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Abstract

The peptide domain extending from residues 49 to 57 of the HIV-1 Tat protein (TAT) has

been widely shown to facilitate cell entry of and blood-brain barrier (BBB) permeability to

covalently bound macromolecules; therefore, TAT-linked therapeutic peptides trafficked

through peripheral routes have been used to treat brain diseases in preclinical and clinical

studies. Although the mechanisms underlying cell entry by similar peptides have been

established to be temperature-dependent and cell-type specific and to involve receptor-

mediated endocytosis, how these peptides cross the BBB remains unclear. Here, using an

in vitro model, we studied the permeability of TAT, which was covalently bound to the fluo-

rescent probe fluorescein isothiocyanate (FITC), and evaluated whether it crossed the “in

vitro BBB”, a monolayer of brain endothelial cells, and whether the mechanisms were similar

to those involved in TAT entry into cells. Our results show that although TAT crossed the

monolayer of brain endothelial cells in a temperature-dependent manner, in contrast to the

reported mechanism of cell entry, it did not require receptor-mediated endocytosis. Further-

more, we revisited the hypothesis that TAT facilitates brain delivery of covalently bound

macromolecules by causing BBB disruption. Our results demonstrated that the dose of TAT

commonly used in preclinical and clinical studies did not exert an effect on BBB permeability

in vitro or in vivo; however, an extremely high TAT concentration caused BBB disruption in

vitro. In conclusion, the BBB permeability to TAT is temperature-dependent, but at treat-

ment-level concentrations, it does not involve receptor-mediated endocytosis or BBB

disruption.
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Introduction

Tat is an 86 amino acid trans-activator protein encoded by HIV-1 that readily enters cells

when incubated exogenously in culture medium [1, 2]. When chemically cross-linked or fused

to proteins that are otherwise impermeable to cellular membrane barriers, Tat or synthetic

fragments of Tat facilitates the delivery of these proteins into cultured cells in vitro and rodent

tissues in vivo [3–10]. In addition, early analysis of truncated Tat peptide fragments has shown

that its basic amino acid domain, extending from residues 49 to 57 (single-letter code,

RKKRRQRRR), is sufficient for cell membrane translocation [11, 12]. Furthermore, consistent

with the key role of arginine residues in this process, the amount of polyarginine oligopeptide

(R9) taken up by cells is similar to or greater than that of peptides carrying the Tat49-57 domain

[12–15]. In light of cell membrane and blood-brain barrier (BBB) permeability to these pep-

tides, a growing number of Tat49-57-linked therapeutic peptides and proteins have been devel-

oped for experimental and clinical use.

Although peptides containing the Tat49-57 sequence or R9 are initially thought to exclusively

penetrate cells in a temperature-, energy-, and receptor-independent manner [11, 13–15], later

experiments demonstrated that these early observations were due to experimental artifacts

related to cell fixation and flow cytometry analysis [16, 17]. Notably, several studies now sup-

port the notion that cellular uptake of these and related peptides administered at lower concen-

trations is energy- and temperature-dependent [16, 18–21], is cell-type-specific [22–24], and

involves several different mechanisms of endocytosis [19–21, 23, 25–34]. Moreover, at higher

concentrations and under certain experimental conditions, these peptides can directly pene-

trate into cells via non-endocytic mechanisms, in part by causing transient focal deformation

of certain regions of the cell membrane [24, 29, 32, 35–40].

Contrary to the mechanisms of cellular uptake, the mechanism by which Tat-derived pep-

tides cross the BBB has not been well characterized. Notably, several lines of evidence have

shown that the full-length Tat protein can disrupt the BBB by increasing vascular endothelial

cell permeability [41, 42], causing endothelial cell cytotoxicity [43–47], and modulating the

expression and cellular localization of the tight junction proteins needed to maintain adhesion

of brain endothelial cells to each other [48–52]. Accordingly, it has been postulated that Tat-

derived peptides enter the brain by causing BBB disruption as well [53, 54]; however, experi-

ments in this regard have led to inconsistent results [53, 54]. In this study, using an in vitro
BBB model, we found that the short peptide TAT (amino acid sequence: YGRKKRRQRRR)

crossed the BBB in a temperature-dependent manner, but did not share the same mechanisms

by which Tat-derived peptides entered cells. Moreover, using an in vivo model, we showed

that TAT, administered at a commonly used dose, could not increase BBB permeability.

Materials and methods

Cell culture

The bEnd.3 (mouse brain endothelial cell) cell line, purchased from Bioresource Collection and

Research Center (BCRC, Taiwan), was used in this study. Prior to experiments, the cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, cat. #SH30003.02) with 10%

fetal bovine serum (Gibco, cat. #10437028) and 1% penicillin-streptomycin (Gibco, cat.

#15140112), and were passaged every 2–3 days with 0.25% trypsin-EDTA (Gibco, cat. #25200056).

Cellular metabolic activity

Cellular metabolic activity was measured by MTT (thiazolyl blue tetrazolium bromide) assay

24 h after treatment by normothermia (37˚C), hypothermia (4˚C), sodium azide (NaN3)/
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2-deoxy-D-glucose (2-DG), cytochalasin D, 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), or

methyl-beta-cyclodextrin (MβCD). In brief, MTT assay was performed with 2000 cells in cul-

ture by first replacing the cell culture medium with medium containing 0.5 mg/ml MTT (Alfa

Aesar, cat. #L11939). After a 4-h incubation period to allow for MTT metabolism, the MTT-

containing medium was replaced with 100 μl of dimethyl sulfoxide (DMSO; JT Baker), and the

culture plate was placed on a shaker for 10 min to allow for dissolution of the violet crystal

metabolites. Thereafter, the optical density of the metabolite was measured at 570 nm by an

ELISA reader. The optical density of the metabolite in the hypothermia and drug treatment

groups was expressed as percentage relative to the optical density of the metabolite in the nor-

mothermia and control groups, respectively.

Permeability across a monolayer of brain endothelial cells

An in vitro BBB model composed of a monolayer of bEnd.3 cells was used to measure the per-

meability of the fluorescent probe FITC covalently bound to TAT and related peptides as

described previously [55]. Briefly, the cells were seeded onto 24-well culture inserts (Falcon

Permeable Support for 24-well plate; cat. #353104), and one-half of the medium was replaced

every other day, and the cells were cultured for 5 days prior to the performance of a permeabil-

ity assay. On the day of the assay, the culture medium was replaced with serum-free DMEM

with FITC-linked peptides or bovine serum albumin (Sigma). The permeability of the FITC-

linked peptides and albumin was measured for a total period of 12 or 24 h by collecting 50 μl

of the medium from the lower compartment below the insert in each well and quantifying

them by spectrophotometry and western blotting, respectively. Notably, the total period of dif-

fusion was 12 h in the experiments where we compared hypothermia versus normothermia,

because a substantial effect of hypothermia was observed by this early timepoint. To ensure a

lack of effect, the total period of diffusion was extended to 24 h in other experiments, because a

substantial effect was not observed after 12 h of diffusion.

Mice and measurement of BBB in vivo
The BBB permeability in male C57BL/6 mice (8 weeks old; 25–35 g), which were assigned to

either a control group and received vehicle injections (PBS, i.v. via tail vein), a group that

received craniectomy, or a group that received TAT injections (3 nmol/g, dissolved in PBS, i.v.

via tail vein), was determined as described previously [56]. Briefly, 24 h after craniectomy or a

TAT injection, the mice were euthanized by an urethane (i.p.) overdose and were perfused

with cold saline. The cortices of the right hemispheres were collected from coronal sections

located 2–4 mm anterior to lambda, and the relative concentrations of albumin and tubulin

within the brain tissue were measured by western blotting. All experimental procedures

described herein were performed in accordance with ARRIVE guidelines and Institutional

Guidelines for China Medical University (CMU) for the Care and Use of Experimental Ani-

mals and were approved by the Institutional Animal Care and Use Committee of CMU (proto-

col No. 103-224-NH).

Western blotting

Medium collected from cell culture in vitro (12 μl medium per culture) and tissue samples har-

vested from mice in vivo were denatured by boiling in lysis buffer, separated by electrophore-

sis, transferred onto PVDF membranes, and imaged after incubation in primary and

secondary antibodies as described previously for in vitro [55] and in vivo [57] experiments.

The following primary antibodies were used: anti-albumin (1:2000; GeneTex, cat. #102419, for

the in vitro experiments; 1:5000; Abcam, cat. #ab106582, for the in vivo experiments) and anti-
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α-tubulin (1:5000; GeneTex, cat. #GTX628802) antibodies, and the following secondary anti-

bodies were used: anti-rabbit (1:5000; GeneTex, cat. #GTX213110-01), anti-mouse (1:1000;

GeneTex, cat. #GTX213111-01), and anti-chicken (1:1000; Abcam, cat. #ab97135) antibodies.

Data presentation and statistical analysis

The data are presented as either the mean and individual data points or the mean ± SEM. Pep-

tide diffusion over time was analyzed by performing 2-way repeated-measures ANOVA,

matching peptide concentrations in the same culture medium over time, followed by Sidak’s

multiple comparisons test. Cellular metabolic activity levels were compared by unpaired t test

or 2-way ANOVA followed by Sidak’s multiple comparisons test. Albumin permeability in
vitro and in vivo was determined by 1-way ANOVA followed by Sidak’s multiple comparisons

test.

Results

Tat-derived peptide crosses a monolayer of brain endothelial cells in a

temperature-dependent manner

When dissolved into the upper chamber of Transwell inserts, synthetic fluorescein isothiocya-

nate (FITC)-TAT (TAT with FITC covalently bound to the peptide N-terminus) readily dif-

fused across to the lower chamber at 37˚C, regardless of whether monolayers of brain

endothelial cells were cultured on the Transwell membranes (Fig 1A and 1B). Importantly,

lowering the temperature to 4˚C had no effect on the diffusion of FITC-TAT across the Trans-

well inserts when the endothelial monolayers were absent (Fig 1A), but substantially decreased

the diffusion of FITC-TAT across the Transwell inserts when the endothelial monolayers were

present (Fig 1B). Consistent with the need for cellular metabolic activity for the endothelial cell

monolayer permeability to FITC-TAT, lowering the temperature to 4˚C decreased metabolism

of the endothelial cells in culture (Fig 1C). These data are consistent with the notion that ability

of FITC-TAT to cross a monolayer of brain endothelial cells relied on cellular metabolic activi-

ties that were temperature-dependent.

Previous studies have shown that depletion of intracellular ATP level by co-treatment of

cell cultures for 30–60 min with 10–15 mM NaN3, which inhibits oxidative phosphorylation,

and 6–50 mM 2-DG, which inhibits glycolysis, can prevent cellular uptake of Tat-derived pep-

tides and other related peptides [16, 18, 19]. Therefore, we next investigated whether a similar

treatment regimen hinders the ability of FITC-TAT to cross a monolayer of brain endothelial

cells. To identify a suitable treatment regimen that can persistently inhibit cellular metabolic

activity for 24 h, we either pre-treated cultures of brain endothelial cells with 5–40 mM of

NaN3 and 3–24 mM of 2-DG for 1 h, followed by a 23-h recovery period, or treated cultures

for 24 h without a recovery period (Fig 2A). We found that pre-treating brain endothelial cells

for 1 h with NaN3 and 2-DG failed to persistently decrease cellular metabolic activity following

the 23-h washout period, whereas sustained treatment with NaN3 and 2-DG for 24 h decreased

cellular metabolic activity in a concentration-dependent manner (Fig 2A). However, neither

treatment regimens had an effect on the ability of FITC-TAT to cross the monolayer of brain

endothelial cells (Fig 2B).

Permeability of a monolayer of brain endothelial cell to Tat-derived

peptide does not require receptor-mediated endocytosis

Given the key role of cationic residues in cellular uptake of cell-permeable peptides [12–15],

we next asked whether the ability of FITC-TAT to cross a monolayer of brain endothelial cells
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depend on its cationic residues or its specific amino acid sequence. In comparison to FITC--

TAT, when FITC-TATscrambled (amino acid sequence: KRRRRYKRRQG, coupled with FITC

attached to the peptide N-terminus), in which the amino acid sequence of TAT is scrambled,

and FITC-TATK/R>A (amino acid sequence: YGAAAAAQAAA, coupled with FITC attached to

the peptide N-terminus), in which lysine and arginine residues were replaced with alanine resi-

dues, were added to the upper chamber of Transwell inserts, FITC-TATscrambled but not TATK/

R>A readily diffused across the monolayer of brain endothelial cells into the lower Transwell

chamber (Fig 3A–3C). At 1 μM concentration, FITC-TATscrambled diffused across the mono-

layer at a marginally higher rate than FITC-TAT, whereas FITC-TATK/R>A diffused across the

monolayer at a much lower rate than FITC-TAT (Fig 3A). At 3 μM concentration, FITC-TAT-
scrambled diffused across the monolayer at a rate equal to that of FITC-TAT, whereas FITC--

TATK/R>A diffused across the monolayer at a much lower rate than FITC-TAT (Fig 3B). At

10 μM concentration, FITC-TATscrambled diffuse across the monolayer at a marginally lower

than FITC-TAT, whereas FITC-TATK/R>A diffused across the monolayer at a much lower rate

than FITC-TAT (Fig 3C). These data suggest that the presence of arginine and lysine residues,

but not the specific sequence by which the residues are ordered, dictated the ability of TAT--

FITC to cross a monolayer of brain endothelial cells.

In light of the temperature-dependency and requirement for arginine and lysine residues of

FITC-TAT, we next investigated whether FITC-TAT crossed the endothelial monolayer via

receptor-dependent endocytosis. In contrast to the low permeability of the barrier to

Fig 1. Diffusion of FITC-TAT across a monolayer of brain endothelial cells is temperature-dependent. A-B,

Diffusion of FITC-TAT (10 μM) under normothermic conditions (37˚C; •) or hypothermic conditions (4˚C; �) across

Transwell membranes (pore diameter of 1 μm) without (A) or with (B) a monolayer composed of the bEnd.3 mouse

brain endothelial cell line were measured 30 min and 1, 2, 4, 8, and 12 h post-diffusion onset via fluorescence

spectrophotometry. n = 8–10 cell cultures per group. * P< 0.05, *** P< 0.001, when 4˚C was compared to 37˚C by

2-way repeated-measures ANOVA, matching [Tat-FITC] in the same culture medium over time followed by Sidak’s

multiple comparisons test. n.s. indicates no significant difference. C, Cellular metabolic activity levels of the bEnd.3

cells were measured by MTT assay under normothermic conditions (37˚C; •) or hypothermic conditions (4˚C; �).

n = 6 cell cultures per group. *** P< 0.001 at 4˚C compared to 37˚C by unpaired t test.

https://doi.org/10.1371/journal.pone.0292681.g001
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FITC-TATK/R>A, the presence of non-FITC TAT or non-FITC TATK/R>A only marginally

decreased the permeability of the monolayer barrier to FITC-TAT (Fig 3D). The lack of com-

petition by non-FITC TAT suggests that the ability of FITC-TAT to cross the endothelial

monolayer was not receptor-dependent. To further investigate whether receptor-mediated

endocytosis is required for Tat-derived peptides to cross the endothelial monolayer, we asked

whether inhibitors of endocytosis that had been previously shown to prevent cellular uptake of

Tat-derived peptides [27] prevents FITC-TAT from crossing the endothelial monolayer. To

ensure that any effect on the permeability to FITC-TAT was due to inhibition of endocytosis

rather than potential secondary inhibitory effects on cellular metabolic activity, cultured brain

endothelial cells were either pre-treated with cytochalasin D, EIPA, or MβCD for 30 min, fol-

lowed by a 23.5 h recovery period, or were treated for 24 h without a recovery period (Fig 4A–

4C). Interestingly, although pre-treatment of brain endothelial cells for 30 min with cytochala-

sin D, which inhibits endocytosis by disrupting actin filaments and has been shown to inhibit

cellular uptake of Tat-derived peptides, had no effect on cellular metabolic activity following

the 23-h washout period, sustained treatment with cytochalasin D for 24 h increased cellular

metabolic activity in a concentration-dependent manner (Fig 4A). In contrast to the effect of

cytochalasin D, treatment of brain endothelial cells with either EIPA or MβCD, both previ-

ously shown to inhibit cellular uptake of Tat-derived peptides, markedly decreased cellular

metabolic activity (Fig 4B and 4C). Therefore, our data show that cytochalasin D was the most

suitable inhibitor of endocytosis to use in our study because it did not cause a secondary effect

of inhibiting cellular metabolic activities. Consistent with the increase in cellular metabolic

activity induced by cytochalasin D, when brain endothelial cells were incubated with 100 μM

cytochalasin D, FITC-TAT movement across the endothelial monolayer was increased rather

than inhibited (Fig 4D). Altogether, these data demonstrated that receptor-mediated endocy-

tosis was not required for FITC-TAT to cross the endothelial cell monolayer.

Fig 2. Cotreatment with sodium azide (NaN3) and 2-deoxy-D-glucose (2-DG) hinders cellular metabolic activity but not FITC-TAT

diffusion across an endothelial monolayer. A, Cellular metabolic activity levels in the bEnd.3 mouse brain endothelial cell line that were

untreated (•) or cotreated with NaN3 (5–40 mM) and 2-DG (3–24 mM) for 1 h followed by a 23 h recovery period (�) or cotreated for 24 h

without a recovery period (�). n = 5 cell cultures per group. ** P< 0.01, *** P< 0.001 for treated cultures compared to untreated cultures by

2-way ANOVA followed by Sidak’s multiple comparisons test. n.s. indicates no significant difference. B, Diffusion of FITC-TAT (10 μM) across a

monolayer of bEnd.3 cells that were untreated (•) or cotreated with NaN3 (10 mM) and 2-DG (6 mM) for 1 h followed by a 23 h recovery period

(gray circle) or cotreated for 24 h without a recovery period (�), as determined 12 and 24 h post-diffusion onset via fluorescence

spectrophotometry. n = 9 cell cultures per group. n.s. indicates no significant difference when the effect of treatments on FITC-TAT permeability

was compared by 2-way repeated-measures ANOVA, matching [Tat-FITC] in the same culture medium over time.

https://doi.org/10.1371/journal.pone.0292681.g002
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The Tat-derived peptide disrupts the “in vitro BBB” formed by a

monolayer of endothelial cells in a concentration-dependent manner

We next examined whether Tat-derived peptides crossed the monolayer of brain endothelial

cells by disrupting the “in vitro BBB” prepared in this study. Interestingly, compared to the

BBB permeability to other serum proteins and exogenous tracers, the permeability of BBB to

albumin and albumin-binding tracers are the most reliable indicators for detecting a change in

BBB permeability [56, 58]. Therefore, to examine whether TAT causes BBB disruption in our

in vitro model, we measured the amount of albumin that crossed the monolayer of brain endo-

thelial cells in the presence and/or absence of the TAT peptide (Fig 5A). Consistent with results

reported in a previous study [54], we found that a 1000 μM concentration of the TAT peptide

indeed significantly increased the amount of albumin that crossed the monolayer. However, at

a 100 μM concentration, the effect of TAT on endothelial monolayer permeability to albumin

was statistically nonsignificant, and at a 10 μM concentration, there was no noticeable differ-

ence between the control and TAT treatment groups on permeability to albumin (Fig 5A).

Given that the 1000 μM concentration is unlikely to be found in vivo at treatment-level doses

administered to animals or human subjects in previous animal studies and clinical trials,

Fig 3. Diffusion of FITC-TAT across a monolayer of brain endothelial cells requires cationic amino acid residues but not competition for a

receptor. A-C, Diffusion of FITC-TAT (green dots), FITC-TATscrambled (blue dots), and FITC-TATK/R>A (red dots), after administration of 1 μM (A),

3 μM (B), or 10 μM (C) of the peptides, across a monolayer composed of the bEnd.3 mouse brain endothelial cell line was determined 4, 12, and 24 h

post-diffusion onset via fluorescence spectrophotometry. n = 4 cell cultures per group. * P< 0.05, ** P< 0.01, *** P< 0.001, when

FITC-TATscrambled or FITC-TATK/R>A was compared to FITC-TAT by 2-way repeated-measures ANOVA, matching [peptide] in the same culture

medium over time followed by Sidak’s multiple comparisons test. n.s. indicates no significant difference. D, Diffusion of FITC-TAT (10 μM) alone

(green dots, solid green line), FITC-TATK/R>A (10 μM) alone (red dots, solid red line), or FITC-TAT (10 μM) coupled with either TAT (10 μM) (green
dots, dashed green line) or TATK/R>A (10 μM) (green dots, dashed red line) across the bEnd.3 cell monolayer as determined 12 and 24 h post-diffusion

onset via fluorescence spectrophotometry. n = 3 cell cultures per group. *** P< 0.001, compared to FITC-TAT alone by 2-way repeated-measures

ANOVA, matching [peptide] in the same culture medium over time followed by Sidak’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0292681.g003
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respectively, and that the more modest concentration of 10 μM [59] exerted no effect on the

permeability of our “in vitro BBB”, our data suggest that BBB disruption was unlikely to be the

mechanism by which Tat-derived peptides entered the brain in previous in vivo studies or in

clinical trials [59–64]. Finally, to confirm the aforementioned conclusion, we examined

whether the TAT peptide administered to mice at a commonly used dose (3 nmol/g) [59, 60,

65, 66] causes BBB disruption in vivo (Fig 5B). For the positive control, we subjected a group

of mice to craniectomy, which has recently been shown to reliably increase BBB permeability

[56]. Consistent with the conclusion based on our in vitro data, the administration of the TAT

peptide (3 nmol/g, injected intravenously via tail vein) failed to increase BBB permeability to

albumin in mice in vivo (Fig 5B); in contrast, craniectomy greatly increased BBB permeability

to albumin (Fig 5B). Our in vitro and in vivo data together showed that the TAT peptide, at a

dose commonly used in vivo, did not disrupt the BBB.

Fig 4. Effects of compounds that inhibit receptor-mediated endocytosis on cellular metabolic activity and diffusion of FITC-TAT across a monolayer

of brain endothelial cells. A-C, Cellular metabolic activity of the bEnd.3 mouse brain endothelial cells that were untreated (•) or treated (�) with cytochalasin

D (A), 5-(N-Ethyl-N-isopropyl)-amiloride (EIPA) (B), or methyl-beta-cyclodextrin (MβCD) (C) for 30 min followed by a 23.5-h recovery period or treated

for 24 h without a recovery period. n = 5 cell cultures per group. * P< 0.05, ** P< 0.01, *** P< 0.001 for treated cultures compared to untreated cultures by

2-way ANOVA followed by Sidak’s multiple comparisons test. n.s. indicates no significant difference. D, Diffusion of FITC-TAT (10 μM) across a monolayer

comprising bEnd.3 cells that were untreated (•) or treated with cytochalasin D (100 μM) for 30 min followed by a 23.5-h recovery period (gray circle) or

treated for 24 h without a recovery period (�), as determined 2 and 12 h post-diffusion onset via fluorescence spectrophotometry. n = 5 cell cultures per

group. *** P< 0.001 for the effect of treatments on FITC-TAT permeability compared by 2-way repeated-measures ANOVA, matching [Tat-FITC] in the

same culture medium over time followed by Sidak’s multiple comparisons test. n.s. indicates no significant difference.

https://doi.org/10.1371/journal.pone.0292681.g004
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Discussion

Biologics, including therapeutic peptides and proteins, have been at the forefront of pharma-

ceutical development in recent years [67]. However, there are several disadvantages to the use

of biologics in comparison to the use of conventional small-molecule drugs. For example, bio-

logics are typically not orally available due to their possible degradation by the gastric environ-

ment. Also, biologics often need to be kept in specially designated formulations that could

cause pain at the site of injection [67, 68]. Another major obstacle associated with the pharma-

ceutical development of biologics is the low permeability of biological barriers, including cellu-

lar plasma membranes and vascular barriers such as the BBB, to these therapeutic agents.

Therefore, to enable noninvasive treatment of brain diseases, the recent decades have seen

growing development of TAT-linked biologics, especially TAT-linked peptides, that are used

to treat brain diseases in preclinical animal models and in clinical trials [64, 69, 70].

To improve the potency of TAT-linked peptides for treating brain diseases, it is crucial to

better understand the mechanisms by which these peptides cross the BBB. In this study, the

ability of FITC-TAT to cross a monolayer of brain endothelial cells, an in vitro model of the

BBB [55], was substantially decreased when the temperature was lowered from 37˚C to 4˚C.

This finding suggests that BBB permeability to FITC-TAT is temperature-dependent. This

temperature dependency aligns with the general notion that pathological changes to BBB per-

meability in model animals are temperature-dependent [71]. Notably, in early studies, TAT

and other related peptides were mistakenly believed to cross cell membrane in a temperature-

and cellular metabolic activity-independent manner [11, 13–15]. However, these early findings

were caused by experimental artifacts related to cell fixation and flow cytometry analysis [16,

17]. It is now widely accepted that TAT-linked peptides, at least when administered at

Fig 5. TAT administered at modest concentrations and doses exerted no effect on the permeability of a

monolayer of brain endothelial cells in vitro and BBB permeability in vivo, respectively, but at a high

concentration, TAT increased the permeability of the monolayer of brain endothelial cells in vitro. A, Diffusion of

albumin across a monolayer of brain endothelial cells in vitro in the absence (control) or presence of TAT (10, 100, and

1000 μM) as determined by western blotting. n = 5 cell cultures per group. ** P< 0.01 for TAT-treated cultures

compared to control by 1-way ANOVA followed by Sidak’s multiple comparisons test. n.s. indicates no significant

difference. B, BBB permeability to albumin in control mice injected with vehicle (PBS, i.v. via tail vein) and mice

subjected to craniectomy or injected with TAT (3 nmol/g, dissolved in PBS, i.v. via tail vein) was determined by

western blotting. n = 4 mice per group. *** P< 0.001 for treated mice compared to control mice by 1-way ANOVA

followed by Sidak’s multiple comparisons test. n.s. indicates no significant difference.

https://doi.org/10.1371/journal.pone.0292681.g005
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commonly used doses and concentrations, enter cells in a temperature-dependent manner

and that cellular uptake of these peptides can be inhibited by the depletion of cellular metabolic

activity via NaN3 treatment [16, 18–21]. In comparison, although reducing the temperature

decreased the cellular metabolic activity of brain endothelial cells and inhibited the ability of

FITC-TAT to cross the monolayer of brain endothelial cells in this study, decreasing the cellu-

lar metabolic activity per se with NaN3, without decreasing the temperature, failed to inhibit

the ability of FITC-TAT to cross the monolayer of brain endothelial cells. Therefore, these

findings altogether suggest that both cellular uptake of Tat-linked peptides and BBB perme-

ability to FITC-TAT are temperature-dependent, but only the former can be inhibited by

depleting cellular metabolic activity via NaN3 treatment.

Previous studies have suggested that cellular uptake of TAT-linked peptides depends on the

cationic residues in the peptides, and consistent with this supposition, the amount of polyargi-

nine oligopeptides taken up into cells was similar to or even greater than that of TAT-linked

peptides [12–15]. In this study, the amount of FITC-TAT that crossed the monolayer of brain

endothelial cells was substantially decreased when the lysine and arginine residues were

replaced with alanine residues. Notably, the substitution of amino acid residues can interfere

with the peptide structure of TAT, thereby preventing the peptide from binding to its biologi-

cal target. To test whether this was the case, we also compared the endothelial permeability of

FITC-TAT to the permeability of a FITC-TATscrambled peptide. In this experiment, we found

that the endothelial cell monolayer permeability to FITC-TATscrambled was no different from

the permeability to the native FITC-TAT. Taken together, these results suggest that, similar to

the mechanism underlying its cellular uptake, the BBB permeability to TAT depends on the

peptide cationic domain, rather than the specific sequence in which the residues are ordered.

Multiple studies have reported that cellular uptake of TAT involves receptor-mediated

endocytosis as well as other forms of endocytosis [19–21, 23, 25–34]; nevertheless, until the

present study, there has been little evidence to show whether BBB permeability to TAT is also

receptor-dependent. First, we found in this study that the ability of FITC-TAT to cross the

monolayer of brain endothelial cells was only marginally inhibited in the presence of equimo-

lar concentration of a non-FITC TAT peptide, suggesting a lack of competition for receptor-

binding. Furthermore, the same marginal inhibition was also observed with equimolar con-

centration of a non-FITC TATK/R>A; therefore, the marginal inhibitory effect of non-FITC

TAT was not due to competition between FITC-TAT and non-FITC TAT peptides for recep-

tor-binding. Second, we report in this study that cytochalasin D, which has been previously

shown to inhibit the cellular uptake of TAT by inhibiting receptor-mediated endocytosis,

failed to inhibit the ability of FITC-TAT to cross the monolayer of brain endothelial cells.

Taken together, our data suggest that, in contrast to the ability of cells to take up TAT and

related peptides, BBB permeability to TAT is not receptor-dependent.

Given that the full-length Tat protein can disrupt the BBB by increasing vascular endothe-

lial permeability [41, 42], inducing endothelial cytotoxicity [43–47], and by modulating the

expression and cellular localization of tight junction proteins needed to maintain adhesion of

the brain endothelial cells to each other [48–52], at least two studies have explored the possibil-

ity that BBB permeability to TAT is achieved via induction of BBB disruption [53, 54]. How-

ever, their results were contradictory, with one study showing that TAT increased brain

endothelial cell monolayer permeability [54], and the other study showing that TAT did not

increase brain endothelial cell monolayer permeability [53]. In this study, we reconciled and

reproduced the results of both studies to show that a modest concentration (10 μM) of TAT

exerted no effect on the permeability of a monolayer of endothelial cells to albumin, but a very

high concentration (1000 μM) of TAT substantially increased the endothelial permeability to

albumin. Notably, our result is in line with recent experiments showing that, at a higher

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 10 / 16

https://doi.org/10.1371/journal.pone.0292681


concentration and under certain experimental conditions, cellular uptake of TAT can be

achieved via transient focal deformation of certain regions in the cell membrane [24, 29, 32,

35–40]. Given that the very high concentration (1000 μM) required for disrupting permeability

across a monolayer of brain endothelial cells is unlikely to be achieved in vivo when adminis-

tered at doses used in previous preclinical animal studies and clinical trials [59–64], we rea-

soned that at commonly used doses, TAT cannot cause BBB disruption in vivo. To test our

hypothesis, we subjected mice to either craniectomy, a method proven to disrupt the BBB [56],

or injection of TAT at a the commonly used dose of 3 nmol/g [59, 60, 65, 66]. Indeed, we

found that craniectomy reliably increased BBB permeability to serum albumin in mice,

whereas TAT at the commonly used dose had no effect on BBB permeability. Therefore,

although at a very high concentration, TAT can disrupt a monolayer of brain endothelial cells

in vitro, the mechanism underlying this disruption is probably not the same mechanism by

which TAT-linked peptides have been delivered to the brain in preclinical studies in vivo and

in clinical trials.

In conclusion, our data demonstrated that the mechanism by which modest concentrations

of TAT cross a monolayer of brain endothelial cells differs from the mechanisms by which

TAT enters into cells. Although both mechanisms are temperature-dependent, in contrast to

the cellular uptake of TAT, TAT movement across a monolayer of brain endothelial cells can-

not be inhibited by energy depletion induced by NaN3 treatment and does not involve recep-

tor-mediated endocytosis. Interestingly, at a very high concentration, TAT disrupted the

permeability of the brain endothelial cell monolayer, similar to its ability to enter cells by caus-

ing focal deformation of the plasma membrane at higher concentrations. Future studies should

focus on how TAT at modest concentrations that are typically met in preclinical in vivo animal

studies and clinical trials can cross the BBB.

Supporting information

S1 Data.

(XLSX)

S1 Raw images.

(PDF)

Acknowledgments

We thank the Medical Research Core Facilities Center, Office of Research & Development,

China Medical University (Taichung, Taiwan), where some of the experiments and data analy-

ses were performed.

Author Contributions

Conceptualization: Ted Weita Lai.

Formal analysis: Meng-Chih Wu, Eric Yuhsiang Wang.

Investigation: Meng-Chih Wu, Eric Yuhsiang Wang.

Methodology: Meng-Chih Wu.

Supervision: Ted Weita Lai.

Writing – original draft: Ted Weita Lai.

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 11 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292681.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0292681.s002
https://doi.org/10.1371/journal.pone.0292681


References
1. Green M, Loewenstein PM. Autonomous functional domains of chemically synthesized human immuno-

deficiency virus tat trans-activator protein. Cell. 1988; 55(6):1179–88. https://doi.org/10.1016/0092-

8674(88)90262-0 PMID: 2849509.

2. Frankel AD, Pabo CO. Cellular uptake of the tat protein from human immunodeficiency virus. Cell.

1988; 55(6):1189–93. https://doi.org/10.1016/0092-8674(88)90263-2 PMID: 2849510.

3. Anderson DC, Nichols E, Manger R, Woodle D, Barry M, Fritzberg AR. Tumor cell retention of antibody

Fab fragments is enhanced by an attached HIV TAT protein-derived peptide. Biochemical and biophysi-

cal research communications. 1993; 194(2):876–84. https://doi.org/10.1006/bbrc.1993.1903 PMID:

8343170.

4. Fawell S, Seery J, Daikh Y, Moore C, Chen LL, Pepinsky B, et al. Tat-mediated delivery of heterologous

proteins into cells. Proceedings of the National Academy of Sciences of the United States of America.

1994; 91(2):664–8. https://doi.org/10.1073/pnas.91.2.664 PMID: 8290579; PubMed Central PMCID:

PMC43009.

5. Ezhevsky SA, Nagahara H, Vocero-Akbani AM, Gius DR, Wei MC, Dowdy SF. Hypo-phosphorylation

of the retinoblastoma protein (pRb) by cyclin D:Cdk4/6 complexes results in active pRb. Proceedings of

the National Academy of Sciences of the United States of America. 1997; 94(20):10699–704. https://

doi.org/10.1073/pnas.94.20.10699 PMID: 9380698; PubMed Central PMCID: PMC23451.

6. Lissy NA, Van Dyk LF, Becker-Hapak M, Vocero-Akbani A, Mendler JH, Dowdy SF. TCR antigen-

induced cell death occurs from a late G1 phase cell cycle check point. Immunity. 1998; 8(1):57–65.

https://doi.org/10.1016/s1074-7613(00)80458-6 PMID: 9462511.

7. Nagahara H, Vocero-Akbani AM, Snyder EL, Ho A, Latham DG, Lissy NA, et al. Transduction of full-

length TAT fusion proteins into mammalian cells: TAT-p27Kip1 induces cell migration. Nat Med. 1998;

4(12):1449–52. https://doi.org/10.1038/4042 PMID: 9846587.

8. Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF. In vivo protein transduction: delivery of a biologically

active protein into the mouse. Science. 1999; 285(5433):1569–72. https://doi.org/10.1126/science.285.

5433.1569 PMID: 10477521.

9. Gius DR, Ezhevsky SA, Becker-Hapak M, Nagahara H, Wei MC, Dowdy SF. Transduced p16INK4a

peptides inhibit hypophosphorylation of the retinoblastoma protein and cell cycle progression prior to

activation of Cdk2 complexes in late G1. Cancer research. 1999; 59(11):2577–80. PMID: 10363976.

10. Cai SR, Xu G, Becker-Hapak M, Ma M, Dowdy SF, McLeod HL. The kinetics and tissue distribution of

protein transduction in mice. Eur J Pharm Sci. 2006; 27(4):311–9. Epub 20060111. https://doi.org/10.

1016/j.ejps.2005.10.011 PMID: 16376528.

11. Vives E, Brodin P, Lebleu B. A truncated HIV-1 Tat protein basic domain rapidly translocates through

the plasma membrane and accumulates in the cell nucleus. The Journal of biological chemistry. 1997;

272(25):16010–7. https://doi.org/10.1074/jbc.272.25.16010 PMID: 9188504.

12. Wender PA, Mitchell DJ, Pattabiraman K, Pelkey ET, Steinman L, Rothbard JB. The design, synthesis,

and evaluation of molecules that enable or enhance cellular uptake: peptoid molecular transporters.

Proceedings of the National Academy of Sciences of the United States of America. 2000; 97

(24):13003–8. https://doi.org/10.1073/pnas.97.24.13003 PMID: 11087855; PubMed Central PMCID:

PMC27168.

13. Mitchell DJ, Kim DT, Steinman L, Fathman CG, Rothbard JB. Polyarginine enters cells more efficiently

than other polycationic homopolymers. J Pept Res. 2000; 56(5):318–25. https://doi.org/10.1034/j.1399-

3011.2000.00723.x PMID: 11095185.

14. Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, Ueda K, et al. Arginine-rich peptides. An abundant

source of membrane-permeable peptides having potential as carriers for intracellular protein delivery.

The Journal of biological chemistry. 2001; 276(8):5836–40. Epub 20001117. https://doi.org/10.1074/

jbc.M007540200 PMID: 11084031.

15. Suzuki T, Futaki S, Niwa M, Tanaka S, Ueda K, Sugiura Y. Possible existence of common internaliza-

tion mechanisms among arginine-rich peptides. The Journal of biological chemistry. 2002; 277

(4):2437–43. Epub 20011115. https://doi.org/10.1074/jbc.M110017200 PMID: 11711547.

16. Richard JP, Melikov K, Vives E, Ramos C, Verbeure B, Gait MJ, et al. Cell-penetrating peptides. A

reevaluation of the mechanism of cellular uptake. The Journal of biological chemistry. 2003; 278

(1):585–90. Epub 20021030. https://doi.org/10.1074/jbc.M209548200 PMID: 12411431.

17. Lundberg M, Johansson M. Positively charged DNA-binding proteins cause apparent cell membrane

translocation. Biochemical and biophysical research communications. 2002; 291(2):367–71. https://doi.

org/10.1006/bbrc.2002.6450 PMID: 11846414.

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 12 / 16

https://doi.org/10.1016/0092-8674%2888%2990262-0
https://doi.org/10.1016/0092-8674%2888%2990262-0
http://www.ncbi.nlm.nih.gov/pubmed/2849509
https://doi.org/10.1016/0092-8674%2888%2990263-2
http://www.ncbi.nlm.nih.gov/pubmed/2849510
https://doi.org/10.1006/bbrc.1993.1903
http://www.ncbi.nlm.nih.gov/pubmed/8343170
https://doi.org/10.1073/pnas.91.2.664
http://www.ncbi.nlm.nih.gov/pubmed/8290579
https://doi.org/10.1073/pnas.94.20.10699
https://doi.org/10.1073/pnas.94.20.10699
http://www.ncbi.nlm.nih.gov/pubmed/9380698
https://doi.org/10.1016/s1074-7613%2800%2980458-6
http://www.ncbi.nlm.nih.gov/pubmed/9462511
https://doi.org/10.1038/4042
http://www.ncbi.nlm.nih.gov/pubmed/9846587
https://doi.org/10.1126/science.285.5433.1569
https://doi.org/10.1126/science.285.5433.1569
http://www.ncbi.nlm.nih.gov/pubmed/10477521
http://www.ncbi.nlm.nih.gov/pubmed/10363976
https://doi.org/10.1016/j.ejps.2005.10.011
https://doi.org/10.1016/j.ejps.2005.10.011
http://www.ncbi.nlm.nih.gov/pubmed/16376528
https://doi.org/10.1074/jbc.272.25.16010
http://www.ncbi.nlm.nih.gov/pubmed/9188504
https://doi.org/10.1073/pnas.97.24.13003
http://www.ncbi.nlm.nih.gov/pubmed/11087855
https://doi.org/10.1034/j.1399-3011.2000.00723.x
https://doi.org/10.1034/j.1399-3011.2000.00723.x
http://www.ncbi.nlm.nih.gov/pubmed/11095185
https://doi.org/10.1074/jbc.M007540200
https://doi.org/10.1074/jbc.M007540200
http://www.ncbi.nlm.nih.gov/pubmed/11084031
https://doi.org/10.1074/jbc.M110017200
http://www.ncbi.nlm.nih.gov/pubmed/11711547
https://doi.org/10.1074/jbc.M209548200
http://www.ncbi.nlm.nih.gov/pubmed/12411431
https://doi.org/10.1006/bbrc.2002.6450
https://doi.org/10.1006/bbrc.2002.6450
http://www.ncbi.nlm.nih.gov/pubmed/11846414
https://doi.org/10.1371/journal.pone.0292681


18. Potocky TB, Menon AK, Gellman SH. Cytoplasmic and nuclear delivery of a TAT-derived peptide and a

beta-peptide after endocytic uptake into HeLa cells. The Journal of biological chemistry. 2003; 278

(50):50188–94. Epub 20030929. https://doi.org/10.1074/jbc.M308719200 PMID: 14517218.

19. Drin G, Cottin S, Blanc E, Rees AR, Temsamani J. Studies on the internalization mechanism of cationic

cell-penetrating peptides. The Journal of biological chemistry. 2003; 278(33):31192–201. Epub

20030603. https://doi.org/10.1074/jbc.M303938200 PMID: 12783857.

20. Ferrari A, Pellegrini V, Arcangeli C, Fittipaldi A, Giacca M, Beltram F. Caveolae-mediated internalization

of extracellular HIV-1 tat fusion proteins visualized in real time. Mol Ther. 2003; 8(2):284–94. https://doi.

org/10.1016/s1525-0016(03)00122-9 PMID: 12907151.

21. Fittipaldi A, Ferrari A, Zoppe M, Arcangeli C, Pellegrini V, Beltram F, et al. Cell membrane lipid rafts

mediate caveolar endocytosis of HIV-1 Tat fusion proteins. The Journal of biological chemistry. 2003;

278(36):34141–9. Epub 20030527. https://doi.org/10.1074/jbc.M303045200 PMID: 12773529.

22. Violini S, Sharma V, Prior JL, Dyszlewski M, Piwnica-Worms D. Evidence for a plasma membrane-

mediated permeability barrier to Tat basic domain in well-differentiated epithelial cells: lack of correla-

tion with heparan sulfate. Biochemistry. 2002; 41(42):12652–61. https://doi.org/10.1021/bi026097e

PMID: 12379107.

23. Fischer R, Kohler K, Fotin-Mleczek M, Brock R. A stepwise dissection of the intracellular fate of cationic

cell-penetrating peptides. The Journal of biological chemistry. 2004; 279(13):12625–35. Epub

20040105. https://doi.org/10.1074/jbc.M311461200 PMID: 14707144.

24. Thoren PE, Persson D, Isakson P, Goksor M, Onfelt A, Norden B. Uptake of analogs of penetratin, Tat

(48–60) and oligoarginine in live cells. Biochemical and biophysical research communications. 2003;

307(1):100–7. https://doi.org/10.1016/s0006-291x(03)01135-5 PMID: 12849987.

25. Wadia JS, Stan RV, Dowdy SF. Transducible TAT-HA fusogenic peptide enhances escape of TAT-

fusion proteins after lipid raft macropinocytosis. Nat Med. 2004; 10(3):310–5. Epub 20040208. https://

doi.org/10.1038/nm996 PMID: 14770178.

26. Nakase I, Niwa M, Takeuchi T, Sonomura K, Kawabata N, Koike Y, et al. Cellular uptake of arginine-

rich peptides: roles for macropinocytosis and actin rearrangement. Mol Ther. 2004; 10(6):1011–22.

https://doi.org/10.1016/j.ymthe.2004.08.010 PMID: 15564133.

27. Kaplan IM, Wadia JS, Dowdy SF. Cationic TAT peptide transduction domain enters cells by macropino-

cytosis. Journal of controlled release: official journal of the Controlled Release Society. 2005; 102

(1):247–53. https://doi.org/10.1016/j.jconrel.2004.10.018 PMID: 15653149.

28. Richard JP, Melikov K, Brooks H, Prevot P, Lebleu B, Chernomordik LV. Cellular uptake of unconju-

gated TAT peptide involves clathrin-dependent endocytosis and heparan sulfate receptors. The Journal

of biological chemistry. 2005; 280(15):15300–6. Epub 20050201. https://doi.org/10.1074/jbc.

M401604200 PMID: 15687490.

29. Duchardt F, Fotin-Mleczek M, Schwarz H, Fischer R, Brock R. A comprehensive model for the cellular

uptake of cationic cell-penetrating peptides. Traffic. 2007; 8(7):848–66. https://doi.org/10.1111/j.1600-

0854.2007.00572.x PMID: 17587406.

30. Vendeville A, Rayne F, Bonhoure A, Bettache N, Montcourrier P, Beaumelle B. HIV-1 Tat enters T cells

using coated pits before translocating from acidified endosomes and eliciting biological responses. Mol

Biol Cell. 2004; 15(5):2347–60. Epub 20040312. https://doi.org/10.1091/mbc.e03-12-0921 PMID:

15020715; PubMed Central PMCID: PMC404028.

31. Console S, Marty C, Garcia-Echeverria C, Schwendener R, Ballmer-Hofer K. Antennapedia and HIV

transactivator of transcription (TAT) "protein transduction domains" promote endocytosis of high molec-

ular weight cargo upon binding to cell surface glycosaminoglycans. The Journal of biological chemistry.

2003; 278(37):35109–14. Epub 20030630. https://doi.org/10.1074/jbc.M301726200 PMID: 12837762.

32. Tunnemann G, Martin RM, Haupt S, Patsch C, Edenhofer F, Cardoso MC. Cargo-dependent mode of

uptake and bioavailability of TAT-containing proteins and peptides in living cells. FASEB journal: official

publication of the Federation of American Societies for Experimental Biology. 2006; 20(11):1775–84.

https://doi.org/10.1096/fj.05-5523com PMID: 16940149.

33. Jones SW, Christison R, Bundell K, Voyce CJ, Brockbank SM, Newham P, et al. Characterisation of

cell-penetrating peptide-mediated peptide delivery. British journal of pharmacology. 2005; 145

(8):1093–102. https://doi.org/10.1038/sj.bjp.0706279 PMID: 15937518; PubMed Central PMCID:

PMC1576229.

34. Al-Taei S, Penning NA, Simpson JC, Futaki S, Takeuchi T, Nakase I, et al. Intracellular traffic and fate

of protein transduction domains HIV-1 TAT peptide and octaarginine. Implications for their utilization as

drug delivery vectors. Bioconjug Chem. 2006; 17(1):90–100. https://doi.org/10.1021/bc050274h PMID:

16417256.

35. Fretz MM, Penning NA, Al-Taei S, Futaki S, Takeuchi T, Nakase I, et al. Temperature-, concentration-

and cholesterol-dependent translocation of L- and D-octa-arginine across the plasma and nuclear

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 13 / 16

https://doi.org/10.1074/jbc.M308719200
http://www.ncbi.nlm.nih.gov/pubmed/14517218
https://doi.org/10.1074/jbc.M303938200
http://www.ncbi.nlm.nih.gov/pubmed/12783857
https://doi.org/10.1016/s1525-0016%2803%2900122-9
https://doi.org/10.1016/s1525-0016%2803%2900122-9
http://www.ncbi.nlm.nih.gov/pubmed/12907151
https://doi.org/10.1074/jbc.M303045200
http://www.ncbi.nlm.nih.gov/pubmed/12773529
https://doi.org/10.1021/bi026097e
http://www.ncbi.nlm.nih.gov/pubmed/12379107
https://doi.org/10.1074/jbc.M311461200
http://www.ncbi.nlm.nih.gov/pubmed/14707144
https://doi.org/10.1016/s0006-291x%2803%2901135-5
http://www.ncbi.nlm.nih.gov/pubmed/12849987
https://doi.org/10.1038/nm996
https://doi.org/10.1038/nm996
http://www.ncbi.nlm.nih.gov/pubmed/14770178
https://doi.org/10.1016/j.ymthe.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15564133
https://doi.org/10.1016/j.jconrel.2004.10.018
http://www.ncbi.nlm.nih.gov/pubmed/15653149
https://doi.org/10.1074/jbc.M401604200
https://doi.org/10.1074/jbc.M401604200
http://www.ncbi.nlm.nih.gov/pubmed/15687490
https://doi.org/10.1111/j.1600-0854.2007.00572.x
https://doi.org/10.1111/j.1600-0854.2007.00572.x
http://www.ncbi.nlm.nih.gov/pubmed/17587406
https://doi.org/10.1091/mbc.e03-12-0921
http://www.ncbi.nlm.nih.gov/pubmed/15020715
https://doi.org/10.1074/jbc.M301726200
http://www.ncbi.nlm.nih.gov/pubmed/12837762
https://doi.org/10.1096/fj.05-5523com
http://www.ncbi.nlm.nih.gov/pubmed/16940149
https://doi.org/10.1038/sj.bjp.0706279
http://www.ncbi.nlm.nih.gov/pubmed/15937518
https://doi.org/10.1021/bc050274h
http://www.ncbi.nlm.nih.gov/pubmed/16417256
https://doi.org/10.1371/journal.pone.0292681


membrane of CD34+ leukaemia cells. The Biochemical journal. 2007; 403(2):335–42. https://doi.org/

10.1042/BJ20061808 PMID: 17217340; PubMed Central PMCID: PMC1874247.

36. Kosuge M, Takeuchi T, Nakase I, Jones AT, Futaki S. Cellular internalization and distribution of argi-

nine-rich peptides as a function of extracellular peptide concentration, serum, and plasma membrane

associated proteoglycans. Bioconjug Chem. 2008; 19(3):656–64. Epub 20080213. https://doi.org/10.

1021/bc700289w PMID: 18269225.

37. Hirose H, Takeuchi T, Osakada H, Pujals S, Katayama S, Nakase I, et al. Transient focal membrane

deformation induced by arginine-rich peptides leads to their direct penetration into cells. Mol Ther.

2012; 20(5):984–93. Epub 20120214. https://doi.org/10.1038/mt.2011.313 PMID: 22334015; PubMed

Central PMCID: PMC3345973.

38. Afonin S, Frey A, Bayerl S, Fischer D, Wadhwani P, Weinkauf S, et al. The cell-penetrating peptide TAT

(48–60) induces a non-lamellar phase in DMPC membranes. Chemphyschem. 2006; 7(10):2134–42.

https://doi.org/10.1002/cphc.200600306 PMID: 16986196.

39. Terrone D, Sang SL, Roudaia L, Silvius JR. Penetratin and related cell-penetrating cationic peptides

can translocate across lipid bilayers in the presence of a transbilayer potential. Biochemistry. 2003; 42

(47):13787–99. https://doi.org/10.1021/bi035293y PMID: 14636045.

40. Thoren PE, Persson D, Lincoln P, Norden B. Membrane destabilizing properties of cell-penetrating pep-

tides. Biophys Chem. 2005; 114(2–3):169–79. Epub 20041215. https://doi.org/10.1016/j.bpc.2004.11.

016 PMID: 15829350.

41. Oshima T, Flores SC, Vaitaitis G, Coe LL, Joh T, Park JH, et al. HIV-1 Tat increases endothelial solute

permeability through tyrosine kinase and mitogen-activated protein kinase-dependent pathways. AIDS.

2000; 14(5):475–82. https://doi.org/10.1097/00002030-200003310-00002 PMID: 10780709.

42. Arese M, Ferrandi C, Primo L, Camussi G, Bussolino F. HIV-1 Tat protein stimulates in vivo vascular

permeability and lymphomononuclear cell recruitment. J Immunol. 2001; 166(2):1380–8. https://doi.org/

10.4049/jimmunol.166.2.1380 PMID: 11145723.

43. Park IW, Ullrich CK, Schoenberger E, Ganju RK, Groopman JE. HIV-1 Tat induces microvascular endo-

thelial apoptosis through caspase activation. J Immunol. 2001; 167(5):2766–71. https://doi.org/10.

4049/jimmunol.167.5.2766 PMID: 11509621.

44. Jia H, Lohr M, Jezequel S, Davis D, Shaikh S, Selwood D, et al. Cysteine-rich and basic domain HIV-1

Tat peptides inhibit angiogenesis and induce endothelial cell apoptosis. Biochemical and biophysical

research communications. 2001; 283(2):469–79. https://doi.org/10.1006/bbrc.2001.4790 PMID:

11327725.

45. Acheampong E, Mukhtar M, Parveen Z, Ngoubilly N, Ahmad N, Patel C, et al. Ethanol strongly potenti-

ates apoptosis induced by HIV-1 proteins in primary human brain microvascular endothelial cells. Virol-

ogy. 2002; 304(2):222–34. https://doi.org/10.1006/viro.2002.1666 PMID: 12504564.

46. Kim TA, Avraham HK, Koh YH, Jiang S, Park IW, Avraham S. HIV-1 Tat-mediated apoptosis in human

brain microvascular endothelial cells. J Immunol. 2003; 170(5):2629–37. https://doi.org/10.4049/

jimmunol.170.5.2629 PMID: 12594291.

47. Khan NA, Di Cello F, Nath A, Kim KS. Human immunodeficiency virus type 1 tat-mediated cytotoxicity

of human brain microvascular endothelial cells. J Neurovirol. 2003; 9(6):584–93. https://doi.org/10.

1080/13550280390218760 PMID: 14602571.

48. Andras IE, Pu H, Deli MA, Nath A, Hennig B, Toborek M. HIV-1 Tat protein alters tight junction protein

expression and distribution in cultured brain endothelial cells. Journal of neuroscience research. 2003;

74(2):255–65. https://doi.org/10.1002/jnr.10762 PMID: 14515355.

49. Andras IE, Pu H, Tian J, Deli MA, Nath A, Hennig B, et al. Signaling mechanisms of HIV-1 Tat-induced

alterations of claudin-5 expression in brain endothelial cells. Journal of cerebral blood flow and metabo-

lism: official journal of the International Society of Cerebral Blood Flow and Metabolism. 2005; 25

(9):1159–70. https://doi.org/10.1038/sj.jcbfm.9600115 PMID: 15815581.

50. Zhong Y, Smart EJ, Weksler B, Couraud PO, Hennig B, Toborek M. Caveolin-1 regulates human immu-

nodeficiency virus-1 Tat-induced alterations of tight junction protein expression via modulation of the

Ras signaling. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2008;

28(31):7788–96. https://doi.org/10.1523/JNEUROSCI.0061-08.2008 PMID: 18667611; PubMed Cen-

tral PMCID: PMC2635104.

51. Zhong Y, Zhang B, Eum SY, Toborek M. HIV-1 Tat triggers nuclear localization of ZO-1 via Rho signal-

ing and cAMP response element-binding protein activation. The Journal of neuroscience: the official

journal of the Society for Neuroscience. 2012; 32(1):143–50. https://doi.org/10.1523/JNEUROSCI.

4266-11.2012 PMID: 22219277; PubMed Central PMCID: PMC3566645.

52. Xu R, Feng X, Xie X, Zhang J, Wu D, Xu L. HIV-1 Tat protein increases the permeability of brain endo-

thelial cells by both inhibiting occludin expression and cleaving occludin via matrix metalloproteinase-9.

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 14 / 16

https://doi.org/10.1042/BJ20061808
https://doi.org/10.1042/BJ20061808
http://www.ncbi.nlm.nih.gov/pubmed/17217340
https://doi.org/10.1021/bc700289w
https://doi.org/10.1021/bc700289w
http://www.ncbi.nlm.nih.gov/pubmed/18269225
https://doi.org/10.1038/mt.2011.313
http://www.ncbi.nlm.nih.gov/pubmed/22334015
https://doi.org/10.1002/cphc.200600306
http://www.ncbi.nlm.nih.gov/pubmed/16986196
https://doi.org/10.1021/bi035293y
http://www.ncbi.nlm.nih.gov/pubmed/14636045
https://doi.org/10.1016/j.bpc.2004.11.016
https://doi.org/10.1016/j.bpc.2004.11.016
http://www.ncbi.nlm.nih.gov/pubmed/15829350
https://doi.org/10.1097/00002030-200003310-00002
http://www.ncbi.nlm.nih.gov/pubmed/10780709
https://doi.org/10.4049/jimmunol.166.2.1380
https://doi.org/10.4049/jimmunol.166.2.1380
http://www.ncbi.nlm.nih.gov/pubmed/11145723
https://doi.org/10.4049/jimmunol.167.5.2766
https://doi.org/10.4049/jimmunol.167.5.2766
http://www.ncbi.nlm.nih.gov/pubmed/11509621
https://doi.org/10.1006/bbrc.2001.4790
http://www.ncbi.nlm.nih.gov/pubmed/11327725
https://doi.org/10.1006/viro.2002.1666
http://www.ncbi.nlm.nih.gov/pubmed/12504564
https://doi.org/10.4049/jimmunol.170.5.2629
https://doi.org/10.4049/jimmunol.170.5.2629
http://www.ncbi.nlm.nih.gov/pubmed/12594291
https://doi.org/10.1080/13550280390218760
https://doi.org/10.1080/13550280390218760
http://www.ncbi.nlm.nih.gov/pubmed/14602571
https://doi.org/10.1002/jnr.10762
http://www.ncbi.nlm.nih.gov/pubmed/14515355
https://doi.org/10.1038/sj.jcbfm.9600115
http://www.ncbi.nlm.nih.gov/pubmed/15815581
https://doi.org/10.1523/JNEUROSCI.0061-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18667611
https://doi.org/10.1523/JNEUROSCI.4266-11.2012
https://doi.org/10.1523/JNEUROSCI.4266-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22219277
https://doi.org/10.1371/journal.pone.0292681


Brain research. 2012; 1436:13–9. Epub 20111207. https://doi.org/10.1016/j.brainres.2011.11.052

PMID: 22197032.

53. Simon MJ, Kang WH, Gao S, Banta S, Morrison B 3rd. TAT is not capable of transcellular delivery

across an intact endothelial monolayer in vitro. Annals of biomedical engineering. 2011; 39(1):394–401.

Epub 2010/08/26. https://doi.org/10.1007/s10439-010-0144-x PMID: 20737289.

54. Cooper I, Sasson K, Teichberg VI, Schnaider-Beeri M, Fridkin M, Shechter Y. Peptide derived from

HIV-1 TAT protein destabilizes a monolayer of endothelial cells in an in vitro model of the blood-brain

barrier and allows permeation of high molecular weight proteins. The Journal of biological chemistry.

2012; 287(53):44676–83. Epub 2012/11/15. https://doi.org/10.1074/jbc.M112.395384 PMID:

23150670; PubMed Central PMCID: PMC3531782.

55. Wu MC, Hsu JL, Lai TW. Evans blue dye as an indicator of albumin permeability across a brain endothe-

lial cell monolayer in vitro. Neuroreport. 2021; 32(11):957–64. https://doi.org/10.1097/WNR.

0000000000001690 PMID: 34227616.

56. Liu CW, Wang EY, Wang HL, Liao KH, Chen HY, Chen HS, et al. Blood-Brain Barrier Disruption in Pre-

clinical Mouse Models of Stroke Can Be an Experimental Artifact Caused by Craniectomy. eNeuro.

2022; 9(5). Epub 20221024. https://doi.org/10.1523/ENEURO.0343-22.2022 PMID: 36224001;

PubMed Central PMCID: PMC9595391.

57. Liao KH, Wei VC, Wang HL, Chen HY, Lai TW. Carbogen inhalation opens the blood-brain barrier in

rats without causing long-term metabolic or neurological deficit. Brain research. 2019; 1720:146320.

Epub 20190702. https://doi.org/10.1016/j.brainres.2019.146320 PMID: 31276640.

58. Knowland D, Arac A, Sekiguchi KJ, Hsu M, Lutz SE, Perrino J, et al. Stepwise recruitment of transcellu-

lar and paracellular pathways underlies blood-brain barrier breakdown in stroke. Neuron. 2014; 82

(3):603–17. Epub 20140417. https://doi.org/10.1016/j.neuron.2014.03.003 PMID: 24746419; PubMed

Central PMCID: PMC4016169.

59. Aarts M, Liu Y, Liu L, Besshoh S, Arundine M, Gurd JW, et al. Treatment of ischemic brain damage by

perturbing NMDA receptor- PSD-95 protein interactions. Science. 2002; 298(5594):846–50. Epub

2002/10/26. https://doi.org/10.1126/science.1072873 PMID: 12399596.

60. Sun HS, Doucette TA, Liu Y, Fang Y, Teves L, Aarts M, et al. Effectiveness of PSD95 inhibitors in per-

manent and transient focal ischemia in the rat. Stroke; a journal of cerebral circulation. 2008; 39

(9):2544–53. Epub 2008/07/12. https://doi.org/10.1161/STROKEAHA.107.506048 PMID: 18617669.

61. Cook DJ, Teves L, Tymianski M. Treatment of stroke with a PSD-95 inhibitor in the gyrencephalic pri-

mate brain. Nature. 2012; 483(7388):213–7. Epub 2012/03/06. https://doi.org/10.1038/nature10841

PMID: 22388811.

62. Cook DJ, Teves L, Tymianski M. A translational paradigm for the preclinical evaluation of the stroke

neuroprotectant Tat-NR2B9c in gyrencephalic nonhuman primates. Science translational medicine.

2012; 4(154):154ra33. Epub 2012/10/05. https://doi.org/10.1126/scitranslmed.3003824 PMID:

23035045.

63. Hill MD, Martin RH, Mikulis D, Wong JH, Silver FL, Terbrugge KG, et al. Safety and efficacy of NA-1 in

patients with iatrogenic stroke after endovascular aneurysm repair (ENACT): a phase 2, randomised,

double-blind, placebo-controlled trial. Lancet neurology. 2012; 11(11):942–50. Epub 2012/10/12.

https://doi.org/10.1016/S1474-4422(12)70225-9 PMID: 23051991.

64. Hill MD, Goyal M, Menon BK, Nogueira RG, McTaggart RA, Demchuk AM, et al. Efficacy and safety of

nerinetide for the treatment of acute ischaemic stroke (ESCAPE-NA1): a multicentre, double-blind, ran-

domised controlled trial. Lancet. 2020; 395(10227):878–87. Epub 2020/02/24. https://doi.org/10.1016/

S0140-6736(20)30258-0 PMID: 32087818.

65. Liu CW, Liao KH, Tseng H, Wu CM, Chen HY, Lai TW. Hypothermia but not NMDA receptor antago-

nism protects against stroke induced by distal middle cerebral arterial occlusion in mice. PLoS One.

2020; 15(3):e0229499. Epub 2020/03/04. https://doi.org/10.1371/journal.pone.0229499 PMID:

32126102; PubMed Central PMCID: PMC7053748.

66. Liu CW, Liao KH, Wu CM, Chen HY, Wang EY, Lai TW. Stroke injury induced by distal middle cerebral

artery occlusion is resistant to N-methyl-d-aspartate receptor antagonism in FVB/NJ mice. Neuroreport.

2021; 32(13):1122–7. Epub 2021/07/21. https://doi.org/10.1097/WNR.0000000000001697 PMID:

34284452.

67. Anselmo AC, Gokarn Y, Mitragotri S. Non-invasive delivery strategies for biologics. Nat Rev Drug Dis-

cov. 2019; 18(1):19–40. Epub 20181130. https://doi.org/10.1038/nrd.2018.183 PMID: 30498202.

68. Yang YL, Lai TW. Citric Acid in Drug Formulations Causes Pain by Potentiating Acid-Sensing Ion Chan-

nel 1. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2021; 41

(21):4596–606. Epub 20210422. https://doi.org/10.1523/JNEUROSCI.2087-20.2021 PMID: 33888605;

PubMed Central PMCID: PMC8260239.

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 15 / 16

https://doi.org/10.1016/j.brainres.2011.11.052
http://www.ncbi.nlm.nih.gov/pubmed/22197032
https://doi.org/10.1007/s10439-010-0144-x
http://www.ncbi.nlm.nih.gov/pubmed/20737289
https://doi.org/10.1074/jbc.M112.395384
http://www.ncbi.nlm.nih.gov/pubmed/23150670
https://doi.org/10.1097/WNR.0000000000001690
https://doi.org/10.1097/WNR.0000000000001690
http://www.ncbi.nlm.nih.gov/pubmed/34227616
https://doi.org/10.1523/ENEURO.0343-22.2022
http://www.ncbi.nlm.nih.gov/pubmed/36224001
https://doi.org/10.1016/j.brainres.2019.146320
http://www.ncbi.nlm.nih.gov/pubmed/31276640
https://doi.org/10.1016/j.neuron.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24746419
https://doi.org/10.1126/science.1072873
http://www.ncbi.nlm.nih.gov/pubmed/12399596
https://doi.org/10.1161/STROKEAHA.107.506048
http://www.ncbi.nlm.nih.gov/pubmed/18617669
https://doi.org/10.1038/nature10841
http://www.ncbi.nlm.nih.gov/pubmed/22388811
https://doi.org/10.1126/scitranslmed.3003824
http://www.ncbi.nlm.nih.gov/pubmed/23035045
https://doi.org/10.1016/S1474-4422%2812%2970225-9
http://www.ncbi.nlm.nih.gov/pubmed/23051991
https://doi.org/10.1016/S0140-6736%2820%2930258-0
https://doi.org/10.1016/S0140-6736%2820%2930258-0
http://www.ncbi.nlm.nih.gov/pubmed/32087818
https://doi.org/10.1371/journal.pone.0229499
http://www.ncbi.nlm.nih.gov/pubmed/32126102
https://doi.org/10.1097/WNR.0000000000001697
http://www.ncbi.nlm.nih.gov/pubmed/34284452
https://doi.org/10.1038/nrd.2018.183
http://www.ncbi.nlm.nih.gov/pubmed/30498202
https://doi.org/10.1523/JNEUROSCI.2087-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/33888605
https://doi.org/10.1371/journal.pone.0292681


69. Lai TW, Shyu WC, Wang YT. Stroke intervention pathways: NMDA receptors and beyond. Trends Mol

Med. 2011; 17(5):266–75. Epub 2011/02/12. https://doi.org/10.1016/j.molmed.2010.12.008 PMID:

21310659.

70. Lai TW, Zhang S, Wang YT. Excitotoxicity and stroke: Identifying novel targets for neuroprotection.

Progress in neurobiology. 2014; 115C:157–88. Epub 2013/12/24. https://doi.org/10.1016/j.pneurobio.

2013.11.006 PMID: 24361499.

71. Liu YC, Lee YD, Wang HL, Liao KH, Chen KB, Poon KS, et al. Anesthesia-Induced Hypothermia Atten-

uates Early-Phase Blood-Brain Barrier Disruption but Not Infarct Volume following Cerebral Ischemia.

PLoS One. 2017; 12(1):e0170682. Epub 2017/01/25. https://doi.org/10.1371/journal.pone.0170682

PMID: 28118390; PubMed Central PMCID: PMC5261567.

PLOS ONE Blood-brain barrier permeability of TAT peptide

PLOS ONE | https://doi.org/10.1371/journal.pone.0292681 October 11, 2023 16 / 16

https://doi.org/10.1016/j.molmed.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21310659
https://doi.org/10.1016/j.pneurobio.2013.11.006
https://doi.org/10.1016/j.pneurobio.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24361499
https://doi.org/10.1371/journal.pone.0170682
http://www.ncbi.nlm.nih.gov/pubmed/28118390
https://doi.org/10.1371/journal.pone.0292681

