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Abstract 

The blood-testis barrier (BTB) is made up of physical, physiological, and immunological 

components which restrict the disposition of xenobiotics to the testes and permits some 

cancers and viral infections to persist after systemic clearance. The equilibrative 

nucleoside transporters (ENT) 1 and 2 allow some nucleoside analogs which treat these 

persistent infections to traverse the BTB. Along with Ebola virus, Zika virus, HIV, and 

others, SARS-CoV-2 may persist in the immune privileged site of the testis. Elucidating 

the transport mechanisms of nucleoside analogs active against this virus could be useful 

to prevent sexual transmission and relapse of Covid-19. This study uses two HeLa S3 

cell lines with ENT1 and ENT2 gene knockouts to investigate the interactions of Covid-

19 therapeutics remdesivir and molnupiravir with the ENTs. LC-MS/MS analysis was used 

to detect compound uptake by cells with and without the presence of ENT inhibitor 

NBMPR. These data show that molnupiravir is a weak inhibitor of the ENTs and 

remdesivir is a substrate that is able to traverse the BTB. Development of compounds 

such as remdesivir which can both effectively treat Covid-19 and cross the BTB should 

be a consideration during the development of novel therapeutics to treat this condition.  



Introduction 

The blood-testis barrier (BTB) is 

made up of physical, physiological, 

and immunological components 

that, together, maintain a protective 

microenvironment for developing 

germ cells.1 The physical (or 

anatomical) aspect of the barrier is 

the tight junctions formed by Sertoli 

cells (SCs) between the 

basolateral and apical membranes 

of the cells. The tight junctions 

(made of occludins, claudins, and junctional  

adhesion molecules) keep SCs close together and, with the basal and apical SC 

membrane, physically block molecules from traversing paracellularly into the lumen.1 The 

physiological (permeable) component of the BTB are transporters located along the 

basolateral and apical membranes of SCs which permit the passage of molecules from 

the interstitium into the basal and adluminal compartments.1 Transporters on the 

basolateral membrane allow molecules required for proper cellular function to traverse 

into SCs, and transporters along the apical side of the membrane allow molecules 

required for germ cell development to traverse into the adluminal compartment. Two 

specific transporters, equilibrative nucleoside transporters (ENT) 1 and 2, are integral 

membrane proteins ubiquitously expressed throughout most human tissues, but located 
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on the basal and apical sides of the SCs respectively and carry endogenous nucleosides 

across the BTB.2 The ENTs are bidirectional passive transporters which allow 

nucleosides to traverse membranes for their role in DNA/RNA synthesis and cellular 

metabolism.3 The ENTs also carry some nucleoside analog drugs which are used to treat 

viruses and cancers by interrupting nucleic acid synthesis, therefore preventing 

DNA/RNA synthesis, viral replication, and rapid cell division.4 Nucleoside analogs are the 

largest class of small molecule antivirals used for the treatment of viral infections, and are 

also used against cancer.5 The disposition of these drugs to the testis is of significant 

interest due to the third aspect of the BTB, the immunological component. 

While the first two components of the BTB are primarily in place to regulate the adluminal 

environment, the immunological component regulates immune system activity in the 

whole testis.1,6 Most germ cells benefit from the physical barrier preventing humoral and 

cellular immune mediators from autoantigenic attack within the lumen of the seminiferous 

tubule. Both the adluminal, basal, and interstitial contents, including germ cells exposed 

to the basolateral compartment, are protected by local anti-inflammatory cytokines and 

other immunomodulatory factors, including prostanoids and androgens.1,6 It should be 

noted that some immunosuppressive properties of the testis can be preserved even when 

physical components of the barrier are disrupted or absent.6 The interplay of the three 

barrier components creates an immune privileged or sanctuary site, in which viruses 

(such as HIV, Zika, and Ebola viruses) and cancers (especially acute lymphoblastic 

leukemia) can persist, even after viral load is undetectable in the blood.7–10  

While HIV, Zika virus (ZIKV) and Ebola virus (EBOV) each have been detected in semen 

samples of patients with both acute and recovered infections, the mechanisms by which 



these viruses access and persist in the testes are poorly understood.7,11 ZIKV seems to 

infect Sertoli cells and tag them for destruction by macrophages, leading to the 

breakdown of the BTB.7,11 Additionally, testosterone-producing Leydig cells may serve as 

a reservoir for ZIKV to replicate for months after ZIKV is undetectable in blood, reducing 

serum testosterone concentrations and resulting in testicular atrophy.12 EBOV may infect 

macrophages in the epididymis and serve as a reservoir for viral persistence and 

replication; EBOV RNA can be detected in the semen of survivors over 6 months after 

recovery from acute illness.9,13,14 Furthermore, EBOV persistence and sexual 

transmission has been linked to re-emergences and new human-human transmission 

chains during the 2014–2016 West African EBOV epidemic.15 Numerous nucleoside 

analogs are currently in development to treat the deadly diseases caused by these 

viruses. Therapeutics that are substrates of the ENTs may have improved drug 

disposition to the testes and reduce the likelihood of viral transmission or cancer relapse 

within the testis. Previous work of our lab has identified and characterized substrates and 

inhibitors of these transporters in order to develop pharmacophores which can be used 

to inform development of novel therapeutics to treat these conditions.16 

Nucleoside analogs have recently been granted emergency use authorization to treat 

Covid-19. SARS-CoV-2 uses Angiotensin converting enzyme 2 (ACE2) receptors to gain 

entry into host cells, and is most commonly spread through respiratory droplets.5 Although 

it is currently unknown if SARS-CoV-2 is transmissible via semen, ACE2 receptors are 

highly expressed in testicular tissue, and RNA from the novel coronavirus has been 

detected in the semen of patients with severe infections.17–19 Additionally, multiple studies 

have reported patients who had fully recovered from the virus and then later tested 



positive again—this could be due to viral reactivation from immune privileged sites.20 

Identifying drugs which are both effective in treating acute Covid-19 and are substrates 

of the ENTs could be useful in preventing transmission and reinfection of SARS-CoV-2, 

as well as other sexually transmitted viruses.  

Current small molecule therapeutics used for Covid-19 include the IV-administered 

antiviral remdesivir (typically used in earlier stages of illness) and immunomodulatory 

steroids, especially dexamethasone (typically used in late/severe stages of illness), as 

well as various repurposed drugs in phase III clinical trials such as P.O. 

molnupiravir and dapagliflozin.21,22 Remdesivir was first developed by Gilead Sciences, 

Inc. in a collaborative effort with the U.S. Centers for Disease Control and Prevention 

(CDC) and U.S. Army Medical Research Institute of Infectious Diseases to discover 

therapeutics against viruses deemed to have pandemic potential, including EBOV and 

the coronaviridae family of viruses (including MERS, SARS, and SARS-CoV-2).23 Though 

initially developed as a therapeutic for EBOV, remdesivir was identified as active against 

SARS-CoV-2 and repurposed for Covid-19, eventually going on to gain FDA approval in 

October 2020. Before being investigated as a treatment for Covid-19, molnupiravir has 

been investigated against a wide range of RNA viruses including Venezuelan equine 

encephalitis virus, avian influenza, and seasonal influenza viruses.24 This study 

investigates the interactions of nucleoside analogs remdesivir and molnupiravir with 

ENT1 and ENT2 to gain insight on these drugs’ potential to circumnavigate the BTB. 

  



Materials and Methods 

Reagents 

[3H]Uridine (U*) (specific activity 35.2 Ci/mmol) was purchased from Perkin-Elmer. 

Remdesivir, molnupiravir and cladribine were purchased from Cayman Chemical (Ann 

Arbor, MI). S-[(4-nitrophenyl)methyl]-6-thioinosine (NBMPR) was purchased from Tocris 

(Bristol, UK). Optima LC/MS-grade methanol and acetonitrile were purchased from 

ThermoFisher Scientific (Hampton, NH). ENT1 rabbit polyclonal antibody was purchased 

from Proteintech (Rosemont, IL). ENT2 1º antibody was purchased from LifeSpan 

BioSciences, Inc. (Seattle, WA). Additional reagents were purchased from ThermoFisher 

Scientific unless otherwise specified (Hampton, NH). 

Cell Culture 

Wildtype HeLa S3 cells, as well as two HeLa S3 cell lines with ENT1 and ENT2 knockouts 

generated using CRISPR-Cas9 technology as previously described were thawed from -

80ºC storage.16 Wild type, ENT1 knockout (ENT1KO), and ENT2 knockout (ENT2KO) 

HeLa S3 cells were all grown in the same conditions. HeLA S3-2.2 cells (ATCC) were 

grown in Ham’s F12 Media supplemented with 1.5 g/L sodium bicarbonate, 1% 

streptomycin and penicillin, and 10% fetal bovine serum as previously described.16,25 

Cells were cultured according to ATCC protocol and stored at 37ºC in a 5% CO2 

humidified incubator. 

  



Transport Assays with Radiolabeled Uridine 

HeLa cells (233,333 cells/mL; 150 mL/well) were plated into Nunc MicroWell 96-well 

optical bottom plates (ThermoFisher Scientific, Waltham, MA) and grown to confluence. 

A Biotek 405 LS Microplate Washer (Biotek, Winooski, VT) was used to aspirate cell 

culture media and rinse cells one time with 300 μL of room-temperature Waymouth’s 

Buffer (WB; 2.5 mM CaCl 2H2O, 28 mM D-glucose, 13mM HEPES, 135 mM NaCl, 1.2 

mM MgCl, 0.8mM MgSO4 7H2O, pH 7.4). 50 μL of transport buffer was dispensed by an 

Integra VIAFLO 96-well multichannel pipette (Integra Lifesciences, Plainsboro, NJ), 

containing WB, ~25nM U* (1µCi/mL), and various concentrations of either remdesivir or 

molnupiravir. After 5 minutes, transport was terminated by washing twice with 300 μL of 

room temperature WB. Next, 200 μL of MicroScint-20 scintillation cocktail (PerkinElmer) 

was added per well before sealing with microplate film (USA Scientific, Ocala, FL). 

Samples were incubated in the dark for 2 hours at room temperature before total 

accumulated radioactivity was quantified using a Wallac 1450 MicroBeta TriLux liquid 

scintillation counter (PerkinElmer). 

Transport Assays with Compounds for LC-MS/MS 

Cells were grown to confluence and washed, as previously described, on 96-well optical 

bottom plates. Cells were then incubated with 50 μL of transport buffer containing WB, 

either remdesivir or molnupiravir, and either NBMPR or extra WB. After 5 minutes, cells 

were rinsed two times with 300 μL room temperature WB to terminate transport. Next, 20 

μL of 1:1 MeOH/ACN (v/v) with internal standard (100 ng/mL cladribine) was added and 

incubated overnight (4ºC). Samples were then dried and resuspended in 50 μL water with 



10% acetonitrile and 1% formic acid, then agitated for 5 minutes. The samples were 

stored at -20ºC until LC-MS/MS analysis. 

Protein Harvesting 
Wild type HeLa cells, ENT1KO, and ENT2KO HeLa cells were grown overnight on a 6-

well optical bottom plate (ThermoFisher Scientific, Waltham, MA). Cell lysate was 

prepared on ice. First, cells were rinsed twice with sterile phosphate buffered saline (PBS) 

on ice. Next, 200 μL of RIPA buffer was added to each well and cells were harvested and 

transferred to 1.5mL microcentrifuge tubes. The tubes were mixed with gentle agitation 

for 15 minutes at 4ºC before sonicating in an ice water bath for 1–2 minutes. The tubes 

were then centrifuged at 4ºC (10,000 RPM, 12,000g) for 5 minutes and the supernatant 

was collected. Samples were stored at -20ºC until use.  

BCA 

From the tubes, 2.5 μL of the supernatant was transferred to new 1.5 mL microcentrifuge 

tubes. Molecular biology water (22.5 μL) was added to the samples to make a 1:10 

dilution. Final protein concentration was determined using a Pierce BCA Protein Assay 

Kit (ThermoFisher Scientific, Waltham, MA, USA, Catalog #23225). BCA protein assays 

utilize a mixture of reagents which change color when they interact with proteins. Final 

protein concentration was determined using a spectrophotometer microplate reader.  

SDS PAGE and Western Blot 

Wells were loaded with 10 μL of SuperSignal Enhanced Molecular Weight Protein Ladder 

(ThermoFisher Scientific, Waltham, MA, USA, Catalog #84786) and 30 μL of prepared 

protein samples. The gel was run at 1 mA/cm2 for 45–60 minutes until the dye reached 



the bottom of the gel. Samples were transferred to buffer-soaked filter paper using a 

transfer apparatus. Membrane was then incubated in a blocking buffer (5% Non-fat dairy 

milk (NFDM) (w/v) or 3% goat serum (v/v) in TBST/PBS-T) for one hour at room temp or 

overnight at 4ºC then washed 3 times with PBS-T/TBST. Primary antibody was diluted 

1:200 in the blocking buffer and incubated for 90 min at room temperature then washed 

3 times with PBS-T/TBST. Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 (ThermoFisher Scientific, Hampton, NH) 2º antibody was 

diluted 1:1000 with a blocking buffer and incubated for 60 min at room temperature then 

washed 3 times with PBST/TBST. Color was developed with SuperSignal West Femto 

Maximum Sensitivity Substrate (ThermoFisher Scientific, Waltham, MA, USA, Catalog 

#34095) and images were taken with a Bio-Rad ChemiDoc XRS+ imaging system (Bio-

Rad Hercules, CA, USA). 

Immunofluorescent Cell Staining 

Wild type, ENT1KO, and ENT2KO HeLa cells (30,000 cells/well) were plated in duplicate 

and grown to confluence on coverslips placed in 6-well optical bottom plates 

(ThermoFisher Scientific, Waltham, MA). For immunofluorescent staining, each well was 

washed 3 times with 300 μL of 4 ºC PBS before incubating on ice for 10 minutes with 300 

μL of 4 ºC methanol. Cells were rinsed again 3 times with 4 ºC PBS and removed from 

the ice. Next, non-specific epitope binding was blocked by incubating cells for 30 minutes 

with 300 μL/well of room temperature 10% goat serum in PBS-T. Cells were then treated 

with the primary antibody diluted 1:200 in PBST and 2% goat serum for one hour. After 

rinsing again 3 times with PBS, all following steps were completed in the dark. Cells were 

treated with the secondary antibody diluted 1:1000 in PBST and 2% goat serum. Cells 



were rinsed again 3 times with PBS, then DAPI was diluted to 1 μg/mL in distilled water 

and incubated for 5 minutes in the dark, then washed with distilled water. Coverslips were 

removed with forceps and dried with a kimwipe, then mounted onto slides with 40 μL of 

ProLong Gold Antifade Mountant with DAPI and dried overnight at room temperature. 

Slides were visualized with a Leica DMI6000 multifunction motorized inverted microscope 

(Wetzlar, Germany). 

LC-MS/MS Detection and Quantification 

Though two separate methods were created for molnupiravir and remdesivir, both were 

detected in positive ion mode and had a binary gradient of component A (Water, 0.1% 

formic acid) and component B (Acetonitrile, 0.1% formic acid), which were used to 

separate samples for both compounds. Ten percent B was used to equilibrate the column 

for 30 seconds between samples. 

TIME BINARY GRADIENT 
COMPOSITION 

0–1 MIN 10% B 

1–3 MIN 10 to 90% B 

3–4 MIN 90% B 

4–4.5 MIN 90 to 10% B 

4.5–6 MIN 10% B 

 Table 1 
  



INSTRUMENT/PROGRAM NAME SOURCE 
LOCATION/SPECIFICATIONS 

HPLC SYSTEM Shimadzu 
Prominence HPLC 
system 
  

Shimadzu, Kyoto, Japan 
  

MASS SPECTROMETER SCIEX QTRAP 
4500 mass 
spectrometer 
  

Framingham, MA 

COLUMN Agilent Poroshell 
120 C18 column 
  

(3.0 x 50 mm, with 2.7 μm bead 
diameter and a 3.0 x 5 mm guard 
column) 
  

DATA ANALYSIS MultiQuant MD 3.0.2 

STATISTICAL ANALYSIS GraphPad Prism version 9.0 

 Table 2 

Compound Q1 (m/z) Q3 (m/z)  

Remdesivir 603.5 318.0  

Cladribine (IS) 286.0 170.0  

Molnupiravir 330.1 128.1  

Cladribine (IS) 286.0 170.0  

Table 3 

  



Statistical Analysis 

All transport experiments were done in duplicate with three separate passages. LC-

MS/MS data was converted from ng/mL to pmol/cm-2 using a calibration curve. LC-MS/MS 

data are reported as mean and standard deviation, and statistics were determined using 

an unpaired two-tailed t-test (p < 0.05).  

IC50s were determined with the following equation (equation 1): 

J = [(Japp-max* T) / (IC50 + [S])] + (Kd * T) 

Where J is U* uptake, Japp-max is the apparent maximum transport velocity of U* for these 

experimental conditions, T is approximately 25 nM, [S] is either remdesivir or molnupiravir 

concentration, and Kd is the value of [S] at which U* uptake is 50% inhibited. IC50 statistics 

were determined using a comparison of fits extra sum of squares F test (p < 0.05).16,25 

Results 

Transport Assays for LC-MS Analysis 

Figure 1A displays HeLa ENT2KO cells incubated with 50 μM remdesivir for 5 minutes in 

the presence of 100 μM NBMPR were observed to have a 30% reduction in remdesivir 

uptake compared to cells treated in the absence of NBMPR (90.40 ± 6.42 pmol cm-2 

remdesivir and 63.86 ± 11.44 pmol cm-2 remdesivir; p = 0.0248). Figure 1B displays HeLa 

ENT1KO cells incubated with 50 μM remdesivir for 5 minutes in the presence of 100 μM 

NBMPR were observed to have a 27% reduction in remdesivir uptake compared to cells 

treated in the absence of NBMPR (103.4 ± 8.25 and 75.93 ± 2.80 pmol cm-2 remdesivir; 

p = 0.0054). 



As displayed in figure 1C/D respectively, neither HeLa ENT2KO nor ENT1KO cells 

treated with 500 μM molnupiravir for 5 minutes in the presence of 100 μM NBMPR were 

observed to have a significant difference in molnupiravir uptake compared to cells treated 

in the absence of NBMPR (30.38 ± 2.10 vs. 31.72 ± 5.77 pmol cm-2 molnupiravir; p = 

0.7248 for ENT2KO cells; 32.13 ± 3.90 vs. 31.82 ± 5.90 pmol cm-2 molnupiravir; p = 

0.9431 for ENT1KO cells). 

 

Figure 1 

Transport Assays with Radiolabeled Uridine 

Figure 2 displays radiolabeled uridine (U*) uptake in ENT1KO and ENT2KO HeLa cells 

treated with 6 concentrations of remdesivir (range: 0–300 μM) and molnupiravir (range: 

0–3000 μM). As remdesivir concentration increases, U* uptake was found to be reduced 

with an IC50 of 75.07 μM (29.33–120.8; 95% CI) in ENT1KO HeLa cells. In ENT2KO HeLa 



cells, increasing concentrations of remdesivir was found to decrease U* uptake with an 

IC50 of 38.26 μM (16.55–59.98; 95% CI). As molnupiravir concentration increases, U* 

uptake was found to be reduced with an IC50 of 848.7 μM (211.2–1486; 95% CI) in 

ENT1KO HeLa cells. In ENT2KO HeLa cells, increasing concentrations of molnupiravir 

was found to decrease U* uptake with an IC50 of 715.4 μM (323.9–1107; 95% CI). 

 

Figure 2 

  



Western Blot 

 

Figure 3 

A band at or slightly above 60 kDa was produced in each cell line treated with the ENT1 

2º antibody. Two bands of approximately 35 and 70 kDa were produced in each cell line 

under both conditions when the ENT2 2º antibody was used.  

Immunofluorescence 

 

Figure 4: ENT1 (left) and ENT2 (right) 1º Antibody on Wildtype HeLa cells 



 

Figure 5: ENT1 (left) and ENT2 (right) staining on ENT1KO HeLa cells 

 

Figure 6: ENT1 (left) and ENT2 (right) staining ENT2KO HeLa cells 

  



Discussion 

ENT1 has a calculated molecular weight (MW) of 50 kDa, although heavier (54–62 kDa) 

bands have been reported by the manufacturer due to post-translational glycosylation. 

The bands apparent at approximately 60 kDa in the wildtype, ENT1KO, and ENT2KO cell 

lines are likely a glycosylated form of ENT1. In both the 5% non-fat dairy milk and 3% 

goat serum conditions using an ENT2 1º antibody, bands at approximately 35 kDa and 

70 kDa were observed in each cell line. ENT2 has a molecular weight of 50 kDa, although 

alternatively spliced isoforms of about 32 kDa and 36 kDa are sometimes present.26,27 

The bands at approximately 35 kDa are likely one of these truncated ENT2 variants. The 

bands at 75 kDa may be a glycosylated form of ENT2, however this has not been reported 

by the manufacturer. Because this antibody was not validated with cell lines 

overexpressing ENT2, it cannot be ruled out that these bands are due to nonselective 

protein binding.  

Immunofluorescent stains of wild type, ENT1KO and ENT2KO HeLa cells showed protein 

staining of both ENT1 and ENT2 when respective 1º antibodies were used in all three cell 

lines. This indicates that ENT1 and ENT2 were both present in all three cell lines. This is 

in agreement with the Western Blots which showed bands for ENT1 in the ENT1KO cell 

line, and a potential ENT2 band in the ENT2KO cell line. These immunofluorescent stains 

are also in agreement with previous PCR experiments which showed that ENT1, ENT2, 

and a truncated form of ENT2 are transcriptionally expressed when compared to positive 

controls.16 Subsequent transport experiments described in Miller et. al demonstrate that 

the functionality of the respective proteins in the knockout cell lines was diminished. Thus, 

it can be inferred that the ENT1KO and ENT2KO cell lines generated are functional 



knockout cell lines, in which the affected proteins are partially or fully transcribed, but are 

not effectively localized to the plasma membrane in a state which would allow for transport 

of the respective typical substrates to occur. 

Remdesivir inhibited 50% of U* uptake in ENT1 and ENT2 cells at 16.55–59.98 μM(95% 

CI) and 29.33–120.8 μM (95% CI) respectively. Molnupiravir inhibited 50% of U* uptake 

in ENT1 and ENT2 cells at 323.9–1107 μM (95% CI) and 211.2–1486 μM (95% CI) 

respectively. The IC50 value of molnupiravir is about 5–70 fold greater than that of 

remdesivir in ENT1 cells and 2–50 fold greater in ENT2 cells, suggesting that remdesivir 

has a greater affinity for both ENTs than molnupiravir. LC-MS/MS data support that U* 

uptake due to remdesivir was diminished due to remdesivir acting as a substrate for both 

ENTs, whereas molnupiravir was demonstrated to act as an inhibitor for both ENTs. 

NBMPR is a selective inhibitor of ENT1 at low concentrations (100 nM) and of ENT2 at 

higher concentrations (100 μM). For all LC-MS/MS transport experiments, the NBMPR 

condition was used at a concentration of 100 μM to effectively block all ENT-mediated 

transport. When compared to conditions without NBMPR, the proportion of remdesivir or 

molnupiravir transport that is mediated by the ENTs can be inferred. Remdesivir uptake 

was diminished by 27% and 30% in the NBMPR conditions for the ENT1KO and ENT2KO 

cell lines respectively. This shows that the ENTs mediate approximately one third of 

remdesivir uptake into cells under these experimental conditions, suggesting that 

remdesivir is likely able to circumnavigate the BTB via the ENTs. Molnupiravir uptake was 

not significantly affected by the presence of NBMPR, and so the mechanism by which 

this drug was transported is unlikely mediated by the ENTs. Notably, molnupiravir is an 

orally administered prodrug which is hydrolyzed into an active metabolite, N4-



Hydroxycitidine, during first pass metabolism.28 This metabolite may interact differently 

than the parent drug with the ENTs. Further studies investigating transporter interactions 

along the BTB will be necessary to predict the disposition of molnupiravir and N4-

hydroxycytidine to this highly regulated compartment.  

Comparing these results to other nucleoside analogs that have been investigated for their 

interactions with the ENTs can provide further insight into how these drugs traverse the 

BTB. Clofarabine is a nucleoside analog used to treat relapsed Acute Lymphoblastic 

Leukemia.29 Although the most common sources of relapse are from the central nervous 

system and bone marrow, it can also occur from the testes.10, 30–36 Clofarabine interacts 

with breast cancer resistance protein, concentrative nucleoside transporters, and the 

equilibrative nucleoside transporters.16,37,38 Lamivudine is a nucleoside reverse 

transcriptase inhibitor used to treat HIV. While lamivudine is detected in semen samples 

of patients taking the drug, previous studies have demonstrated that it interacts with 

various organic cation transporters but is not a substrate of the ENTs.16,25,39–43
 Our lab 

has followed up on the results from our in vitro studies investigating interactions of 

nucleoside analogs with the ENTs in an animal model.29 Rats were treated with either 

clofarabine, clofarabine and NBMPR, lamivudine, or lamivudine and NBMPR. Animals 

treated with clofarabine and NBMPR showed a reduction in clofarabine disposition to the 

testis compared to animals treated with clofarabine (and vehicle) only, measured via LC-

MS/MS analysis.29 Though able to cross the BTB, lamivudine concentrations within the 

testis were not significantly affected by NBMPR.29 If the described study were replicated 

using remdesivir and molnupiravir, these data indicate that remdesivir disposition to the 

testis would be diminished with the co-administration of NBMPR, analogous to 



clofarabine, and molnupiravir would be unaffected, analogous to lamivudine. Further, co-

administration of ENT inhibitors such as molnupiravir with ENT substrates such as 

remdesivir have the potential to result in unwanted drug-drug interactions by inhibiting 

substrate disposition to the testis. Due to the IC50 values of molnupiravir and remdesivir 

this interaction is unlikely; however, it would likely be of greater concern for inhibitors with 

stronger affinity for the ENTs than the co-administered ENT substrates. 

Further studies investigating the impact of remdesivir and molnupiravir administration on 

the detection of SARS-CoV-2 RNA in semen samples may also provide further insight 

into the ability of these drugs to eliminate the virus from sanctuary sites. If SARS-CoV-2 

infiltrates the MGT and evades the immune system with protection from the BTB, antiviral 

therapeutics may be more effective when they are able to traverse the barrier. Thus, 

elucidating the transport mechanisms of antivirals should be a consideration for 

repurposed and novel therapeutics for this condition and other diseases.  
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