperature group, the low-temperature group and the control 
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group, the normal saline group and the HTK liquid group and the control group (p < 0.05); 

GLU: With the extension of disconnection time, the level of GLU in each group showed a gradually 

decreasing trend, and there was a statistical difference between HTK liquid group and control group (p < 0.05); 

SOD: With the extension of disconnection time, the SOD level of each group showed a gradually 

decreasing trend, and there were statistical differences between HTK liquid group and normal saline group, 

HTK liquid group and low-temperature group, HTK liquid group and control group (p < 0.05); No statistical 

difference was found among the other indicators in each group (p > 0.05). 

3.1.3. Histological results 

Histological analysis of H&E cell area showed that with the extension of dissociation time, the proportion 

of cell area in the four groups showed a gradually decreasing trend, and the proportion of cell area in the normal 

saline group was closest to the normal value (0h) at 6 h. During 6–18 h, although the cell edema (larger area 

of individual cells and lighter staining of cells), the inter-stromal edema (the area in the visual field other than 

cells) was more pronounced, resulting in a rapid decline in the proportion of cell area. The cell area of the other 

three groups at 6 h was lower than that of the normal saline group, but the decrease trend was relatively gentle 

after 6 h. The proportion of cell area in the non-perfusion group was the lowest at all-time points, while the 

proportion of cell area in the normal saline group was the highest at 6 h and 12 h, and the proportion of cell 

area in the HTK solution at 18 h and 24 h was the lowest among the four groups. The differences among all 

groups were statistically significant (p < 0.05). There were significant differences between the 

Cryopreservation group, HTK group and normal saline group (p < 0.05); At 12 h, there were statistical 

differences between the normal saline group, HTK group and non-perfusion group, and there were statistical 

differences between the Cryopreservation group and normal saline group (p < 0.05). At 18 h and 24 h, there 

were statistical differences between the HTK-only group and the non-perfusion group (p < 0.05), see Figure 

3. 

 

 
Figure 3. Histopathological findings of the after-severed hind limbs of rabbits in each group (100×). Normal saline group for 6 hours 
(A1), 12 hours (A2), 18 hours (A3), and 24 hours (A4). Cryopreservation group for 6 hours (B1), 12 hours (B2), 18 hours (B3), and 
24 hours (B4). HTK liquid group for 6 hours (C1), 12 hours (C2), 18 hours (C3), and 24 hours (C4). Control group for 6 hours (D1), 
12 hours (D2), 18 hours (D3), and 24 hours (D4).  
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3.1.4. Immunohistochemical results 

Tissues of each group (muscle, nerve, and blood vessel) were stained by immunohistochemistry, and the 

results were shown in Figures 4–9; Compared with the control group, the number of cells stained by anti-

apoptotic protein BCL-2 was significantly increased and the number of cells stained by pro-apoptotic protein 

BAX2 was significantly decreased with the extension of time in HTK liquid group. Compared with the control 

group, although the number of cells stained by the anti-apoptotic protein BCL-2 increased in the normal saline 

group and the number of cells stained by the pro-apoptotic protein BAX2 decreased in the tissue cells of each 

group, there was no statistical difference, only an increasing or decreasing trend (Figure 4). 

     

Figure 4. Immunohistochemical staining for Bax in muscle tissue of after-severed hind limbs of rabbits (400×). Normal saline group 
for 6 hours (A1), 12 hours (A2), 18 hours (A3), and 24 hours (A4). Cryopreservation group for 6 hours (B1), 12 hours (B2), 18 hours 
(B3), and 24 hours (B4). HTK liquid group for 6 hours (C1), 12 hours (C2), 18 hours (C3), and 24 hours (C4). Control group for 6 
hours (D1), 12 hours (D2), 18 hours (D3), and 24 hours (D4).  
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Figure 5. Results of IHC for detecting Bax protein in blood vessels of severed hind limbs of rabbits (400×): (A1) normal saline 
group for 6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) Cryopreservation 
group for 6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation group for 24h; (C1) 
HTK liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; (D1) control group 
for 6h; (D2) control group for 12h; (D3) control group for 18h; (D4) control group for 24h. 

 

Figure 6. Results of IHC for detecting Bax protein in nerves of severed hind limbs of rabbits (400×). (A1) normal saline group for 
6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) Cryopreservation group for 
6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation group for 24h; (C1) HTK 
liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; (D1) control group for 6h; 
(D2) control group for 12h; (D3) control group for 18h; (D4) control group for 24h. 
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Figure 7. Results of IHC for detecting BCL-2 protein in muscle tissue of severed hind limbs of rabbits (400×); (A1) normal saline 
group for 6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) Cryopreservation 

group for 6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation group for 24h; (C1) 
HTK liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; (D1) control group 
for 6h; (D2) control group for 12h; (D3) control group for 18h; (D4) control group for 24h. 

 

Figure 8. Results of IHC for detecting BCL-2 protein in blood vessels of severed hind limbs of rabbits (400×): (A1) normal saline 
group for 6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) Cryopreservation 
group for 6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation group for 24h; (C1) 
HTK liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; (D1) control group 
for 6h; (D2) control group for 12h; (D3) control group for 18h; (D4) control group for 24h. 
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Figure 9. Results of IHC for detecting BCL-2 protein in nerves of severed hind limbs of rabbits (400×); (A1) normal saline group for 
6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) Cryopreservation group for 
6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation group for 24h; (C1) HTK 
liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; (D1) control group for 6h; 
(D2) control group for 12h; (D3) control group for 18h; (D4) control group for 24h. 

3.1.5. TUNEL results 

The apoptosis rate of the control group increased with the extension of time. In the HTK group, although 

the amount of apoptosis in blood vessels decreased with the extension of time, the amount of apoptosis in 

nerve and muscle tissue increased with the extension of time, but compared with other treatment groups, the 

rate of apoptosis significantly decreased. There was no significant difference in the number of apoptotic cells 

in blood vessels in the normal saline group and the cryopreservation group compared with the control group, 

but the number of apoptotic cells in nerve and muscle tissue was also significantly decreased (Figures 10–12). 

 

Figure 10. Apoptosis of muscle tissue endothelial cells in severed hind limbs of rabbits detected by Tunnel method (400×); (A1) 
normal saline group for 6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) 
Cryopreservation group for 6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation 
group for 24h; (C1) HTK liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; 
(D1) Control group for 6h; (D2) Control group for12h; (D3) Control group for 18h; (D4) Control group for 24h. 
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Figure 11. Apoptosis of vascular endothelial cells in severed hind limbs of rabbits detected by Tunel method (400×); (A1) normal 
saline group for 6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) 
Cryopreservation group for 6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation 
group for 24h; (C1) HTK liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; 

(D1) Control group for 6h; (D2) Control group for12h; (D3) Control group for 18h; D4) Control group for 24h. 

 
Figure 12. Apoptosis of nerves endothelial cells in severed hind limbs of rabbits detected by Tunnel method (400×); (A1) normal 
saline group for 6h; (A2) normal saline group for 12h; (A3) Normal saline group 18h; (A4) normal saline group 24h; (B1) 

Cryopreservation group for 6h; (B2) Cryopreservation group for 12h; (B3) Cryopreservation group for 18h; (B4) Cryopreservation 
group for 24h; (C1) HTK liquid group 6h; (C2) HTK liquid group for 12h; (C3) HTK liquid group 18h; (C4) HTK liquid group 24h; 
(D1) Control group for 6h; (D2) Control group for12h; (D3) Control group for 18h; (D4) Control group for 24h. 

3.1.6. Transmission electron microscope ultrastructure 

The ultrastructure of each group was detected by transmission electron microscopy (see Figure 13), and 

the statistical results are shown in Table 2. 
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Figure 13. Ultrastructure of amputated hind limbs of each group detected by scanning electron microscopy (10000×); (A1) Normal 
saline group for 12 h; (A2) Normal saline 24 h; (B1) Cryopreservation group for 12 h; (B2) Cryopreservation group for 24 h; (C1) 
HTK liquid group for 12 h; (C2) HTK liquid group 24 h; (D1) Control group for 12 h; (D2) Control group for 24 h. 

Table 2. Ultra-histological and transmission electron microscopy results of amputated hind limbs of rabbits. 

Time Normal saline group Cryopreservation group HTK liquid group Control group 

0 h The skeletal muscle structure is clear, the fibers are arranged neatly, the muscle segment and each line, the band structure 
is clear. Mitochondrial number cristae and mitochondrial membrane are complete and have clear structure. Nuclear and 
chromatin structure is normal. 

12 h The skeletal muscle structure 
is basically clear, the fibers 
are arranged neatly, the 
muscle space is widened, the 
sarcomere structure is 
basically clear, and some 
regional lines and bands are 

not orderly. The number of 
mitochondria is basically 
normal, relatively swollen, 
part of it is vacuolar. Nuclear 
dye Color quality edge shift. 
The number of glycogen 
particles decreased. 

The skeletal muscle structure 
is basically clear, the fibers 
are arranged neatly, the 
muscle space is widened, the 
sarcomere structure is 
basically clear, some 
sarcomere is destroyed, and 

the lines and bands are 
basically clear. The number of 
mitochondria was normal, the 
mitochondrial cristae was 
neatly arranged, and some 
vacuoles were denaturated. 
Chromatin edge shift. The 
number of glycogen particles 

decreased. 

The skeletal muscle 
structure is basically 
clear, the fibers are 
arranged neatly, the 
muscle segment structure 
is basically clear, and the 
band and line structure of 

individual areas are 
slightly fuzzy. The 
number and morphology 
of mitochondria were not 
significantly changed, 
and mitochondrial cristae 
were neatly arranged. 
Swelling. Chromatin 

edge shift. The number of 
glycogen particles 
decreased 

The skeletal muscle structure is 
clear, the fibers are arranged 
neatly, the muscle space is 
widened, the muscle segment 
structure is basically clear, and 
the line and band structure of 
some areas are slightly fuzzy. 

The number of mitochondria 
was slightly more normal than 
other groups, the volume was 
swollen, and some of them 
were vacuolar. Chromatin edge 
shift. The number of glycogen 
particles decreased. 

24 h In skeletal muscle, some 
muscle segments are 
damaged and flaky, and the 
structure of some 
myofibrillar fibers is 
disappeared or lumpy, with 
irregular lines and bands. 

Most of the mitochondrial 
cristae disappeared and 
cavitation degeneration 
occurred. Chromatin edge 
shift. The glycogen particles 
almost disappeared. 

In skeletal muscle, some fibers 
are shortened, some sarcomere 
is destroyed, a small number 
of myofibrillar structures 
disappear or clumps condense, 
and all lines and bands are 
indistinguishable. Most of the 

mitochondrial cristae 
disappeared and cavitation 
degeneration occurred. 
Chromatin edge shift. The 
number of glycogen particles 
decreased significantly. 

The changes were 
basically the same as 
those in the 
cryopreservation group 

Skeletal muscle almost all the 
destruction of sarcomere, 
fragmented, can not identify 
the lines, bands; The volume of 
mitochondria was enlarged and 
vacuolar. The nuclear 
chromatin is agglomerated. The 

glycogen particles almost 
disappeared. 

3.2. Experiment 2 

3.2.1. Experimental results after replanting of severed hind limbs of experimental animals 

Ischemic time and replantation of severed hind limbs in rabbits: The ischemic time of severed hind limbs 

of rabbits in the HTK liquid perfusion group and the control group and the survival of rabbits after replanting 

are shown in Table 3; the survival rate of rabbits in the control group was only 30%, while the survival rate of 
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rabbits in the HTK liquid group was 60%, twice that of the control group. 

Table 3. Proportion of H&E stained cell area in muscle tissue of severed hind limbs of rabbits (%). 

Time (h) Normal saline group Cryopreservation group HTK liquid group Control group 

0 92.35 ± 3.15 

6 75.24 ± 4.16# 55.06 ± 2.46#* 60.14 ± 8.34#* 42.82 ± 10.05 

12 55.45 ± 3.54# 43.66 ± 8.04* 50.02 ± 10.03# 37.30 ± 5.43 

18 44.58 ± 5.86 39.86 ± 10.15 50.84 ± 9.24# 35.13 ± 6.08 

24 42.82 ± 10.06 37.30 ± 5.45 46.45 ± 6.03# 34.16 ± 6.64 

# represents comparison with control group (p < 0.05), * means compared with normal saline group (p < 0.05). 

3.2.2. Vascular ultrasound 

One surviving rabbit was taken from the HTK liquid group and the control group respectively, and 

vascular ultrasound was performed on the first day and the first week after surgery (Figure 14 and Table 4), 

indicating that the femoral arteries and veins of the limbs were unobstructed. Bilateral femoral artery velocity 

was measured at about 0.5–1 cm above the knee. In the HTK liquid group, the value was 48.9 cm/s on the 

healthy side and 36.7 cm/s on the replantation side on the first day after surgery. Vascular ultrasound was 

performed again one week after surgery to measure the flow velocity, with the left side at 60.5 cm/s and the 

right side at 60.2 cm/s. Control group: On the first day after surgery, the healthy side was 12.8 cm/s, and the 

replantation side was 8.9 cm/s. One week after the operation, a vascular ultrasound was performed again to 

measure the flow velocity, the left side was 6.0 cm/s, and the right side was 6.7 cm/s. 

 
Figure 14. Ultrasound results of femoral artery after grafting of the severed hind limb in rabbit. (A) the left side of the experimental 
group at the 8th week after surgery; (B) the right side of the experimental group at 8 weeks after surgery; (C) the left side of the 

control group at 8 weeks after the operation; (D) the right side of control group 8 weeks after surgery.  

Table 4. The ischemic time of the severed hind limb and the gross result of replantation in rabbits. 

HTK liquid group Control group 

Ischemic time Result Ischemic time Result 

3 h 30 min Survival 3 h 15 min The limb was necrotic and fell off 
spontaneously 8 days after surgery 

3 h 40 min The rabbit died on the first day after surgery 3 h 20 min The rabbit died on the first day after surgery 

3 h 35 min survival 3 h 30 min Died the day of surgery. 
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Table 4. (Continued). 

HTK liquid group Control group 

Ischemic time Result Ischemic time Result 

3 h 35 min The rabbit died on the 3 days after surgery 3 h 40 min Limb necrosis, rabbit death 2 days after 
surgery 

3 h 50 min Survival 3 h 30 min Survival 

3 h 45 min Survival 3 h 35 min Survival 

3 h 40 min Limb necrosis, rabbit death 5 days after 

surgery 

3 h 50 min Survival 

4 h 0 min Survival 4 h 20 min Limb necrosis, rabbit death 3 days after 

surgery 

4 h 10 min The rabbit died on the 2 days after surgery 4 h 15 min The rabbit died on the 2 days after surgery 

5 h 0 min Survival 4 h 10 min The rabbit died on the first day after surgery 

3.2.3. H&E staining 

The tibialis anterior muscles and nerves of the HTK liquid group and the control group were respectively 

examined by H&E staining. The results are shown in Figure 15: compared with the normal muscles, the basic 

muscle contour of the control and HTK liquid group remained unchanged after cryopreservation. Compared 

with the control group, the muscle fiber cross-sectional area of the HTK liquid group did not show any 

significant difference. In the longitudinal section, the muscle fiber structure of the HTK liquid group and 

control group showed different degrees of disorder, muscle fiber dissolution and necrosis, but the cell necrosis 

of the control group was more serious. 24h after replantation, a large number of intramuscular inflammatory 

cells appeared in the HTK liquid group, while the muscle cells disintegrated and became necrotic. With the 

extension of reperfusion time, only a small number of myocytes dissolved and necrotic with intramuscular 

inflammatory cell infiltration occurred one week after replantation. 

 

Figure 15. Results of muscle and nerve after replanting of severed hind limbs (H&E stain, 400×). 

In addition, in the control group and the HTK liquid group, all the nerves showed axonal degeneration, 

with no significant difference between the groups. 24h after replantation, inflammatory cell infiltration was 

observed in the nerve, and the myelin structure in the nerve bundle was disintegrated, destroyed or disorganized. 

However, 1 week after replantation, no inflammatory cell infiltration was observed in the nerve bundle in the 

HTK liquid group, only the myelin structure disintegration was observed in the nerve bundle. 
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3.2.4. TUNEL staining 

TUNEL staining was performed on the tibial anterior muscle of the HTK liquid group and the control 

group, respectively. The results were shown in Figure 16 compared with the normal muscle, the number of 

apoptotic cells in the control group was significantly increased. Compared with the control group, the number 

of apoptotic cells in the HTK liquid group was significantly reduced. Compared with the HTK liquid group, 

the number of apoptotic cells decreased after 24h replantation. With the extension of time, the percentage of 

apoptotic cells in the replantation limb decreased significantly after 1 week of replantation and was not much 

related to the number of normal muscle apoptotic cells. 

 

Figure 16. TUNEL staining was used to detect the apoptosis of rabbit muscle cells after replanting of severed hind limbs. 

3.2.5. Transmission electron microscope ultrastructure 

The ultrastructure of each group was detected by transmission electron microscopy, and the results were 

shown in Figure 17. In the normal group, the myofibrillar fibers in the muscle were neatly arranged, the 

sarcomere structure was complete, the myofilaments were structured, and the Z line was clear and neat, without 

obvious damage or dissolution. There are a few mitochondria, and a few cristae can be seen between small 

myofibrillar fibers, which are evenly distributed along the Z line. In the control group, most myofibrils were 

still neatly arranged with complete sarcomere structure, and only a few were disordered. The number of 

mitochondrial aggregation and swelling increased significantly, accompanied by crest fracture or cavitation 

degeneration. HTK infusion can reduce the disordered arrangement of myofibrils with minor injury. It also 

protects mitochondria from swelling and vacuolar degeneration. After 24 h replantation, myofibrillar 

arrangement was disordered, myofilaments were segmental fracture, sarcomere structure was destroyed, and 

the Z line was chaotic. More mitochondria with clesta-broken or vacuolar degeneration accumulated between 

myofibrils. In addition, the sarcoplasmic reticulum expanded significantly. After 1 week of replantation, some 

muscle fibers were disordered and myofilaments were broken segmentally. The number of mitochondria 

between myofibrils increased with aggregation and extensive swelling. Ridge fracture and cavitation 

degeneration are seen somewhere. The myomuscular nucleus is in the sub-myomembrane with disordered 

nuclear membrane arrangement and increased heterochromatin. 

 

Figure 17. Scanning electron microscopy of muscle microstructure after replanting of severed hind limbs of rabbits (1500×). 

4. Discussion 

Many studies have shown that the main factors affecting the survival rate and functional recovery of 

severed limb replantations are composed of two parts: ischemic hypoxia injury and reperfusion injury after 
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circulatory reperfusion. When a limb is severed, circulation immediately stops, various metabolism and oxygen 

supply are interrupted, and metabolites accumulate, leading to physiological, tissue morphology, and 

ultrastructural changes, such as cytoplasmic vacuole formation, acidosis, calcium overload, mitochondrial 

edema. The key to reducing injury is to rebuild the circulation as soon as possible, shorten the ischemic time, 

and properly preserve the limbs, as energy consumption and reperfusion after rebuilding the circulation will 

further aggravate tissue damage.  

In the 1930s, Allen[8] discovered for the first time that low-temperature conditions can effectively reduce 

tissue metabolic activity by studying the effect of temperature on ischemic tolerance in severed limbs. He also 

pointed out that the optimal temperature should be the lowest temperature that does not cause tissue damage. 

And it is recommended to use a dry and low-temperature storage method, which is to wrap the severed limb 

in gauze, seal it in a plastic bag, and then dry and refrigerate it in ice water. This method has been used to this 

day. Although low temperature can effectively reduce the rate of cellular tissue metabolism and control the 

process of tissue degeneration, it should be emphasized that low-temperature refrigeration only reduces the 

speed of cellular metabolic reactions and cannot stop tissue cell metabolism. 

Before rebuilding blood circulation, severed limbs should undergo simple, feasible, and cost-effective 

correct and reasonable preservation, based on prolonging tissue and cell activity, to save time for replantation 

surgery, reduce ischemia-reperfusion injury, and improve replantation survival rate and postoperative 

functional recovery. However, due to the complex tissue structure of limbs, different detachment planes, and 

different environments in which the severed limb is located, there is currently no satisfactory preservation 

method. At present, in addition to the widely used low-temperature drying and refrigeration method, limb 

preservation methods also include deep low-temperature freezing preservation, low-temperature perfusion 

preservation, high-pressure oxygen preservation, and ectopic foster preservation. Each method has its own 

advantages and disadvantages.  

The low-temperature drying and refrigeration preservation method is economically simple and easy to 

operate, but has a short preservation time limit. Although the whole blood perfusion preservation method with 

extracorporeal circulation also provides good protection for severed limbs, the use of whole blood may cause 

side damage to itself, and the operation of extracorporeal circulation is cumbersome and cannot be applied in 

a timely manner. Deep low-temperature cryopreservation has a good effect on long-term tissue preservation, 

but cryoprotectants can cause damage to cells during the cooling and rewarming process and have certain 

cytotoxicity. High pressure oxygen preservation has a certain protective effect on severed limbs, but it requires 

high preservation requirements and requires the use of specialized vessels, making the operation complex. 

Although the method of ectopic foster preservation and replantation has solved many severed limbs that cannot 

be replanted in the first stage, the limb may have slightly poorer functional recovery due to undergoing two 

replantation surgeries. 

Many scholars have studied the application of perfusion fluid based on low-temperature refrigeration 

preservation to prolong the time limit of limb replantation, which includes organ perfusion fluid, free radical 

scavenger perfusion fluid, energy mixture perfusion fluid, traditional Chinese medicine formulation perfusion 

fluid, blood substitutes, and whole blood. Perfusion of limbs with infusion fluid can relieve vascular spasms, 

dilate vascular lumens, restore the absorption function of capillaries, provide a good vascular foundation for 

rebuilding blood circulation, and provide basic energy substances for metabolism to tissues through infusion. 

Maintaining a low metabolic state and maintaining cell membrane stability by effectively flushing out 

accumulated metabolic products, such as lactic acid in tissues and residual blood and blood clots in blood 

vessels through perfusion, the absorption of metabolic products by the body after transplantation is reduced, 

the generation of harmful components such as oxygen free radicals is reduced, and intracellular acidosis and 

ischemia-reperfusion injury are alleviated. 
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Organ preservation solutions can be divided into two categories based on the different concentrations of 

Na+ and K+ in the preservation solution: intracellular fluid type and extracellular fluid type. Widely used 

intracellular liquid storage solutions include Euro Collins solution, UW solution, Stanford solution, and HTK 

solution; Extracellular liquid storage solutions include Celsius solution, St Thomas solution, Ringer’s sodium 

lactate solution, etc.[9]. The functions of organ preservation solution include: 1) reducing cellular edema that is 

prone to occur under low-temperature conditions; 2) Reduce the accumulation of acidic substances such as 

lactic acid and H+ produced by anaerobic cell fermentation and glycogen decomposition; 3) Stabilize the 

intracellular environment and reduce the migration of positive and negative ions across cells; 4) Reduce 

ischemia-reperfusion injury caused by oxygen free radical damage, calcium overload, etc; 5) Reduce glucose 

metabolism caused by hypoxia and maintain intracellular Adenosine Triphosphate (ATP) levels; 6) Prevent 

damage caused by oxygen free radicals[10]. Many organ transplantation centers use 4 ℃ physiological saline 

soaking to preserve donor organs, which can achieve good short-term results (<4 h). However, due to the acidic 

nature of physiological saline (pH 4.5–4.6), low osmotic pressure (280 mOsm/L), and the absence of high 

molecular weight colloidal components to balance cell membranes, the long-term effect of soaking alone is 

poor[11]. HTK solution is more suitable for organ preservation. 

From an ionic perspective, HTK is an isotonic protective liquid with low sodium and slightly high 

potassium, a small amount of magnesium ions, and a small amount of calcium and chloride ions, with an 

osmotic pressure of 320 mOsm/L. From the analysis of the buffer system, HTK solution was added with a 

strong histidine buffer system, with a pH value of 7.2[12]. Most scholars believe that HTK solution containing 

histidine buffer can effectively reduce H+ aggregation, inhibit acidosis, and increase ATP production rate. 

From the analysis of antioxidants, HTK solution does not contain any antioxidants. Numerous experiments 

have shown that adding biological antioxidants such as reducing glutathione, nitroacetylcysteine, catalase, etc. 

Low-temperature preservation solutions can improve the survival rate of low-temperature preserved cells and 

alleviate reperfusion injury and cell apoptosis caused by the generation of large amounts of oxygen free 

radicals in cells after rewarming[10]. From the analysis of energy substrates, the HTK solution is characterized 

by α- Ketoglutarate (an intermediate product in the tricarboxylic acid cycle)[11] and tryptophan (a precursor of 

nicotinamide nucleotide coenzyme (NAD+/NADP))[13] promote ATP synthesis through the tricarboxylic acid 

cycle during low-temperature preservation of skeletal muscle cells[12,14]. 

Under normal conditions, skeletal muscle cells contain a large number of enzymes such as ALP, ALT, 

AST, LDH, CK, etc. The membrane pore diameter of skeletal muscle cells is 3–4 nm, while the diameter of 

these enzyme protein molecules is between 50–200 nm, which is larger than the membrane pore diameter of 

muscle cells. So when the cell structure is not damaged, only a small amount of enzyme proteins will permeate 

from the cell membrane[15]. When a limb is severed, ischemia causes damage to skeletal muscle cells, cell 

membranes rupture, and a large amount of enzymes are released into the blood. Therefore, changes in ALP, 

ALT, AST, LDH, and CK content can be measured to reflect the degree of cell damage[16–20]. SOD can 

effectively eliminate oxygen free radicals, reflect the body’s antioxidant capacity, and is an indicator of 

oxidative damage[21,22]. O2
– can cause apoptosis of vascular smooth muscle and skeletal muscle through the 

oxidation of low-density lipoprotein. SOD, as the first line of defense in the system for clearing oxygen free 

radicals in the body, catalyzes the dismutation of O2
- into H2O2 and O2

[23]. And H2O2 is converted into H2O 

and O2 under the action of peroxidase. Through this method, SOD clears O2
- · and becomes a harmless product. 

Glucose (GLU) is an important substance in the body’s glucose metabolism and a major energy source. Lactic 

acid (LAC) is the final product of anaerobic glycolysis. When ischemia and oxygen supply stop in the severed 

lower limbs, the normal aerobic oxidation pathway of the body is interrupted, and the cessation of the 

tricarboxylic acid cycle leads to a rapid decrease in ATP production as a direct energy source. Muscles can 

only obtain the required ATP by unilaterally strengthening the glycolytic pathway. This leads to a significant 

decrease in GLU content, while the content of LAC, a product of glycolysis, increases[24]. The accumulation 
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of LAC within an organization can cause cellular acidosis and affect cellular activity[25]. 

Experimental studies have confirmed that the main form of skeletal muscle death in ischemia and 

ischemia-reperfusion injury is cell apoptosis[26]. The Bax gene belongs to the Bcl-2 family, which includes two 

major categories: one is apoptotic precursor proteins (such as Bax, Bad, and Bak proteins), and the other is 

anti-apoptotic proteins (such as Bcl-2, Bcl-xl, and Mcl-1 proteins). Bcl-2 and Bax are closely related to cell 

apoptosis. The interaction between the two is reflected at the mitochondrial level, and regulation related to 

mitochondria is an important aspect of it[27]. Bcl-2 inhibits cell apoptosis by stabilizing the function of 

mitochondrial membranes[28]. And Bax combines with Bcl-2 to form a dimer, which promotes apoptosis by 

inhibiting the activity of Bcl-2[29]. The studies of Li et al.[30] and Pan et al.[31] suggest that when death 

information is conveyed to the Bax in the cytoplasm, the mitochondrial membrane forms a Bax channel, which 

releases cytochrome C into the cytoplasm and induces cell apoptosis. Bax shifts to the mitochondria after 

receiving death signals such as cytotoxicity, ischemia, and hypoxia stimuli. In fact, the absence of carboxyl 

terminus prevents Bax translocation, thereby inhibiting apoptosis, suggesting that regulation related to 

mitochondrial membrane is an important stage in the transmission of apoptosis signals[17]. 

Transmission electron microscopy can observe the structure of organelles and plays a crucial role in 

determining muscle tissue degeneration. The irreversible degeneration of skeletal muscle cells observed under 

electron microscopy is characterized by muscle filament breakage, mitochondrial vacuolization, cristae rupture 

or disappearance, and nuclear pyknosis and rupture. Mitochondria are organelles within cells that are more 

sensitive to pathogenic factors, and they are the site for oxidative respiration and energy production in cells. 

Therefore, morphological changes in mitochondria are often used as indicators of cellular hypoxia damage. 

The degeneration, dissolution, and disappearance of mitochondria indicate cell death[32]. The general 

morphological characteristics of apoptotic cells under electron microscopy are reduced cell volume, deep 

staining of cytoplasm, condensation of nuclear chromatin, intact bilateral nuclear and cytoplasmic membranes, 

and occasional formation of vacuoles in the cytoplasm. In apoptotic cells, it can be seen that heterochromatin 

in the nucleus is significantly condensed under the nuclear membrane. Some apoptotic cells have chromatin 

condensed around the nucleus in a crescent shape, which is more common and typical and is usually described 

as “chromatin edge shift”[33]. 

It can be seen from the various detection methods in the part of the experiment that the tissue damage is 

gradually aggravating with the extension of time. In the gross view, the tissue of the severed limb perfusion 

group was moist, and there were different degrees of limb swelling, especially in the normal saline group. In 

the blank group, there was no swelling. Biochemical tests showed that ALP, ALT, AST, CK and LDH, which 

represented the degree of cell damage, gradually increased with time, GLU, which was related to energy 

metabolism, gradually decreased, LAC increased, and SOD, which represented oxidative damage, gradually 

decreased. In the HTK group, the indexes representing cell damage were the lowest at each time point, GLU 

was the highest, and LAC was the lowest. Although the HTK liquid did not contain oxygen-free radical 

scavengers, the SOD content in the HTK group was the lowest, suggesting that HTK also had antioxidant 

effects. The other three groups had no exogenous oxygen-free radical scavenger, and the oxidative damage 

was more serious. All of these indicate that the HTK solution is more suitable for limb perfusion and 

refrigerated preservation in terms of biochemical detection results. 

It is difficult to explain the final effect of an in vivo experiment by simply preserving the severed limb 

and not replanting it. So, we refer to part of the literature[34–36]. Two parts of the experiment are designed. In 

the pre-experiment, immediate implantation after disconnection, whether perfusion or not, can survive. 

Therefore, we tried the effect of replantation with different ischemic time and found that both the experimental 

group and the control group died after 6h, the cause of death was unknown, but both groups survived within 3 

h. We speculated that the possible causes of animal death were long time of wound exudation, increased injury 

after several hours of surgery, time of exposure, inability to rehydrate, etc. Rabbits had poor tolerance to large 
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wounds and were prone to hypovolemic shock and death, rather than completely caused by the factors of limb 

replantation itself. Therefore, the time of limb replantation of small animals is limited by the degree of 

tolerance to the trauma of the whole body, and the ischemia time can only be limited to 3–5 h in this experiment. 

The purpose of this experiment is to observe the HTK solution which is selected in experiment 1 and has 

the best preservation effect on the amputated limb and verify whether it has a good effect on the limb survival 

after replanting. The gross results of replanting confirmed that the survival rate of replanting of the limbs after 

a one-time infusion of HTK solution with low-temperature refrigeration was higher than that of replanting with 

cold storage alone. The survival rate of the experimental group was 60% (6/10). The survival rate of the control 

group was only 30% (3/10). The survival rate of the experimental group was twice that of the control group. 

After survival, observation at 2 weeks after surgery showed that hair grew out of the replanted limbs and the 

skin incision healed well. The sutures were cut off by oneself, and there was no obvious skin necrosis. There 

were 2 cases of local anastomotic nonunion (about 0.5 cm in length) and purulent exudation in the wound, 

which recovered well after debridement and suture. We assume it was a local infection. The limb has no motor 

function but can be used as an auxiliary leg when upright. 

Postoperative pathological results showed that no matter the experimental group or the control group, 

postoperative survival or non-survival, there was many inflammatory cell infiltration in the limbs after surgery. 

For the surviving limbs, cells in the experimental group were more orderly than those in the control group, cell 

and interstitial edema was less, and cell damage was also less than that in the control group. For the limbs that 

did not survive, the control group had a large number of red blood cells in the muscle space, and the congestion 

of the limbs was more obvious than that of the experimental group, but there was little difference in the degree 

of cell damage between the two groups. This indicates that the application of HTK liquid perfusion can not 

only improve the survival rate of replantation surgery but also have a significant easing effect on postoperative 

ischemia and hypoxia injury of surviving limbs. 0.5–1 cm above the knee corresponds to 0.5–l cm below the 

vascular anastomosis. Blood flow signals could be detected 0.5 cm above the knee on the second day and 8 

weeks after surgery, indicating that the vascular anastomosis above was unobstructed. On the second day after 

surgery, the blood flow velocity on the operative side was about 10 m/s slower than that on the opposite side. 

At 10 weeks, there was no significant difference in blood flow velocity between the two sides. However, the 

position of the blood flow signal detected by ultrasound is not constant and has great variation. Therefore, 

there was a large difference in postoperative blood flow velocity between the control group and the 

experimental group. 

Finally, this animal experiment verified that the process of tissue degeneration was delayed after HTK 

solution was injected and stored in cold storage, the preservation time of the activity of severed limbs was 

prolonged, tissue damage caused by ischemia and hypoxia was reduced, and the survival rate of reimplanted 

limbs was improved. 

5. Conclusion 

Combined with a light microscope, electron microscope and extracted biochemical indicators, it can be 

found that the perfusion solution HTK solution can play a protective role in the severed limb, prolong the cell 

activity time, and the protective effect on the limb is stronger than the use of normal saline perfusion and 

cryopreserved. Although the specific use of HTK infusion is limited due to its high price, it has a protective 

effect on severed limbs, prolonging cell activity and other functions, so it can replace cryopreservation in the 

implementation of severed limb perfusion. 
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