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ABSTRACT

Pregnant women experience weight gain, gait changes, and biochemical fluctuations that impair joint function and
alter the maternal skeleton. Hormonal changes increase pelvic ligament laxity in preparation for childbirth and affect
peripheral joint laxity. Calcium demands also rise during pregnancy and lactation, resulting in reduced bone mineral
density and maternal bone loss. Altered tendon properties and bone loss during pregnancy and lactation may impact
tendon insertion sites, such as rotator cuff tendons where insertion site ruptures are common. However, the effects of
pregnancy and lactation at the tendon-to-bone interface have not been investigated. Therefore, the objective of this
study was to evaluate supraspinatus tendon mechanical properties and insertion site microstructure during pregnancy,
lactation, and post-weaning recovery in female rats. We hypothesized that pregnancy and lactation would compromise
supraspinatus tendon mechanical properties and subchondral bone microstructure. Female rats were divided into
virgin, pregnancy, lactation, and recovery groups, and supraspinatus tendons were mechanically evaluated.
Surprisingly, tendon mechanics were unaffected by pregnancy and lactation. However, tendon modulus decreased two-
weeks post-weaning. Additionally, tendons failed by bony avulsion at the insertion site, and the lactation group
exhibited reduced failure properties corresponding to decreased subchondral bone mineralization. Lactation also
resulted in dramatic bone loss at the epiphysis, but trabecular bone microarchitecture recovered post-weaning. In
conclusion, lactation following pregnancy impaired trabecular bone microstructure and subchondral bone
mineralization, leading to reduced supraspinatus tendon-to-bone insertion site failure properties. These findings will

contribute towards understanding the pathogenesis of tendon-to-bone disorders.

INTRODUCTION

Musculoskeletal disorders such as shoulder, lower back, and knee pain affect 25% of all pregnant women [1,2].
Though pregnancy-related musculoskeletal injuries are often attributed to biomechanical and gait alterations that occur
with fetal weight gain, pregnant and postpartum women also experience substantial biochemical fluctuations that
impair joint function and alter the maternal skeleton [3,4]. Rising estrogen and relaxin levels during pregnancy
increase pelvic ligament laxity necessary for parturition [5]. These hormonal changes also have significant effects on
peripheral joints with clinical data demonstrating increased laxity in the knee, fingers, and wrist [6—8]. The individual
factors contributing to joint laxity are difficult to isolate, but decreased tendon and ligament stiffness [9] as well as
increased tissue length [10] have been proposed as possible causes. Additionally, calcium demands from fetal growth
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increase during pregnancy [11] with increased demands during lactation, resulting in bone resorption, reduced bone
mineral density, and substantial maternal bone loss. Despite a dramatic return to pre-pregnancy hormone levels
postpartum, alterations in joint laxity and maternal bone properties persist [12].

Persistent joint laxity is a risk factor for joint dislocation [13—15], and the shoulder is the most frequently
dislocated major joint in the body. Recurrent shoulder dislocations subject the rotator cuff to adverse loading
conditions, impairing motion and predisposing tendons to degeneration and injury [16—18]. The supraspinatus tendon
is of particular interest because it is the most frequently torn rotator cuff tendon, accounting for a significant
percentage of shoulder pain complaints. Ruptures commonly occur at the tendon-to-bone insertion site, which is
characterized by a critical mineralization gradient that transitions from tendon to regions of unmineralized and
mineralized fibrocartilage before attaching to bone. Given that pregnancy and lactation are known to substantially
affect calcium homeostasis, the interface between tendon and bone may also be affected.

Our previous work showed that rats with a history of two reproductive cycles exhibited reduced supraspinatus
tendon insertion site modulus despite a sustained high calcium diet and a lengthy recovery period [19]. These results
were accompanied by inferior trabecular bone microstructure in the humeral head, including reduced bone volume
fraction, reduced trabecular number, and increased trabecular separation. These findings suggest that pregnancy and
lactation may also compromise the microstructure at the tendon-to-bone insertion site. However, bone microstructural
properties of insertion site region have not yet been investigated, and the transient effects of pregnancy and lactation
on the rotator cuff are still unknown. Changes in this region in response to pregnancy and lactation may affect tendon
mechanical properties and therefore alter shoulder function. Therefore, the objective of this study was to evaluate
changes in supraspinatus tendon mechanical properties and microstructure of the bony insertion site during pregnancy,
lactation, and post-weaning recovery in female rats. We hypothesized that pregnancy and lactation would compromise

the subchondral bone microstructure and lead to reduced supraspinatus tendon mechanical properties.

METHODS

This study was approved by the University of Pennsylvania Institutional Animal Care and Use Committee. 52
Sprague-Dawley female rats were divided across four groups: virgin (n=14), pregnancy (n=14), lactation (n=12), and
recovery (n=12). All rats were fed a high calcium diet throughout the study. Rats in the pregnancy group were
sacrificed at parturition, while the lactation group underwent pregnancy and two weeks of lactation. Rats in the
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recovery group underwent pregnancy, three weeks of lactation, and two weeks of post-weaning recovery (Figure 1).
Taking into account a three-week lactation period, two-weeks post-weaning is five weeks after pregnancy, and this
represents approximately three years post-partum on a human timeline [20]. Pregnancies were timed such that all rats
were sacrificed at 7 months of age, and shoulders were harvested for supraspinatus tendon mechanical testing (n=12-
14/group) as well as subchondral and trabecular bone analysis (n=12-14/group).

Mechanics: Musculature and non-tendinous connective tissue were removed from supraspinatus tendon-humerus
complexes. Supraspinatus tendons were then marked with stain lines for optical strain tracking at 0, 2, 4, and 8mm
along the tendon length to demarcate the insertion (0-2mm), midsubstance (2-4mm), and 8mm gauge length (Figure
2A). Cross-sectional area was measured using a custom laser device [21], humeri were secured in polymethyl
methacrylate, and the tendinous ends were sandwiched between sandpaper tabs with cyanoacrylate glue at the 8mm
gauge length mark. Tendons were submerged in a phosphate buffered saline bath maintained at 37°C and underwent
either a viscoelastic or fatigue testing protocol (Instron Electropuls E3000, Instron Inc., Norwood, Massachusetts).
Right supraspinatus tendons were subjected to viscoelastic tensile testing, consisting of a 0.05N preload, pre-
conditioning (0.5-1.5% strain at 0.25 Hz for 10 cycles), stress relaxation at a 5% strain hold for 600s, a dynamic
frequency sweep at 5% strain (0.125% strain amplitude at 0.1, 1, 2, 10Hz), and a quasi-static strain-rate controlled
ramp to failure at 0.3%/s (Figure 2B). Left supraspinatus tendons underwent load-controlled fatigue testing, consisting
of pre-conditioning and fatigue loading until failure at 2Hz between loads corresponding to 7% and 40% maximum
stress, as determined from quasi-static testing [22]. Fatigue parameters, including peak cyclic strain, secant modulus,
tangent modulus, hysteresis, and laxity were recorded at two breakpoints marking the ends of the primary (BP1) and
secondary (BP2) phases of a triphasic fatigue life curve (Figure 2C).

Trabecular and subchondral bone analysis: Prior to mechanical testing, left proximal humeri were scanned by

microcomputed tomography (WCT35, Scanco Medical, Briittisellen, Switzerland) at 6pum isotropic voxel size (145 pA
current, 55 kVp energy, 600ms integration time). Trabecular bone within the proximal humerus epiphysis was
analyzed for bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), connectivity density (Conn.D), and structure model index (SMI). Additionally, the subchondral
plate, defined as the mineralized fibrocartilage layer of the supraspinatus tendon enthesis and underlying subchondral
bone (Figure 3A), was analyzed to calculate average thickness and the mineralization gradient (Amira 6.7). A

600x720um area was identified in the greater tuberosity at the supraspinatus tendon insertion site (Figure 3B). After
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global thresholding, the innermost boundary of the subchondral bone was manually defined to exclude trabecular bone.
Average thickness was calculated by dividing the volume of this region by the prescribed area. Individual layers were
subsequently defined outwards towards the mineralized fibrocartilage boundary (Figure 3C). Layer intensity values
were averaged to construct a mineralization gradient, normalized to the total subchondral plate thickness. Bone mineral
density (BMD) was compared at 0, 0.5, and 1.0, marking the approximate boundaries between trabecular bone,
subchondral bone, mineralized fibrocartilage, and tendon.

Statistics: All data were presented as mean + standard deviation. Comparisons across groups were made using one-

way ANOV As with Tukey post-hoc tests to compare all groups to each other. Significance was set at p<0.05.

RESULTS

Structural properties remained unchanged in all groups with no differences in cross-sectional area (Figure 4A) or
stiffness (Table 1). Percent relaxation was greater in the recovery group compared to pregnancy (Figure 4B), but there
were no differences in other viscoelastic parameters including dynamic modulus and phase shift, at any frequency
(Table 1). Interestingly, insertion site modulus (Figure 4C) was not different across groups, while midsubstance
modulus was significantly decreased in the recovery group (Figure 4D). Some changes in fatigue properties were
observed with decreased tangent stiffness at BP1 for both lactation and recovery groups when compared to pregnancy
and remained lower in the lactation group at BP2 (Figure 5A). Further, tangent modulus (Figure 5B), secant stiffness
(Figure 5C), and secant modulus (Figure 5D) at BP1 were decreased during lactation compared to virgin. Secant
stiffness and modulus at BP1 were also decreased in the recovery group relative to virgin. However, there were no
differences in cycles to failure, peak cyclic strain, hysteresis, or laxity (Table 2).

Since the predominant failure mode during quasi-static tendon testing was bony avulsion, failure properties reflect
that of the supraspinatus tendon-to-bone insertion site and underlying subchondral bone. Failure stress (Figure 6A) and
failure strain (Figure 6B) were significantly decreased during lactation compared to virgin and pregnancy groups but
recovered after weaning. A similar trend was observed in subchondral plate thickness (Figure 6C). The bone mineral
density gradient between trabecular bone and the supraspinatus tendon was different during lactation and recovery
(Figure 6D). At the trabecular bone-subchondral bone boundary (normalized thickness = 0.00), bone mineral density
(BMD) was significantly lower during lactation compared to virgin and pregnancy groups. During recovery, BMD

remained significantly lower compared to virgin. Reduced BMD in lactation and recovery groups persisted at the
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subchondral bone-mineralized fibrocartilage interface (normalized thickness = 0.50), while there were no differences
between groups at the mineralized fibrocartilage-tendon boundary ((normalized thickness = 1.00, Figure 6E).

BV/TV (Fig 7A) and Tb.N (Figure 7B) were significantly lower while Tb.Sp (Figure 7C) was significantly greater
during lactation compared to virgin, pregnancy, and recovery groups. However, there were no differences in Tb.Th
(Figure 7D). Conn.D (Figure 7E) was greater during recovery, while SMI (Figure 7F) increased during pregnancy and

lactation but later recovered.

DISCUSSION

This study investigated the transient effects of pregnancy and lactation on the supraspinatus tendon, tendon-to-
bone insertion site, and underlying trabecular bone. Contrary to our hypothesis, tendon mechanical properties were
largely unaffected at the end of pregnancy and during lactation. However, tendon mechanical properties were altered
during recovery, with a substantial reduction in both midsubstance and secant modulus compared to the virgin group as
well as an increase in percent relaxation compared to the pregnancy group. This suggests that the physiological
processes of pregnancy and lactation have delayed effects on tendon. Intriguingly, previous studies in the rabbit
showed significantly decreased collagen I mRNA expression in the anterior cruciate ligament (ACL) and medial
collateral ligament (MCL) during pregnancy, increased dramatically 7-days post-partum, but then decreased again 18-
days post-partum to levels below non-pregnant values [23,24]. A similar trend was observed in the ACL for fibroblast
growth factor (FGF) and transforming growth factor-3 (TGFp), key factors that regulate scleraxis expression [25,26]
and collagen matrix production [27,28]. Whether lactation occurred in these studies is unclear; however, there may be
physiological changes in the postpartum period separate from the effects of pregnancy that lead to reduced tendon
mechanical properties. Further studies are required to determine the biological and structural factors driving changes in
tendon modulus and viscoelasticity.

Despite the well-documented consequences of pregnancy on joint laxity, studies are conflicting and
inconclusive, and the field lacks a fundamental understanding on the hormonal regulation of tendons and ligaments.
Estrogen and relaxin are hormones that have been implicated in joint laxity through regulation of collagen metabolism.
Estrogen is linked to increased collagen synthesis [29-31] but also to reduced collagen cross-linking and mechanical
function [32]. Relaxin has been shown to increase tendon creep [33], possibly through increased expression of matrix

metalloproteinases [34] and decreased collagen synthesis [35], leading to increased collagen fiber sliding. Estrogen-
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deficient rats exhibited reduced expression of Pcna and Timp1 [36], suggesting that estrogen also regulates cell
proliferation and metalloproteinase activity, respectively. Therefore, fluctuations in estrogen and relaxin levels during
and following pregnancy may lead to reduced collagen synthesis and cross-linking. Clinical studies in pregnant women
have demonstrated associations between increased joint laxity and serum relaxin [37,38] in the pelvis and hip, while
estradiol levels [39] also correlated in the ACL. Other studies, however, have also shown increased estradiol, relaxin,
progesterone, and cortisol levels as well as joint laxity in the knee, elbow, wrist, and finger but with no correlation [6—
8]. These studies support that pregnancy has site-specific effects, and animal studies investigating the individual tissue
contributions are vital for understanding hormonal regulation during pregnancy. However, animal studies investigating
the effect of pregnancy on tendons and ligaments are limited. Pregnancy induced gene expression changes in rabbit
knee ligaments [23,24] and Achilles tendon [40], while no differences were observed in MCL mechanical properties
between non-pregnant and pregnant rabbits, similar to our findings in the supraspinatus tendon. Therefore, mechanical
changes in tendons and ligaments may not be the predominant driver of altered joint laxity during pregnancy. Instead,
the complex interactions between estrogen and relaxin could impact other factors contributing to joint laxity such as
increased tissue length [10] and inflammation of the surrounding synovial sheath [41].

Interestingly, we observed that the primary mode for supraspinatus tendon failure was by bony avulsion at the
supraspinatus tendon-to-bone insertion site, and reduced failure properties during lactation corresponded with
decreased thickness and mineralization of the subchondral plate. Reduced overall thickness and bone mineral density
during lactation suggest that independent mechanisms modulated by osteoblast-osteoclast coupling regulation and
osteocyte perilacuna-canalicular remodeling [42], respectively, may be active. Our preliminary results found that
changes in bone mineral density during lactation may be associated with TRAP-expressing osteocytes localized to the
subchondral bone region. The number of TRAP-expressing osteocytes later decreased during recovery [43]; however,
the mineralization gradient in the subchondral plate showed a sustained reduction after two weeks of post-weaning
recovery compared to virgin rats. Evaluation of a longer recovery period will determine whether this change is fully
recoverable. Previous animal studies have correlated bone mineral density and failure strength at the tendon enthesis
using ovariectomy models of estrogen deficiency [44,45], noting a thinner tendon-to-bone interface with a less
apparent tidemark at the enthesis. Although our results also show that reduced bone mineral density leads to impaired
failure strength, the sex and calciotropic hormone fluctuations that drive lactation-induced bone loss are different from
the physiological changes in an estrogen-deficient model. Further exploration into the mechanisms that govern these
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two different processes can have important implications for understanding how low mineral density during processes
such as aging or menopause may impair the tendon-to-bone insertion site.

Our previous studies have shown that effects of reproduction on trabecular bone microarchitecture are not only
tissue-specific but also skeletal site specific [46]. For instance, the proximal tibia and lumbar vertebra have different
skeletal roles: trabecular bone at the proximal tibia has a greater metabolic function and serves as a mineral reservoir to
support homeostasis, while the lumbar vertebra primarily provides mechanical support. During pregnancy and
lactation, the proximal tibia and lumbar vertebra showed similar trends of trabecular bone loss followed by recovery
post-weaning. However, trabecular bone at the proximal tibia exhibited greater deterioration during lactation and did
not fully recover post-weaning in contrast to the lumbar vertebra. In the humeral head epiphysis, lactation also resulted
in dramatic bone loss, but a two-week recovery was sufficient to restore trabecular bone properties to pre-pregnancy
levels. Taken together, the epiphysis, where four tendons converge to form the rotator cuff, serves a large mechanical
role and exhibits reproduction-induced bone loss and recovery similar to the load-bearing lumbar vertebra.

Overall, this study provides novel insight into how pregnancy and lactation affect the interface between tendon
and bone. However, there are several limitations to this study. First, we did not assess overall shoulder joint laxity, and
evaluation of other connective tissues and joint mechanics is necessary to determine if pregnancy and lactation affect
overall shoulder function. An additional limitation is that our results may not directly translate to humans because
quadrupedal motion in rats would elicit differences in forelimb weight bearing, particularly in response to pregnancy-
related weight gain. Nevertheless, these findings motivate investigation into the entheses of the weight-bearing lower
extremities and may be translatable to other quadrupedal animals. Finally, a two-week post-weaning recovery period
may not be sufficient for tendon and subchondral plate properties to recover fully despite this time period representing
about three years post-partum on a human timeline [20]. Future studies will address these limitations by investigating
the biological mechanisms underlying transient changes in tendon and bone properties, evaluating lower extremity
tendons and ligaments, and determining the long-term effects of pregnancy and lactation.

In conclusion, lactation following pregnancy induced changes in bone microstructure and mineralization,
leading to reduced supraspinatus tendon-to-bone insertion site failure properties. Combined with further investigation
into the cellular and structural processes that drive these changes, these findings will contribute towards understanding
the pathogenesis of tendon-to-bone disorders.
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331  Figure 1: Study design. Female rats were divided into four groups: virgin, pregnancy, lactation, and recovery. Rats in
332 the pregnancy group were sacrificed at parturition, the lactation group underwent pregnancy and 2 weeks of lactation,
333 and the recovery group underwent pregnancy, 3-weeks of lactation, and 2-weeks of post-weaning recovery.

334  Pregnancies were timed such that all rats were sacrificed at 7 months of age.
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337  Figure 2: Tendon mechanical testing. (A) Supraspinatus tendons were marked with stain lines to identify the

338 insertion site (INS) and midsubstance (MID) for mechanical testing. (B) Right tendons then underwent a testing

339 protocol consisting of preconditioning, a stress relaxation at 5% strain hold, a dynamic frequency sweep (0.1-10Hz)
340  and a quasi-static ramp to failure. Left tendons were subjected to fatigue testing, where the (C) peak strain curve
341  exhibits a triphasic response. Fatigue parameters were reported at two breakpoints marking the ends of the primary

342 (BP1) and secondary (BP2) phases.
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Figure 3: Subchondral plate mineralization. (A) The subchondral plate is comprised of the layers of mineralized
fibrocartilage and subchondral bone underlying the supraspinatus tendon enthesis. To evaluate the mineralization

gradient within this region, (B) a 600x720um area was identified in the greater tuberosity at the supraspinatus tendon

insertion site. (C) After global thresholding, the innermost boundary of the subchondral bone was manually defined to

exclude trabecular bone. Individual layers were subsequently defined outwards towards the mineralized fibrocartilage

boundary. Intensity values within each layer were averaged to construct a mineralization gradient.
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Figure 4: Tendon structural, quasi-static and viscoelastic properties. There were no differences in (A) tendon
cross-sectional area, and (B) percent relaxation increased during recovery compared to the pregnancy group. While
there were no differences in (C) insertion site modulus, (D) midsubstance modulus in the recovery group was
significantly lower compared to all other group. Data are presented as mean + standard deviation. Significant

differences are indicated by solid bars (*p<0.05, **p<0.01, ***p<0.001).
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Figure 5: Tendon fatigue properties. (A) Tangent stiffness was higher in the pregnancy group compared to lactation
at BP1 and BP2, while (B) tangent modulus was greater in virgin rats compared to lactation at BP1. (C) Secant
stiffness and (D) secant modulus were also greater in virgin rats compared to lactation and recovery groups at BP1.
Data are presented as mean + standard deviation. Significant differences are indicated by solid bars (*p<0.05,

##p<0.01, **+*#p<0.001).
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to virgin and pregnancy rats but recovered post-weaning. (D) The mineralization gradient within the subchondral plate

revealed (E) reduced bone mineral density in the lactation group at the trabecular bone boundary (norm. thickness =
0.00), which persisted at the boundary between mineralized fibrocartilage and subchondral bone (norm. thickness =

0.50). Data are presented as mean + standard deviation. Significant differences are indicated by solid bars (*p<0.05,

##p<0.01, **+*p<0.001).
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Figure 7: Humeral epiphysis trabecular bone properties. The lactation group had significantly lower (A) bone
volume fraction and (B) trabecular number as well as greater (C) trabecular separation, and these properties recovered
post-weaning. However, there were no differences in (D) trabecular thickness. (E) Connectivity density increased in
the recovery group, while structure model index was significantly greater in the lactation group. Data are presented as

mean + standard deviation. Significant differences are indicated by solid bars (*p<0.05, **p<0.01, ***p<0.001).

Table 1: Tendon Structural and Viscoelastic Properties

Virgin Pregnancy Lactation Recovery
Stiffness (N/mm) 37.5 (6.3) 39.2(5.3) 384 (5.1) 35.1 (2.9)
0.1Hz 4703 (80.7) 448.2 (45.0) 469.5 (75.0) 392.3 (84.6)
Dynamic Modulus ~ 1Hz 488.6 (82.7) 464.7 (48.0) 487.1(79.1) 407.2 (87.1)
(MPa) 2Hz 493.9 (83.6) 469.4 (47.5) 491.2 (80.4) 410.8 (87.5)
10Hz  497.8 (84.9) 473.4 (49.0) 494.6 (82.4) 413.5 (88.7)
0.1Hz  0.041 (0.004) 0.044 (0.005) 0.040 (0.005)  0.0444 (0.006)
_ 1Hz  0.035(0.004) 0.035 (0.003) 0.035(0.003)  0.0369 (0.005)
Phase Shift (tan 6) ;135 (0.003) 0.033 (0.003) 0.033 (0.004)  0.0360 (0.004)
10Hz  0.036 (0.003) 0.033 (0.003) 0.035(0.004)  0.0372 (0.005)
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Table 2: Tendon Fatigue Properties

Virgin Pregnancy Lactation Recovery

Cycles to Failure (cycles) 8434 (3068) 9416 (6509) 10052 (9849) 5672 (2174)
BPI 408 (0.580) 435 (0.841) 4.11(0.409) 441(0612)

Peak Strain (%)

BP2 8.93 (2.40) 7.90 (1.50) 8.34 (1.48) 9.00 (1.46)

. BPI 8.03 (0.8%) 729 (L.13) 7.26 (1.30) 7.30 (1.48)
Hysteresis (o) ppo 1016 (0.97) 9.82 (1.22) 10.18 (1.44) 10.29 (0.84)
, BPI 0608 (0.149) _ 0.660(0221) __ 0.677(0.118) __ 0.791(0.239)
Laxity (%) BP2 5.33 (1.96) 4.15 (1.29) 4.96 (1.16) 5.5 (1.32)
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