Biochemistry and Biophysics Reports 26 (2021) 100981

Contents lists available at ScienceDirect

BB

Biochemistry and Biophysics Reports Repo

journal homepage: www.elsevier.com/locate/bbrep

ELSEVIER

Check for
updates

Inflammatory and healing environment in synovial fluid after anterior
cruciate ligament reconstruction: Granulocytes and endogenous opioids as
new targets of postoperative pain

Hiroki Katagiri“, Kaori Nakamura “, Takeshi Muneta “, Toshifumi Watanabe ,
Kazumasa Miyatake *, Ichiro Sekiya ", Hideyuki Koga “, Kunikazu Tsuji "
@ Department of Joint Surgery and Sports Medicine, Tokyo Medical and Dental University, Japan

b Center for Stem Cell and Regenerative Medicine, Tokyo Medical and Dental University, Japan
¢ Department of Cartilage Regeneration, Tokyo Medical and Dental University, Japan

ARTICLE INFO ABSTRACT

Keywords: Background: Biological processes after anterior cruciate ligament reconstruction (ACLR) is crucial for recovery.
Inflammatory mediators However, alterations in the of synovial fluid cell population during the acute phase following ACLR and the
Granulocyte

relationship between these cells and postoperative pain is unclear. The goal of this study was to reveal alterations
in synovial fluid cell population during the acute phase following ACLR and relationship between postoperative
pain and proportion of synovial fluid cells.

Methods: Synovial fluids were obtained from all patients (n = 50) before surgery and from patients who showed
hydrarthrosis at days 4 (n = 25), and 21 (n = 42) post-surgery. The cell population was analyzed by flow
cytometry. IL1p, IL8, and met-enkephalin in synovial fluid were quantitated by enzyme-linked immunosorbent
assay. Patients answered numerical rating scale (NRS) questionnaire at 4 days and approximately 4 weeks
postoperatively.

Results: The granulocyte population was significantly higher at 4 days after surgery than at any other time points.
The population of macrophages was 3.2 times and 7.7 times as high as at surgery on days 4 and 21, respectively.
T cell population was significantly higher 21 days after surgery compared to 4 days after surgery. All NRS 4
weeks after surgery showed a significant negative correlation with the granulocyte population in synovial fluid 4
days after surgery. Granulocyte population in synovial fluid significantly correlated with the levels of IL1$ and
IL8. Postoperative pain at rest tended to decrease with an increase in met-enkephalin concentration 4 days after
ACLR.

Conclusions: Synovial fluid after ACLR had an inflammatory environment at early time points and a healing
environment in the subsequent phase about concerning to the cellular composition. A proportion of synovial
fluid cells and endogenous opioids affected postoperative pain.

Anterior cruciate ligament reconstruction
Knee arthroscopic operation
Synovial fluid cells

1. Introduction

As is well known, healing of anterior cruciate ligament reconstruc-
tion (ACLR) involves biological processes [1]. The early phase of healing
process begins with an influx of cells into periphery of the grafts by the
second week [2]. Synovial fluid cells play a central role in early phase of
healing process. At the general damage site, we know that cells of the
immune system, including granulocytes, monocytes, and T cells, migrate
to the damage site [3,4]. However, alterations in synovial fluid cell

population has not been reported after knee arthroscopic operation nor
after ACLR.

Additionally, patients with inadequately controlled postoperative
pain show decreased sports participation levels after ACLR [5,6]. Be-
sides, influx cells of the immune system in synovial fluid is likely to
relate to postoperative pain, similarly with general damage site. Un-
derstanding of proportion of influx synovial fluid cells after ACLR will
help to reveal the mechanism of pain induction and may lead to control
the postoperative pain. However, there are no reports on the
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relationship between cell population and postoperative pain after ACLR.
The effort is needed to accumulate knowledge of postoperative pain
after ACLR.

Secretion of cytokines, chemokines, prostaglandins, histamine, and
opioid peptides is the major peripheral contributor of postoperative pain
and retained inflammatory environment [7]. Furthermore, inflamma-
tory cytokines orchestrate both healing and delayed healing via different
degree of inflammation [8]. Various inflammatory cytokines, such as
interleukin (IL) 6 and IL8, are increased in the acute phase of inflam-
mation following ACL injury [9]. Inflammatory cytokine levels 3-4 days
after ACLR strongly correlated with postoperative physical functional
recovery [10]. Increased IL1p expression at 3-4 days postoperatively
induced delayed recovery. Furthermore, under an inflammatory envi-
ronment, endogenous opioids can be secreted by cells of the immune
system [11]. Opioids are the most effective substances for the treatment
of pain [12]. However, there has been no study focused on the corre-
lation among inflammatory cytokines, endogenous opioids, and post-
operative after ACLR. Therefore, it is meaningful to reveal the
relationship between secreted endogenous opioids and postoperative
pain.

In this study, we revealed alterations in synovial fluid cell population
during the acute phase following ACLR and showed the relationship
between postoperative pain and proportion of synovial fluid cells.

2. Materials and methods
2.1. Patients

All procedures were approved by the local ethical committee for
Human Clinical Research. The present study’s inclusion criterion was
selecting those patients who underwent primary isolated ACLR between
February 2013 and March 2014 at Tokyo Medical and Dental University
Hospital of Medicine. On the other hand, patients who refused to pro-
vide consent marked the exclusion criterion. Synovial fluids were ob-
tained from consecutive patients (n = 50) undergoing ACL
reconstruction just before surgery. Additionally, synovial fluids were
obtained on days 4 (n = 25), and 21 (n = 42), after surgery from patients
who showed hydrarthrosis. Patients comprised 30 men and 20 women
with a mean age of 24.5 years (range 13-53 years) at the time of surgery
(Fig. 1A). Patient answered numerical rating scale (NRS) questionnaire
for pain during movement (Q1), at rest (Q2), at first movement in the
morning (Q3), and during climbing up and down stairs (Q4) 4 days and
approximately 4 weeks after surgery.

2.2. Operative technique

An anatomic double-bundle technique using two autologous double-
stranded semitendinosus tendons was employed, which was described
previously [13]. All operations were performed by two senior doctors.
The semitendinosus tendon was harvested and cut into halves and folded
creating two double-stranded bundles looped with ENDOBUTTON
CL-BTB (Smith & Nephew Endoscopy, Andover, MA). The open end of
each graft was closed with two Krackow sutures and a Bunnell suture
using no. 2 strong sutures. Both femoral and tibial tunnels were created
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at the anatomic position of insertion sites of each bundle. Femoral sides
of grafts were fixed with the ENDOBUTTON CL-BTB (Smith & Nephew
Endoscopy). Tibial sides of grafts were fixed with two anchor staples.

2.3. Postoperative rehabilitation

Postoperative rehabilitation followed standard protocol. That was
the same for all patients as follows. Postoperatively, the operated knee
was not immobilized. All participants received a cooling treatment for 3
days after the surgery. Knee range of motion exercises were started 1 day
after surgery, and weight bearing and walking exercises were instructed
at the physical therapy department with crutches and a knee brace.
Weight bearing was not restricted and allowed as tolerated. Participants,
who requested painkiller, were administered NSAIDs (Celecoxib 100
mg: 2 tablets per day for 1 week). The majority of patients were dis-
charged from hospital approximately 5 days postoperatively. When
patients were able to raise the affected leg without any extension lag,
they were allowed to walk without crutches or knee brace at approxi-
mately 4 weeks postoperatively.

2.4. Flow cytometric analysis

Cell surface molecules were analyzed using a flow cytometer
(FACSVerse TM, BD Biosciences, Tokyo, Japan) as previously described
[14]. Briefly, 500 pL of synovial fluid were used. Five mL of PBS were
added to the synovial fluid and centrifuged for 5 min with 1500 rpm.
Suspension was discarded. Cells were mixed with 5 mL of ACS lysis
buffer, kept for 5 min, centrifuged for 5 min with 1500 rpm, washed
twice with FACS staining buffer, and counted. Cells (100,000) were
incubated with antibodies directed to molecules or isotype of interest in
this study. Detailed information about each antibody is provided in
Supplementary table 1. Isotypes were used to establish staining speci-
ficity. Using an BD FACSVerse TM, forward and side scatter profiles of
cells were initially determined to identify major populations. All ana-
lyses were performed using BD FACSSuite TM Software (BD Biosciences,
Tokyo, Japan; Fig. 1B). Cluster of differentiation (CD) 66b has been
characterized as a granulocyte specific activation antigen. CD11b,
CD14, and CD33 were typical macrophage markers. Typical “classically
activated” or M1-polarized macrophages express CD11c, and typical
“alternatively activated” or M2-polarized macrophages express CD206.
CD3 is a defining feature of the T cell lineage, CD4 is expressed on helper
T cells, and CD8 is expressed on cytotoxic T cells (Fig. 1B).

2.5. Cytokine quantitation for IL1p, IL8, and met-enkephalin

Synovial fluids were stored at -80 degree Celsius. Cytokine levels of
IL1p, IL8, and met-enkephalin in synovial fluid were quantitated using
an ELISA kit according to the manufacturer’s recommendations. IL1p,
which has an established role in regulating infiltration and proliferation
of granulocytes, its chemotactic factor IL8 (secreted by granulocytes
stimulated by IL1f), and met-enkephalin (secreted by granulocytes
against pain) were analyzed.

B
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T-cell CD3, CD4, CD8, CD45

Monocyte/Macrophage CD11b, CD14, CD11¢,CD33,
CD206, CD45

Granulocyte CD66b, CD45

Fig. 1. The time course of this experiment. A: Synovial fluids were obtained just before surgery and 4, and 21 days after surgery. Patients answered numerical rating
scale (NRS) questionnaire at 4 days and approximately 4 weeks after surgery. B: List of CD markers for fluorescence activated cell sorting (FACS).
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2.6. Statistical analysis

Statistical analysis between groups was performed using Kruskal-
Wallis test. Statistically significant differences between groups were
further investigated using Dunnett’s multiple comparison tests. Re-
lationships between NRS for pain intensity and CD66 positive cell pro-
portion, CD66 positive cell proportion and cytokine levels of IL1f, NRS
for pain intensity and met-enkephalin concentration, and CD66 positive
cell proportion and met-enkephalin concentration were assessed using a
scatterplot graph, followed by calculation of Pearson’s correlation co-
efficient (r). Data were analyzed using Graphpad Prism Software
(GraphPad Software, La Jolla) version 6.01. A P-value of <0.05 was
considered statistically significant. Post-hoc power analysis revealed
that, with an alpha of 0.05, a sample size of 39 cases achieved a power of
0.96 for differences between the granulocyte populations at day 0 and at
day 4.

3. Results
3.1. Study participants characteristics

Characteristics of patients who participated in this study are pro-
vided in Table 1.

3.2. Cellular context of synovial fluid was changed after surgery

Size and complexity of cell populations from the synovial fluid after
surgery were analyzed using FACS. Proportion of large and high-
complexity cell populations increased, whereas that of the small-cell
populations decreased 4 days after surgery as compared to the preop-
erational values. Large and high-complexity cell populations (within
blue) disappeared but the small and high-complexity as well as small
and low-complexity cell populations increased at day 21 post-surgery
(Fig. 2). Therefore, cell populations in the synovial fluid are dynamic
temporally.

3.3. Cell population of synovial fluid was changed on the time depended
manner

Analysis of CD marker indicated that granulocyte population was
significantly higher at 4 days after surgery than at any other time point
while there was a high individual variation in granulocyte population

Table 1
Study participants characteristics.
Number of participants 50
Age (years) 24.5 + 8.96
Women 20/50
Men 30/50
Height (cm) 166.5 + 8.8
Weight (kg) 67.0 + 20.2
BMI (kg/m?) 24.0 + 6.44
Period from injury to surgery (months) 23.6 + 63.2
WBC at day 4 (cells/puL) 6165 + 1364
CRP at day 4 (mg/L) 2,42 +2.14
Concomitant meniscus surgery
Medial meniscus tear 26 (52%)
Suture 44 (38%)
Partial meniscectomy 12 (17%)
Lateral meniscus tear 26 (52%)
Suture 26 (52%)
Partial meniscectomy 2 (4%)

Cartilage lesion: *ICRS grade (0/1/2/3/4)
Femur medial
Femur lateral
Tibia medial
Tibia lateral

30/14/6/1/0 (60%/28%12%/2%/0%)
46/3/2/0/0 (92%/6%/4%,/0%/0%)
32/18/1/0/0 (64%/36%/2%/0%/0%)
29/15/6/1/0 (58%/12%/2%/0%)

Values are expressed as mean with 95% CI.
*ICRS: International Cartilage Repair Society.
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between the patients (45.0 + 31.5% at 4 days) (Fig. 3A). Population of
monocytes/macrophages was approximately 3.2 times and 7.7 times as
high as at surgery on days 4 and 21, respectively. The population of
CD11c positive monocytes/macrophages showed same trends (Fig. 3B).
CD3-positive total T cell population was significantly high on 21 days
after surgery compared to day 4 after surgery (Fig. 3C). There were no
significant differences in helper T cells, which were CD3 and CD4-
positive, and cytotoxic T cells, which were CD3~and CD8-positive.

3.4. Granulocyte population correlates with pain intensity at 4 weeks

Since granulocyte population at 4 days showed high individual
variation between patients as patients have a large variation of degrees
of pain, we investigated the relationship between granulocyte popula-
tion and NRS.

There is no correlation between granulocyte population and any NRS
4 days after surgery. All NRS approximately 4 weeks after surgery
showed a significant negative correlation with granulocyte population
in synovial fluid 4 days after surgery (Q1: Y = —0.03X+4.02, R squared
=0.44,P < 0.01; Q2: Y = —0.02X+1.97, R squared = 0.42, P < 0.05; Q3:
Y = —0.03X+4.79, R squared = 0.44, P < 0.01; Q4: Y = —0.04X+4.77, R
squared = 0.45, P < 0.05) (Fig. 4A). The pain at 4 weeks after ACLR
decreased with an increasing granulocyte population at 4 days.

3.5. Cause and effect of granulocytes

Granulocyte population in synovial fluid significantly correlated
with levels of an inflammatory cytokine IL1 § (r = 0.55, p < 0.01) and
chemokine IL8 (r = 0.52, p < 0.01) (Fig. 4B).

3.6. Met-enkephalin correlates with pain intensity at 4 days post-surgery

Postoperative pain at rest tended to decrease with an increase in met-
enkephalin concentration 4 days after ACLR (Y = —0.28X+5.06, R
squared = 0.41, P < 0.05) (Fig. 5A). Met-enkephalin concentration did
not correlate with pain intensity with activities 4 days after ACLR.
Additionally, granulocyte population in synovial fluid did not correlate
with levels of met-enkephalin 4 days after ACLR (Fig. 5B).

4. Discussion

Our most important findings are [1]: cell population of the synovial
fluid changed with inflammatory environment during acute phase, and
[2] postoperative pain intensity at 4 weeks after ACLR decreased with an
increasing granulocyte population after 4 days. However, the reason
underlying pain reduction at 4 weeks was not determined in the current
study.

The current study found that cellular context of synovial fluid was
changed in the time dependent manner with inflammatory environment
at the early time point and healing environment in the subsequent phase
after knee arthroscopic operation. Many studies reported cell population
of synovial fluids after total knee replacement or infection [15, 16]. The
current results showed that 4 days after ACLR, percentage of gran-
ulocytes was surged in CD marker analyses. Since percentage of gran-
ulocytes is elevated in inflammatory synovial fluid [17], it was assumed
that the knee joint was in the early inflammation phase 4 days after
ACLR. Inflammation initiates and affects all stages of tissue healing and
orchestrates tissue healing process. In healing process of injured tissue,
after migration of granulocytes, macrophages and lymphocytes are
recruited at the injury site [18]. In this experiment, after granulocytes
surged, fraction of macrophages and T cells also increased in synovial
fluid on day 21 after ACLR, same as healing process of injured tissue. The
current study showed that, after ACLR, synovial fluid had inflammatory
environment at the early time point and healing environment in the
subsequent phase in most of cases.

Furthermore, cell size and complexity analyses supported these
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Fig. 2. Cellular context of synovial fluid: Representative results of cellular context of synovial fluid. Forward-scattered light (FSC): proportional to cell-surface area
or size. Side-scattered light (SSC): proportional to cell granularity or internal complexity. Large and high-complexity, small and high-complexity, and small and low-

complexity cell populations are presented within blue, green, and red ovals, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 3. Populations of synovial fluid cells. A: Granulocyte population in synovial fluid. B: Monocyte/macrophage population in synovial fluid. Population of CD11c-

positive monocytes/macrophages and population of CD206-positive monocytes/macrophages were shown separately. C: The total population of T cells, helper T
cells, and cytotoxic T cells in synovial fluid.

trends. The three distinct populations, including lymphocytes, mono- chemotactic factor and the relationship between granulocytes and
cytes, and granulocytes, can be seen based on their size and complexity postoperative pain after ACLR. First, granulocyte population 4 days after
on the dot plot following flow cytometry [19]. CD marker analysis using ACLR significantly correlated with levels of IL1f, which has the role in
FACS confirmed that population of large and high complexity cells, regulating infiltration and proliferation of granulocytes [20]. Second,
small and high complexity cells, and small and low complexity cells granulocyte population 4 days after ACLR significantly correlated with
indicated granulocytes, monocytes, and lymphocytes, respectively. levels of chemokine IL8, which is secreted by granulocytes stimulated by
Their size and cell complexity analysis showed the same results with CD IL1p [21]. Third, high granulocyte population was associated with low
maker analysis. pain intensity approximately 4 weeks after ACLR. Granulocytes secrete

This experiment revealed the correlation of granulocytes and their anti-inflammatory cytokines, such as IL1Ra [22,23]. Additionally,
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Fig. 4. Relationship between granulocyte population and pain intensity. A: Correlation of granulocyte population 4 days after surgery and numerical rating scale
(NRS) for pain during movement (Q1), at rest (Q2), at first movement in the morning (Q3), and during climbing up and down stairs (Q4) at approximately 4 weeks
after surgery. (N = 13-14) B: Correlation of granulocyte population and concentration of IL1p and IL8 4 days after surgery (N = 24).

granulocytes produce analgesic mediators, such as endogenous opioids,
in inflammatory environment [24]. Furthermore, IL1f is one of the most
common cytokine to stimulate peripheral opioids released from immu-
nocytes in inflammatory sites [25]. However, levels of met-enkephalin
did not correlate with granulocyte population in synovial fluid. In

general, these results suggested a possibility that inflammatory envi-
ronment increased levels of IL1f and increased activity of granulocytes
that secreted IL8. In turn, activated granulocytes might reduce pain.
However, the current study did not reveal a relationship between cy-
tokines and pain relief approximately 4 weeks after ACLR.
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Fig. 5. Relationship between met-enkephalin and pain intensity. A: Correlation of met-enkephalin concentration and numerical rating scale (NRS) for pain during
movement (Q1), at rest (Q2), at first movement in the morning (Q3), and during climbing up and down stairs (Q4) 4 days after surgery. (N = 6-10) B: Correlation of
granulocyte population and concentration of met-enkephalin 4 days after surgery (N = 10).

In this experiment, met-enkephalin concentration inversely corre-
lated with pain intensity at rest 4 days after ACLR. Endogenous opioid
peptides, including beta-endorphin and met-enkephalin, are secreted
from immune cells at the site of inflammation [26]. Stein et al. reported
that synovium in the knee joint secretes endogenous opioids in inflam-
matory environment, and exogenous blockade of intra-articular opioid
receptors increases postoperative pain [27]. Based on the above, the
current results indicated that endogenous opioids reduced pain intensity
at rest in the early postoperative period.

On the other hand, met-enkephalin concentration did not correlate
with pain intensity during movement. Pain during movement is often

more severe and difficult to control than pain at rest. Tegeder et al.
indicated that electrically evoked pain may be increased by movement,
while inflammatory pain represents spontaneous pain in the absence of
stimulation [28]. In the immediate postoperative period, direct activa-
tion of nociceptors and inflammation cause pain at rest at the surgical
site and the nearby region [29]. Tegeder et al. showed that low dose of
opioid peptides had a peripheral effect on inflammatory pain but not on
electrically evoked pain [30]. Therefore, after ACLR, low dose of
endogenous opioids affected only weak pain at rest but not strong pain
during movement.

There are several limitations in the present study. First, the present
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study included a small number of subjects. However, meaningful results
in the present paper had significant difference and were consistently in
line with previous reports. Second, synovial fluid was collected from
only patients with hydrarthrosis affecting the knee pain or rehabilitation
by ethical investment policies. Despite this, persistent postoperative
pain is a major concern and it correlates with synovial fluid volume [31].
Therefore, this experiment included patients who needed management
of postoperative pain after arthroscopic operation.

In conclusion, we demonstrated alterations in synovial fluid cell
population during the acute phase following ACLR and the relationship
between these cells and endogenous opioids and postoperative pain.
Synovial fluid, after ACLR, had an inflammatory environment at the
early time point and a healing environment in the subsequently phase in
a cellular context. In particular, postoperative pain approximately 4
weeks after ACLR decrease with an increasing granulocyte population at
4 days, and the postoperative pain 4 days after ACLR tended to decrease
with an increase in met-enkephalin concentration at 4 days. The present
study holds clinical relevance whereby we determined the synovial joint
environment during the acute phase following ACLR. We consider that
our findings encourage future research in revealing the mechanism of
postoperative pain induction by an influx of synovial fluid cells.
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