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Abstract

Purpose Rupture of the anterior cruciate ligament is

common and may necessitate surgical reconstruction.

Surgical reconstruction aims to restore normal kinematics

and biology within the knee. The acute phase response

after surgical reconstruction remains poorly defined but

may influence graft integration through modulation of host

tissue remodelling.

Methods The very early host production of key cytokines

after surgery was studied. A consecutive series of 14

patients undergoing reconstructive surgery were studied

per-operatively, 1 and 6 h after surgery, examining the

hypothesis that the acute phase response would be non-

specific but consistent between individuals, demonstrating

increases of pro-inflammatory cytokines.

Results A consistent increased release of monocyte-driven,

non-specific, IL-1 and IL-6 release but not T cell-derived IL-2

was found. Perhaps, more interestingly, very early high con-

centrations of secondary growth factors PDGF and TGF-b
suggestive of an anabolic response were found.

Conclusion These data support the contention that an

anabolic response starts earlier than previously thought

within the surgically reconstructed knee.

Keywords Anterior cruciate ligament � Growth factors �
Cytokines

Introduction

The anterior cruciate ligament (ACL) is one of the most

frequently injured structures in the knee [16, 19, 22]. Sur-

gical reconstruction involves transplantation of autograft

tissue, integration of the graft within host peri-articular

subchondral bone and remodelling of the host-tissue con-

struct. The host response to surgical insult and the genera-

tion of a haemarthrotic response is associated with cellular

infiltration and the release of high concentrations of reactive

mediators [16]. There remains limited understanding of the

very early host-generated response, catabolic pro-inflam-

matory and anabolic growth factor mediators, to iatrogenic

surgical intervention yet it is considered crucial to suc-

cessful restoration of knee biology and graft integration.

However, failure of such incorporation with resultant

recurrent laxity and late chondral damage remains a sig-

nificant clinical problem [4, 5, 43]. Such failure may occur

in up to 15% of patients within 2 years from date of such

surgery [32, 41].

ACL graft incorporation is believed to be different for

patellar tendon autografts [6, 23, 35, 44] and hamstring

autografts [28]), but the histological stages are believed to

follow a standard pathway of inflammation, necrosis, re-

vascularisation and remodelling [16, 30, 40] that may

become disordered [11, 16]. These cellular changes are

mediated through cytokine release. Demirag et al. [17]

showed that administration of a2-macroglobulin to block

MMP activity in a rabbit ACL reconstruction model leads

to production of denser connective tissue in-growth in the

bone tunnels. This late phase of successful graft integration

and remodelling is dependent upon coordinated cytokine

release, fibroblast ingrowth and stromal maturation. It has

been postulated that a disordered cytokine pattern of

release may herald failure of successful integration with an
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imbalance between anabolic and catabolic mediators acting

locally [17].

The primary hypothesis was that the acute phase

response to such surgery would follow an identifiable

course in the majority of patients and secondly that the

characterisation of this normal response could ultimately

allow for early identification of patients in whom the

response is disordered.

Materials and methods

Patients listed for ACL reconstruction under the care of the

senior author over a four-month period and who were

between the ages of 16 and 50 were eligible for inclusion in

the study provided that their knee was otherwise quiescent,

had a full range of movement and was clinically in the

chronic, steady state, phase of recovery after their ACL

rupture. Patients undergoing multiple ligament reconstruc-

tion were excluded. Sequential patients were approached and

asked to give appropriately informed consent to the retention

of biological material that would otherwise have been dis-

carded. Approval for this project was granted by the (blinded

for submission) Local Research Ethics Committee (LREC).

The senior author performed all ACL reconstructions,

using an arthroscopically assisted technique. All operations

took place between 0830 and 1130 to ensure that all samples

from each patient were taken and processed the same day and

to minimise any potential error from diurnal variation. Each

patient received per-operative intravenous antibiotics (co-

amoxyclav 1.2 g) before induction and maintenance of

general anaesthesia. The gracilis and semitendinosus ten-

dons were identified and harvested, via a short oblique

incision at the pes anserinus, and then prepared. The joint

was inspected. The femoral and tibial tunnels were drilled.

The graft was inserted and fixed on the femoral side using an

endobutton and at the tibial side by an interference screw

(Acufex, Smith and Nephew, Memphis). After closure of the

harvest site, an intra-articular drain was inserted and

clamped. Twenty millilitres of 0.5% marcain (bupivacaine)

and 10 mg of morphine sulphate were injected into the joint.

The drain was unclamped forty minutes post-operatively,

removing all joint fluid and residual local anaesthetic solu-

tion, and removed after 6 h.

Samples

The first author prepared and processed all samples.

1. In preparation of the ACL graft, small sections of

hamstring tendon in excess of requirement are gener-

ally discarded: these were retained and cultured. These

samples represent the new tissue being brought into the

knee, and its potential contribution to the acute phase

response (APR).

2. Before insertion of the arthroscope, a sample of

synovial fluid was aspirated from the knee and

retained. As the majority of synovial fluid samples

were very viscous, they were diluted 1 ? 4 by volume

with sterile distilled water prior to storage. These

samples represent the steady state of the knee prior to

the start of the operation.

3. During preparation of the notch, the native ACL stump

is generally removed: samples of this were taken with

an arthroscopic instrument and retained and cultured.

These samples represent contribution of the soft tissue

within the knee to the APR.

4. Fluid in the drain was collected at one and 6 h after

surgery and stored separately. These samples represent

the post-surgical APR.

Tissue samples were placed into sterile containers with

phosphate-buffered saline (PBS) and kept on ice until

transfer to the laboratory for preparation, within 4 h. In the

laboratory, the samples were cut up into 1–3-mm pieces

and cultured at 37�C in a 5% CO2 incubator for 24 h in

Petri dishes with Dulbecco’s Modified Eagle’s Medium

(DMEM) (Invitrogen Ltd, Paisley, UK), containing 4 mM

glutamine (Sigma–Aldrich Company Ltd, Dorset, UK) and

50 IU penicillin and 50 lg ml-1 streptomycin (Invitrogen

Ltd, Paisley, UK). Following culture, the medium was

removed and transferred into 15-ml sterile tubes to be

micro-centrifuged at 4,000 rpm for 4 min to allow removal

of tissue debris before storage at -80�C until required for

cytokine and growth factor assay.

All knees were quiescent—exhibited minimal effusion,

had active full movement and the patient could demon-

strate normal gait pattern. This was consistent with the

absence of a synovial response found at arthroscopic

inspection at the time of surgical intervention.

After skin preparation with a dilute betadine solution

and under tourniquet control, an aspirate of joint fluid

(\5 ml) was obtained from each patient and this aliquot

transferred into sterile containers. The drain fluid was

emptied directly into similar tubes. All samples were kept

on ice, before being transported back to the laboratory for

preparation within 4 h. Fluid samples were centrifuged at

300g for 30 min to remove any cellular debris, and the

supernatant was removed and transferred to new 15-ml

sterile tubes before being stored at -80�C until required for

cytokine and growth factor assay.

Assays

A Human 12-Plex Custom Build Multiplex Assay (a solid

phase sandwich immunoassay) and a Multi Species
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TGF-b1 Assay (Invitrogen (formally BioSource) (LCP0012

and LHG0121)) were used to measure the levels, relative to

volume, of the following cytokines and growth substances in

the samples: IFN-c, IL-1b, IL-1 RA, IL-2, IL-4, IL-6, IL-6

R, EGF, FGF-basic, PDGF, TGF-b, TNF-a and VEGF.

Cytokines/growth factors

The principal actions of the studied interleukins (IL-) and

growth factors are given in Table 1.

Statistical analysis

SigmaPlot (Version 10.0) and SigmaStat (Version 3.1)

were used for all data analysis and plotting. Results are

presented as mean ± standard deviation where normally

distributed or as median and interquartile range [25, 75%]

where the distribution was not normal. Paired t-tests were

used to assess differences between the sample means where

the data were normally distributed. The Mann–Whitney

test was used for unpaired data and the Wilcoxon signed

rank test for repeated measures of non-normally distributed

data. Values of P \ 0.05 were considered to be statistically

significant and if [0.05 are reported as not significant

(n.s.).

Results

Fourteen sequential patients were approached to participate

in the study, and none declined. Samples were obtained

from all fourteen patients. The subjects were all men, aged

17–45 (median: 28 years), with symptomatic ACL defi-

ciency 4–22 months after injury and no other significant

medical conditions. All knees were quiescent with no

effusion and all patients at pre-assessment had normal

serum biochemical and haematological markers. No

patients had greater than grade 1 Outerbridge grade local-

ised (\1 cm) chondral injury. Eight of the fourteen patients

were found to have minor meniscal partial tears necessi-

tating trimming but not formal resection or suture. No

patient underwent arthrotomy.

Cytokines

IFN-c was found in all samples from each patient and

showed significant increases over time in the drain samples

(median 4 pg/ml (25% 3; 75% 6), rising to 6 pg/ml (25% 4;

75% 7) (P = 0.023). Production by graft and native ACL

tissue was similar, and median concentration was 3 pg/ml.

The presence of IL-1b was detected in all per-operative

synovial fluid samples (Fig. 1), whereas IL-1 Ra was only

confirmed in six of the twelve samples analysed. IL-1b and

IL-1 Ra were found in all the drain fluid samples collected,

increasing over time (P = 0.008 and P = 0.025, for IL-1b
and IL-1 Ra, respectively), with patient 12 being an outlier

(Fig. 1). IL-1b was present in all of the culture media

samples. IL-1 Ra was only present in three cases.

IL-2 was identified in all per-operative synovial fluid

samples, culture medium samples and increased with time

in drain fluid samples (Fig. 1).

IL-4 was only confirmed at low concentrations in one of

the per-operative fluid samples, four of the six-hour drain

samples and in only one of the culture medium samples.

IL-6 was found in low concentration in the per-operative

synovial fluid samples and in the 1-h drain samples

(median concentration 2 pg/ml). The soluble receptor was

found in all per-operative synovial fluid samples and 1-h

Table 1 Key cytokines and growth factors studied with principal action(s) and references

Cytokine (Interleukin IL-)/

growth factor

Principal action (s) Reference

IL-1 Stimulates fibroblast proliferation and osteoblast activity [18, 20, 36]

IL-2 Induces macrophage activity and T-cell differentiation [8]

IL-4 Inhibits osteoclast-mediated bone resorption [8, 39]

IL-6 Upregulates T- and B-cell function, induces acute phase protein release [27]

sIL-6r Cleavage protein released after IL-6 receptor binding and acts to potentiate IL-6 activity [27]

TNF-a May act synergistically with IL-6 to stimulate glycosaminoglycan degradation from cartilage [21, 31]

IFN-c Paracrine action, modulates macrophage activity [8]

EGF Anabolic agent, stimulates cell proliferation, recruitment and wound healing [8, 13]

FGF-2 Stimulates granulation tissue production and modulates wound healing [8, 34]

PDGF Mitogenic, promotes cell migration [2, 3, 42]

TGF-b Involved in cell cycle regulation and immune cell replication [1, 7]

VEGF Angiogenic [33]
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drain samples. The increases in concentration over time for

IL-6 and sIL-6r were both shown to be statistically sig-

nificant (P = 0.025 and P = 0.010, respectively) (Fig. 1).

IL6 was found in all but two culture media samples, in

several cases above the working range of the assay

([1,480 pg/ml) as was the soluble receptor.

TNF-a was found in all per-operative synovial fluid

samples at a median concentration of 19 pg/ml. Levels

increased in all drain samples between one and six hours

(9 pg/ml and 11 pg/ml, P = 0.005) (Fig. 1). The median

concentration in culture medium samples was 5 pg/ml.

Growth factors

EGF was found in the per-operative synovial fluid samples

of only nine patients with a median of 131 pg/ml (25% 71,

75% 260).

FGF-b was not found in any of the per-operative

synovial fluid samples and in only five of the 1-h drain

samples [median 153 pg/ml, (25% 109, 75% 242)] and

nine of the 6-h drain samples [median 244 pg/ml (25%

174, 75% 311), n.s.] (Fig. 1).

PDGF was confirmed in all per-operative synovial fluid

samples (median 11 pg/ml (25% 3, 75% 54). It was found in

1-h and 6-h drain samples (314 pg/ml (25% 203, 75% 547)

and 765 pg/ml (25% 628, 75% 1,024), respectively,

P = 0.013) (Fig. 1) but only at low levels in culture medium

samples (ACL stump median 1 pg/ml, Graft 2 pg/ml).

TGF-b was confirmed in all the per-operative synovial

fluid samples collected, in the range of 65–575 pg/ml for

ten of these patients. It was present in all drain fluid

samples and increased from a median of 1,410 pg/ml (25%

920, 75% 1,606) at 1 h to 2,594 pg/ml (25% 1,964, 75%

3,043) at 6 h (P \ 0.001).

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

100

200

300

400

500

IL-1 beta 

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

1000

2000

3000

4000

5000

6000

IL-1Ra

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

10

20

30

40

50

60

70

IL-2

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

2000

4000

6000

8000

10000

12000

14000

16000

IL-6

Sample
1 2 3 4 5

C
on

cn
et

ra
tio

n 
(p

g/
m

l)

0

2e+4

4e+4

6e+4

8e+4

1e+5

IL-6r

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

10

20

30

40

50

60

70

TNF-alpha

Sample
1 2 3 4 5

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

500

1000

1500

2000

2500

FGF-beta

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

200

400

600

800

1000

1200

1400

1600

PDGF

Sample
A B C D E

C
on

ce
nt

ra
tio

n 
(p

g/
m

l)

0

1000

2000

3000

4000

5000

TGF-beta

Fig. 1 Mean Concentration (horizontal line), box plot and 95% CI of

the studied cytokine/growth factor for the following time points with

the number of studied samples given below. a Per-operative synovial

fluid samples (n = 12). b 1-h drain fluid (n = 12). c 6-h drain fluid

(n = 14). d ACL stump tissue culture (n = 14). e Graft tissue culture

(n = 14)
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VEGF was shown to increase with time in drain samples

at 1 h 23 pg/ml (25% 12, 75% 52), at 6 h 251 (25% 228,

75% 275) pg/ml (P = 0.008).

Discussion

The most important finding of the present study is the

consistent release in the acute inflammatory post-surgical

phase of anabolic growth factors within the knee. This

represents a unique attempt to understand the acute phase

response in a human model of surgical autograft trans-

plantation within the contained environment of the knee

joint. Through distinct time point sampling a host cytokine

response with increases in IL-1, sIL-6r and TNF-a, coupled

with an increase in the immunosuppressive B-cell cytokine

Il-4, was found. Furthermore, tissue substrate culture has

demonstrated differential ability of uninjured autograft

tendon when compared with native ACL stump to produce

both PDGF and FGF (which is not normally seen at such

high levels so early in the APR). Sequential analysis of

cytokine and growth factor concentration in a series of

patients undergoing reconstructive surgery for ACL defi-

ciency and per patient comparison of pro- and anti-

inflammatory mediator levels is key to understanding the

host response to such surgery and ultimately to modulating

the integrative response by the host to this procedure.

These key mediators have short half-lives, and the acute

phase response shifts to a chronic response after 48 h, so

close early monitoring is most likely to identify important

changes [8].

Previous work has examined at a single time frame local

concentrations of specific mediators from synovial fluid

aspirated in patients with a variety of meniscal/chondral

and ligamentous injured knees; this study has examined the

temporal changes in such cytokine levels in a distinct and

controlled group of patients [26]. It is crucial to examine

both the early and the late phase of cytokine release within

the knee joint so as to successfully unravel the pattern of

such mediated cellular response and graft integration. This

may help to explain possibly why these workers failed with

sampling at day 7 after surgery to identify any particular

pattern or relationship between radiographic tunnel wid-

ening and concentrations of pro-inflammatory mediators

[45]. One of the key hypotheses underscoring this pre-

liminary work is the view that sustained growth factor

release will direct appropriate graft healing. This study has

given an insight for the first time into the active agents

released at the initiation of the host response to surgical

insult. Previous work has failed to identify the correct time

frame for study of the biochemical processes underscoring

the healing response and in our opinion this has lead to

poor interpretation of the subsequent single time frame

cytokine concentrations. It is clear from this study that two

major markers PDGF and TGF are active within 6 h of

surgical insult. Longer time frame study and analysis of

mRNA are clearly required. Furthermore, study of greater

numbers of patients and correlation with these key growth

factor concentrations may help with our understanding of

graft failure.

The biomarkers targeted were based on previous rele-

vant work and the availability of multiplex assay plates.

The growth substances targeted were ones most docu-

mented and those with established functions. Our work has

identified some molecules of interest, while perhaps

reducing interest in others and this information can guide

further targeted research. Future work may also want to

look at additional cytokines and growth factors such as

IL-8, 10 and 17, that are also well documented, for their

pro- and anti-inflammatory roles.

In the per-operative synovial fluid samples, all the bio-

markers studied provided a baseline for assessment [38].

IL-4 acts predominantly as an immune down regulator and

would not be expected to be raised in a quiescent knee.

Previous work has found, in single time frame sampling,

higher baseline concentrations of the pro-inflammatory

cytokines (IL-1b, TNF-a and IL-6) in synovial fluid of

ACL deficient knees [25]. Patients with chronic anterior

cruciate ligament deficiency and recurrent chondral injury

were previously found to have had a sustained inflamma-

tory response predisposing the patient to an increased risk

of osteoarthritis [9, 10, 29]. Interpretation of local peak

concentrations of key mediators at single time points is

confounded by the lack of a clear pattern of change and

must be placed in the context of a defined acute clinical

picture.

Sample intervals for drain fluid samples revealed an

evolving inflammatory response between one and 6 h after

surgery. For all sample types, there were some patients

with samples that appeared to be outliers, the importance of

which remains to be clarified.

There are limitations to the interpretation of this work.

The study group was small and were all men, a chance

occurrence, as sequential eligible patients were recruited.

Hormonal differences in women have been suggested as

the reason that they have higher injury rates (per hour of

specific sport played) than men [24], so this information

may not be generalisable to women. It is accepted that the

instillation of bupivicaine, known to be chondrocytoxic in

animal studies [12] and morphine to the knee may, to some

degree, alter the acute phase response, but it was felt to be

unethical to withhold what has proven to be a useful

analgesic approach for these patients [37]. Further, the

unclamping of the drain tube would be expected to remove

the local non-bound anaesthetic, reducing the potential

effect on chondrocytes. This preliminary study was not
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intended to provide any correlation between acute phase

response and eventual graft incorporation, as the small

numbers would invalidate any firm clinical conclusions.

Rather this dataset can be viewed as a first stage of char-

acterisation of the acute phase response in the human knee

after ACL reconstructive surgery.

The underlying mechanism of failure of ACL graft

integration remains relatively unknown. This first obser-

vational study in a human model has identified sequential

production of key cytokines and growth factors in the knee

in a consecutive series of controlled patients undergoing a

standard surgical reconstruction procedure. Such analysis

has been shown to be of value in the evaluation of acute

knee pain [14] and acute ACL ruptures [15] and may lead

to a better understanding of the complex interactions

involved in successful graft incorporation.

Conclusion

This work has found rapid local increase in the concen-

trations of IL-1, IL-6 but not IL-2. This suggests a non-

specific monocyte-driven early response. However, the

novel finding of rapid intra-articular elution of key growth

factors within 6 h of iatrogenic injury, in particular TGF-b
and PDGF, would argue for a more controlled and directed

early anabolic response. More focused work on these key

growth factors may help us unravel the signalling pathways

which underlie the normal homeostatic response following

surgical reconstruction at the knee.
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