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Drug transport across the blood-testis barrier
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Abstract: The blood-testis barrier transfers nutrients to spermatogenic tubules to ensure the normal physiological 
function of the testes. It also restricts the “entry and exit” of biological macromolecules in the testicular lumen and 
provides a unique microenvironment for spermatogenesis. This makes the testes a safe place for some viruses and 
tumors, as immune factors cannot function and drugs fail to reach therapeutic concentrations in the testes. This 
review aimed to describe the factors regulating the structure and physiological function of the blood-testis barrier. 
By understanding therapeutic mechanisms of action, drugs can be developed to function in the testicles.
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Introduction

The blood-testis barrier (BTB), produced by 
Sertoli cells (SCs) near the base of the epitheli-
um of the seminiferous tubules, is one of the 
strongest blood-tissue barriers in mammals. 
Limiting the paracellular and transcellular dif- 
fusion of water, electrolytes, ions, hormones, 
paracrine factors, and other exogenous biomol-
ecules provides a unique microenvironment for 
spermatogenesis and ensures the normal 
physiological function of the testicles [1]. The 
germ cells of the BTB and testicles also ex- 
press many drug transporters [2], such as 
P-glycoprotein (P-gp), also known as multidrug-
resistant protein 1 (MDR1) [3-6] and multidrug 
resistance-related protein 1 (MRP1) [4], which 
actively pump drugs out of the testicles. Overall, 
the barrier function of the BTB combined with 
the drug transport network in the testicles pre-
vents the delivery of drugs to the testicles.

Previous studies have shown that the testicles 
serve as a host for several viruses, mainly 
human immunodeficiency virus (HIV) and, more 
recently, Zika virus in mice [7]. Surprisingly, 
HIV-infected patients who receive antiretroviral 
therapy have nearly undetectable concentra-

tions of the virus in their serum, but the levels of 
the virus in their testicles remain very high [8]. 
The effectiveness of chemotherapeutics for 
testicular tumors, antivirals, and male contra-
ceptives depends on their ability to bypass the 
BTB, whether via diffusion or passive or active 
transport. Therefore, understanding the com-
plete composition of drug transporters and the 
mechanisms regulating the function of the BTB 
is important for drug development, which will 
ultimately help the design of chemotherapeu-
tics, antiviral drugs, fertility drugs, and male 
contraceptives to reduce testicular tumor re- 
currence, reduce viral transmission in semen, 
improve male fertility, and prevent pregnancy, 
respectively, thereby improving patient out-
comes and quality of life.

Overview of the BTB

Barrier mechanism of the BTB

The BTB is located near the basement mem-
brane of the germinal epithelium of the semi- 
niferous tubules and consists of tight junctions 
(TJs), ectoplasmic specializations (ESs), desmo-
somes, and gap junctions (GJs). TJs in the tes-
tes coexist and function together with ESs 
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(Figure 1). Desmosomes and GJs exist between 
the regions of the plasma membrane contain-
ing TJs and basal ESs. The BTB is also com-
posed of SCs, which are thought to act as scaf-
folds for germ cells. TJs are the most important 
component of the BTB. They prevent water, sol-
utes, and other large molecules from passing 
between the paracellular spaces, thus forming 
the barrier. They also restrict the movement of 
proteins and lipids between the apical and 
basolateral domains, resulting in cell polarity. 
Desmosomes are cell-cell junctions that medi-
ate robust adhesion, whereas GJs are cell-cell 
channels that enable the diffusion of metabo-
lites, second messengers, ions, and molecules 
smaller than 1 kDa [9]. The BTB is also formed 
by ESs, testicular-specific adhesions junctions 
composed of hexagonally arranged filamentous 
actin (F-actin) microfilaments positioned bet- 
ween the plasma membrane and endoplasmic 
reticulum. ESs between SCs are defined as 
basal ESs, whereas those between SCs and 
elongated/elongated sperm cells are defined 
as apical ESs [10]. ES-mediated adhesion ma- 
inly consists of cadherin-catenin complexes, 
which regulate the actin cytoskeleton and pro-
mote cell polarity [11].

and lymphatic systems [15]. This makes the 
testicles an immune-privileged site [16-21], es- 
pecially in the adluminal chamber behind the 
BTB to isolate many spermatogenic specific 
antigens. These immunosuppressive biomole-
cules, combined with extensive networks of 
antiviral drug transporters and drug-metaboliz-
ing enzymes in rodent and human testicles [13, 
22, 23], block the entry of antiviral drugs, mak-
ing the testicles a safe place for certain viruses 
to reside [24, 25].

Because of the physical and immune barrier 
functions of the BTB, it is difficult to introduce 
biological macromolecules into the seminifer-
ous tubules for clinical treatment, contracep-
tion, and scientific research.

BTB and spermatogenesis

The TJs in the BTB divide the seminiferous epi-
thelium into the basal and adluminal compart-
ments. The basal compartment is adjacent to 
the basement membrane and contains type A 
spermatogonial stem cells (including A single,  
A paired, and A aligned spermatogonia), type  
B spermatogonia, and primary spermatocytes 
(i.e., preleptotene spermatocytes).

Figure 1. Schematic diagram of the blood-testis barrier. The blood-testis bar-
rier is composed of tight junctions, gap junctions, ectoplasmic specializa-
tions, and desmosome-like junctions. The junction complex divides Sertoli 
cells into two parts: the basal compartment and the adluminal compartment. 
Preleptotene spermatocytes move away from the basement membrane and 
become pachytene spermatocytes during spermatogenesis. Then, pachy-
tene spermatocytes rapidly complete meiosis and become sperm cells, 
which further differentiate into sperm by spermatogenesis.

The BTB can regulate the tr- 
ansport of various biological 
macromolecules, in which the 
nutrients necessary for sper-
matogenesis are transported 
into the glandular lumen. Mo- 
reover, extensive drug trans-
port networks exist in the BTB, 
and efflux drug transporters 
are used to actively remove 
drugs, limiting their bioavail-
ability in the testicles. For 
example, P-gp is an active 
drug transporter that pumps 
antiviral drugs, e.g., for Ata- 
zanavir, or male contracep-
tives, such as adjudin, out of 
the testicles [6, 12-14]. In 
addition to drug transporters, 
SCs impart immune proper-
ties to the BTB by secreting 
immunosuppressive biomole-
cules, thus isolating the germ 
cells that reside in the glandu-
lar lumen from the circulatory 
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Nutrition: SCs are the only somatic cells in the 
seminiferous tubules in contact with spermato-
genic cells. They participate in the BTB and are 
called the “nanny cells” of spermatogenic cells, 
as they secrete regulatory proteins, transport-
ers, and growth factors for the differentiation 
and maturation of spermatogenic cells and 
ensure the smooth progress of spermatogene-
sis. When germ cells are cultured alone, they 
can survive for up to 24 h in vitro. When co-
cultured with SCs, germ cells can survive for 
approximately 8 d in vitro. This phenomenon 
suggests that SCs provide nutrients to sper-
matogenic cells [26].

Spermiation: Spermiation involves a series of 
cellular biological events, including the cyto-
plasmic enveloping of spermatocytes in SCs 
and the expulsion of sperm cells from SCs near 
the luminal end.

Phagocytosis: SCs are responsible for phagocy-
tosis and cleaning the residual components 
released during the metamorphosis of sperm 
cells into spermatozoa and degenerated germ 
cells during spermatogenesis [27].

Germ cell transfer: Three conserved protein 
modules can be detected in testicular tissue:  
(i) the apical Crumbs (CRB)-protein associated 
with Lin Seven (PALS)-Pals-associated tight 
junction protein (PATJ), (ii) the apicolateral parti-
tioning-defective (PAR) 3-PAR6-aPKC complex, 
and (iii) the basolateral Scribble-Discs Large 
(DLG)-Lethal giant larvae (LGL) complex. These 
modules polarize the germinal epithelium of 
the seminiferous tubules, take part in sper-
matogenic cell migration, and play a guiding 
role in the migratory process of spermatogenic 
cells, thus ensuring the correct migration direc-
tion of spermatogenic cells in the seminiferous 
tubules [28].

Spermatogonia translocation across the BTB: 
Spermatocyte translocation occurs in late sta- 
ge VIII/early stage IX spermatogenesis. Pre- 
leptotene spermatocytes move away from the 
basement membrane and become pachytene 
spermatocytes [29, 30]. This process occurs 
rather rapidly, indicating that the BTB is a highly 
dynamic structure, possibly due to the coordi-
nated participation of multiple signaling path-
ways that promote the breakdown of the old 
BTB and remodeling of a new BTB. The BTB is 
not damaged during the transport of prelepto-

tene spermatocytes. The purpose of the BTB is 
to prevent harmful substances from entering 
the glandular cavity from the systemic circula-
tion and disrupting the development of sperm 
cells after meiosis. Early studies have shown 
that the BTB has some unique morphological 
characteristics and can be dynamically res- 
haped to accommodate the trafficking of pre- 
leptotene spermatocytes in the seminiferous 
epithelium cycle, which is a cytoskeleton-de- 
pendent cellular event. The cytoskeleton in ani-
mal cells consists of actin filaments, intermedi-
ate filaments and microtubules. All three ele-
ments of the cytoskeleton are related, at least 
in part, to sites of intercellular attachment and 
may play significant roles in translocating, posi-
tioning, and anchoring spermatogenic cells in 
the seminiferous epithelium and in establish- 
ing and maintaining epithelial organization. In 
future studies, it will be necessary to under-
stand the regulation of the transport of sper-
matocytes across the BTB during spermato- 
genesis, which will provide useful information 
for the design of therapeutic drugs that can 
reach the testicles.

Drug delivery of the BTB

Transport across the BTB

Endogenously produced bioactive peptides: 
Several bioactive peptides generated from 
structural proteins in the apical ES and base-
ment membrane via proteolytic cleavage by 
matrix metalloproteinases (MMPs) can effec-
tively modulate the function of the BTB through 
downstream signaling proteins [31]. Therefore, 
modulating BTB function by knocking out genes 
or interfering with protein expression is a prom-
ising approach.

Studies in the past decade have identified  
several bioactive polypeptides, including F5- 
peptide [32, 33], which is derived from the lam-
inin γ3 chain [34]. The laminin-γ3 chain, an 
adhesion protein specifically expressed in api-
cal ESs [10, 35], is hydrolyzed by MMP2 to gen-
erate F5-peptide, which downregulates differ-
ent constitutively active phosphomimetic mu- 
tants of focal adhesion kinase (FAK), such as 
p-FAK-Y407E. Altered expression of p-FAK-Y407 
in the testicular seminiferous epithelium acti-
vates neuronal Wiskott-Aldrich syndrome pro-
tein (N-WASP). The synergistic effects of N- 
WASP and actin-related protein 3 (Arp3), cou-
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pled with the epidermal growth factor receptor 
pathway substrate 8 (Eps8) protein, provide 
F-actin with the plasticity necessary to effec-
tively change the organization of actin filaments 
across the SCs of the testis (Figure 2). Such a 
change in the filaments renders them no longer 
densely localized in the basal ES/BTB, leading 
to an increase in BTB permeability and sperma-
tid exfoliation [32, 33].

Another bioactive peptide is NC1-peptide, 
which consists of a non-collagenous 1 (NC1) 
domain [36, 37] derived by the enzymatic 
cleavage of the collagen α3 (IV) chain (the ma- 
in constituent protein [38] of the seminiferous 
tubule basement membrane) by MMP9 (Figure 
2) [39]. NC1-peptide activates mammalian tar-
get of rapamycin complex 1 (mTORC1) [40, 41] 
and downstream signaling protein ribosomal 
protein S6 (rpS6) [42] and inactivates Akt1/2 
[43], also known as protein kinase B. Further 
activation of the cell division control protein 42 
homolog (Cdc42) disrupts the organization of 
F-actin and MTs [43] and accelerates the de- 

generation and remodeling of apical/basal ESs 
and the BTB (Figure 2).

Additionally, bioactive laminin globular doma- 
in 3/4/5 (LG3/4/5)-peptide, derived from the 
C-terminus of the laminin α2 chain, is a major 
basement membrane protein [38]. LG3/4/5-
peptide is similar to NC1-peptide and acts via 
the mTORC1/p-rpS6/p-Akt1/2 signaling path-
way. Unlike F5- and NC1-peptides, LG3/4/5-
peptide was shown to promote BTB integrity in 
an in vitro RNAi study (Figure 2) in which the 
BTB was destroyed after knocking out laminin 
α2 chains in the spermatogenic epithelium 
[44].

Overexpression of F5-peptide and rpS6 effec-
tively enhances the transport function of the 
BTB. Related experiments show that the per-
meability of the BTB was shown to be signifi-
cantly enhanced in mice in an experimental 
group injected with p-rpS6-MT and F5-peptide 
compared with control mice injected with empty 
pCI-neo [45]. Microscopic analysis revealed 
that biotin (red fluorescence) negligibly diffused 

Figure 2. Three bioactive peptides in the testes and their downstream signaling cascades. NC1-peptide promotes 
blood-testis barrier remodeling/degeneration through the mTORC1/p-rpS6/p-Akt1/2/Cdc42 signaling pathway. 
LG3/4/5-peptide promotes BTB integrity via the mTORC1/p-rpS6/p-Akt1/2 signaling pathway. F5-peptide promotes 
BTB remodeling/degeneration through the p-FAK-Y407/N-WASP/Arp3 signaling pathway.



Drug transport across the BTB

6416 Am J Transl Res 2022;14(9):6412-6423

into the spermatogenic tubules in control mice, 
but biotin diffused into the lumens of experi-
mental mice. Actin regulatory proteins, such as 
Eps8 (an actin barbed end capping and bun-
dling protein that confers actin filaments the 
bundled configuration at the ES) [46] and Arp3 
(a branched actin polymerization protein that 
induces barbed end nucleation of an existing 
linear actin microfilament, thereby causing ac- 
tin filament branching, which in turn destabiliz-
es the ES function) [47], appeared to be abnor-
mally positioned in the experimental group,  
as shown by immunofluorescence, and apical/
basal ESs and TJ-related proteins were no lon-
ger specifically localized but diffusely expre- 
ssed. Thus, the overexpression of p-rpS6 or 
F5-peptide disrupts the cytoskeleton and effec-
tively makes the BTB leaky [45].

The overexpression of p-FAK-Y397F (a cons- 
titutively inactive p-FAK-Tyr397Phe mutant) or 
p-FAK-Y407E (a constitutively active p-FAK-Tyr-
407Glu mutant) in the SC epithelium promotes 
the integrity of the SC-TJ barrier, making it  
tighter [48]. However, the overexpression of 
p-FAK-Y407F (a constitutively inactive p-FAK-
Tyr407Phe mutant) or p-FAK-Y307E (a constitu-
tively active p-FAK-Tyr397Glu mutant) promotes 
SC-TJ barrier remodeling, making it leaky [48]. 
Hence, by regulating the spatiotemporal expres-
sion of these two p-FAK proteins, the immune 
barrier of the BTB can be made either tighter or 
leakier. Increasing p-FAK-Tyr407 or decreasing 
p-FAK-Tyr397 levels promotes the integrity of 
the BTB. Conversely, increasing p-FAK-Tyr397 
or decreasing p-FAK-Tyr407 levels can cause 
the BTB to undergo remodeling in stage VIII 
spermatogenesis [49]. These findings suggest 
that these antagonistic effects maintain the 
dynamic balance of the BTB.

In summary, the results of animal model-based 
studies have shown that modulating endoge-
nous biomolecules can alter the permeability of 
the BTB, further demonstrating that it is possi-
ble to deliver drugs to any tissue beyond the 
BTB.

Drug transporters: Drugs often need to cross 
biological membranes using transporters to 
reach their targets. There are two types of 
membrane transporters: (i) solute carrier trans-
porters (SLCs), which include both facilitative 
transporters and secondary active transport-

ers that do not require adenosine triphosphate 
(ATP) to function, and (ii) ATP-binding cassette 
transporters (ABCs), which are the primary 
active transporters. These transporters move 
molecules using an inverse electrochemical 
gradient while consuming ATP. Some transport-
ers have been shown to play a role in transport-
ing chemotherapeutics and antiretrovirals [50].

Even in the presence of a physiological barrier, 
the nutrients necessary to maintain spermato-
genesis as well as toxins that target developing 
germ cells (e.g., cisplatin, lead, cadmium) must 
bypass or destroy the BTB to reach the inside of 
the seminiferous tubule and exert their effects. 
The mechanism by which such transport oc- 
curs may include a transepithelial transport 
pathway created by basal membrane uptake 
transporters and apicolateral membrane ef- 
flux transporters [51]. One mechanism by which 
SCs protect developing germ cells is through 
the expression of efflux transporters on the 
basal membrane [52], which also prevents the- 
rapeutic drugs from passing through the BTB. 
Studying transporters in the BTB is becoming 
increasingly important, especially for the expre- 
ssion and localization of SLCs and ABCs and 
their significance in disease research.

Several SLCs are expressed in the testes. One 
example is organic anion transport polypep-
tides (OATPs), which are bidirectional transport-
ers of a variety of substances, including en- 
dogenous amphiphilic compounds, exogenous 
compounds, and pharmacological drugs [53, 
54]. OATP1B1 and OATP2B1 are localized in the 
spermatogenic epithelium and the entire tes-
ticular interstitium [55]. OATP6A1 is mainly 
expressed in the testes, specifically in the SCs, 
interstitial cells, and spermatogonia [54, 56, 
57]. OATPs are responsible for the transport of 
steroid hormones, biological amines, and many 
drugs, including nucleoside reverse transcrip-
tase inhibitors (e.g., tenofovir) [54]. The uptake 
transporters organic cation transporters 1 and 
3 (OCT1 and OCT3) are present in SCs. OCT1 is 
located in the basement membrane, and OCT3 
is located in the apical membrane [52]. Car- 
nitine transporters are also expressed in the 
testes. Carnitine is essential for fatty acid oxi-
dation and energy production for spermatogen-
esis. Novel OCT2 (OCTN2) is expressed in the 
basement membranes of SCs, and novel OCT3 
(OCTN3) is expressed in the apical membranes 
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of SCs [52]. In summary, there are various 
transporters in the testes, and the substances 
moved by these transporters have the potential 
to bypass/destroy the BTB for therapeutic/toxic 
purposes. Many drugs are substrates for these 
transporters; therefore, studying the expres-
sion, activity, and localization of transporters  
in the testes will be helpful for drug develop- 
ment.

The ABC family of transporters includes various 
specific efflux transporters that contribute to 
the protection of the BTB, such as P-gp, breast 
cancer resistance protein (BCRP), and MRPs. 
P-gp and MRP1 are present on the plasma 
membranes of Sertoli cells, germ cells, peritu-
bular myoid cells, and endothelial cells consti-
tuting the interstitial microvasculature (Figure 
3) [22, 31, 57]. The BCRP is also strongly 
expressed in interstitial microvascular endo-
thelial cells and the lamina propria of peritu- 
bular myoid cells [55, 57]. These transporters 
work together to actively pump drugs out of the 
testicles.

Research has shown that the expression of 
drug transporters is regulated by environmen-
tal toxins (e.g., cadmium), steroids (e.g., estra-

have been reported to interfere with the per- 
meability of TJs by targeting the extracellular 
domain of TJ integral membrane proteins. For 
example, a 22-amino acid peptide correspond-
ing to a stretch of the sequence of the second 
extracellular loop of rat occludin was shown to 
induce the reversible disruption of the SC–TJ 
barrier in vitro and in vivo [60]. Additionally, a 
synthetic polypeptide called C1C2 modeled 
after rat claudin-1 was shown to regulate the TJ 
function of the outer membrane of nerves in 
rats, thereby promoting the entry of therapeu-
tics into the peripheral nervous system [61].  
On the other hand, using a specific siRNA or 
short hairpin RNA to improve the bioavailability 
of the drugs behind the BTB may also be a via-
ble approach. Within 48 h after the administra-
tion of claudin-5 siRNA, enhanced thyrotropin-
releasing hormone uptake by neuropeptides 
was observed behind the blood-brain barrier in 
mice [62].

Transcellular approaches

Transcellular approaches increase the uptake 
of drug molecules by cells to improve their bio-
availability. Micronization, the most widely used 
transcellular method, greatly reduces the size 

Figure 3. The working mechanism of active efflux transporters. P-glycopro-
tein (P-gp) and multidrug resistance-related protein 1 (MRP1) are present on 
the plasma membranes of Setroli cells. They can actively pump out biologi-
cal macromolecules to ensure normal spermatogenesis.

diol-17 β, testosterone), and 
cytokines (e.g., tumor necro-
sis factor-α, transforming gr- 
owth factor-β3) [58]. There- 
fore, drugs targeting these 
transporters can be devel-
oped to reduce the negative 
effects of drugs crossing the 
BTB, thereby improving their 
bioavailability.

Paracellular pathways

Paracellular barriers are also 
an important component of 
the tissue/cellular barrier in 
vivo to limit drug transport. 
Drug-modified paracellular ba- 
rrier permeability has been 
widely studied. Reagents su- 
ch as small interfering RNA 
(siRNA), medium-chain fatty 
acids, antibodies, and poly-
peptides have shown good 
regulatory effects by specifi-
cally targeting epithelial junc-
tions [32, 59]. Many peptides 



Drug transport across the BTB

6418 Am J Transl Res 2022;14(9):6412-6423

of drug particles and allows a drug to easily 
penetrate the cell membrane of the target 
organ. One technology that has been widely 
used in the last decade to drug micronization  
is supercritical fluid (SCF) technology [63]. By 
controlling temperature and pressure, it is now 
possible to produce pharmaceutical particles 
with small diameters (Figure 4). Furthermore, 
by adding an appropriate solvent, the entire 
process can be performed at room tempera-
ture, which is ideal for the production of heat-
sensitive drugs [64]. For example, the SCF-CO2 
method can produce more stable and homoge-
neous liposomes as drug carriers [65]. In the 
future, drugs can be embedded in liposomes, 
or SCF technology can be used to prepare 
small, uniform drug particles to improve their 
bioavailability and effectiveness.

Nanotechnology research has also enabled the 
transport of drugs across the BTB. Nanoparti- 
cles (NPs), which have a particle size of 1-1,000 
nm, have been widely used to transport a  
variety of therapeutic drugs, mainly anticancer 
drugs. Size control is the key to delivering drugs 
via NPs. NPs with a mean diameter of 60-70 
nm will be excreted faster, whereas larger NPs 

with a mean diameter of 200 nm or greater 
may be sequestered by the liver or spleen. 
Therefore, NPs with a diameter of 70-200 nm 
are the most suitable for in vivo applications 
[66]. Traditional drug molecules are either 
attached to the surface of the NPs or wrapped 
in the core and delivered to the target organs  
to enhance efficacy. NPs typically consist of  
lipids, metals, polymers (e.g., chitosan), den-
drimers, nanocrystals (e.g., semiconductor qu- 
antum dots), carbon nanotubes, mesoporous 
materials, or iron oxide-based magnetic nano-
materials. Of these substances, mesoporous 
materials are becoming the main carriers of 
drugs, including male contraceptives [67]. For 
example, mesoporous silica NPs (MSNs) are 
NPs 40-70 nm in diameter with ordered pores 
(called mesopores) of 3.8-6.1 nm, high specific 
surface area (700-1,100 m2/g), and large pore 
volumes (0.44-1.54 cm3/g) [68, 69]. Amorph- 
ous nanosilica particles can be injected intra-
venously into mouse testes and have been 
demonstrated to accumulate in SCs and germ 
cells (e.g., spermatocytes) without causing tes-
ticular damage [70]. Additionally, mesopores 
can protect bioactive drugs against degrada-
tion by enzymes before reaching target cells 

Figure 4. Supercritical fluid (SCF) technology facilitates drug entry into cells. Original curcumin (> 1 µL) cannot enter 
these cells. However, micronized particles can be taken up by endocytosis.
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and tissues because the inner surface of the 
mesopore cannot be accessed by enzymes in 
the systemic circulation or tissues (e.g., gut) 
[71]. Thus, drugs can be loaded into hexago-
nally arranged mesopores of magnetic MSNs 
for oral administration (Figure 5). They can also 
be specifically transported to the testicles 
using a magnetic field, such as by placing per-
manent neodymium magnets in men’s shorts 
(Figure 5) [72].

Physical delivery to the seminiferous epithe-
lium

According to recent studies, scrotal heat str- 
ess (SHS) and pulsed unfocused ultrasound 
(PuFUS) can adjust the permeability of the BTB 
in adult mice. Mice were randomly divided into 
control, SHS, and PuFUS groups. Mice in the 
SHS group were subjected to SHS at different 
temperature levels (39°C, 41°C, and 43°C), 
and PuFUS was performed using a medical di- 
gital ultrasonic therapy instrument (ultrasonic 
operating frequency of 1 MHz, maximum effec-

tive sound intensity of 2.5 W/cm2, and effective 
area of 2 cm2) applied to the scrotal surface  
at different intensities (1.25 W/cm2, 1.75 W/
cm2, and 2.5 W/cm2) and durations (2 min, 5 
min, and 10 min). In mice in the SHS group, the 
BTB was effectively opened under SHS induc-
tion at 43°C for 30 min, whereas SHS induc- 
tion for 30 min at 39°C or 41°C had little ef- 
fect on the integrity of the BTB (Table 1). In the 
PuFUS group, BTB leakage levels at an intensity 
of 2.5 W/cm2 for 10 min were significantly high-
er than those in other groups (Table 2) [73]. 
Additionally, SHS treatment at 43°C for 120 h 
resulted in some biological macromolecules 
entering the seminiferous tubules, whereas 
PuFUS had no effect. Further observations of 
testicular tissue revealed that after SHS induc-
tion at 43°C, germ cells were shed, epithelium 
disappeared, and the testicular interstitium 
gradually thickened within 5-20 d. However, at 
1.5 h, 2 d, and 7 d after the strongest PuFUS 
treatment (2.5 W/cm2 for 10 min), no obvious 
pathological changes were found in the tes- 
ticular tissue [73].

Figure 5. Magnetic mesoporous silica nanoparticles (MSNs) promote the entry of drug molecules into Sertoli cells. 
The targeted delivery of multidrug-loaded MSNs can be further improved by placing a permanent neodymium 
(NdFeB) magnet near the testes.
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Normal spermatogenesis requires the testicu-
lar temperature to be lower than that of the 
body, which limits the application of SHS 
because SHS can damage testicular tissue; 
hence, PuFUS may be a novel approach to 
increase the permeability of the BTB to drugs. 
However, further research is needed to test 
these techniques and identify their potential 
applications in drug delivery.

Summary and prospects

Here, we summarized the physiological func-
tions and regulation of the BTB and discussed 
the latest research on certain drugs crossing 
the BTB using specific approaches. Each me- 
thod has unique mechanics and advantages.

However, there are still many challenges for 
drugs that must cross the BTB to elicit thera-
peutic function in the tissues. For example, 
when making the BTB leakier for drug delivery 
and improving drug utilization, we must also 
protect the integrity of the BTB. If there is irre-
versible damage, it can seriously affect male 
reproductive function. Future studies should 
compare and study biomolecules that can by- 
pass the BTB and further determine whether 
there are specific chemical groups and charac-
teristics that are essential to bypass the BTB. 
This will provide a foundation for the deve- 
lopment of chemotherapeutics, antivirals, and 
male fertility drugs to reduce testicular tumor 
recurrence and viral infections in semen and 
improve male fertility. Moreover, we must con-
sider whether men of different races and ages 
respond identically to the same therapeutic 
drug as well as control the cost of drugs, whi- 
ch are essential elements of the widespread 
use and promotion of therapeutics.

Additionally, the BTB shares features, such as 
structural proteins, with other blood-tissue  
barriers. Therefore, the drug-crossing barrier 
mechanisms discussed here may also play a 

role in the blood-brain barrier and other blood-
tissue barriers.
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