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Abstract

Wound healing in muscle involves the deposition of collagen, but it is not known whether this is achieved by changes in the
synthesis or the degradation of collagen. We have used a reliable flooding dose method to measure collagen synthesis rate
in vivo in rat abdominal muscle following a surgical incision. Collagen synthesis rate was increased by 480% and 860% on
days 2 and 7 respectively after surgery in the wounded muscle compared with an undamaged area of the same muscle.
Collagen content was increased by approximately 100% at both day 2 and day 7. These results demonstrate that collagen
deposition during wound healing in muscle is achieved entirely by an increase in the rate of collagen synthesis.

Citation: Zhou S, Salisbury J, Preedy VR, Emery PW (2013) Increased Collagen Synthesis Rate during Wound Healing in Muscle. PLoS ONE 8(3): e58324.
doi:10.1371/journal.pone.0058324

Editor: Sudipto Roy, Institute of Molecular and Cell Biology, Singapore

Received November 1, 2012; Accepted February 1, 2013; Published March 19, 2013

Copyright: � 2013 Zhou et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding provided by BBSRC - Biotechnology and Biological Sciences Research Council Grant no S16409 (www.bbsrc.ac.uk). The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: peter.emery@kcl.ac.uk

¤ Current address: Department of Life Science, Institute of Biomedical and Environment Science and Technology (iBEST), University of Bedfordshire, Luton, United
Kingdom

Introduction

Wound healing involves a series of processes which have

traditionally been divided into four phases, haemostasis, inflam-

mation, proliferation and remodelling [1,2]. The proliferative

phase in particular involves deposition of new protein, to close the

wound and re-establish tissue integrity and to replace tissue

proteins that have been damaged. Relatively little is known about

the changes in the rates of protein synthesis and breakdown that

result in this net deposition of protein. We have previously

measured the rate of protein synthesis in muscle during the healing

of a surgical wound in vivo and found a substantial increase (70 –

150%), starting 48 hours after the operation and continuing at

least until day 7 [3,4]. Moreover, this increase in protein synthesis

was not affected by malnutrition [4], suggesting that increased

protein synthesis has a high biological priority. However, it is not

known which proteins are involved in this accelerated protein

synthesis, nor indeed whether all protein fractions are equally

affected.

Much of the new protein deposited during wound healing is

collagen, the major protein component of connective tissue.

Although collagen was once thought to be subject to minimal

turnover, it is now known that collagen synthesis is a dynamic

process, with collagen synthesis rates showing considerable

variation between different tissues and at different ages [5–7].

Moreover, the collagen content of tissues can be controlled by

changes in the rates of both synthesis and degradation of collagen

[5–8].

The aim of the present study was to measure the rate of collagen

synthesis in muscle during the healing of a surgical wound at

various time points after the surgery. Collagen synthesis rate was

measured in vivo by injecting a flooding dose of radioactively

labelled proline and measuring the increase in specific radioactiv-

ity of protein-bound hydroxyproline over the subsequent 30

minutes [8,9]. Collagen synthesis was also measured simulta-

neously in undamaged muscle tissue in the same animal, allowing

each animal to act as its own control in defining the increase in

collagen synthesis rate.

Materials and Methods

Ethics statement
All animal procedures were carried out under Home Office

Project Licence PPL70/5171 and adhered to institutional

guidelines for humane treatment of research animals. Surgery

was carried out under general anaesthesia with post-operative

analgesia to minimise discomfort and distress to the animals.

Methods
Twenty four mature female Sprague-Dawley rats (Harlan,

Bicester, Oxon, UK) weighing 170–180 g were randomly allocat-

ed to three groups. We did not determine or standardise the

animals’ oestrus cycle. All rats were anaesthetised with isofluorane

(3% for induction, 2% for maintenance). A 5 cm midline incision

was made through the skin over the abdomen, the skin was freed

from the abdominal wall by blunt dissection and a full length

incision was made through the abdominal wall. The muscle layer

was then closed with a continuous 4/0 silk suture and the skin was

closed with stainless steel clips. Buprenorphine (0.01 mg) was

injected subcutaneously immediately after the operation and again

8 hours later. After the operation the rats were returned to their
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cages to recover and were maintained with food and water ad

libitum.

Collagen synthesis was measured in the three groups of rats 1, 2

and 7 days after surgery using the method of Laurent [9]. A

flooding dose of L-[5-3H] proline (75 mCi and 1.4 mmol in 0.5 ml

per 100 g body weight) was injected via a lateral tail vein and the

rats were killed by decapitation 30 minutes later. Blood was

collected from the neck into heparinised tubes, centrifuged and

plasma was stored frozen for subsequent analysis. A 1 cm-wide

strip of abdominal muscle that included the wound site in the

middle was rapidly excised. As a control, a similar sized strip was

taken from an undamaged area of the abdominal muscle at least

1 cm away from the wound. Tissue samples were rapidly frozen in

liquid nitrogen and stored at 270uC for subsequent analysis.

Tissue samples were subsequently thawed and homogenised in

ice-cold water containing protease inhibitors (Roche Products Ltd,

Welwyn Garden City, Herts, UK), then proteins were precipitated

by the addition of ethanol to a final concentration of 67% (v/v)

and left to stand at 4uC overnight. The mixture was centrifuged,

the supernatant was removed for analysis of free proline specific

radioactivity and the protein pellet was washed twice with 67% (v/

v) ethanol. The specific radioactivity of free proline in tissue and

plasma samples and the specific radioactivity of hydroxyproline in

tissue protein were measured by the method of Laurent et al. [10].

The fractional rate of collagen synthesis was calculated from the

following formula [9]:

Fractional synthetic rate~SB=SA:t

where SB is the specific radioactivity of hydroxyproline in tissue

protein, SA is the specific radioactivity of free proline in the tissue

and t is the time between injection and killing, nominally 30

minutes but measured separately for each rat.

Hydroxyproline content was measured in two additional groups

of ten rats, as an index of collagen content. These rats were treated

in exactly the same way as described above and were killed two

and seven days after surgery, but without injection of the flooding

dose of [3H]-proline. Tissue samples were taken from similar areas

of abdominal muscle and frozen at 270uC for subsequent analysis.

After thawing these samples were homogenised in ice-cold water

containing protease inhibitors (Roche Products Ltd, Welwyn

Garden City, Herts, UK) and an aliquot was taken for

measurement of protein content by the biuret method [11]. The

remaining protein was precipitated by addition of 2% (v/v)

perchloric acid. After centrifugation, the supernatant was discard-

ed and the pellet was hydrolysed in 6 M HCl for 36 h at 105uC.

The acid was removed by placing the tubes under vacuum in a

desiccator containing solid NaOH and P2O5. After drying, the

residue was dissolved in sodium citrate (0.5 M, pH 6.3) and

aliquots were taken for the measurement of hydroxyproline

content by the chloramine T method [12].

Samples from four of the rats that were killed two days after

surgery were also taken for histology. Immediately after killing the

rats part of the wounded and non-wounded tissue samples was

separated and fixed in formalin, then the fixed samples were

processed overnight and embedded in paraffin wax according to

established procedures [13]. 5 mm sections were then cut on a

rotary microtome, stained with haemotoxylin and eosin and

coverslipped to allow visualisation under a microscope.

The differences in collagen synthesis rate and content between

the wounded and non-wounded areas of the same abdominal

muscle were tested using paired t-tests for each of the groups of

rats, ie those measured days 1, 2 and 7 days after surgery.

Differences between the three groups were tested by one way

analysis of variance of the differences in collagen synthesis rate

between wounded and non-wounded areas of abdominal muscle,

followed by Tukey’s post-hoc test. Probabilities less than 0.05 were

considered significant. PASW Statistics 18 (SPSS Inc, Chicago,

USA) was used for statistical analysis.

Results

The measured values for the specific radioactivities of both

proline and hyroxyproline are shown in Table 1. Mean values for

the specific radioactivity of free proline in all tissue samples was

within 10% of the corresponding value in plasma and also within

10% of the measured value in the injection solution, 74.4 dpm/

nmol. There was no significant difference in the specific

radioactivity of free proline between the wounded and non-

wounded samples or between either tissue and the corresponding

plasma value (P.0.05, paired t-tests). This indicates that the

tissues were effectively flooded with the precursor amino acid,

proline, making the measurements of collagen synthesis rate valid

and reliable [8,9].

The fractional synthesis rates of collagen are shown in Figure 1.

In comparison with the control (non-wounded) tissue, collagen

synthesis in the wounded area of the abdominal muscle showed a

non-significant increase on day 1, but was significantly increased

Table 1. Specific radioactivity of protein-bound hydroxyproline and free proline in abdominal muscle and plasma of rats
measured 1, 2 and 7 days after surgery.

n Non-wounded muscle Wounded muscle Plasma

Day 1 5

Free proline specific radioactivity (dpm/nmol) 73.7 6 5.5 77.966.9 75.362.5

Protein-bound hydroxyproline specific radioactivity (dpm/nmol) 0.00860.001 0.01460.001

Day 2 6

Free proline specific radioactivity (dpm/nmol) 79.168.6 76.362.0 73.061.3

Protein-bound hydroxyproline specific radioactivity (dpm/nmol) 0.00760.002 0.04260.006

Day 7 8

Free proline specific radioactivity (dpm/nmol) 68.562.7 79.262.1 72.363.0

Protein-bound hydroxyproline specific radioactivity (dpm/nmol) 0.00660.001 0.06460.010

Values are mean6SEM.
doi:10.1371/journal.pone.0058324.t001
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by 480% (P = 0.003) on day 2 and 860% (P,0.001) on day 7. One

way analysis of variance followed by Tukey’s post-hoc test showed

that the increase in collagen synthesis rate was greater on days 2

and 7 than that on day 1, but was not significantly different

between days 2 and 7.

Results for hydroxyproline content, a measure of the collagen

content of the muscle, are shown in Figure 2. They are expressed

as a ratio to protein content in order to normalise for any changes

in water content of the wounded muscle. The results show that the

collagen content of the wounded muscle was significantly

increased by day 2 after wounding and this increase was

maintained at day 7.

Representative images of the wounded and non-wounded

tissues are shown in Figure 3, demonstrating that the tissue

being analysed was predominantly muscle rather than connective

tissue.

Discussion

We have measured the rate of synthesis of collagen, the most

abundant structural protein in muscle, at various stages during the

wound healing process. The method used for measuring collagen

synthesis rate in vivo has been extensively validated in the rat [8,9].

Its validity depends crucially on all free proline pools in the body

being flooded by the large dose of proline that was injected, so that

the specific activity of free proline rapidly reaches a steady state

value which is similar in all tissues and in the plasma and is

maintained relatively constant throughout the 30 minute period of

incorporation of labelled proline into protein. This is analogous to

the flooding dose phenylalanine method [14] that is commonly

used to measure the average synthesis rate of mixed proteins in

tissues and indeed was used in our previous experiments to

measure muscle protein synthesis rate during wound healing [3,4].

The effectiveness of the flooding procedure in the present

experiment was demonstrated by the equilibration of specific

activity of free proline between the muscle samples and the plasma

(see Table 1).

The results indicate that collagen synthesis rate is considerably

increased by the second day after surgery and remains at a high

level until at least the seventh day after surgery. These results are

broadly in line with our previous data showing an increase in the

average rate of synthesis of mixed muscle proteins on days 2 and 7

after surgery [3,4]. This confirms that collagen synthesis was

increased during the proliferative phase of wound healing, which is

generally taken as starting on day 2 after wounding [1]. However,

the magnitude of the increase in collagen synthesis rate found in

the present experiment appeared to be somewhat greater than that

of mixed muscle protein synthesis rate found in our previous work

(480–860% for collagen vs 74–300% for mixed muscle proteins).

This raises the question of whether the increased protein synthesis

rate that we observed previously could have been accounted for

entirely by the increased rate of collagen synthesis. We have not

measured the synthesis rates of any other individual protein in this

model, although we have begun to develop a method that would

allow such measurements to be made [15].

The control of collagen content in tissues is complex, since a

high proportion of newly-synthesised collagen appears to be

degraded rapidly within the cell [7]. Hence net collagen deposition

depends on the balance between collagen synthesis, immediate

degradation of newly formed procollagen and longer term

degradation of mature collagen by extracellular matrix metallo-

proteinases [8]. In the present experiment, collagen content was

Figure 1. Fractional rates of collagen synthesis in wounded
(filled bars) and non-wounded (open bars) areas of abdominal
muscle in rats at different times after surgery. Values are means
for 5–8 rats per group; error bars represent standard errors of the mean.
* Significantly different from corresponding value in non-wounded
tissue, P,0.01. ** Significantly different from corresponding value in
non-wounded tissue, P,0.001.
doi:10.1371/journal.pone.0058324.g001

Figure 2. Collagen content of wounded (filled bars) and non-
wounded (open bars) areas of abdominal muscle in rats at
different times after surgery. Values are means for 10 rats per
group; error bars represent standard errors of the mean. * Significantly
different from corresponding value in non-wounded tissue, P,0.001.
doi:10.1371/journal.pone.0058324.g002

Figure 3. Representative images of wounded and non-wound-
ed tissue two days after surgery. Transverse sections of abdominal
muscle stained with haemotoxylin and eosin and visualised at 6200
magnification.
doi:10.1371/journal.pone.0058324.g003
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increased by approximately 100% by day 2 after wounding but did

not increase further by day 7, while collagen synthesis rate was

increased by more than 400% throughout this time. Hence it is

likely that the rate of collagen degradation was also increased in

response to the large and sustained increase in collagen synthesis.

In summary, this experiment shows for the first time that

collagen synthesis in muscle increases on days 2 and 7 after

surgery. Our previous work showed that the increase in mixed

muscle protein synthesis after surgery was not affected by

malnutrition and it would be interesting to see whether the

increase in collagen synthesis is equally resistant to the effects of

malnutrition.

Acknowledgments

We are grateful to Dr Robin McAnulty for helpful advice.

Author Contributions

Conceived and designed the experiments: PWE VRP. Performed the

experiments: SZ JS. Analyzed the data: SZ PWE. Contributed reagents/

materials/analysis tools: PWE SZ JS. Wrote the paper: PWE VRP SZ JS.

References

1. Bucci LR (1995) Nutrition applied to injury rehabilitation and sports medicine.

Boca Raton: CRC Press.

2. Borrione P, Di Gianfrancesco A, Pereira MT, Pigozzi F (2010) Platelet-rich

plasma in muscle healing. Am J Phys Med Rehabil 89: 854–61.

3. Emery PW, Ghusain-Choueiri A (1994) The effects of surgical trauma on

protein synthesis in muscle at local and distant sites in the rat. Brit J Surg 81:

539–42.

4. Emery PW, Sanderson P (1995) The effects of dietary restriction on protein

synthesis and wound healing after surgery in the rat. Clin Sci 89: 383–8.

5. Laurent GJ (1987) Dynamic state of collagen: pathways of collagen degradation

in vivo and their possible role in regulation of collagen mass. Am J Physiol 252:

C1-9.

6. Mays PK, McAnulty RJ, Campa JS, Laurent GJ (1991) Age-related changes in

collagen synthesis and degradation in rat tissues. Biochem J 276: 307–13.

7. McAnulty RJ, Laurent GJ (1987) Collagen synthesis and degradation in vivo.

Evidence for rapid rates of collagen turnover with extensive degradation of

newly synthesised collagen in tissues of the adult rat. Collagen Rel Res 7: 93–

104.

8. McAnulty RJ (2005) Methods for measuring hydroxyproline and estimating in
vivo rates of collagen synthesis and degradation. Methods Mol Med.117: 189–

207.
9. Laurent GJ (1982) Rates of collagen synthesis in lung, skin and muscle obtained

in vivo by a simplified method using [3H] proline. Biochem J 206: 535–44.

10. Laurent GJ, McAnulty RJ, Oliver MH (1982) Anomalous tritium loss in the
measurements of tissue hydroxyl [5-3H] proline specific activity following

chloramine-T oxidation. Anal Biochem 123: 223–8.
11. Gornall AG, Bardawill CJ, David MM (1949) Determination of serum proteins

by means of the biuret reaction. J Biol Chem 177: 751–66.
12. Huszar G, Maiocco J, Naftolin F (1980) Monitoring of collagen and collagen

fragments in chromatography of protein mixtures. Anal Biochem 105: 424–9.

13. Kiernan JA (1990) Histological and histochemical methods. Oxford: Pergamon
Press.

14. Garlick PF, McNurlan MA, Preedy VR (1980) A rapid and convenient
technique for measuring the rate of protein synthesis in tissues by injection of 3H-

phenylalanine. Biochem J 192: 719–723.

15. Zhou S, Mann CJ, Dunn MJ, Preedy VR, Emery PW (2006) Measurement of
specific radioactivity in proteins separated by two-dimensional gel electropho-

resis. Electrophoresis 27: 1147–53.

Collagen Synthesis in Healing Muscle

PLOS ONE | www.plosone.org 4 March 2013 | Volume 8 | Issue 3 | e58324


