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Background: Tendon-to-bone (TtB) healing is essential for successful rotator cuff repair (RCR). This
study aimed to investigate if caffeine intake impaired TtB healing in a rat RCR model.
Methods: Seventy-two rats were randomized into a caffeinated group or a noncaffeinated group.
Specimens received one week of oral caffeine solution or normal saline before RCR. All rats then un-
derwent bilateral RCR. Caffeination or saline gavages continued until rats were sacrificed at 2, 4, and 8
weeks postoperatively. Load-to-failure (primary outcomes measure), maximum stress, and stiffness of
the TtB interface were measured for one shoulder of each specimen. Six random shoulders from each
group underwent histological assessment of TtB healing.
Results: Load-to-failure and maximum stress of RCR did not appear to differ between groups at any time
point. No difference in RCR stiffness was found between groups at 2 and 4 weeks; however, stiffness in
the caffeinated group did appear to lower at 8 weeks (P ¼ .04).
Conclusion: Perioperative caffeine intake did not appear to affect load-to-failure strength of RCR in an
animal model. Although our secondary outcome measures of maximum stress and stiffness also did not
appear to be influenced by perioperative caffeine intake, there did appear to be a trend toward decreased
RCR stiffness at 8 weeks postoperatively in specimens that received caffeine.

© 2022 Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Rotator cuff repairs (RCRs) are among the most common or- this drug on TtB healing. Patients aged 50 to 64 years are among the

thopedic procedures performed.25 If loss of tendon-to-bone (TtB)
continuity at the repair site occurs, it is often in the short to in-
termediate postoperative period when the RCR is vulnerable to
conditions that may impair TtB healing.1 Identifying variables that
inhibit TtB healingmay help improve RCR outcomes.27 For example,
it has been shown that tear size, age, osteoporosis, load removal,
diabetes, nonsteroidal anti-inflammatory drugs (NSAIDs), fluo-
roquinolones, and nicotinemay negatively effect the biomechanical
properties, histological characteristics, and healing speed of RCRs
via various mechanisms; however, many modifiable risk factors,
such as perioperative caffeine use, remain unstudied.3,4,17,24,26

The ubiquitous consumption of caffeine, and its easily modifi-
able use, increases the importance of investigating the effects of
orehead Medical Drive suite

Young).

alf of American Shoulder and Elbo
most likely to undergo RCR5 and have the highest rate of caffeine
consumption.20 Studies have found that caffeine can impede
wound healing and epithelialization,23 inhibit collagen synthesis,8

and disturb early stages of bone healing.9 However, to our knowl-
edge, no study has investigated the effect of caffeine on TtB healing,
specifically.

The purpose of this study was to determine the effects of
caffeine on TtB healing in an established rat RCR model. We hy-
pothesized that perioperative caffeine intake would be associated
with a decreased load-to-failure (LtF) strength of the repair and
decreased tendon maturation on histological analysis.

Materials and methods

This is an experimental, basic science study involving a ran-
domized control investigation to evaluate the biomechanical and
histological properties of RCR in a rat model with or without
exposure to perioperative caffeine. Approval for the study was
w Surgeons. This is an open access article under the CC BY-NC-ND license (http://
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Table I
Geometric and biomechanical properties.

Group Shoulders Area (mm2)* Maximum stress (Mpa)* Load to failure (N)* Stiffness (N/mm)*

Caffeine group
2 Weeks 13 6.2 (1.9) 2.3 (1.5) 12.4 (6.6) 9.8 (5.6)
4 Weeks 9 5.3 (1.7) 4.9 (1.8) 23.3 (4.9) 15.3 (6.9)
8 Weeks 11 5.8 (1.7) 4.6 (2.1) 24.1 (6.9) 9.7 (5.9)y

Noncaffeine group
2 Weeks 8 6.0 (1.7) 2.9 (2.0) 15.0 (8.2) 10.3 (8.4)
4 Weeks 13 5.5 (1.7) 4.4 (2.5) 21.6 (7.9) 13.1 (5.3)
8 Weeks 11 5.8 (1.7) 4.9 (1.6) 26.9 (7.0) 14.1 (2.8)y

*Values are presented as means with standard deviations in parentheses.
yThe comparison between groups is statistically significant at P < .05.
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obtained from the Institutional Animal Care and Use Committee. A
power analysis was performed to determine a sufficient sample size
based on LtF data from a previous study, assuming an alpha level of
0.05, two-tailed.4,8 Four extra rats were added to the initial sample
size to account for expected perioperative complications.

Seventy-two adult male Sprague-Dawley rats (380-450 g) were
randomized into two groups (caffeinated and noncaffeinated). On
day 0, all rats received a daily oral gavage of either pure water or a
solution of caffeine dissolved in distilled water (10 mg/kg/d), a dose
which has been suggested to correspond to 3.5 mg/kg in humans
(2-3 cups of coffee for a 70-kg human).11 Oral gavage was the
chosen route of administration because it mimics the human route
of consumption and provides controlled dosing. Additional rat
maintenance techniques followed a previously published protocol.4

On day 7, all groups underwent bilateral RC detachment and
immediate RCR as described in previous studies.13,14 An established
bone tunnel suture fixation method of the supraspinatus was
used.2,14 The surgeon was blinded to group designation at the time
of surgery. Daily gavages continued until sacrifice date.

Twelve rats from each group were euthanized with inhaled
carbon dioxide at 2, 4, and 8 weeks after surgery to evaluate time-
dependent trends among several biomechanical and histological
parameters, which were hypothesized to be susceptible to peri-
operative caffeine intake. Time until sacrifice strategically corre-
lated with the inflammatory, proliferative, and remodeling stages
of healing.13 Immediately after sacrifice, gross observations of the
repair including signs of infection, appearance of tendon-bone
continuity, and reattachment site color were documented. The
protocol called for one shoulder from each rat, 12 per group, to be
frozen at �80�C for future biomechanical analysis. Owing to un-
intended specimen death and that one rat in each group was
mislabeled, specimen numbers sacrificed in the caffeine and non-
caffeinated group at 2, 4, and 8 weeks were not evenly distrib-
uted across the groups; however, the study was still adequately
powered for assessing our primary outcomesmeasure based on our
power analysis (Table I). The contralateral shoulder of 6 rats from
each group were randomly selected and prepared for histological
assessment.

Surgical intervention

Rats were anesthetized with inhaled 2% Isoflurane. A trans-
deltoid surgical approach was used to visualize the supraspinatus
tendon. The supraspinatus tendon margins were identified and
tagged with a simple suture (5-0 Prolene; Ethicon, Johnson and
Johnson, Piscataway, NJ, USA). After supraspinatus tendon detach-
ment from the humeral greater tuberosity, its footprint was
debrided of all soft tissue and fibrocartilage with a scalpel. The
suture was then passed through a bone tunnel 2 mm distal to the
footprint to reapproximate the anatomical insertion of the supra-
spinatus (Fig. 1).
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After shoulder blockade with bupivacaine, the deltoid split and
skin edges were reapproximated using 4-0 Vicryl (Ethicon, Johnson
and Johnson, Piscataway, NJ, USA). Bupivacainewas chosen because
NSAIDs have been shown to affect TtB healing.4 Postoperatively, the
animals continued weight-bearing ad libitum and were monitored
by animal care specialists for signs of pain and/or complications.
Our postoperative pain protocol consisted of buprenorphine (0.01
to 0.05 mg/kg) administered subcutaneously every 12 hours as
needed with a max of 4 doses.

Biomechanical analysis

Biomechanical testing of TtB healing was performed as
described in previous studies.12,14 The supraspinatus was dissected
subperiosteally from its origin on the suprascapular fossa, and the
distal humerus was excised. This dissection technique provided a
specimen consisting of the entire tendon, origin, and insertion that
could be concomitantly subjected to mechanical testing (Fig. 2).
Each specimen was thawed to room temperature on the day of
testing. A micrometer was used to measure the cross-sectional area
of the supraspinatus tendon at its insertion site.

Force testing was performed using an MTS 858 Mini-Bionix
Mechanical Testing System (MTS Systems Corporation, Eden Prai-
rie, MN). The proximal supraspinatus tendon was attached to the
mechanical testing system actuator using specially designed
pneumatic grips and secured with ethyl cyanoacrylate. The hu-
merus was potted in bone cement within an aluminum fixture,
which was held secure to prevent fracture of the physis as seen in
similar studies. This assembly allowed the shoulder components to
be tested in 90 degrees of abduction. A 100 Newton (N) load cell
was used to provide accurate force readings of tendon strength. The
load cell was connected to a linear bearing to allow for alignment of
the tendon in the direction of pull as performed in previous
studies.4 Each tendon was preloaded to 1 N and then underwent
ten cycles of preconditioning at a given length of displacement (5%
grip-to-grip strain at a rate of 0.1%/s) to establish uniform load
histories. The tendons were stretched in displacement control at
0.05 mm/sec until failure. Results allowed for calculation of
maximum stress to failure, maximum force to failure, and stiffness
(slope of the most linear portion of the load-deformation curve).
Statistical analysis of variance, with significance set at P < .05, was
used to compare data between groups and time points.

Histological analysis

Histological analysis was performed for the caffeinated and
noncaffeinated groups after 2, 4, and 8 weeks of healing (6 shoulders
per group). The bone-tendon-muscle sample was fixed in a 15-ml
Eppendorf tube with 10% neutral buffered formalin. The sample
was then decalcified with 10% ethylenediaminetetraacetic acid for
two weeks and embedded in paraffin for histology. The regions



Figure 1 Transdeltoid surgical exposure and rotator cuff repair of the left shoulder in a
rat.

Figure 2 The muscle-tendon-bone specimen potted for biomechanical testing.

Table II
Comparison of tendon-to-bone maturation between time points.

Group 2 Weeks 4 Weeks 8 Weeks P value

Caffeine 24.3 ± 1.2 26.3 ± 1.2 26.0 ± 1.0 .150
Noncaffeine 25.3 ± 1.2 27.0 ± 2.0 27.7 ± 2.1 .258
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of interest (TtB healing site, supraspinatus midsubstance, and
greater tuberosity) were sectioned coronally. Samples were then
stained with hematoxylin and eosin to examine cell morphology,
tartrate-resistant acidic phosphatase and Ki67 staining to perform
quantitative measurement of bone resorption and proliferation, and
trichome staining followed by picrosirius red staining to analyze
collagen content, organization, and maturity. Pictures of the slides
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were digitized and analyzed based on previously established gray-
scale values. Quantifying the brightness detected under polarized
light allowed us to depict time-dependent changes of collagen
maturation and organization. Samples were evaluated in a blinded
fashion by one experienced histomorphologist using the TtB matu-
rity score described by Ide et al.15 The scorer graded eight histological
characteristics on a scale from 1 to 4, with a lower score indicating
superior TtB healing.

Statistical analysis

The geometric and biomechanical measures were compared
between the caffeine and noncaffeine groups at each time point
using t-tests while Kruskal-Wallis tests were used for comparisons
of histologic TtB healing because of the small number of observa-
tions. Analysis of variance was used to compare TtB maturation
across time points, within the caffeine and noncaffeine groups. P
values of <.05 (two-sided) were considered statistically significant.

Results

Biomechanical results

Gross assessment found that none of the specimens had evi-
dence of macroscopic inflammation or purulence, all repairs were
in continuity with their boney insertion, and there were no obvious
tendon or muscle color differences between groups. Mean cross-
sectional area of the supraspinatus tendon insertion sites was
similar between groups at each time point. All specimens failed at
the TtB junction during LtF testing. Mean LtF and maximum stress
on the repairs were similar between groups at all time points. There
was no significant difference in repair stiffness between groups at 2
and 4 weeks; however, the repair stiffness in the caffeinated group
was significantly lower at 8 weeks than that in the noncaffeinated
group (Table I) (P ¼ .04).

Histological results

The TtB maturation scores were similar between caffeinated and
noncaffeinated groups at 2, 4, and 8 weeks (Table II). Staining with
picrosirius red to analyze collagen content, tartrate-resistant acidic
phosphatase to measure quantitative measurements of bone
resorption via osteoclasts activity, and Ki67 to evaluate the degree of
cell proliferation did not showany remarkable qualitative differences
between groups based on the observations of one experienced his-
tomorphologist. Preliminarily, there did appear to be attenuated
osteoclast activity in specimens among the caffeinated group (Fig. 3).

Discussion

To our knowledge, this is the first study to investigate the effects
of caffeine on TtB healing. This investigation found that perioper-
ative caffeine intake did not appear to influence the LtF strength
(primary outcome measure), cross-sectional area, and maximum
stress of the supraspinatus repair site within 8 weeks in a rat RCR
model. However, the stiffness of the repair did appear to be influ-
enced by perioperative caffeine intake at 8 weeks postoperatively.



Figure 3 Osteoclasts are denoted by small arrows. (A) H&E stain of bone-tendon junction at 4 weeks after RCR in a noncaffeinated specimen demonstrating abundant osteoclast
activity. (B) H&E stain of bone-tendon junction at 4 weeks after RCR in a caffeinated specimen demonstrating attenuated osteoclast response.
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Histologically, the overall TtB maturation scores were similar be-
tween groups based on underpowered, pilot data.

The stiffness of RCR at 8 weeks appeared lower in rats that
received perioperative caffeine. Stiffness of a tendon is the amount
of force required to stretch the tendon per unit of distance. It has
been suggested that stiffness increases with collagen synthesis and
integrity.18 Therefore, a reduction in stiffness is thought to indicate
microfailure and irreversible plastic deformation.19 It should be
recognized that our biomechanical assessment of stiffness may
have been underpowered because the sample size for this study
was determined based on our primary outcomemeasure. However,
our primary outcomesmeasure, load to failure, did not appear to be
influenced by perioperative caffeine intake at 8 weeks post-
operatively, indicating that the difference in stiffness may not
correlate with repair failure, when failure is defined as retear at the
RCR site. Further studies should be performed to determine the
clinical significance of RCR stiffness in the postoperative period and
how tendon stiffness correlates with clinical outcomes.

Without TtB healing, the strength of an RCR relies on the force
required to pull the suture through the tendon, which has been
shown to be themost commonmode of RCR failure.6 Therefore, it is
important to understand the physiology behind TtB healing and the
variables that can adversely effect this process. As with any
damaged tissue, blood supply is essential for healing. Because
neovascularization rarely occurs from the tuberosity bone into the
reattached tendon, the nutrients and healing factors are provided
to the repair site in an antegrade fashion via epitendinous blood
vessels and diffusion into the synovial fluid through the circulus
articuli vasculosis around the joint capsule.2 These healing factors
foster chemotaxis of fibroblasts and the proliferation of a collagen
and extracellular matrix around the repair site.21 Oguma et al
showed that this collagen is then anchored to the repair interface
via the formation of woven bone.22

Several drugs have been found to effect the biomechanical
properties of RCR in murine models, including but not limited to
NSAIDs, fluoroquinolones, and nicotine.4,10,14 Cohen et al performed
a similar investigationas reportedhereinon180 rats thatunderwent
RCR.4 Their study found that perioperative intake of either indo-
methacin or celecoxib was associated with significant changes in
collagen organization and lower LtF rates.4 Fox et al performed a
similar controlled laboratory study that compared rats that
underwent RCR and were given perioperative fluoroquinolones
vs. saline.10 It appeared that preoperative and/or postoperative flu-
oroquinolone use was associated with significantly less fibro-
cartilage andpoorly organized collagen at the repair site. In addition,
rats that received the drug preoperatively and postoperatively had
significantly lower LtF strength than controls.10 Moreover, Galatz
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et al performed a similar study that investigated the effects of
nicotine on RCR healing in rats.14 They found that perioperative
nicotine exposure was associated with lower type-I collagen
expression and load to failure at 28 days after surgery, helping them
conclude that decreased cell proliferation at the repair site may
explain inferior biomechanical properties of RCR in rats exposed to
perioperative nicotine.14

Caffeine has a demonstrated effect on wound healing in an
ex vivo model of human skin. Ojeh et al found that topical caffeine
impeded epithelialization of damaged tissue, slowed keratinocyte
proliferation, and slowed keratinocyte migration to the injury
site.23 In a separate ex vivo model of human skin, Donejko et al
found caffeine inhibited collagen synthesis in fibroblasts via
inhibiting DNA biosynthesis and the expression of b1-integrin and
insulin-like growth factor receptor, both of which are integral to
tissue healing.8 Furthermore, Duarte et al performed a comparative
study that assessed the effects of oral caffeine administration on
early bone healing in rats with a traumatic cortical defect in the
tibia.9 They found that the tibiae of rats that received caffeine daily
presented a significantly lower area of new bone formation on
histometric analysis, which may be in line with our preliminary
findings of an attenuated osteoclastic response at the TtB interface
of RCR repair.9 Interestingly, despite the findings of the aforemen-
tioned studies, our hypothesis that caffeine would adversely effect
the LtF strength at the TtB interface of RCR was not supported by
the results of this study.

This study had several limitations. The study was designed to be
underpowered for histological analysis because of restricted re-
sources; however, owing to unintended specimen death as
described in the methods, the study may have also become un-
derpowered for biomechanical analysis of stiffness and stress at the
repair site but fortunately remained adequately powered to assess
our primary outcome measure, load to failure, of which our antic-
ipated effect size was far fromwhat was observed in biomechanical
testing. Also, our histological analysis was performed by only one
histologist, leading to potential bias; however, this is the first
investigation into the relationship between caffeine intake and TtB
healing, providing preliminary data for future studies. In addition, it
should be noted that caffeine metabolism in humans and rats is
different. In our study design, we dosed the rats once daily with a
concentration of caffeine that corresponded to the consumption of
2-3 cups of coffee by an average American, at a single sitting, based
on weight.11 This does not take into account differences in caffeine
metabolism and does not account for multiple caffeinated bever-
ages consumed throughout the course of a day. In addition, caffeine
metabolism is variable within individuals based on genetics, con-
current medication use, tobacco consumption, and age.7 Although
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obtaining blood or urine samples could have provided an objective
measurement of caffeine absorption, an investigation by Ikeda et al
has shown that rats receiving caffeine via gavage, as performed in
this study, had reliably higher blood concentrations than rats that
sipped a caffeine solution over an extended period of time.16

Conclusion

Perioperative caffeine intake did not appear to effect the LtF
strength of RCR in an animal model. Although our secondary
outcome measures of maximum stress and stiffness also did not
appear to be influenced by perioperative caffeine intake, there did
appear to be a trend toward decreased RCR stiffness at 8 weeks
postoperatively in specimens that received caffeine. Further in-
vestigations into the effects of caffeine on TtB healing and the
clinical significance of RCR stiffness are recommended.
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