[image: image1]Dantrolene Prevents the Lymphostasis Caused by Doxorubicin in the Rat Mesenteric Circulation

		ORIGINAL RESEARCH
published: 16 August 2021
doi: 10.3389/fphar.2021.727526


[image: image2]
Dantrolene Prevents the Lymphostasis Caused by Doxorubicin in the Rat Mesenteric Circulation
Serena Van1, Soumiya Pal1, Brittney R. Garner2, Kate Steed1, Vijayalakshmi Sridharan1, Shengyu Mu2, Nancy J. Rusch2 and Amanda J. Stolarz1,2*
1Department of Pharmaceutical Sciences, College of Pharmacy, University of Arkansas for Medical Sciences, Little Rock, AR, United States
2Department of Pharmacology and Toxicology, College of Medicine, University of Arkansas for Medical Sciences, Little Rock, AR, United States
Edited by:
Roberto Paganelli, University of Studies G. d’Annunzio Chieti and Pescara, Italy
Reviewed by:
Karthik Babu Mallilankaraman, National University of Singapore, Singapore
Aneta Radziwon-Balicka, Nordsjællands Hospital, Denmark
* Correspondence: Amanda J. Stolarz, astolarz@uams.edu
Specialty section: This article was submitted to Translational Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 18 June 2021
Accepted: 05 August 2021
Published: 16 August 2021
Citation: Van S, Pal S, Garner BR, Steed K, Sridharan V, Mu S, Rusch NJ and Stolarz AJ (2021) Dantrolene Prevents the Lymphostasis Caused by Doxorubicin in the Rat Mesenteric Circulation. Front. Pharmacol. 12:727526. doi: 10.3389/fphar.2021.727526

Background and Purpose: Doxorubicin (DOX) is a risk factor for arm lymphedema in breast cancer patients. We reported that DOX opens ryanodine receptors (RYRs) to enact “calcium leak,” which disrupts the rhythmic contractions of lymph vessels (LVs) to attenuate lymph flow. Here, we evaluated whether dantrolene, a clinically available RYR1 subtype antagonist, prevents the detrimental effects of DOX on lymphatic function.
Experimental Approach: Isolated rat mesenteric LVs were cannulated, pressurized (4–5 mm Hg) and equilibrated in physiological salt solution and Fura-2AM. Video microscopy recorded changes in diameter and Fura-2AM fluorescence tracked cytosolic free calcium ([Ca2+i]). High-speed in vivo microscopy assessed mesenteric lymph flow in anesthetized rats. Flow cytometry evaluated RYR1 expression in freshly isolated mesenteric lymphatic muscle cells (LMCs).
Key Results: DOX (10 μmol/L) increased resting [Ca2+i] by 17.5 ± 3.7% in isolated LVs (n = 11). The rise in [Ca2+i] was prevented by dantrolene (3 μmol/L; n = 10). A single rapid infusion of DOX (10 mg/kg i.v.) reduced positive volumetric lymph flow to 29.7 ± 10.8% (n = 7) of baseline in mesenteric LVs in vivo. In contrast, flow in LVs superfused with dantrolene (10 μmol/L) only decreased to 76.3 ± 14.0% (n = 7) of baseline in response to DOX infusion. Subsequently, expression of the RYR1 subtype protein as the presumed dantrolene binding site was confirm in isolated mesenteric LMCs by flow cytometry.
Conclusion and Implications: We conclude that dantrolene attenuates the acute impairment of lymph flow by DOX and suggest that its prophylactic use in patients subjected to DOX chemotherapy may lower lymphedema risk.
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INTRODUCTION
Doxorubicin (DOX) is an anthracycline chemotherapeutic agent used as a mainstay treatment for nearly a third of breast cancer patients (Giordano et al., 2012; McGowan et al., 2017). Although its intended mechanism of action is inhibition of the enzyme, topoisomerase 2, to prevent DNA replication and cancer cell division, (Johnson-Arbor and Dubey, 2020), DOX has a number of serious off-target effects including cardiotoxicity and lymphedema that may occur soon after treatment or years later (Norman et al., 2010; Curigliano et al., 2016; Nguyen et al., 2017; Cardinale et al., 2020). For example, DOX increases the risk of arm lymphedema in breast cancer patients subjected to axillary lymph node dissection by nearly 3 –fold (Nguyen et al., 2017), thereby subjecting more breast cancer survivors to a debilitating and irreversible medical condition. In addition to compromised body image, lymphedema predisposes to recurrent infections including severe cellulitis and the lethal cancer, angiosarcoma (Robinson et al., 1991; Cormier et al., 2010; Norman et al., 2010; Ahmed et al., 2011; Bevilacqua et al., 2012; Ridner et al., 2012; Shaitelman et al., 2015; Rivere and Klimberg, 2018).
The treatment of arm lymphedema is limited to compression therapies, manual pumping of the limb, and rarely lymph vessel-to-vein anastomosis (Shaitelman et al., 2015; Rivere and Klimberg, 2018). Accordingly, the search continues for a medication that could protect lymph flow and prevent lymphedema after DOX chemotherapy. In this regard, normal lymph flow relies on the spontaneous and rhythmic contractions of collecting lymph vessels (LVs), which “pump” lymph fluid from the interstitial space to the bloodstream of the systemic circulation to avoid fluid accumulation in peripheral tissues. Disruption of the rhythmic contractions of lymph vessels elevates intraluminal pressure, which can permanently damage the endothelial cells, lymphatic muscle cells (LMCs) and valves that comprise the delicate LVs. The end result is compromised lymph flow (lymphostasis) and development of the clinical manifestation of lymphedema (Zawieja et al., 1991; Ji and Kato, 2001; Nipper and Dixon, 2011; Choi et al., 2015).
In this respect, we recently reported that DOX acutely disrupts the rhythmic contractions of isolated rat mesenteric LVs and attenuates lymph flow in vivo at clinically achievable plasma concentrations (Stolarz et al., 2019). DOX appears to impair lymph flow by tonically activating ryanodine receptors (RYRs) to mediate Ca2+ release from the sarcoplasmic reticulum of LMCs, thereby causing “calcium leak” and establishing persistently elevated levels of cytosolic free calcium ([Ca2+i]). Because rhythmic contractions of LMCs rely on the cyclic elevation of [Ca2+i] to mediate contraction, followed by restoration of resting levels of [Ca2+i] to permit relaxation, the tonic “calcium leak” induced by DOX disrupts rhythmic contractions and impairs lymph flow (Stolarz et al., 2019). Importantly, we noted that rhythmic contractions in isolated LVs can be restored by blocking RYRs using high concentrations of ryanodine or therapeutic concentrations of dantrolene (DANT). The latter observation may be important, because prophylactic interventions to reduce lymphedema risk associated with DOX chemotherapy are lacking and dantrolene is a clinically available medication that could be repurposed as an anti-lymphedema agent.
Thus, the goal of the present study was to evaluate whether dantrolene (DANT) (Krause et al., 2004; Rosenberg et al., 2015; Ratto and Joyner, 2020), a RYR subtype 1 (RYR1) antagonist approved by the U.S. Food and Drug Administration (FDA) for clinical use, can attenuate DOX-induced “calcium leak” in LMCs and prevent the detrimental effect of DOX on lymph flow in vivo. Dantrolene initially was approved by the FDA in 1979 for the prophylactic and acute treatment of malignant hyperthermia, which is caused by excessive Ca2+ release mediated by the RYR1 subtype in skeletal muscle cells. It was approved later as a muscle relaxant to alleviate skeletal muscle spasticity. Currently, DANT is available in intravenous and oral formulations (Ratto and Joyner, 2020), with a topical composition recently patented (Henry, 2014). However, DANT has not received attention as an anti-lymphedema therapeutic, largely because the contribution of RYRs to lymph muscle contraction is regarded as minimal and the identity of the RYR subtypes (RYR1, RYR2, and RYR3) expressed by LMCs is unresolved (Atchison and Johnston, 1997; Atchison et al., 1998; Zhao and van Helden, 2003; Jo et al., 2019; Stolarz et al., 2019). Accordingly, the present study also determined whether the RYR1 protein, the therapeutic target for DANT, is expressed by freshly isolated LMCs.
METHODS
Animals
Rat mesenteric LVs used for in vitro studies were isolated from 8 to 12-week-old male and female Sprague-Dawley rats purchased from Envigo RMS (Indianapolis, IN, United States). Animals were deeply anesthetized using 3.5% isoflurane with 1.5 L/min oxygen and euthanized by decapitation. Since no differences in DOX-induced “calcium leak” or abundance of RYR1 protein in LMCs were observed between male and female rats, in vivo lymph flow studies were conducted only in female rats. To minimize interference by mesenteric fat during video imaging of LVs in vivo, younger (5 to 7-week-old) female Sprague-Dawley rats were purchased from the same vendor (Envigo RMS) as older animals. At the completion of in vivo experiments, rats were exsanguinated by cutting the main mesenteric artery under deep anesthesia. All procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health and approved in animal use protocol #3923 by the Institutional Animal Care and Use Committee at the University of Arkansas for Medical Sciences.
Diameter Measurement in Cannulated LVs
Second-order collecting LVs (outer diameters, 100–200 μm) were dissected from the rat mesenteric arcade, which was secured in a silicone-lined dish containing physiological salt solution (PSS) composed of (in mmol/L): 119 NaCl, 24 NaHCO3, 1.17 NaH2PO4, 4.7 KCl, 1.17 MgSO4, 5.5 glucose, 0.026 EDTA, 1.6 CaCl2; bubbled with 7% CO2 to maintain pH 7.4. The LVs were cannulated using borosilicate glass micropipettes (outer diameter, 1.2 mm; inner diameter, 0.68 mm) pulled to achieve tip diameters of 75–100 μm (GCP-75–100; Living Systems Instrumentation, Burlington, VT, United States), and then pressurized at 4–5 mm Hg for at least 15 min in a perfusion chamber (Living Systems Instrumentation, Burlington, VT, United States) containing PSS until the appearance of stable patterns of rhythmic contractions. Diameter was monitored through a 10x S Fluor objective with data collected at 15 Hz and analyzed using IonOptix edge-detection software.
Measurement of Intracellular Free Calcium ([Ca2+i]) in Cannulated LVs
To measure cytosolic free calcium ([Ca2+i]) in cannulated LVs, the vessels were prepared as described above, and then incubated in the dark with 2 μmol/L Fura-2 AM (ThermoFisher Scientific Molecular Probes F1221, Waltham, MA, United States) and 0.02% wt/v pluronic acid (Sigma-Aldrich P2443, St. Louis, MO, United States) for 30 min at 37°C, washed with reagent-free PSS and equilibrated for 15 min; then washed again with reagent-free PSS and equilibrated until rhythmic contractions were stable. An inverted Olympus microscope (Olympus Corporation of the Americas, Center Valley, PA, United States) equipped with a 10x S Fluor objective and an IonOptix fluorescence imaging system (IonOptix LLC, Westwood, MA, United States) was used to image LVs loaded with Fura-2 AM. The dye was excited in 50-ms exposures at alternating 340 and 380 nm wavelengths. Fluorescence emission was acquired at 15 Hz and analyzed using IonOptix software.
In order to evaluate the ability of dantrolene (DANT) to prevent RYR-mediated ‘calcium leak’ in LMCs, cytosolic free calcium ([Ca2+i])-associated fluorescence was recorded in DANT (3 μmol/L) or an equal volume of drug-free dimethyl sulfoxide solvent (1:10,000) for 20 min prior to addition of DOX (10 μmol/L). The [Ca2+i]-associated fluorescence signal was analyzed after subtraction of background fluorescence at baseline, during the final 5 min of each drug administration, and after drug washout. The [Ca2+i] value was calculated as the ratio of 340/380 nm wavelengths calibrated to Ca2+ standards (ThermoFisher Scientific C3008MP, Waltham, MA, United States).
High-Speed In Vivo Microscopy
Female rats were fasted overnight and anesthetized using 2.5% isoflurane in 1.5 L/min oxygen. A midline abdominal incision was made and a single loop of mesentery was exposed on a customized heated (37°C) chamber filled with HEPES-PSS consisting of (in mmol/L): 119 NaCl, 4.7 KCl, 1.17 MgSO4, 1.6 CaCl2, 24 NaHCO3, 0.026 EDTA, 1.17 NaH2PO4, 5.5 glucose and 5.8 HEPES); pH was titrated to 7.4 using NaOH. A single LV was visualized and lymph flow was recorded continuously for 10 min to establish a stable baseline. Then dantrolene (10 μmol/L) or an equal volume of dimethyl sulfoxide solvent (1:10,000 dilution) was added to the superfusate bathing the mesentery for 20 min prior to and continuously after tail vein infusion with DOX (10 mg/kg infused over 2 min) or an equivalent volume of saline as control. Lymph flow was recorded continuously prior to and during the 20 min incubation period with DANT and for 60 min after rapid infusion of DOX. Customized software tracked individual lymph cells in flow as described in detail earlier by us (Sarimollaoglu et al., 2018; Stolarz et al., 2019; Garner et al., 2021). Using these data files, flow velocity and positive volumetric flow were calculated to evaluate the effects of DOX and DANT on lymph flow in vivo.
Flow Cytometry
Intact second-order rat mesenteric LVs were dissected free from fat and placed in room-temperature dissociation solution (Solution I) containing (in mmol/L): 145 NaCl, 4 KCl, 1 MgCl2, 10 HEPES, 0.05 CaCl2, 10 glucose, and 0.5 mg/ml bovine serum albumin; pH was adjusted to 7.4 using NaOH. Subsequently, Solution I was removed carefully with a glass bulb pipette and replaced with 500 µL of new dissociation solution (Solution II) containing Solution I plus papain (1.7 mg/ml, Worthington 3119) and dithioerythritol (1 mg/ml, Sigma D8255) before LVs were incubated for 25–30 min at 37°C. Then, Solution II was removed and replaced with 500 µL Solution III (Solution I plus 1 mg collagenase H (Sigma C8051; 0.5 mg/ml), 1.4 mg collagenase F (Sigma C7926; 0.7 mg/ml), 2 mg trypsin inhibitor (Sigma T9128; 1 mg/ml) and incubated for 5–7 min at 37°C. Immediately following incubation, a glass pipette was used to triturate LVs to release single LMCs from remaining adventitia. Subsequently, 100 µL of 10% FBS was added directly to the suspension containing LMCs and other lymphatic vessel cells, mixed with a pipette, and transferred to a low retention 1.5 ml microcentrifuge tube and spun at 0.9 g for 10 min at 4°C to collect the LMCs. Supernatant was removed and cells were re-suspended in 1 ml of isolation buffer (IB): (phosphate-buffered saline (PBS) containing 0.25% BSA and 2 mM EDTA) and passed through a Falcon® Tube with a 70 μm cell-strainer cap to filter large debris and achieve a single cell suspension. The resuspension step was repeated twice to eliminate residual enzymes from the cell suspension solution. Previous studies by us have shown that this method of LMC isolation produces individual cells for analysis (Garner et al, 2021).
After isolation and washing, the LMCs were fixed using 1% paraformaldehyde dissolved in PBS and rotated on a LabQuake shaker for 20 min at room temperature, protected from light. After 20 min, 900 µL IB was added and tubes were spun at 0.9 g for 25 min. After spinning, the supernatant was removed and pellets were resuspended in blocking buffer (PBS containing 5% BSA, 2 mM EDTA, 0.3% saponin) for 1 h at room temperature. Then cells were divided into groups for incubation with and without primary antibody targeting the RYR1 subtype (Alomone Labs, Jerusalem, Israel; ARR-001) at a dilution of 1:200 and rotated at 4°C overnight. The following morning, the supernatant was removed and cells were resuspended in 1 ml IB with 0.3% saponin and centrifuged at 0.9 g for 25 min at 4°C.
Next, suspensions of LMCs were incubated with Alexa 647 (Abcam, Cambridge, MA, United States; ab150079) at a dilution of 1:100 and smooth muscle specific α-actin-FITC (Abcam, Cambridge, MA, United States; ab8211) at a dilution of 1:100 protected from light for 45 min at room temperature. The cells were rinsed 3 times with IB containing 0.3% saponin before suspension in 300 µL IB for analysis by flow cytometry. Suspensions of LMCs subjected to the same procedure outlined above but without incubation in primary or secondary antibody served as negative controls. Data were collected using the Accuri C6 and LSRFortessa (BD Biosciences, San Jose, CA, United States) in the UAMS Flow Cytometry Core and analyzed with FlowJo-V10 software (FlowJo LLC, Ashland, OR, United States) to measure the protein expression of the RYR1 subtype in isolated LMCs. A separate set of LMCs co-incubated with a competing peptide corresponding to the antigenic sequence for the RYR1 antibody (1:50) was used to evaluate non-specific binding.
Western Blot
Rat skeletal muscle, heart, and brain were dissected and snap-frozen in liquid nitrogen. Tissues were homogenized using a bullet blender and proteins were extracted with radioimmunoprecipitation assay lysis buffer containing protease inhibitors. Protein concentration was determined with a bicinchoninic acid protein assay (Bio-Rad, Hercules, CA, United States), and 25 µg protein was added to a 2x Laemmli buffer containing β-mercaptoethanol (5%). Gel electrophoresis was performed, and proteins were transferred to a polyvinylidene difluoride membrane (0.22 µm pore size). Protein transfer was confirmed by Ponceau stain of the membrane. The membrane was first incubated in tris-buffered saline (TBS) containing 0.05% Tween-20 and 5% non-fat dry milk to reduce non-specific antibody binding, then incubated overnight at 4°C with primary antibody RYR1 (1:1,000, Alomone Labs, Jerusalem, Israel) prepared in TBS containing 0.05% Tween-20 and 5% non-fat dry milk. After incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10,000, Cell Signaling Technology, Danvers, MA, United States) at room temperature for 1 h, and washes with TBS-Tween (0.1%), membranes were covered in enhanced chemiluminescence (ECL) Plus Western Blotting Detection Reagent (GE Healthcare Life Sciences, Chicago, IL) and placed on CL-Xposure Film (Thermo Scientific, Waltham, MA, United States). Films were developed and imaged with an AlphaImager® gel documentation system (ProteinSimple, San Jose, CA, United States).
Chemicals
Doxorubicin HCl injectable USP (Pfizer Inc., obtained from the UAMS Hospital Pharmacy, Little Rock, AR, United States) was stored at 4°C protected from light. Dantrolene (Sigma-Aldrich D9175, St. Louis, MO, United States) was dissolved in DMSO and stored as 10 mmol/L aliquots at -20°C. Fura-2 AM was dissolved in DMSO and stored as 1 mmol/L aliquots at -20°C protected from light. Pluronic F-127 was dissolved in DMSO and stored as 20% (wt/v) aliquots at room temperature.
Statistics
All data were distributed normally as confirmed using the D’Agostino and Pearson normality test. Data obtained from control and DOX- or DANT-treated preparations at single time points were compared using the unpaired t-test for statistical significance. Comparison of multiple points within a data set was subjected to one-way ANOVA with repeated measures. Comparison between multiple groups with multiple time points was subjected to two-way ANOVA with repeated measures and Tukey multiple comparisons post-test. Data are expressed as Mean ± S.E.M. Differences were judged to be significant at the level of p < 0.05.
RESULTS
Isolated Lymph Vessels: Intracellular Free Calcium
We reported earlier that DOX disrupted rhythmic contractions in cannulated LVs, and this effect was partially prevented by DANT (Stolarz et al., 2019). Because we recently updated our perfusion station, we initially sought to recapitulate these earlier findings here, in order to illustrate the actions of DOX and DANT on lymph vessel contractions as the basis for our current study. Accordingly, rat mesenteric LVs were exposed to increasing bath concentrations of DOX (0.5–20 μmol/L) either in the absence of DANT or 20 min after the addition of DANT (3 μmol/L) to the PSS-filled perfusion chamber. As reported earlier (Stolarz et al., 2019), the cumulative addition of DOX (0.5–20 μmol/L) progressively disrupted the rhythmic contractions of cannulated LVs (Figure 1A). In contrast, the suppression of rhythmic contractions by DOX was effectively blocked by preincubation with DANT (Figure 1B).
[image: Figure 1]FIGURE 1 | DANT preserves lymphatic contractions in isolated rat mesenteric LVs exposed to DOX. (A) Rhythmic contractions of a single LV exposed to increasing concentrations of DOX (0.5–20 μmol/L). DOX progressively inhibited rhythmic contractions and reduced end-diastolic diameter. (B) Incubation with DANT (3 μmol/L) prevented DOX-induced inhibition of contractions.
Next, we used fluorescence capture software to determine whether the mechanism by which DANT prevented the disruption by DOX of rhythmic contractions relied on the ability of DANT to block RYR1 and prevent DOX-induced ‘calcium leak’ from the sarcoplasmic reticulum in LMCs. Cannulated LVs loaded with Fura-2 AM were pre-incubated either in DANT (3 μmol/L) or an equal volume of drug-free solvent for 20 min prior to addition of DOX (10 μmol/L). Resting [Ca2+i] consistently increased by 17.5 ± 3.7% above baseline in control LVs exposed to DOX (Figures 2B,D–open circles), and this finding was not significantly different between LVs obtained from male rats (n = 5) and female rats (n = 6) (Supplementary Figure S1A). This finding was not observed in LVs maintained in drug-free solvent as time controls (Figures 2A,D–filled circles). These results corroborated our earlier observation that DOX causes “calcium leak” to tonically elevate [Ca2+i] in LMCs (Stolarz et al., 2019). However, we show here for the first time that incubation with DANT significantly antagonizes DOX-induced “calcium leak” in cannulated LVs. In these vessels, resting [Ca2+i] remained stable at 96.7 ± 6.2% of baseline after addition of DOX (Figures 2C,D—filled squares). Interestingly, DANT failed to prevent DOX-induced elevation of [Ca2+i] in 2 of 11 cannulated LVs, suggesting it failed to antagonize DOX in a minor subset of vessels (Figure 2D—filled squares). The reason for this failure was not readily apparent, and we did not increase DANT concentration progressively because our intention was to use drugs at clinically relevant levels.
[image: Figure 2]FIGURE 2 | DANT prevents the DOX-induced “calcium leak.” Representative recordings of cytosolic free calcium ([Ca2+i]) in cannulated LVs loaded with Fura-2. Drug-free solvent, DOX (10 μmol/L), and DANT (3 μmol/L) were added to the bath as indicated by the arrows. The dashed line in each recording represents baseline. (A) Drug-free time control. (B) Addition of DOX (10 μmol/L) increased resting [Ca2+i]. (C) Incubation with DANT (3 μmol/L) prevented DOX-induced elevation of resting [Ca2+i] (‘calcium leak’). (D) Compared to controls (filled circles), DOX (10 μmol/L; open circles) increased resting [Ca2+i] at 20 min post-administration, which was prevented by prior incubation with DANT (3 μmol/L; filled squares). Data reported as mean ± S.E.M. and analyzed using unpaired t-test (n = 9–11; **p < 0.01).
High-Speed In Vivo Microscopy
Next, we explored whether the protection offered by DANT against DOX-induced “calcium leak” and disrupted contractions in cannulated LVs would translate to protection against the lymphostasis caused by systemic administration of DOX to anesthetized rats. Accordingly, we measured lymph flow in vivo in exposed mesenteric loops of animals subjected to a rapid intravenous infusion of saline (volume control), or subjected to a rapid infusion of DOX at a dose (10 mg/kg i.v.) that establishes steady-state plasma concentrations achieved during clinical chemotherapy protocols (Stolarz et al., 2019). In a subset of the DOX-infused animals, the mesenteric loop containing the LVs was superfused with DANT (10 μmol/L) to provide local block of RYR1 while avoiding potential systemic effects. Using high-speed optical flow cytometry, we calculated volumetric lymph flow in mesenteric LVs by simultaneously tracking vessel diameter and single-cell velocity in lymph fluid (Figures 3A–D; Sarimollaoglu et al., 2018; Stolarz et al., 2019).
[image: Figure 3]FIGURE 3 | Superfusion of DANT preserves in vivo lymph flow in mesenteric LVs of anesthetized rats infused with DOX. Frame-by-frame cell tracking (300 fps video capture) measures the distance travelled by a cell in lymph fluid as a function of time to enable estimation of cell velocity. (A) Upward deflections indicate positive (distal-to-proximal) cell velocity in control LVs superfused with PSS. (B) Infusion of DOX (10 mg/kg i.v.) reduced average lymph cell velocity to cause “lymphostasis,” which is evident by lower amplitude upward deflections interspersed with downward deflections indicating back flow. (C) Superfusion of the mesenteric LVs with DANT (10 μmol/L) had no effect on average lymph cell velocity. (D) Additionally, lymph cell velocity was preserved in mesenteric LVs superfused with DANT prior to infusion of DOX (10 mg/kg i.v.). (E): Compared with an equi-volume infusion of saline (SAL–filled circles; n = 6), systemic administration of DOX (DOX; open circles; n = 7) markedly reduced positive volumetric flow in rat mesenteric LVs. Addition of DANT to the superfusate 20 min prior to and continuously after- systemic administration of DOX preserved lymph flow (DOX + DANT; filled squares; n = 7). Positive volumetric lymph flow in mesenteric LVs superfused with DANT was stable in animals infused with SAL (SAL + DANT; open squares; n = 7). Data reported as mean ± S.E.M. and analyzed using two-way ANOVA (F (3.204, 15.13) = 2.435). **** significant from SAL, DOX + DANT, and SAL + DANT; p < 0.0001.
Using software developed by us to estimate lymph flow in vivo (Sarimollaoglu et al., 2018), the velocity of a single lymph cell is revealed as dynamic and mostly distal-to-proximal in LVs superfused with drug-free PSS (Figure 3A; Supplementary Video S1). The rhythmic upward deflections in a sample recording of cell velocity indicate forward lymph flow and efficient lymphatic pumping enabled by rhythmic contractions (Figure 3A). In contrast, forward cell velocity was markedly reduced at 1 h after rapid infusion of DOX (10 mg/kg i.v.) and occurred bi-directionally (Figure 3B; Supplementary Video S2), indicating impaired lymphatic drainage. To test whether DANT could prevent the impaired lymph flow caused by systemic DOX administration, DANT (10 μmol/L) was maintained in the superfusate bathing the mesenteric loop for 20 min prior to and then after rapid infusion of either DOX (10 mg/kg i.v.) or an equal volume of saline. We chose the 10 μmol/L concentration of DANT, because it corresponds to therapeutic steady-state plasma concentrations (8–12 μmol/L) used in the prophylactic treatment of malignant hyperthermia (Meyler et al., 1979a; Meyler et al., 1979b; Leslie and Part, 1989; Podranski et al., 2005; Hadad et al., 2009). Lymph cell velocity remained dynamic and mostly distal-to-proximal after superfusion of the mesentery with DANT (10 μmol/L), implying that RYR1 do not regulate lymph flow under resting conditions (Figure 3C; Supplementary Video S3). Moreover, when we administered a rapid infusion of DOX (10 mg/kg i.v.) during DANT superfusion of the mesenteric LVs, positive cell velocity in the LVs remained robust and dynamic (Figure 3D; Supplementary Video S4), indicating continued efficiency of lymphatic pumping and preserved distal-to-proximal lymph flow.
Average values for positive volumetric flow under control and experimental conditions are shown in Figure 3E. In control animals infused only with an equi-volume of saline (SAL i.v.) instead of DOX (infusion volume: 1–1.5 ml), positive volumetric lymph flow in mesenteric LVs was not significantly different than baseline during the 60-min study (Figure 3E—filled circles; n = 6). In another group of control animals, mesenteric LVs were superfused with DANT for 20 min prior and 1 hour after equi-volume saline infusion. Positive volumetric lymph flow also did not significantly change in response to saline infusion in these LVs when compared to saline infused animals without DANT superfusion, implying that lymph flow was not altered by DANT under basal conditions (Figure 3E—open squares; n = 7). In contrast, positive volumetric flow in mesenteric LVs of rats infused with DOX (10 mg/kg i.v.) was markedly reduced to 29.7 ± 10.8% of baseline by 45 min after infusion and flow remained depressed for the remainder of the experiment (Figure 3E—open circles; n = 7). Notably, positive volumetric lymph flow was preserved in mesenteric LVs superfused with DANT in DOX-treated animals (Figure 3E—filled squares; n = 7). Positive volumetric flow was compared between all groups using two-way ANOVA with repeated measures and Tukey multiple comparisons post-test. DOX treated animals were significantly different from all other groups. No other groups were different from one another. Thus, the local application of DANT effectively prevented DOX-induced reductions in lymph flow.
Detection of RYR1 in Lymphatic Muscle Cells (LMCs)
Until now, we have shown that a therapeutic concentration of DANT, a clinical RYR1 antagonist, attenuates DOX-induced “calcium leak” in cannulated LVs and preserves lymph flow in anesthetized rats rapidly infused with DOX to establish a clinically achievable plasma concentration. These findings infer that the RYR1 subtype is functionally expressed in the sarcoplasmic reticulum of rat mesenteric LMCs, a concept not demonstrated definitively to date. Therefore, we sought to detect expression of the RYR1 protein in purified populations of LMCs from male and female rats. Isolated LMCs were co-stained with the smooth muscle marker, α-SMA-FITC, and primary antibody directed against RYR1. Then LMCs were incubated with the secondary antibody conjugated to Alexa-Fluor 647 and subjected to flow cytometry. The FITC signal from LMCs not incubated with antibody (Neg) was used to set the gate to avoid background autofluorescence (Figure 4A; black horizontal line). Another LMC suspension was incubated with α-SMA-FITC and the Alexa-Fluor 647 conjugated secondary antibody in the absence of primary RYR1 antibody. The α-SMA-FITC signal was used to define the gate for the entire LMC population (Figure 4B; left; red box). Within this LMC gated region, the Alexa-647 signal further defined the gate for cells non-specifically stained by the secondary antibody (Figure 4B; right, red box). We used these gates to then measure the Alexa-Fluor 647 signals in the LMC samples additionally incubated with primary antibody for RYR1. Flow cytometry consistently detected immunofluorescence corresponding to the RYR1 protein in single LMCs. Approximately 92.1% of LMCs stained positive for RYR1 expression in populations (n = 10 isolations) of α-SMA positive-gated cells isolated from rat mesenteric LVs (Figure 4C). Notably, the α-SMA positive-gated cell populations isolated from mesenteric LVs of female and male rats showed similar proportions of RYR1-expressing cells (Supplementary Figures S1B,C). In further control experiments to confirm antibody specificity, an anti-RYR1 western blot probing rat skeletal muscle (SKM), heart (HRT), and brain (BRN) protein lysates revealed a ∼565 kD immunoreactive band only in skeletal muscle, consistent with the high molecular weight of RYR1 and its known abundance in skeletal myocytes (Figure 5A; Lanner et al., 2010). No signal was observed in lanes loaded with heart and brain lysates, which preferentially express the RYR2 and RYR3 subtypes, respectively (Figure 5A; Lanner et al., 2010). In an additional control study to demonstrate specificity of our RYR antibody for its intended epitope, α-SMA positive LMCs co-incubated with anti-RYR1 and its competing antigenic peptide failed to show RYR1 immunofluorescence (Figures 5B,C).
[image: Figure 4]FIGURE 4 | Flow cytometry detects RYR1 in freshly isolated LMCs. Scatter plots of LMC suspensions plotted as side scatter (SSC-W) vs. fluorescent signals. Black horizontal lines denote the gate set. Fluorescent signal appearing above gate indicates positive staining. (A) Negative control (Neg) showing background FITC fluorescence of cell population with no antibody staining. Another LMC suspension was used to identify (B, left) the LMC population stained by α-SMA-FITC (red box) and (B, right) the gate set for non-specific staining of Alexa-Fluor 647 conjugated secondary antibody without primary antibodies within the α-SMA-FITC gated region. (C) Positive detection of RYR1 above the Alexa-Fluor 674 gate in LMCs isolated from rat mesenteric LVs. Data representative of five isolations each from male and female rats (n = 10).
[image: Figure 5]FIGURE 5 | RYR1 antibody selectivity. (A) Western blot shows positive detection of RYR1 (∼565 kD) in rat skeletal muscle lysate and no detection in rat heart or brain lysate. (B,C) Contour plots of RYR1 antibody testing. (B) Red population represents positive detection of RYR1 subtype in male LMCs. Grey population represents the LMC suspension containing no primary antibody. (C) No detection in male LMCs after co-incubation with competing peptide (CP; 1:50 dilution) for the RYR1 antibody. Data representative of three isolations for each sex (n = 6).
DISCUSSION AND CONCLUSION
The present study has three principal new findings. First, the tonic ‘calcium leak’ in LMCs of cannulated rat mesenteric LVs that is caused by DOX-induced opening of RYRs is antagonized by DANT, a clinically available RYR1 antagonist. Thus, we have identified an FDA-approved medication that appears to prevent the DOX-induced cellular event of ‘calcium leak’ that disrupts the cyclic rise and fall of [Ca2+i] required for lymphatic rhythmic contractions and lymph flow. Second, superfusion of in-situ mesenteric LVs with a clinically achievable concentration of DANT prevents the marked lymphostasis caused by a rapid intravenous infusion of DOX, which we have shown establishes therapeutic plasma levels. We interpret this finding to suggest that DANT could be used prophylactically to prevent the disruption of lymph flow caused by DOX, thereby protecting LVs from acute injury and lasting damage. Third, we provide initial evidence that freshly isolated rat mesenteric LMCs express the RYR1 subtype as verification that the recognized target for DANT is a feature of this cell type. Collectively, our findings provide a scientific basis for considering the repurposing of DANT as a therapy that could be given prior to DOX chemotherapy to reduce subsequent lymphedema risk.
For our studies, we chose the rat mesenteric lymphatic bed as our experimental model, since it has been used extensively to characterize lymphatic contractile function and abnormalities of lymph flow. An advantage of this preparation is that the LVs in exposed mesenteric loops are easily imaged for in-vivo flow cytometry to measure lymph flow, unlike other more deeply embedded lymphatic beds. Additionally, the extensive networks of LVs in the mesenteric lymphatic circulation permit multiple LVs from a single rat to be removed for contraction and biochemical studies, thereby minimizing animal use and cost (Horstick et al., 2000; Gashev,2002; Galanzha et al., 2005; Galanzha et al., 2007a; Galanzha et al., 2007b; Olszewski and Tárnok, 2008). Our study also addressed sex as a biological variable. Our earlier report described the phenomenon of DOX-induced “calcium leak” in LVs of male rats (Stolarz et al., 2019). Indeed, cancer treatment, including surgery, radiation and chemotherapy, increases the risk of lymphedema for men and women in breast cancer, melanoma, sarcoma, genitourinary, and head and neck tumors (Cormier et al., 2010; Reiner et al., 2011). However, given the health impacts of arm lymphedema with women affected by breast cancer, (Ly et al., 2013), the present study included rats of both sexes for in-vitro studies, and then given the finding of no sex differences, the final in-vivo studies of lymph flow were conducted only in female animals.
It is important to acknowledge that the precise mechanism by which DOX increases the risk of lymphedema in cancer patients is unclear. The identification of causative factors is complicated by the fact that lymphedema in cancer patients often is delayed and may develop weeks or even years after the final treatment episode (Nguyen et al., 2017; Rivere and Klimberg, 2018). Until recently, it was assumed that the cytotoxic action of DOX damaged the lymphatic circulation, and this effect added to the insults of local surgery and/or radiation, resulted in “multiple hits” and progressive damage to collecting LVs. However, our recent finding that DOX also acts as a reversible pharmacological opener of RYRs in LMCs, implies that DOX can disrupt lymph flow by a mechanism distinct from its cytotoxicity, which also may contribute to the development of lymphedema in already compromised lymphatic circulations. Experimental evidence suggests that elevated intraluminal pressure in LVs caused by disrupted lymph flow can damage the endothelium, muscle cells and delicate valves of collecting LVs, resulting in persistent loss of function (Ji and Kato, 2001). In the present study, we show that a therapeutic concentration of the RYR1 antagonist, DANT, can largely prevent the lymph flow disruption caused by DOX, thereby eliminating a potential contributing factor to lymphedema.
Notably, we designed drug administration protocols for DOX and DANT that were intended to recapitulate the clinical use of these medications. For example, plasma concentrations of DOX attained in patients after rapid infusion in chemotherapy clinics can reach 5 μmol/L (Perez-Blanco et al, 2014), which is within the concentration range that disrupted rhythmic contractions in our rat mesenteric LVs. Additionally, our protocol for rapid intravenous infusion of DOX (10 mg/kg) achieves steady-state plasma concentrations of approximately 0.1 μmol/L similar to clinical practice (de Bruijn et al., 1999; Hempel et al., 2002; Perez-Blanco et al, 2014; Stolarz et al., 2019). Finally, we used concentrations of DANT (3–10 μmol/L) that are similar to the plasma concentrations (∼1–5 μmol/L) that have been observed after prolonged treatment with oral dantrolene for muscle spasticity disorders (Meyler et al., 1981) and plasma concentrations (∼8–12 μmol/L) used in the prophylaxis of malignant hyperthermia (Meyler et al., 1979a; Meyler et al., 1979b; Flewellen et al., 1983; Leslie and Part, 1989; Podranski et al., 2005; Hadad et al., 2009). Thus, at therapeutic concentrations, DANT attenuated DOX -induced “calcium leak” and disruption of rhythmic contractions in the cannulated LVs in our study, and it prevented the detrimental effect of DOX on lymph flow in vivo.
In our study, we did not administer DANT systemically, but instead chose to apply it locally to LVs in exposed mesenteric loops. This strategy enabled tight control of the DANT concentration and also avoided the pharmacokinetic and systemic effects that can confound interpretation of drug effects in anesthetized animals. For example, although the biologic half-life of DANT is 4–8 h, oral absorption is variable and slow, and DANT can be converted to a less potent active metabolite in the liver. Additionally, rapid intravenous infusion of DANT has been associated with respiratory distress (Ward et al., 1986; Ratto and Joyner, 2020). Regardless of these complications, it will be important to confirm in future studies that DANT offers protection against DOX-induced lymphostasis when administered systemically. Importantly, the acute prophylactic administration of DANT as a strategy to antagonize the detrimental impact of intravenous DOX on the lymphatic circulation would avoid the risks of hepatitis and pleural effusion associated with chronic treatment. Additionally, it may be possible to administer DANT topically or subcutaneously to at-risk tissues, since in our studies, it appeared to gain access to collecting LVs embedded in the rat mesentery when superfused over the mesenteric loop. Indeed, drug delivery into the subcutaneous space is known to result in rapid lymphatic uptake (Dahlberg et al., 2014; Gao et al., 2020), and a topical formulation of DANT is patented for use in skeletal muscle diseases associated with RYR1 dysfunction (Henry, 2014). This formulation also could be harnessed to protect against localized lymphedema, for example, when applied to the arm to prevent lymphedema after breast cancer surgery.
Studies in skeletal and cardiac myocytes indicate that DOX can bind directly to RYR1 and RYR2 to sensitize Ca2+ release (Abramson et al., 1988; Saeki et al., 2002). Of these two RYR subtypes, our data imply that DOX primarily binds to RYR1 in rat mesenteric LMCs since the detrimental effects of DOX on isolated LVs and lymph flow were largely prevented by DANT, an FDA-approved RYR1 antagonist. However, the persisting uncertainty regarding the expression profile and functional role of RYRs in the lymphatic circulation prompted us to directly confirm the expression of the RYR1 protein in LMCs, in order to strengthen our premise that RYR1 is the target for DANT in LMCs that antagonizes the detrimental effects of DOX on the lymphatic circulation. In this regard, transcripts encoding all three RYR subtypes (RYR1, RYR2, and RYR3) have been detected in RNA isolated from human dermal and rat mesenteric LVs. In the latter preparation, the RYR2 and RYR3 proteins were revealed by whole-vessel mount immunostaining, but expression of the RYR1 subtype was not reported (Hasselhof et al, 2016; Jo et al., 2019). In this study, we provide initial direct evidence for the presence of RYR1 in freshly isolated populations of LMCs using a RYR1-specific antibody in flow cytometry.
Several limitations of our study should be acknowledged. First, we did not perform quantitative PCR studies or additional flow cytometry experiments to provide a comprehensive profile of the RYR subtypes expressed by LMCs. Although DANT is a proven RYR1 antagonist, several studies report it also can bind to the RYR3 protein in vitro (Zhao et al., 2001; Vaithianathan et al., 2010). Therefore, we cannot definitely state that RYR1 is the sole therapeutic target of DANT in LMCs, although this seems the most likely explanation. Second, lymph flow in vivo can be affected by many native variables including endogenous signaling molecules, neurotransmitters, and intravascular volume. It is possible that these and other environmental factors may modulate the efficacy of DANT as an anti-lymphedema medication under conditions less optimal than our controlled in-vivo studies (Aukland and Reed, 1993; Zawieja, 2009; Nipper and Dixon, 2011; Choi et al., 2015; Hansen et al., 2015). Third, the short time course of our in-vivo studies provided evidence that DANT could protect against the loss of lymph flow caused by rapid DOX infusion. However, in the clinical setting, patients are exposed to multiple doses of DOX over a longer period of time (Brenner et al., 2021). Thus, future studies should measure lymph flow and evaluate lymphatic injury at longer time points after DOX administration and in response to repeated doses of DOX.
In conclusion, our findings imply that DANT, a RYR1 antagonist used to treat malignant hyperthermia and muscle spasticity, is a FDA-approved medication that could be repurposed to prevent the disruption by DOX of the lymphatic rhythmic contractions that propel lymph flow in vivo. Additionally, we provide initial and substantial evidence that the RYR1 subtype, which is the recognized therapeutic target of DANT, is expressed in freshly isolated rat mesenteric LMCs. Whereas future studies are required to fully elucidate the long-term benefit of DANT as an anti-lymphedema medication, the findings of the present study provide scientific rationale for further consideration of DANT and other RYR blockers as potential therapeutic agents to protect lymph flow during sessions of DOX chemotherapy.
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