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Oral administration of VDAC1-
derived small molecule peptides
increases circulating
testosterone levels in male rats

Daniel B. Martinez–Arguelles1, Jennifer W. Nedow1,
Hovhannes J. Gukasyan2 and Vassilios Papadopoulos1,2*

1Department of Medicine, Research Institute of the McGill University Health Centre, McGill
University, Montreal, QC, Canada, 2Department of Pharmacology and Pharmaceutical Sciences,
School of Pharmacy, University of Southern California, Los Angeles, CA, United States
Cholesterol is the precursor of all steroid hormones, and the entry of

cholesterol into the mitochondria is the rate-limiting step of steroidogenesis.

Voltage-dependent anion channel (VDAC1) is an outer mitochondrial protein

part of amultiprotein complex that imports cholesterol. We previously reported

that intratesticular administration of a 25 amino acid peptide blocking the

interaction between 14-3-3ϵ with VDAC1 increased circulating levels of

testosterone. This fusion peptide was composed of a HIV-1 transactivator of

transcription (TAT) protein transduction domain cell-penetrating peptide, a

glycine linker, and amino acids 159-172 of VDAC1 (TV159-172). Here, we

describe the development of a family of small molecules that increase

circulating testosterone levels after an oral administration. We first

characterized an animal model where TV159-172 was delivered

subcutaneously. This subcutaneous model allowed us to study the

interactions between TV159-172 and the hypothalamus-pituitary-gonadal

axis (HPG) and identify the biologically active core of TV159-172. The core

consisted of the tetrapeptide RVTQ, which we used as a platform to design

synthetic peptide derivatives that can be administered orally. We developed a

second animal model to test various derivatives of RVTQ and found 11 active

compounds. Dose-response experiments identified 4 synthetic peptides that

robustly increased androgen levels in a specific manner. We selected RdVTQ as

the leading VDAC1-core derivative and profiled the response across the

lifespan of Brown-Norway rats. In summary, we present the development of

a new class of therapeutics that act within the HPG axis to increase

testosterone levels specifically. This new class of small molecules self-

regulates, preventing abuse.
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1 Introduction

Testosterone, made by the Leydig cells of the testis, drives

the establishment and function of the male reproductive system

from gestation to adulthood (1, 2). During gestation, fetal Leydig

cells arise frommesenchymal precursors and produce high levels

of testosterone before acquiring luteinizing hormone (LH)

receptors (2, 3). Testosterone production declines with the loss

of the fetal Leydig cells, and then gradually increases to high

levels with the development of adult Leydig cells from stem cells

(2, 3). Testosterone levels in men physiologically decrease at a

rate of 0.4 to 2% per year starting at age 30 (4–6)

The signal to produce testosterone initiates in the

hypothalamus with the release of Gonadotropin-releasing

hormone (GnRH) into the hypophyseal portal circulation (7).

GnRH stimulates the gonadotropic cells in the anterior pituitary

gland to release luteinizing hormone (LH) (8). GnRH and LH

are pulsatile and follow a circadian rhythm with testosterone

levels being higher during morning hours (9). Upon activation of

the LH receptor in Leydig cells, second messengers initiate the

movement of cholesterol into the mitochondria to start

steroidogenesis (2). Testosterone is eventually released into the

circulation, where androgen receptors in the hypothalamus and

pituitary mediate the negative feedback loop modulating GnRH

and LH release (10).

Hypogonadism is the decrease of testosterone levels that is

often accompanied by erectile dysfunction, decreased muscle

mass, gynecomastia, and osteoporosis, as well as physiological

symptoms like fatigue, mental fogginess, and decreased libido

(11, 12). Primary hypogonadism occurs when Leydig cell

androgen production is insufficient. However, in most of the

cases, hypogonadism is secondary, where GnRH or LH signaling

is inadequate to maintain testosterone levels (4). There is also a

subgroup of males with a mix of central (hypothalamic and/or

pituitary) and gonadal deficiency known as late-onset

hypogonadism (6, 11).

Testosterone replacement therapy (TRT) is currently the

only approved therapy to treat hypogonadism and uses synthetic

testosterone analogs to improve the symptoms of patients (13–

15). Side effects of TRT include polycythemia (16, 17),

gynecomastia (18), and infertility (19). Other side effects, like

cross-contamination in patients using gels (20, 21) and rashes

(20) in those using patches, are associated with the route of

administration. There are also concerns about suppression of

reproduction and abuse. Moreover, cardiovascular concerns

were raised in retrospective (22, 23) and prospective (24, 25)

studies. However, some studies showed no effects or even

cardiovascular improvements (26–28) calling for caution and

long-term cardiovascular safety studies (29, 30). All these

concerns lead the FDA to issue a warning and guidelines that

aim to reduce the abuse of TRT (31). Abuse of TRT is also a

concern, since improper use of TRT may affect the HPG axis up

to 2-3 years and, in some cases, permanently (32–34).
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Parenteral administration is an accurate way of dosing TRT

(35), but users frequently miss doses and have the least

compliance (36). Unfortunately, the oral route, which is shown

to have the best compliance, has a limited therapeutic option due

to liver toxicity (37) although there is recent progress in this area

(38). The use of human chorionic gonadotropin (hCG) (39–41),

modulators of the estrogen receptor (ER) like clomiphene citrate

(41–44), and aromatase inhibitors (41, 45, 46), which block the

conversion of testosterone into estrogen, have been proposed but

are not currently endorsed by the FDA. Novel oral therapies,

alternatives to current TRT methods, clearly are desirable (47,

48). To this end, we focused on the mechanisms of steroid

biosynthesis, the basis for testosterone production.

We previously reported the development of a fusion peptide

that increases steroidogenesis by targeting the machinery that

imports cholesterol into the mitochondria (49). Cholesterol is

the precursor of all steroid hormones and the movement of

cholesterol into the inner mitochondria membrane is the rate-

limiting step in steroidogenesis (1). Cholesterol transport and

translocation is aided by the voltage-dependent anion-selective

channel protein 1 (VDAC1) that is part of a multiprotein

complex called the transduceosome (50–52). VDAC1 is a 19-

transmembrane domain b-barrel protein located in the outer

mitochondria membrane and known to exchange ions and

metabolites bidirectionally (53). The rate of mitochondrial

cholesterol import is controlled by interactions between

VDAC1, steroidogenic acute regulator protein STAR (54), and

translocator protein (18 kDa) TSPO (55, 56). Among the

proteins associated with the transduceosome, the 14-3-3ϵ
protein adaptor also interacts with VDAC1, forming a scaffold

that limits the availability of cholesterol for steroidogenesis, thus

acting as a negative regulator of steroidogenesis (49). We

previously identified that amino acids 159-172 (based on

NCBI Reference Sequence [RefSeq] NP_112643.1), located

between the cytosolic 10th and 11th transmembrane loops of

VDAC1, are likely mediating the 14-3-3ϵ-VDAC1 interaction,

controlling cholesterol import and androgen biosynthesis (49).

We previously showed that TVS167, a fusion protein composed

of the HIV-1 transactivator of transcription (TAT) protein

transduction domain- cell-penetrating sequence, a glycine

linker, and amino acids 159-172 from VDAC1, increased

testosterone levels (49, 57). TVS167 stands for TAT-VDAC1-

Ser 167, an amino acid part of the VDAC1 motif predicted to be

recognized by 14-3-3ϵ (49). We reported that testes from

Sprague-Dawley rats, treated ex vivo with TVS167 and

stimulated with hCG, had significantly increased testosterone

levels. This androgenic effect was also seen in vivo after a 24 hr

intratesticular TVS167 infusion (49). More importantly, TVS167

was able to recover testosterone production in a chemically

castrated rat model (treated with the GnRH antagonist

cetrorelix) (49).

The development of molecules that increase androgen levels

without triggering the negative feedback loop regulating
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testosterone biosynthesis would be a major milestone. To precisely

identify and emphasize the VDAC1 amino acids contained in the

fusion protein based on VDAC1 RefSeq NP_112643.1, we

changed the nomenclature of TVS167 to TV159-172 where the

T denotes the TAT-cell penetrating sequence plus glycine linker

(YGRKKRRQRRR+G) and V159-172 indicates the VDAC1-

derived amino acids (TSKSRVTQSNFAVG). The VDAC1

sequence contained in TV159-172 is identical between rodents

and humans except for amino acid 160 that in rodents is a serine

and in humans is an alanine (Figure 1).

Here, we used a multi-step approach and various animal

models to characterize the pharmacodynamics of TV159-172,

identify the minimum bioactive sequence, and characterize a

new family of oral peptides that promote increases in circulating

testosterone levels. First, we identified the TV159-172 dose range

associated with increases in circulating testosterone levels and

established that LH signaling is needed for peptide function

using a subcutaneous delivery animal model in the Sprague-

Dawley rat. Next, we used sequential peptide deletions to

identify RVTQ as the bioactive sequence of TV159-172 using

a subcutaneous delivery model in the Brown-Norway rat. The

deletion data also suggested that the TAT-cell penetrating tag

could be excluded since the RVTQ core was within the

molecular weight of a small molecule. These findings led us to

explore the oral administration of the peptides as a novel route

for peptide delivery. To increase the pool of candidate molecules,

we identified the critical amino acids in the peptides using

evolutionary biology and expanded the candidate pool by

introducing modifications to the core peptides during

synthesis. These candidate molecules were tested in an oral

animal model in the Brown-Norway rat, which we devised to

rapidly screen and optimize orally active peptides. We identified

several bioactive oral molecules and ultimately selected a lead

molecule with robust characteristics for further characterization

across the age range of the Brown-Norway rat. This body of
Frontiers in Endocrinology 03
work resulted in the identification of a new class of small

molecules that increase androgen production after oral

administration while remaining under HPG axis control.
2 Material and methods

2.1 Reagents

Peptides were obtained from CanPeptide (Montreal,

Quebec) with >95% purity. All peptides were dissolved in

molecular grade, sterile double distilled water to obtain a 1

mM stock solution and stored at -20°C. Peptides used for oral

screenings were prepared from 1 mM peptide stock and diluted

in sterile tap water in a total volume of 1 ml. Peptides used for

pharmacokinetic experiments were diluted at 10 mg/ml using

sterile tap water.

Human chorionic gonadotropin (hCG, specific activity 6000

UI/ml) was obtained from. National Hormone & Peptide

Program, Harbor-UCLA Medical Center, Torrance, CA.

Adrenocorticotropic hormone fragment 1-24 human (ACTH)

was purchased from Sigma-Aldrich (St Louis, MO) (Cat#A0298).
2.2 Osmotic pumps

Osmotic pumps were purchased from Alzet (Cupertino, CA)

with the following infusion rates Alzet 2001, 1 mL/hr; Alzet 2006,
0.15 mL/hr; and Alzet 1007D, 0.5 mL/hr. The peptide

concentration loaded into the pumps accounted for weight

gain at the time of collection and was adjusted to deliver the

doses indicated in each figure. The pump infusion rates varied by

production lot and were adjusted accordingly. The electronic

programmable pump SMP-200 was purchased from Alzet and

programmed using the data communication device UCD-200
FIGURE 1

TV159-170 is a fusion peptide. The figure shows the human VDAC1 structure where the red depicts the VDAC1 amino acids contained in TV159-
170, which are oriented towards the cytosol. The human VDAC1 protein sequence differs from the rodents only at amino acid 160.
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and the iPRECIOManagement Software (Alzet, Cupertino, CA),

as indicated by the manufacturer’s instructions. Pumps were

loaded under sterile conditions 24 hr before surgical

implantation and were kept at 37°C in PBS until their use.
2.3 Animal handling, blood collections,
surgical procedures, and oral
administration of peptides

Sprague-Dawley rats 50-55 days old were obtained from

Charles River (Senneville, Quebec). Brown-Norway rats aged 22-

28, 36-42, or 50-56 days-old were purchased from Charles River

Laboratories (Senneville, Quebec) and aged in our own facility

until needed. Some of the older (over 12 months old rats) were

provided by the National Institute of Aging (NIH, Bethesda,

MD, USA). Rats were kept on a 12L/12D day cycle with lights on

at 7 AM and access to food and water ad libitum. Animals were

handled according to protocols approved by the McGill

University Animal Care and Use Committee, which included

standard operation procedures for repetitive jugular collections.

Plasma samples were obtained via percutaneous jugular

puncture and collected in EDTA KE/1.3 tubes (Sarstedt,

Numbrecht, Germany, Cat# 5072511). Blood collection time

points are indicated in each figure legend. Collection of blood

from cardiac puncture was a terminal procedure. The animals

were first anesthetized with isoflurane followed by CO2 and blood

collection occurred soon after no reflexes were detected. Cardiac

puncture samples were collected in uncoagulated tubes (serum).

Both types of collections were centrifugated at 1,300 RCF for

10 min and stored in 2 ml Wheaton glass vials (Fisher Scientific,

Hampton, NH, Cat# 03 337 21A) and kept at -20°C.

Intratesticular fluid was collected by placing the

decapsulated left testes in 1 ml of PBS for 30 min at 4°C in a

50 ml Falcon tube. The tubes were then centrifuged at 2,200

RPM for 2 min. and the supernatant was collected and stored as

noted above.

Sprague rats age ~55 day-old or Brown-Norway rats aged ~29

and ~60 day-old were implanted with osmotic infusion pumps in

the interscapular region under general anesthesia with isoflurane

following antisepsis using iodine. The surgical wound was closed

with two to three staples that were removed a week after the surgery.

Subcutaneous carprofen (Zoetis, Parsippany, NJ) was given before

the surgical procedure and in the following two days for pain

management. For experiments requiring pump changes, a surgical

incision was made 2 cm below the original wound from which the

consumed pump was removed and the new one implanted. Staples

and pain managements were carried out as described above.

For all oral experiments, administration via gavage began

between 8:30-8:50 am with a 3-minute delay between each rat.

Animals used for pharmacokinetic studies were fasted for 4 hrs

before starting gavage at 1 pm with a 3-minute delay between

each rat.
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2.4 Plasma steroid measurements

Testosterone levels were measured using Cayman (Ann

Arbor, MI) EIA kit Cat# 582701 (RRID : AB_2895148);

dihydrotestosterone levels were measured using CUSAbio

(College Park, MD) kit Cat# CSB-E07879r; luteinizing

hormone levels were measured using CUSAbio kit Cat# CSB-

E12654r; estradiol levels were measured using CUSAbio kit Cat#

CSB-E05110r; corticosterone levels were measured using

CUSAbio kit Cat# CSB-E07014r for Figure 2 data and

Cayman EIA kit Cat# 501320 (RRID : AB_2868564) for the

remainder experiments; and aldosterone levels were measured

using Cayman EIA Cat# 10004377 (RRID : AB_2895148). All

samples were measured in duplicate according to each of the

manufacturer’s instructions. Serum, plasma, or intratesticular

fluid samples were diluted until controls fitted the middle of the

standard curve used. The number of animals used for each

experiment is noted in the corresponding figure legend.
2.5 Hypophysectomized rats

Hypophysectomized Sprague-Dawley rats were purchased

from Charles River and were given water supplemented with 5%

glucose ad libitum. Animals had the pituitary glands surgically

removed by Charles River staff one week before their arrival at

our animal facility. Basal testosterone levels were taken via

jugular puncture 3 days after their arrival and prior surgical

implantation of SMP-200 or 2001 Alzet pumps.

In experiments involving SMP-200 pumps, the animals were

allowed to recover for 68 hrs post-surgical implantation before

the start of daily blood collections via jugular puncture. SMP-

200 pumps were loaded with 380 ng/ml of TV159-172 and were

programmed to delivery 0.5 µL/hr for 68hr then progressively

increased to 1, then 1.6, 2.2, 4, and finally 8 µL/hr every 24hrs. In

experiments involving Alzet 2001 pumps, animals were infused

for seven days at the levels noted. Animals were stimulated with

150 UI hCG intraperitoneally in the last infusion day and

samples were collected 2 hrs after via cardiac puncture.
2.6 hCG and ACTH stimulation

Sprague-Dawley rats were subcutaneously implanted with

Alzet 1007D pumps delivering water or 60 ng/kg/day of TV159-

172 (Figures 2G, H). After 5 days, some rats were stimulated

with either 150 UI hCG intraperitoneally or 0.5 mg ACTH/kg.

This resulted in 6 experimental groups (N = 5), which were

water, water + hCG, water + ACTH, TV159-172, TV159-172 +

hCG, and TV159-172 + ACTH. Final blood collections were

taken 90 min post- hCG and ACTH stimulation via

cardiac puncture.
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FIGURE 2

(A, B) Subcutaneous infusion of TV159-172 increases testosterone levels. Sprague-Dawley rats were implanted with osmotic pumps delivering various
concentrations of TV159-172 for 1 week with graphs showing the results of three pooled rounds. Testosterone (A) and corticosterone (B) levels were
measured in serum at the end of the treatment. Data shown represent means ± standard deviation. The N is depicted on top of each bar. p*< 0.05,
p**<0.01. (C–F) Chronic infusion of TV159-172. Sprague-Dawley rats were implanted with osmotic pumps and plasma samples were collected 15 and
35 days after implantation. Plasma testosterone (C) and luteinizing hormone (D) levels are shown. (E, F) Correlation between testosterone and luteinizing
hormone levels in samples collected at infusion day 15 and 35. Data shown represents means ± standard deviation (N=10); p* < 0.05.
(G, H) Stimulation with supraphysiological levels of hCG or ACTH. Sprague-Dawley rats were implanted with subcutaneous osmotic pumps delivering
TV159-172 for 1 week. Serum testosterone (G) and corticosterone (H) levels from rats not stimulated or stimulated with hCG or ACTH for 90 min are
shown. Data shown represent means ± standard deviation (N=5). (I–K) Effects of TV159-172 in hypophysectomized rats. Plasma testosterone (I) and
corticosterone (J) levels in Sprague-Dawley rats implanted subcutaneously with programmable pumps delivering increasing concentrations of TV159-
172 every 24 hrs. (K) Serum testosterone levels in hypophysectomized rats infused with TV159-172 for one week and stimulated with hCG for 90 min.
Data shown represent means ± standard deviation (N=5).
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2.7 Peptide stability in plasma, oral
pharmacokinetics, and quantification

For peptide stability experiments, plasma from Brown-

Norway rats aged 90-140 days was collected and stored at -20°C

until further use. The plasma was thawed, spun at 12,000 RPM for

10 min, and kept at 4°C. 4 mM of the various peptides were

incubated with 100 mL of plasma that was warmed at 37°C for

10 min before use. After 1, 15, 30, 60, 90 or 120 minutes, the

plasma/peptide samples were crashed with 300 µL of 100%

methanol, spun at 14,000 RPM for 10 min, and the supernatant

collected. The methanol in the supernatant was evaporated and

the samples were re-extracted. The final pellet was solubilized in 5

mL methanol followed by the addition of 100 mL of sterile double

distilled water. The extracted samples were transferred to plastic

tubes and placed in the autoloader of the mass spectrometer.

For oral pharmacokinetic experiments, jugular blood

samples were collected following a single oral dose of 10 mg

peptide in 1 ml of vehicle after 5, 15, 30, 45, 60, 90, and 120

minutes. Protein inhibitor cocktail (ROCHE, cOmplete protease

inhibitors, Cat# 11697498001), which was added into the EDTA

collection tubes, was used for KVSQ and RVTQ peptides.

Plasma was immediately extracted, and 100 mL of plasma were

crashed with 300 µL of 100% methanol, spun at 14,000 RPM for

10 min, and the supernatant harvested. Re-extraction of the

precipitant and solubilization of the pellet were as

described above.

The analytical instrumentation consisted of a Thermo-Scientific

ISQ Quantiva Triple Quadrupole Mass Spectrometer (QQQ),

incorporating a heated electrospray ionization (HESI) source, and

a Thermo-Scientific UltiMate™ 3000 UHPLC system (including,

UltiMate™ 3000 RS autosampler). Analytical conditions were

developed using a reference standard in a solution containing 5

µM of the corresponding peptide. The chromatography was

resolved by isocratic elution of a binary solvent system

incorporating (A) 0.1% Formic Acid (aq) and (B) ACN + 0.1%

FA and using an Agilent Eclipse Plus™ C18 analytical column

(100mmX 2.1mm ID, 1.8 µm particle). A 5µL injection volume and

solvent flow rate of 150 µL/min were used. The MS/MS acquisition

time was 7 min and total run time was 8.3 min/injection. The triple

Quadrupole MS/MS instrumentation conditions were as follows:

the HESI source voltage was 3200 V, the sheath gas 30 L/min,

auxilirary gas 20 L/min, sweep gas 2.0 L/min, the ion transfer

temperature was 350°C, the vaporizer temperature was 350°C, the

CID gas was 1.5 (mTorr) and the dwell time was 100 msec. The Q1

Resolution (FWHM) was 0.4 (unitless) and the Q3 resolution

(FWHM) was 0.7 (unitless). The instrument ran in a selected

reaction monitoring (SRM), positive ion detection mode at

various collision energies (CE) for the following mass transitions:

Ac-RITQdS-CONH2 (m/z 645!m/z 295, m/z 396) (N-

terminal acetylation and C-terminal amidation).

RdVTQ (m/z 503!m/z 211).
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Ac-RdITQ-CONH2 (m/z 558!m/z 391, m/z 267)

RVTQ (m/z 503!m/z 211; m/z 503!m/z 357 and m/z

503!m/z 256)

KVSQ (m/z 461!m/z 129) and (m/z 461!m/z 234)
2.8 Peptide modeling

VDAC1 from the Protein Data Bank accession number 5JDP

was used for modeling in PyMOL (Schrodinger, Cambridge, MA).

Physicochemical properties of peptide were calculated used

ADMET Predictor v. 10.3 (SimulationsPlus, Lancaster, CA).
2.9 Statistical analysis

GraphPad Prism 7.04 (GraphPad Software, La Jolla, CA) and

Excel 2006 (Microsoft Corporation, Redmond, WA) were used

to generate graphs, heatmap, curve fitting, and statistical

analysis. ANOVA or a one-tail t-test was used to determine

significant changes. The number of animals used per experiment

is noted in each of the corresponding figure legends. Data are

shown as mean ± standard deviation unless otherwise specified

in the figure legend.
3 Results

3.1 Subcutaneous delivery of TV159-172
increases testosterone levels in young
adult Sprague-Dawley rats

To elucidate the effects of a continuous infusion of TV159-

172 on intratesticular and circulating steroid levels, we surgically

implanted subcutaneous osmotic pumps that delivered

increasing doses of TV159-172. Serum steroid levels measured

after 7 days of treatment showed increases, although not

significant, in intratesticular testosterone levels in animals

receiving 30 ng/kg/day TV159-172 (Figure S1A). The

stimulatory effect of TV159-172 was suspected to be around

the 30 ng/kg/day dose, because similar increases were observed

in circulating levels of testosterone (Figure S1B) and

dihydrotestosterone (Figure S1C), a potent testosterone

metabolite. LH levels mirrored those of intratesticular and

serum testosterone at the 30 ng/kg/day/dose (Figure S1D).

Serum corticosterone levels were also increased, showing a

non-significant effect at the 30 and 300 ng/kg/day doses

(Figure S1E). Serum estradiol and aldosterone levels were

comparable to controls (Figures S1F, G).

We conducted a detailed dose-response study, in three

rounds, to further characterize the increases in circulating

serum testosterone and corticosterone levels observed with the
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30 ng/kg/day dose of TV159-172. As before, osmotic pumps

were implanted subcutaneously, and testosterone and

corticosterone levels were measured 7 days later. The pooled

data showed a dose-dependent increase in testosterone levels

with significant changes observed at 30-83 ng/kg/day

(Figure 2A). No significant changes were observed in

circulating corticosterone levels (Figure 2B).
3.2 Prolonged subcutaneous delivery of
TV159-172 has mixed effects on
testosterone levels

To characterize the effect of a prolonged infusion of TV159-

172 on plasma testosterone and LH levels, we placed

subcutaneous osmotic pumps in Sprague-Dawley rats

delivering TV159-172 for up to 42 days.

Plasma testosterone levels collected after 15 days of infusion

showed no significant changes. However, we noted that most of

the treated rats showed a pattern of testosterone suppression

with most samples showing very low levels of testosterone.

Significant changes in testosterone were observed 35-days

post-pump implantation corresponding to a dose of 65 ng/kg/

day (Figure 2C). Plasma LH levels mirrored those of testosterone

in control and treated rats at both time points with significant

changes found at infusion day 35 (Figure 2D). The levels of

testosterone and LH in treated animals showed a linear

correlation in samples taken at infusion day 15 and 35

(Figures 2E, F, respectively). The high correlation between LH

and testosterone levels suggests that TV159-172 likely acts

within the HPG.
3.3 LH is needed for the steroidogenic
effects of TV159-172

To further explore the interaction between TV159-172 and

the HPG, we characterized steroid levels using a maximal LH

stimulation or by ablating LH signaling.

We studied the effect that a 7-day TV159-172 infusion has

on serum steroid production following suprastimulation with

LH or ACTH. Sprague-Dawley rats were implanted with

subcutaneous pumps delivering on average 59.2 ng/kg/day at

the time of measurement. The results show that stimulation with

hCG or ACTH has no significant effect on the serum levels of

testosterone or corticosterone in animals treated with and

without TV159-172 (Figures 2G, H). A discrete increase in

testosterone levels, although not significant, was observed in

treated rats post LH stimulation.

To gain insights into whether TV159-172 increased serum

testosterone levels independent of LH, we implanted

hypophysectomized Sprague-Dawley rats with a subcutaneous,

programmable electronic pump delivering increasing
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concentrations of TV159-172 every 24 hr. The rats were

sampled prior to pump implantation, representing dose 0. No

increases in serum testosterone or corticosterone levels were

observed at the doses tested (Figures 2I, H).

We stimulated an additional batch of hypophysectomized

rats with 150 UI hCG to confirm that the Leydig cells still

produced testosterone by the end of our previous experiment.

We placed infusion pumps delivering 60 ng/kg/day at the time of

collection. The results show that the hypophysectomized rats

retained, although at decreased levels, their steroidogenic

capacity with no significant changes observed in serum

testosterone levels (Figure 2K).

Taken together, these data suggest that LH is needed to

mediate the effects of TV159-172 and that TV159-172 does not

increase the testosterone biosynthesis capacity, but rather, boosts

LH signaling likely by increasing cholesterol import

into mitochondria.
3.4 Derivatives of TV159-172 increase
testosterone and corticosterone levels in
Sprague-Dawley rats

To study whether shorter peptides derived from TV159-172

have androgenic effects, we measured plasma testosterone levels

in Sprague-Dawley rats receiving TV160-172, TV160-171, and

TV160-170 subcutaneously for 1 week. The results show that

TV160-171 significantly increased plasma testosterone levels at

56 ng/kg/day and TV160-170 at 109 ng/kg/day (Figure 3A).

We characterized the effect of an 88-day infusion of TV160-

171 and TV160-170. Subcutaneous pumps were surgically

placed at the start of the experiment when rats were 67 days

old and changed at infusion days 24 and 66. Plasma testosterone

levels were significantly increased at infusion days 6, 26, 42, and

73 in one or both peptides tested (Figure 3B). Some of the rats

exhibited testosterone levels upwards of 10 times those of

controls. Significant increases in testosterone were lost by

continuous infusion day 88 in both peptides tested.

We sampled plasma corticosterone levels at infusion day 42,

where testosterone levels were the highest, and at the end of the

experiment, infusion day 88, where no significant changes in

testosterone were observed. Figure 3C shows that corticosterone

levels were significantly increased at both time points.
3.5 Shorter derivatives of TV159-172 are
bioactive in inducing steroid formation

To continue the development of TV159-172, we switched to

Brown-Norway rats because, compared to Sprague-Dawley rats,

they have a less pronounce growth curve that plateaus around

350 gr, making continuous subcutaneous dosing easier to control.

We implanted various groups of Brown-Norway rats with
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FIGURE 3

(A–C) TV160-171 and TV160-170 increase steroid levels. (A) Plasma testosterone levels in Sprague-Dawley treated with various concentrations
of TV160-172, TV160-171, and TV160-170 for 1 week. (B) Plasma testosterone levels in Sprague-Dawley rats treated chronically with TV160-171
and TV160-170. The arrows depict the subcutaneous implantation of the infusion pumps. Peptide levels (ng/kg/day) delivered at the time of
sampling are depicted on top of each bar. (C) Corticosterone levels in plasma samples from rats treated with TV160-171 and TV160-170
collected at infusion day 42 and 88. Data shown represents means ± standard deviation (N = 10); p*< 0.05, p**<0.01. (D–F) Deletions of TV159-
172 retain androgenic activity. (D) Testosterone plasma levels in Brown-Norway rats implanted with subcutaneous pumps delivering increasing
concentrations of indicated TV159-172 peptides. (F) Pooled testosterone levels of all water-treated rats and each peptide, independent of the
dose. Data shown represents means ± standard deviation (N=6); p* < 0.05, p**<0.01. (G) Peptides were composed of TAT sequence, glycine
linker, and the VDAC1-derived sequence shown in bold.
Frontiers in Endocrinology frontiersin.org08

https://doi.org/10.3389/fendo.2022.1003017
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Martinez–Arguelles et al. 10.3389/fendo.2022.1003017
subcutaneous pumps delivering increasing doses of TV-peptides

for 42 days. We conducted progressive single amino acid deletions

from the N- and C- terminus until arriving at our shortest,

TV163-167 and TV162-166, peptides that contained 5 amino

acids from the original 14 amino acid VDAC1-derived sequence

contained in TV159-172. Testosterone measurements in blood

plasma collected 1 week after implantation showed significant

increases in testosterone levels in TV156-172, TV160-169,

TV161-170, TV162-169, TV161-167, TV162-166 (Figure 3D).

Plasma corticosterone levels collected around infusion day

40 were significantly increased by exposure to TV160-171,

TV160-170, and TV162-169, but significantly decreased in

response to TV161-167 treatment (Figure 3E).

Pooling of all testosterone control data and from all rats

treated with TV-peptides, independent of the dose, showed an

increased dispersion in all the TV-peptides (Figure 3F). The

pooled results show that while the highest control reached 2.6

times those of the control average, rats receiving TV-peptides

often had levels higher than 2.6-fold and, in some cases, upwards

of 5 times those of control averages.
3.6 The tetrapeptide N163-166 increases
testosterone levels

The deletion experiments showed that the shorter TV163-

167 and TV162-166 peptides were steroidogenically active.

Figure 3G shows that TV163-167 and TV162-166 overlap at

amino acids 163-166 whose RVTQ sequence corresponds to the

weight of a small molecule of 503 Daltons. To test whether the

tetrapeptide was steroidogenically active, we subcutaneously

implanted Brown-Norway rats with increasing concentrations

of N163-166, where the N denotes the “naked” and TAT-less

feature of this molecule. Testosterone and corticosterone levels

were measured 7 and 40 days after implantation, respectively.

The results obtained show that N163-166 significantly increased

testosterone levels at 309 ng/kg/day (Figure 3D). Corticosterone

levels were not affected by the treatment (Figure 3E). Figure 3G

shows a summary of the deletion experiments that identified

RVTQ as the bioactive core sequence (Figure 3G).
3.7 Subcutaneous infusion of RVTQ and
its evolutionary-related sequences
increase circulating testosterone levels

We tested the permissiveness of the core sequence to

modifications with the aim of expanding the pool of active

sequences. We first corroborated the androgenic effects of the

RVTQ (N163-166) core. Brown-Norway rats were implanted

with subcutaneous infusion pumps at ~29 days old. Blood

samples collected when the rats were ~60 days old, and those
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receiving a peptide concentration of 377 ng/kg/day showed a

significant increase in testosterone levels (Figure 4A).

To identify potential amino acids that would accept

modifications, we used the UniProt database and Clustal

Omega to search for sequence variants of the N163-166 core

found in nature (58). We identified RVSQ, RITQ, and KITQ

(underline denotes the amino acid changes) as variations of the

core sequence found mainly in fish and worms (Figure 4B). The

sequence alignment also showed that the N-terminus amino acid

flanking the N163-166 core was occupied by a serine or

asparagine while the amino acid flanking the C-terminus was

a serine, which was conserved in all the analyzed sequences.

Moreover, all the amino acid changes identified were substituted

for structurally similar amino acids.

To test whether RVSQ, RITQ, or KITQ increased

testosterone levels, we implanted ~27-day old Brown-Norway

rats with subcutaneous infusion pumps delivering the three

evolutionary core variants. Figure 4C shows that samples

collected at age 54 days, where the dose of KITQ reached ~370

ng/kg/day, had a significant increase in circulating testosterone

levels. Samples collected 11 days after, at age 65 days when the

concentration delivered was ~330 ng/kg/day, also showed a

significant increase in RITQ. These results show that the core

RVTQ is permissible to modifications and may allow for

modulation of the target site.
3.8 Oral delivery of small molecule
peptides increases testosterone levels

To ascertain whether RVTQ or its modified derivatives can

be delivered orally, we developed an animal model where we

could screen various modifications efficiently and identify those

that were orally active. We tested six modifications to the RVTQ

core in Brown-Norway rats aged 60 to 123 days old, which were

gavaged in the morning, followed by jugular blood sample

collection 3 hrs later. We used RVTQ as control and tested

modifications that included the addition of a flanking D-serine,

amide cap at the carboxy terminus and the addition of miniPEG

or an acetyl cap at the N-terminus. The modifications were

tested at random with doses ranging from 160 to 1,200 µg/kg

(Figures S2A–F). Figure S2C shows that, RVTQdS-CONH2,

composed of the core RVTQ sequence plus D-serine and an

amide cap at the carboxy terminus, administered at ~580 µg/kg,

was the combination of dose and modification that significantly

increased testosterone levels. While RVTQdS-CONH2 increased

testosterone levels, the naked RVTQ sequence did not show a

significant effect at the 3 hrs sampling time.

We then ascertained the best sampling time to identify

significant increases in testosterone after oral administration.

We treated rats in two rounds with ~580 µg/kg of RVTQ or

RVTQdS-CONH2 and collected blood samples at 1 and 3 hrs or

2 and 5 hrs (Figure 4D). The pooled data showed a time-
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FIGURE 4 (Continued)

(A–E) Subcutaneous infusion of VDAC1-derived peptides increase plasma testosterone levels. (A) Testosterone levels in 54-day-old Brown-
Norway rats implanted with osmotic pump delivering 377 ng/kg/d of N163-166 (RVTQ); N = 12; results shown as mean ± SD; ***p < 0.001.
(B) Protein sequence alignment identifying the amino acid variations (underlined) of RVTQ in other species. (C) Testosterone levels in 54- and
65-day-old Brown-Norway rats infused with RVSQ, RITQ, or KITQ. N = 6; results shown as mean ± SD; ****p < 0.0001, *p<0.05. (D) Pool data
showing time course of testosterone levels obtained in two rounds, 1 & 3 hrs and 2 & 5 hrs, post-gavage with RVTQ or RVTQdS-CONH2. Age
of Brown-Norway rats during experiment was 60-123 days-old; N = 7; results shown as mean ± SD; *p<0.05; T denotes the order with which
the peptides were tested. € I) Normalized testosterone levels of all peptides in the order tested. Age of Brown-Norway rats during experiment
was 60-136 days-old; N = 8; results shown as mean ± SD; *p<0.05; **p<0.01; T denotes the order with which the peptides were tested.
(F) Identification of candidate peptides with robust profiles. Heat map depicting the mean percent plasma testosterone levels with respect to
control levels in rats 2 hrs after treatment with the various peptides and concentrations. Rats treated with ~10 and 220 µg peptide/kg had N = 7
and N=6 for ~420 µg peptide/kg. Age of Brown-Norway rats during experiment was 82 - 131 days-old; N = 8; *p<0.05. (G, H) Dose-response
shows biphasic response in some peptides. (G) Testosterone and (H) corticosterone levels of Brown-Norway rats 2 hrs after gavage with the
various concentrations of RITQ. Age of Brown-Norway rats during experiment was 88-138 days-old; N = 8; results shown as mean ± SD;
*p<0.05. (I) Combination of 2-peptides given at very low doses increase plasma testosterone levels after oral administration. Testosterone
levels in Brown-Norway rats aged 91-134 days-old treated with 2-pepdie combinations at ~10 µg peptide/kg. Normalized testosterone levels of
all peptides in the order tested. N = 8; results shown as mean ± SD; *p<0.05; **p<0.01. T denotes the order with which the peptides were
tested. (J) Modifications to the peptide cores increase plasma stability. % of peptide levels with respect to the first time point (1 min). N = 3;
results shown as mean ± SEM. (K) Pharmacokinetics after single oral dose of selected peptides. Circulating levels after single oral dose of the
various peptides. Age of Brown-Norway rats during experiment was 71 - 110 days-old; N = 4 in two rounds; Results shown as mean ± SEM.
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dependent increase in testosterone levels that were significant at

2 and 3 hrs post-treatment. The data showed treatment with

RVTQdS-CONH2 induced the highest levels of testosterone

after 2 hrs. Based on these data, we adjusted the dose and

collection time points of further screenings to ~550 µg/kg and 2

hrs, respectively.
3.9 Oral treatment with modified
derivatives of RVTQ and evolutionary-
related core sequences increase
circulating testosterone levels

We hypothesized that the various changes to the core would

yield a pool of molecules with diverse pharmacokinetic profiles

with some favoring the oral route. Since the peptide acts within

the HPG axis and is subject to negative feedback regulation, we

also hypothesized that a derivative of the native RVTQ sequence

would increase the chances of identifying a compound that

stimulates testosterone production without triggering the HPG

feedback regulation. To test this hypothesis, we devised a

pragmatic approach that expanded the pool of candidate

molecules by leveraging the rapid peptide synthesis turnaround

time and the ability to introduce modifications to the C- and N-

terminus during synthesis.

To identify other sequence/modifications with oral activity,

we designed a series of peptides composed of changes to the core

RVTQ sequence and its evolutionary relatives. Additionally, we

tested core sequences that included R > K changes in the first

amino acid, V > I or L changes in the second position, T > S

substitution in the third position, and Q > E in the fourth

position resulting in 10 core peptide sequences. The core

sequences were further modified to include the addition of

miniPEG or acetyl group to the N-terminus, use of D-amino

acids, and capping of the C-terminus with an amide group. We
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used Brown-Norway rats aged 60 to 136 days, which were

gavaged twice per week with the various peptides. Each test

was composed of three groups, a control and two peptide

combinations, with a total of 34 peptides screened. We

gavaged the various peptides with doses that ranged from 550

to 620 µg/kg, followed by blood sampling at two hrs. Figure 4E

summarizes the peptides tested normalized to their controls

testosterone levels and sorted accordingly to their statistical

significance. The screening identified 11 core/peptide

modifications that significantly increased testosterone levels,

with the remaining showing no change or non-significant

decreases. We confirmed that the animals still responded to

the oral peptides by using RITQ, our first positive peptide, in the

last test where significant increases in testosterone were observed

(the latest peptide tested is denoted with *RITQ).
3.10 Dose-response studies and
low dosing

To test the androgenic profile of the top 12 oral peptides at

lower doses, we set up an experiment composed of four groups of

Brown-Norway rats aged 82-131 days. The rats were gavaged

twice per week with the various peptides covering the ~10, 220,

or 420 µg/kg doses. The results from plasma samples collected

two hours after the gavage showed that Ac-RITQdS-CONH2,

KVSQ, RdVTQ, and Ac-RdITQ-CONH2 increased average

testosterone levels, with some doses showing significance

(Figure 4F, blue boxes). We identified several other peptides

where testosterone levels decreased at the 10, 220 or 420 µg/kg

doses (pink boxes). In addition, these results identified peptide

candidates that increased testosterone levels around 420 µg/kg

and at the low dose of 10 µg/kg, although not significantly. These

data indicated that the most peptides were active at 550 to 620

µg/kg, and that some have a biphasic response at lower doses.
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To gain further insights into the biphasic dose-response

profile identified, we tested RITQ in rats gavaged each day with

increasing concentrations from age 88 to 138 days. RITQ

showed a biphasic profile for testosterone, characterized by a

significant increase at the low dose of 10 µg/kg, a non-significant

decrease at ~220 µg/kg, and a significant increase at ~520 µg/kg

(Figure 4G), no corresponding significant changes in

corticosterone levels were observed (Figure 4H).
3.11 Mix of two peptides at low-doses
increase plasma testosterone levels after
oral administration

The previous results showed that some of the peptides that

increased circulating testosterone levels at ~420 µg/kg had a

biphasic profile characterized by a repression trend of

testosterone levels around the 220 µg/kg dose. The results also

showed that the 10 µg/kg dose increased, although not

significantly, average testosterone levels of 6 peptides. We

hypothesized that a mix of two peptides may result in

significant increases in testosterone levels, thereby avoiding

potential negative effects observed in some of the peptides. To

test this hypothesis, we treated Brown-Norway rats aged 91-134

days old with the possible 15 permutations generated from the

mix of 6 candidate peptides dosed at 10 µg/kg each. Figure 4I

summarizes the peptides tested normalized to their controls

testosterone levels and presented sorted according to their

statistical significance. The results show that 5 dual-peptide

combinations showed significant increases in testosterone

levels with the rest showing no changes in testosterone levels.
3.12 Modification to the core peptide
increase the half-life in serum

To ascertain the stability of the leading candidate peptides in

plasma, we incubated 4 µM of all peptides, except for KVSQ

where we incubated with 12.5 µM, in 100 µl of plasma. The

results showed that the half-life of the various peptides was as

follows Ac-RITQdS-CONH2 > RdVTQ > Ac-RdITQ-CONH2 >

RITQ > RVTQ > KVSQ (Figure 4J). As expected, peptide

modification with end-capping or the introduction of D-amino

acids had the longest half-life, while peptides that included K

exhibited the fastest degradation.

We continued the pharmacokinetic characterization of Ac-

RITQdS-CONH2, RdVTQ, Ac-RdITQ-CONH2, RVTQ, and

KVSQ in vivo. The results show that most of the peptides

reach peak concentrations in the blood within 15 to 30

minutes ranging from 70 to 230 ng/ml (Figure 4K). The naked

RVTQ and KVSQ cores were not detected in the rat plasma

(data not shown).
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In order to explain the observed oral absorption of RdVTQ,

and analogs, following in vivo dosing as witnessed by the

pharmacokinetic profile in Figure 4K, we utilized ADMET

Predictor® v10.3 to calculate critical physicochemical

properties of the peptide. The oil/water partition coefficient

and ionization constants for acidic and basic functional

groups, often expressed as logP and pKa, resp., correlate to

oral biopharmaceutics due to their relationship to drug solubility

and permeability (59). Detailed model output of predicted

macrostates and dissociation constants for respective ionized

forms of RdVTQ are shown (Table 1). Specifically, the basic pKa

of 7.8 illustrates the biorelevant pKa value for RdVTQ which

differentiates this peptide from analogs. The two distinct basic

pKa ’s for RdVTQ govern net positive ionization in

gastrointestinal tract (gastric pH of ~1.2 to intestinal pH of

6.8-7.8, i.e., from proximal duodenum to ascending colon), as

well as lower logDpH7.4 (distribution coefficient) following oral

dosing. RdVTQ maintains a net 2+ to 1+ charge, from gastric to

small intestinal pH, sensitive to the free carboxylic acid terminal

(C-terminal). C-terminal is protonated at low stomach pH

resulting in RdVTQ2+, while in small intestine it gets

deprotonated resulting in RdVTQ1+. Maintenance of a net

charge supports keeping RdVTQ in a dissolved state after oral

dosing, while analogs Ac-RITQdS-CONH2 and Ac-RdITQ-

CONH2 will maintain a net positive state. Furthermore, the

calculated logP of -3.3 also suggests at least 5-20 times higher

hydrophilicity as seen in predicted 1.6-to-3.8 times higher

intrinsic solubility for RdVTQ vs. analogs. Remarkably, the

solubility at pH7.4 for the N- and C-terminal modified analogs

is 1.6-2.6 times higher than that of RdVTQ, likely attributes to

the lack of acidic pKa’s. Gastric emptying may facilitate

intestinal permeability as suggested by the predicted effective

jejunal, apparent MDCK, and fraction of in vivo oral dose (10

mg) absorbed. Following absorption, all peptides are predicted

to have a large, >85%, fraction unbound in plasma (Table 1).
3.13 RdVTQ increases consistently
testosterone levels

The data showed that RdVTQ, a close derivative of the

naked RVTQ core, consistently and significantly increased

plasma testosterone levels in the first screen (Figure 4E), in the

dose-response experiment (Figure 4F), and in the dual-peptide

experiment (Figure 4I). RdVTQ also showed a stable profile

during the serum and in vivo pharmacokinetic characterization.

Thus, we chose to further characterize RdVTQ. Dose-response

studies showed that RdVTQ significantly increased testosterone

levels starting at >400 µg/kg (Figure 5A). We observed an

increased trend in testosterone levels, although not significant,

in the lower 10 µg/kg. RdVTQ lacked the repressive profile of

other peptides near the 200 µg/kg dose (Figure 5A). No changes
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TABLE 1 Calculated physicochemical and biopharmaceutical properties of peptides tested in vivo rat pharmacokinetic studies.
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in corticosterone were observed during the dose-response

experiment (Figure 5B).

We characterized the ability of RdVTQ to increase

testosterone levels during most of the life span of the Brown-

Norway rats. Figure 5C shows the pool testosterone levels of

control rats (grey), and rats that were orally treated with RdVTQ

and plasma samples collected two hours after (red). The results

show that RdVTQ increases plasma testosterone levels in the

young to mature adult and that Brown-Norway rats show a

limited response after 10 months of age. The performance of

RdVTQ is maximal in 5-month-old rats and gradually decreases

there after (Figure 5D).

We characterized the kinetics of testosterone, corticosterone,

and LH during a window of 90 to 170 minutes after a single oral

gavage of ~550 µg/kg of RdVTQ (Figure 5E). Samples were

collected at 90, 120, 150, and 170 minutes. The data showed that

testosterone levels are the highest between 120 to 150 minutes

post RdVTQ gavage. LH levels in RdVTQ treated rats showed an

inverse correlation with peak testosterone levels and an upward

trend towards the 170 minutes. Corticosterone levels were the

lowest during the first percutaneous jugular sample and

increased proportionally thereafter with no significant changes.

RdVTQ stability was tested by measuring the area under the

curve of fresh peptide, peptide solubilized in distilled water and

incubated at 37°C for 7 - 28 days, peptide frozen and thawed for

6 cycles, and peptide stored at -20°C for 10 months. The results

showed that RdVTQ is highly stable. We observed a minor

decrease in the area under the curve in peptide that was freeze/

thawed and stored at -20°C for 20 months (Figure 5F).
4 Discussion

We previously reported that a 27 amino acids peptide,

originally known as TV167, composed of a TAT-cell

penetrating sequence and a fragment of VDAC1 increased

testosterone formation in vitro, ex vivo, and when infused

intratesticularly for 24 hr (56). Based on these data, we

hypothesized that TV167 was disrupting protein-protein

interactions known to regulate the influx of cholesterol into

the mitochondria, which ultimately increased testosterone

production (49). The data also suggested that the 13 amino

acids sequence located between the cytosolic 10th and 11th

transmembrane loops of VDAC1 was an important region

involved in controlling the influx of cholesterol into the

mitochondria. While our previous findings were significant in

identifying a new pro-androgenic molecule, they were limited by

the unfeasible route of delivery and the high potential for

hypothalamic-pituitary-gonadal (HPG) negative feedback

regulation in deliveries extending more than 24 hrs.

Here, we set out to further characterize TV167, now TV159-

172, with the overarching goal of creating a drug derivative with

a more favorable pharmacokinetic profile and potential for
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future clinical development. Based on our goal, this body of

work had the following milestones (i) to further characterize the

HPG interactions of TV159-172 using a subcutaneous delivery

model, (ii) to identify the active core sequence using deletion

experiments, and (iii) to generate small molecule derivatives

with more favorable pharmacokinetics that can be administered

orally. We favored a highly pragmatic approach that leveraged

the rapid generation of small peptides coupled with an efficient

in vivo screening method that used circulating testosterone levels

as a biomarker. While the generation of the peptides was not

based on traditional computation-based methods, our approach

bypassed the resource-intensive challenges associated with

traditional de novo small drug development.

We started by improving the route of administration of

TV159-172 from a 24hr intratesticular delivery used in our

previous work to a one-week subcutaneous delivery in the

Sprague-Dawley rat and performed dose-response studies. The

testosterone biomarker data identified 30 to 83 ng/kg/day as a

dose-range where TV159-172 was active, which was close to the

~17 ng/kg/day intratesticular dose used in our previous study (49).

While in the first gross experiment we noted an increase in

corticosterone levels, the expanded experiment showed no

changes or a decreased trend. This may be due to the sampling

conditions that not favorable to measuring corticosterone.

We characterized the effect that a 42-day subcutaneous

infusion of TV159-172 had in the HPG axis. The results

showed that testosterone and LH levels mirrored each other

with significant changes only observed at infusion day 35 and

not at 15. This observation extends our previous findings where

a 24 hrs infusion increased testosterone while decreasing LH

levels (49). As expected, the data suggested that the prolong

infusion interacted with the HPG resulting in fluctuating steroid

levels. In fact, the repression of testosterone levels was the

predominant challenge we faced in Sprague-Dawley rats

throughout this body of work. Despite the fluctuating

testosterone levels, the significant increase in steroid levels,

independent of the collection time, corroborated that TV159-

172 was active. These data also showed that the physiological

HPG feedback regulation is a “smart” safety mechanism that

protected against prolonged supraphysiologic testosterone

levels. TRT is widely misused and the development of a new

therapeutic that inherently prevents abuse is a significant

achievement (60–62).

We continued the characterization of the HPG axis role on

TV159-172 action. The results showed that TV159-172 did not

stimulate in vivo steroid production past the maximum obtained

when rats were suprastimulated with hCG or ACTH. The results

also showed that TV159-172 did not stimulate, by itself, steroid

levels in hypophysectomized animals. This lack of effect may be

due to Leydig cell deterioration from the prolonged LH

suppression (63–66), or from a pan-hormone suppression

secondary to the loss of anterior and posterior pituitary, or

because partial LH signaling was needed for the peptide to
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FIGURE 5

(A-B) Dose response shows biphasic response in some peptides. (A) Testosterone and (B) corticosterone levels of Brown-Norway rats 2 hrs after
gavage with the various concentrations of RdVTQ. Age of Brown-Norway rats during experiment was 88-138 days-old; N = 8; results shown as
mean ± SD; *p<0.05. (C) Circulating testosterone levels in Brown-Norway rats under various conditions and ages. Testosterone levels in rats
gavaged with water (control; black line) or 550 mg RdVTQ/kg (red line). Plasma samples were collected 2hrs post-gavage. Plasma samples were
collected 90 min post-intraperitoneal injection. The lines represent the equation that best-fits the data collected. Each dot represents the average
of two measurements per sample. Control (black line) includes 897 dots and RdVTQ (red line) includes 62 dots. (D) Effect of RdVTQ on circulating
testosterone levels throughout the lifetime. Grey lines represent the average testosterone levels of rats gavaged with control (water; grey lower line)
or RdVTQ (550 mg/kg; grey upper line). Red line represents the projected RdVTQ-driven percent testosterone level increase throughout the rat
lifetime. These data were calculated from the best-fit analysis. (E) Effect of RdVTQ on circulating LH, testosterone, and corticosterone levels in
selected timepoints after gavage. Sprague-Dawley rats were gavaged with 550 mg RdVTQ/kg (0 minutes) followed by jugular plasma collection at
the denoted time points. N = 4; results shown as mean ± SEM; *p<0.05. (F) Stability of RdVTQ under various conditions. RdVTQ was maintained at
37°C for the denoted timepoints, submitted to three cycles of freeze thaw, or stored for 10 months at -20°C. Stability of each condition was
ascertained by mass-spec quantification. Area under the curve (AUC) was plotted for each condition.
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function. In our previous work, we observed that TV159-172

increased testosterone levels in a GnRH antagonist-induced

chemically castration model and interpreted the results to

suggest that TV159-172 directly increased androgen levels

(49). Here, the hypophysectomized data suggest that the low

LH levels, which were not completely removed by the chemical

castration (67), were sufficient for TV159-172 action. Taken

together these data suggest that TV159-172 action requires the

Leydig cell to have functional infrastructure, e.g. endoplasmic

reticulum, which depends on the trophic effect of LH, and that

TV159-172 likely acts as an LH-signaling amplifier.

We explored whether TV159-172 would be permissive to

deletions to the VDAC1-portion of the peptide. We generated

TV160-172, TV160-171, and TV160-170 bearing small deletions

and infused them for one-week. The biomarker data showed that

TV160-171 and TV160-170 resulted in meaningful increases in

testosterone at selected peptide dose levels indicating that further

deletions to the VDAC1 sequence could be feasible.

In a follow-up experiment, we explored whether the shorter

TV160-171 and TV160-170 peptides could increase testosterone

levels for a sustained period. The data showed that both peptides

increased circulating testosterone levels until infusion day 73,

with most rats having 2-3-fold increases. Interestingly, some rats

reached upwards of 10-fold increases suggesting that the

peptides can potently stimulate testosterone, but independently

of the levels achieved, the effect of the TV-peptides was

diminished by infusion day 88. These data corroborated that

the HPG axis acted as a “safety guider” that eventually

modulated testosterone levels within a physiological range.

The different doses at which the peptides were active indicated

that the deletions unpredictably affected peptide dosing and that

dose-response studies were needed to continue the deletion

studies. Moreover, the suppression of the peptide effects

suggested that continuous subcutaneous infusion was an

unlikely therapeutic option. Despite this, the subcutaneous

model gave insights into the HPG response and became an

efficient method of identifying bioactive peptides.

The previous experiments indicated that deletions in the

TV159-172 sequence were feasible and that the subcutaneous

model can be used to identify the bioactive core. We used

Brown-Norway rats to find the core using dose-response

experiments and progressive deletions of the VDAC1-part of

the fusion peptide in the subcutaneous model. The data showed

that TV163-167 and TV162-166, which retained a 5 amino acid

VDAC1-sequence, were the shortest TV-bearing peptides that

were steroidogenic active. We further tested whether N163-166

(Naked RVTQ), which corresponds to the overlapping sequence

of TV163-167 and TV162-166, increased testosterone levels.

These results indicated that RVTQ was the active core, that

the TAT-cell penetrating peptide was not needed for cell

delivery, and that this short sequence did not affect

corticosterone levels. This significant finding allowed us to use
Frontiers in Endocrinology 16
RVTQ as template to design small molecule compounds with the

potential to be orally administered.

The dose-response graphs that included all the TV and the

N163-166 peptide showed that, independent of sequence, the

peptides were androgenic at doses >100 ng/kg/day. Moreover, we

pooled testosterone levels data independent of the dose to identify

the overall activity of the TV deletions. The pooled analysis of

control rats composed of 60 samples yielded a rat with 2.6 times

the pooled control average as the control rat with the highest

testosterone levels. In contrast, all peptides tested had several rats

with testosterone levels beyond the highest control rat, with some

rats reaching upwards of 5-fold increase above the pooled control

average. While the pooled results were not meant to be used for

statistical analysis, they showed segregation of rats (i.e. TV160-169

and TV162-169) into low and high levels responders, suggesting

that some rats reach testosterone levels that triggered modulation

by HPG axis within the 7-day duration of the study. In agreement

with the Sprague-Dawley rat data, a pattern of testosterone

inhibition in Brown-Norway rats was observed in TV159-172 at

30 ng/kg/day, where most rats had plasma testosterone levels 50%

below those of the control average.

Measurement of plasma corticosterone levels in the same

Brown-Norway rats treated with the various peptides indicated

peptide-specific activity. The longer TV160-171, TV160-170, and

TV162-169 peptides promoted significant increases in plasma

corticosterone levels, while the shortest TV163-167 and TV162-

166 showed no significant changes. Some corticosterone levels, like

those seen in TV160-170, were higher than those seen in

testosterone measurements and were upwards of 15 times those

of the control average. In agreement with our previous data, these

results suggested that some rats showed very high corticosterone

levels because, unlike testosterone, corticosterone is not as tightly

regulated (68). These data must be interpreted with caution since

the percutaneous collection of the blood samples was not the

optimal method to evaluate adrenal effects. This is because the

collection process affects the stress levels and, consequentially,

corticosterone release in these rats. Despite the suboptimal

collection, the effects observed in TV160-171 and TV160-170

show a dose-response effect. In summary, the data indicated that

the length of the TV159-172-derived sequences had differential

effects on testicular vs adrenal-made steroids, with longer sequences

favoring corticosterone production while shorter sequences

targeting Leydig cell testosterone biosynthesis.

Using the subcutaneous model, we confirmed that the

RVTQ (N163-166) core was active in Brown-Norway rats and

found a two-fold increase in plasma testosterone levels in ~54-

day-old Brown-Norway rats. We started the development of

small molecule compounds by ascertaining if the core was

permissive to modifications. We used an evolutionary

approach to study whether substitutions with related amino

acids to the RVTQ core retained steroidogenic activity. Sequence

analysis of all VDAC1 entries found in the UniProt portal
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identified RITQ, KITQ, and RVSQ as core-variations found in

nature. These substitutions found in nature were of structurally

related amino acids. The data showed that infusion of RITQ and

KITQ significantly increased testosterone levels, indicating that

changes to the protein core were feasible. These data also

suggested that the various synthetic peptides interacted with

the HPG axis since, for example, subcutaneous delivery of RITQ

showed a non-significant increase that became significant during

our second round of measurements.

We then synthetically modified the RVTQ core with various

changes. Because we do not yet fully understand the mechanism

of action of the peptide, we initially hypothesized that a perfect

interaction of the RVTQ core with VDAC1 might elicit a full

response, and thus, be more prone to negative feedback. This

would explain some of inconsistent responses that we sometime

observed. Indeed, the peptide-initiated mechanism of action is

so potent that naked peptides at very low doses can also elicit the

response. Examples of these naked peptides that lack

modifications are RITQ, KVSQ, RISQ (Figure 4E) and RITQ +

KVSQ (Figure 4I) with increased response at lower drug levels.

The fact that the above naked peptides can trigger an oral

response is a strong indicator of the presence of on/off switch

activated by these molecules. Therefore, the modifications were

undertaken to decrease the potency of the core by introducing

small changes in structurally related amino acids guided by

evolution (otherwise the combinations would be endless). In

addition, the modification introduced to the RVTQ core

increased the half-life of peptides since the rapid peptide

degradation is the main challenge for the use of peptides as

oral therapeutics (69, 70).

To screen for oral candidates, we developed an animal model

where Brown-Norway rats were gavaged with the various RVTQ

core modifications followed by percutaneous jugular blood

sampling arbitrarily set at three hours post-gavage. We used

the native RVTQ sequence as a control and administered the

modified core derivatives using arbitrary doses. The data showed

that addition of a D-serine and capping of the carboxy terminus

with NH2 resulted in a significant increase in testosterone levels.

This finding was confirmed in two follow up experiments that

characterized the best sampling time point, which was stablished

at 2 hrs post-gavage with ~580 µg/kg of RVTQdS-CONH2.

These findings were substantial since an increase in steroid

levels during a 2 to 3 hrs window is likely to escape HPG

repression and allow for multiple dosing that mimics the

physiological circadian peaks in testosterone production.

We expanded the search for additional molecules using

Brown-Norway rats to test various peptides and established

blood collections at 2 hrs post-gavage with peptide dosing that

ranged from an average of 530 to 620 µg/kg. This oral screening

included molecules with structurally-related amino acid

modifications to the RVTQ core where the R was substituted

with K, V was substituted with I or L, T was substituted with S,

and Q was substituted with E. These amino acid modifications
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generated 10 core sequences that, when combined with D-amino

acids, capping of the peptide ends, and use of mini-PEG,

generated 34 candidate small molecules. The screening

identified 11 small molecules that significantly increased

testosterone levels. To confirm that the effects were still

present at the end of our screening, we treated the rats at the

end of the experiment with RITQ, the first molecule identified,

and observed significant increases in testosterone. Moreover,

this screening started when the rats were ~60 days-old; however,

the data showed that ~80-90-day-old rats were a better starting

point, since younger rats exhibit higher testosterone levels that

may mask the peptide effect. We were surprised by the range of

amino acid changes and protein modifications that increased

testosterone levels, which included the unmodified cores RITQ,

KVSQ, RISQ, KITQ, RVSQ, and SRVTQ (underlined letters

denote amino acid changes from the original RVTQ core). In

general, modifications to V were the most permissive except for

L where the additional carbon may have resulted in steric

interference. The data also suggested that Q was essential since

any substitution abolished peptide activity in agreement with

our initial evolutionary-guided analysis where Q was conserved

among all the sequences processed. We also identified several

other peptides that showed a non-significant trend to increase

testosterone levels and hypothesized that some of these peptides

might be active if the dosing was adjusted or administered at an

earlier time point. Moreover, we identified several other peptides

with a non-significant trend to decrease testosterone levels that

might indicate a dose-dependent repression state.

We then wanted to identify the peptides that robustly

increased testosterone levels across the doses. We improved

the testing conditions by using rats older than 80 days,

collecting blood samples 2 hrs after gavage, and dosing at ~10,

220, and 420 µg · peptide/day. We tested the 11 molecules that

significantly increased testosterone, including Ac-RITQdS-

CONH2, the first peptide excluded from the inclusion criteria

but that showed a trend to increase testosterone levels. This

screening identified Ac-RITQdS-CONH2, KVSQ, RdVTQ, and

Ac-RdITQ-CONH2 as those peptides that consistently increased

testosterone levels across the doses tested. We identified several

other peptides that showed a decrease in steroid levels at ~220

µg/kg, which included RITQ, in agreement with follow-up dose-

response studies that measured androgen and corticosterone

levels. In summary, this dose-response screening identified 4

peptides with robust profiles and, in addition, the data showed

that dosing at ~10 µg/kg increased, although not significantly,

the average testosterone levels of Ac-RITQdS-CONH2, RdVTQ,

Ac-RdITQ-CONH2, RITQ, KVSQ, and Ac-KdITQ-CONH2.

We then sought to improve the efficiency of selected peptides

to decrease dosage used while increasing safety margins. We

tested whether a combination of two of the 6 peptides, which due

to their modifications may have different pharmacokinetic

profiles, could act together to exhibit significant effects. We

selected Ac-RITQdS-CONH2, KVSQ, RdVTQ, Ac-RdITQ-
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CONH2, RITQ, and the original RVTQ core tetrapeptide.

Permutation of these 6 small molecules, composed of 3 native

and 3 modified cores, resulted in 15 possible 2-peptide

combinations that were tested. We set the testing conditions as

follows: Brown-Norway rats age >90 days old, blood collection 2

hrs after gavage, and used 10 µg/kg each of the 2 peptides tested.

The results identified 5 combinations that significantly increased

testosterone levels. This finding represented a ~55-fold

improvement from our first and second screenings set at ~550

µg/kg. The very low doses used in the oral 2-peptide mixes are

likely to avoid side effects, be cleared rapidly, facilitate repetitive

dosing, and decrease manufacturing costs.

The pharmacokinetic profile of 6 leading peptides in plasma

and in vivo indicated that the modification to the core

significantly increased the peptide half-life. The data showed

that most of the detectable peptides reached peak concentrations

15 - 30 min post-gavage with Ac-RITQdS-CONH2 being the

fastest absorbed in ~15 min. These data, which showed rapid

clearance of the peptides, agrees with the finding that

testosterone levels reached peak induction levels at 2 hrs.

Moreover, we found evidence showing that the peptide half-

life and that the peptide levels in serum do not correlate with the

androgen response supporting an on-off mechanism. In the in

vivo PK experiments, to reach detectable levels, we used a single

10 mg dose in 1 ml of vehicle, which was ~20 times the

therapeutic mono-dose. Despite the larger dose, we could not

detect RITQ, RVTQ, or KVSQ for which the input peptide was

4-times greater than all other peptides tested. The rapid

degradation of KVSQ indicated that the lysine significantly

increased peptide degradation in our in vitro assay and

presumably in vivo. Moreover, the rapid degradation of KVSQ

in our in vitro and in vivo assays is surprising since this

tetrapeptide seems to activate steroidogenesis consistently. The

bioactivity and rapid degradation of KVSQ suggest that only few

molecules are needed to activate the molecular target and elicit

effects. The observed oral absorption (Figure 4K) of RdVTQ

following in vivo dosing correlates well to drug solubility and

permeability parameters identified based on the predicted

macrostates and dissociation constants for the respective

ionized forms of RdVTQ (Table 1), keeping the peptide in a

dissolved state after oral dosing.

We then selected RdVTQ for further characterization

because it consistently increased testosterone levels, had one of

the smallest molecular weights, and was closest to the RVTQ

core. In agreement with our previous screening data, the RdVTQ

dose-repose experiments showed significant androgen activity

that did not impact corticosterone levels. To characterize the

therapeutic age window of RdVTQ, we pooled data from all our

control animals either treated with orally with water or surgically

implanted with pumps delivering water. The data revealed that

RdVTQ had the greatest performance in the adult rat and that

the peptide performance rapidly decreased after 7 months of age.
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These age ranges roughly correspond to the period in which

testosterone starts to decline in humans. However, it is difficult

to compare rats with humans in terms of testosterone levels.

Although a 6-month-old rat corresponds to an 18-years-old

human and a 18 months old rat to a 45 years old human (http://

www.ratbehavior.org/RatYears.htm), in humans, testosterone

begins declining after 30 years of age (4–6) whereas

testosterone levels in rats begin declining after 3 months of age

in rats (71). Moreover, the experiments also showed that

corticosterone levels were not significantly affected by RdVTQ.

It is important to note that this body of work was conducted

in two species of healthy rats where the peptides consistently

achieved a boost in testosterone levels. While maximal peptide

activity in healthy rats was achieved up to 7-8 months, the data

suggest that the peptides act as LH-signaling amplifiers with the

potential to improve the magnitude and duration of the effect in

human disease states such as hypogonadism. Based on the initial

PK/PD profile, RdVTQ has the potential of being administered

early in the morning and in the afternoon to achieve a

physiological-like boost in testosterone levels while having an

expected favorable safety profile.

In summary, we developed a first-in-class family of small

molecules that act within the HPG axis to increase testosterone

levels. The data indicate that the therapeutic use of the peptide

might recover Leydig cell function in the young and slow down

the effects of aging in Leydig cell testosterone formation while

maintaining a high safety profile.
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SUPPLEMENTARY FIGURE S1

Dose scan of TV159-172 infused subcutaneously. Sprague-Dawley rats

were implanted with osmotic pumps delivering various concentrations of
TV159-172 for 1 week. Levels of intratesticular testosterone (A), serum
testosterone (B), dihydrotestosterone (C), luteinizing hormone (D),
estradiol (E), corticosterone (F), and aldosterone (G) were measured in

day 7 as described under material and methods. Data shown represent
means ± standard deviation (N=5).

SUPPLEMENTARY FIGURE S2

Modifications to the RVTQ core increase plasma testosterone levels after

oral administration. A) Testosterone levels in Brown-Norway rats 3 hrs
after gavage with RVTQ and indicated RVTQ derivatives used at the

indicated concentrations. Age of Brown-Norway rats during experiment
was 60-123 days-old; N = 7; results shown as mean ± SD; *p<0.05; T

denotes the order with which the peptides were tested.
References
1. Payne AH, Hales DB. Overview of steroidogenic enzymes in the pathway
from cholesterol to active steroid hormones. Endocr Rev (2004) 25(6):947–70. doi:
10.1210/er.2003-0030

2. Zirkin BR, Papadopoulos V. Leydig cells: formation, function, and regulation.
Biol Reprod (2018) 99(1):101–11. doi: 10.1093/biolre/ioy059

3. Li L, Papadopoulos V. Advances in stem cell research for the treatment of
primary hypogonadism. Nat Rev Urol (2021) 18(8):487–507. doi: 10.1038/s41585-
021-00480-2

4. Tajar A, Forti G, O'Neill TW, Lee DM, Silman AJ, Finn JD, et al.
Characteristics of secondary, primary, and compensated hypogonadism in aging
men: evidence from the European Male ageing study. J Clin Endocrinol Metab
(2010) 95(4):1810–8. doi: 10.1210/jc.2009-1796

5. Kaufman JM, Lapauw B, Mahmoud A, T'Sjoen G, Huhtaniemi IT. Aging and
the Male reproductive system. Endocr Rev (2019) 40(4):906–72. doi: 10.1210/
er.2018-00178

6. Nieschlag E. Late-onset hypogonadism: a concept comes of age. Andrology
(2020) 8:1506–11. doi: 10.1111/andr.12719
7. Jin JM, Yang WX. Molecular regulation of hypothalamus-pituitary-gonads
axis in males. Gene (2014) 551(1):15–25. doi: 10.1016/j.gene.2014.08.048

8. Thompson IR, Kaiser UB. GnRH pulse frequency-dependent differential
regulation of LH and FSH gene expression. Mol Cell Endocrinol (2014) 385(1-
2):28–35. doi: 10.1016/j.mce.2013.09.012

9. Stamatiades GA, Kaiser UB. Gonadotropin regulation by pulsatile GnRH:
Signaling and gene expression. Mol Cell Endocrinol (2018) 463:131–41. doi:
10.1016/j.mce.2017.10.015

10. Ciccone NA, Kaiser UB. The biology of gonadotroph regulation. Curr Opin
Endocrinol Diabetes Obes (2009) 16(4):321–7. doi: 10.1097/MED.0b013e32832d88fb

11. Khera M, Broderick GA, Carson CC3rd, Dobs AS, Faraday MM, Goldstein I,
et al. Adult-onset hypogonadism. Mayo Clin Proc (2016) 91(7):908–26. doi:
10.1016/j.mayocp.2016.04.022

12. Grossmann M, Ng Tang Fui M, Cheung AS. Late-onset hypogonadism:
metabolic impact. Andrology (2020) 8(6):1519–29. doi: 10.1111/andr.12705

13. Bhasin S, Brito JP, Cunningham GR, Hayes FJ, Hodis HN, Matsumoto AM,
et al. Testosterone therapy in men with hypogonadism: An endocrine society
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2022.1003017/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.1003017/full#supplementary-material
https://doi.org/10.1210/er.2003-0030
https://doi.org/10.1093/biolre/ioy059
https://doi.org/10.1038/s41585-021-00480-2
https://doi.org/10.1038/s41585-021-00480-2
https://doi.org/10.1210/jc.2009-1796
https://doi.org/10.1210/er.2018-00178
https://doi.org/10.1210/er.2018-00178
https://doi.org/10.1111/andr.12719
https://doi.org/10.1016/j.gene.2014.08.048
https://doi.org/10.1016/j.mce.2013.09.012
https://doi.org/10.1016/j.mce.2017.10.015
https://doi.org/10.1097/MED.0b013e32832d88fb
https://doi.org/10.1016/j.mayocp.2016.04.022
https://doi.org/10.1111/andr.12705
https://doi.org/10.3389/fendo.2022.1003017
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Martinez–Arguelles et al. 10.3389/fendo.2022.1003017
clinical practice guideline. J Clin Endocrinol Metab (2018) 103(5):1715–44. doi:
10.1210/jc.2018-00229

14. Corona G, Goulis DG, Huhtaniemi I, Zitzmann M, Toppari J, Forti G, et al.
European Academy of andrology (EAA) guidelines on investigation, treatment and
monitoring of functional hypogonadism in males: Endorsing organization:
European society of endocrinology. Andrology (2020) 8(5):970–87. doi: 10.1111/
andr.12770

15. Goodman N, Guay A, Dandona P, Dhindsa S, Faiman C, Cunningham GR.
American Association of clinical endocrinologists and American college of
endocrinology position statement on the association of testosterone and
cardiovascular risk. Endocr Pract (2015) 21(9):1066–73. doi: 10.4158/EP14434.PS

16. Bachman E, Travison TG, Basaria S, Davda MN, Guo W, Li M, et al.
Testosterone induces erythrocytosis via increased erythropoietin and suppressed
hepcidin: evidence for a new erythropoietin/hemoglobin set point. J Gerontol A Biol
Sci Med Sci (2014) 69(6):725–35. doi: 10.1093/gerona/glt154

17. Ip FF, di Pierro I, Brown R, Cunningham I, Handelsman DJ, Liu PY. Trough
serum testosterone predicts the development of polycythemia in hypogonadal men
treated for up to 21 years with subcutaneous testosterone pellets. Eur J Endocrinol
(2010) 162(2):385–90. doi: 10.1530/EJE-09-0717

18. Borst SE, Mulligan T. Testosterone replacement therapy for older men. Clin
Interv Aging (2007) 2(4):561–6. doi: 10.2147/cia.s1609

19. Samplaski MK, Loai Y, Wong K, Lo KC, Grober ED, Jarvi KA. Testosterone
use in the male infertility population: prescribing patterns and effects on semen and
hormonal parameters. Fertil Steril (2014) 101(1):64–9. doi: 10.1016/
j.fertnstert.2013.09.003

20. de Ronde W. Hyperandrogenism after transfer of topical testosterone gel:
case report and review of published and unpublished studies. Hum Reprod (2009)
24(2):425–8. doi: 10.1093/humrep/den372

21. Stahlman J, Britto M, Fitzpatrick S, McWhirter C, Testino SA, Brennan JJ,
et al. Serum testosterone levels in non-dosed females after secondary exposure to
1.62% testosterone gel: effects of clothing barrier on testosterone absorption. Curr
Med Res Opin (2012) 28(2):291–301. doi: 10.1185/03007995.2011.652732

22. Vigen R, O'Donnell CI, Baron AE, Grunwald GK, Maddox TM, Bradley SM,
et al. Association of testosterone therapy with mortality, myocardial infarction, and
stroke in men with low testosterone levels. Jama (2013) 310(17):1829–36. doi:
10.1001/jama.2013.280386

23. Finkle WD, Greenland S, Ridgeway GK, Adams JL, Frasco MA, Cook MB,
et al. Increased risk of non-fatal myocardial infarction following testosterone
therapy prescription in men. PloS One (2014) 9(1):e85805. doi: 10.1371/
journal.pone.0085805

24. Basaria S, Coviello AD, Travison TG, Storer TW, Farwell WR, Jette AM,
et al. Adverse events associated with testosterone administration. N Engl J Med
(2010) 363(2):109–22. doi: 10.1056/NEJMoa1000485

25. Budoff MJ, Ellenberg SS, Lewis CE, Mohler ER3rd, Wenger NK, Bhasin S,
et al. Testosterone treatment and coronary artery plaque volume in older men with
low testosterone. JAMA (2017) 317(7):708–16. doi: 10.1001/jama.2016.21043

26. Baillargeon J, Urban RJ, Kuo YF, Ottenbacher KJ, Raji MA, Du F, et al. Risk
of myocardial infarction in older men receiving testosterone therapy. Ann
Pharmacother (2014) 48(9):1138–44. doi: 10.1177/1060028014539918

27. Shores MM, Smith NL, Forsberg CW, Anawalt BD, Matsumoto AM.
Testosterone treatment and mortality in men with low testosterone levels. J Clin
Endocrinol Metab (2012) 97(6):2050–8. doi: 10.1210/jc.2011-2591

28. Barbonetti A, D'Andrea S, Francavilla S. Testosterone replacement therapy.
Andrology (2020) 8(6):1551–66. doi: 10.1111/andr.12774

29. Swerdloff R, Wang C. Reflections on the T trials. Andrology (2020) 8
(6):1512–8. doi: 10.1111/andr.12901

30. Gagliano-Juca T, Basaria S. Testosterone replacement therapy and
cardiovascular risk. Nat Rev Cardiol (2019) 16(9):555–74. doi: 10.1038/s41569-
019-0211-4

31. Metzger SO, Burnett AL. Impact of recent FDA ruling on testosterone
replacement therapy (TRT). Transl Androl Urol (2016) 5(6):921–6. doi: 10.21037/
tau.2016.09.08

32. Jarow JP, Lipshultz LI. Anabolic steroid-induced hypogonadotropic
hypogonadism. Am J Sports Med (1990) 18(4):429–31. doi: 10.1177/
036354659001800417

33. Coward RM, Rajanahally S, Kovac JR, Smith RP, Pastuszak AW, Lipshultz
LI. Anabolic steroid induced hypogonadism in young men. J Urol (2013) 190
(6):2200–5. doi: 10.1016/j.juro.2013.06.010

34. Gagliano-Juca T, Basaria S. Abuse of analbolic steroids: A dangerous
indulgence. Currnet Opin Endocr Metab Res (2019) 9:96–101. doi: 10.1016/
j.coemr.2019.10.002

35. Mikkelson TJ, Kroboth PD, Cameron WJ, Dittert LW, Chungi V, Manberg
PJ. Single-dose pharmacokinetics of clomiphene citrate in normal volunteers. Fertil
Steril (1986) 46(3):392–6. doi: 10.1016/S0015-0282(16)49574-9
Frontiers in Endocrinology 20
36. Gooren LJ. Advances in testosterone replacement therapy. Front Horm Res
(2009) 37:32–51. doi: 10.1159/000175842

37. Westaby D, Ogle SJ, Paradinas FJ, Randell JB, Murray-Lyon IM. Liver
damage from long-term methyltestosterone. Lancet (1977) 2(8032):262–3. doi:
10.1016/S0140-6736(77)90949-7

38. Swerdloff RS, Wang C, White WB, Kaminetsky J, Gittelman MC, Longstreth
JA, et al. A new oral testosterone undecanoate formulation restores testosterone to
normal concentrations in hypogonadal men. J Clin Endocrinol Metab (2020) 105
(8):2515–31. doi: 10.1210/clinem/dgaa238

39. Hsieh TC, Pastuszak AW, Hwang K, Lipshultz LI. Concomitant
intramuscular human chorionic gonadotropin preserves spermatogenesis in men
undergoing testosterone replacement therapy. J Urol (2013) 189(2):647–50. doi:
10.1016/j.juro.2012.09.043

40. Coviello AD, Matsumoto AM, Bremner WJ, Herbst KL, Amory JK, Anawalt
BD, et al. Low-dose human chorionic gonadotropin maintains intratesticular
testosterone in normal men with testosterone-induced gonadotropin suppression. J
Clin Endocrinol Metab (2005) 90(5):2595–602. doi: 10.1210/jc.2004-0802

41. Ide V, Vanderschueren D, Anotnio L. Treatment of men with central
hypogonadism: Alternatives for testosterone replacemnt therapy. Int J Mol Sci
(2021) 22(21):1–13. doi: 10.3390/ijms22010021

42. Katz DJ, Nabulsi O, Tal R, Mulhall JP. Outcomes of clomiphene citrate
treatment in young hypogonadal men. BJU Int (2012) 110(4):573–8. doi: 10.1111/
j.1464-410X.2011.10702.x

43. Moskovic DJ, Katz DJ, Akhavan A, Park K, Mulhall JP. Clomiphene citrate
is safe and effective for long-term management of hypogonadism. BJU Int (2012)
110(10):1524–8. doi: 10.1111/j.1464-410X.2012.10968.x

44. Aydogdu A, Swerdloff RS. Emerging medication for the treatment of male
hypogonadism. Expert Opin Emerg Drugs (2016) 21(3):255–66. doi: 10.1080/
14728214.2016.1226799

45. Veldhuis JD, Iranmanesh A. Short-term aromatase-enzyme blockade
unmasks impaired feedback adaptations in luteinizing hormone and testosterone
secretion in older men. J Clin Endocrinol Metab (2005) 90(1):211–8. doi: 10.1210/
jc.2004-0834

46. Leder BZ, Rohrer JL, Rubin SD, Gallo J, Longcope C. Effects of aromatase
inhibition in elderly men with low or borderline-low serum testosterone levels. J
Clin Endocrinol Metab (2004) 89(3):1174–80. doi: 10.1210/jc.2003-031467

47. McCullough A. Alternatives to testosterone replacement: testosterone
restoration. Asian J Androl (2015) 17(2):201–5. doi: 10.4103/1008-682X.143736

48. Lo EM, Rodriguez KM, Pastuszak AW, Khera M. Alternatives to
testosterone therapy: A review. Sex Med Rev (2018) 6(1):106–13. doi: 10.1016/
j.sxmr.2017.09.004

49. Aghazadeh Y, Martinez-Arguelles DB, Fan J, Culty M, Papadopoulos V.
Induction of androgen formation in the Male by a TAT-VDAC1 fusion peptide
blocking 14-3-3varepsilon protein adaptor and mitochondrial VDAC1
interactions. Mol Ther (2014) 22(10):1779–91. doi: 10.1038/mt.2014.116

50. Rone MB, Fan J, Papadopoulos V. Cholesterol transport in steroid
biosynthesis: role of protein-protein interactions and implications in disease states.
Biochim Biophys Acta (2009) 1791(7):646–58. doi: 10.1016/j.bbalip.2009.03.001

51. Rone MB, Midzak AS, Martinez-Arguelles DB, Fan J, Ye X, Blonder J,
et al. Steroidogenesis in MA-10 mouse leydig cells is altered via fatty acid
import into the mitochondria. Biol Reprod (2014) 91(4):96. doi: 10.1095/
biolreprod.114.121434

52. Liu J, Rone MB, Papadopoulos V. Protein-protein interactions mediate
mitochondrial cholesterol transport and steroid biosynthesis. J Biol Chem (2006)
281(50):38879–93. doi: 10.1074/jbc.M608820200

53. Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z, Keinan N, Arbel
N. VDAC, a multi-functional mitochondrial protein regulating cell life and death.
Mol Asp Med (2010) 31(3):227–85. doi: 10.1016/j.mam.2010.03.002

54. Miller WL. StAR search–what we know about how the steroidogenic acute
regulatory protein mediates mitochondrial cholesterol import. Mol Endocrinol
(2007) 21(3):589–601. doi: 10.1210/me.2006-0303

55. Bose M, Whittal RM, Miller WL, Bose HS. Steroidogenic activity of StAR
requires contact with mitochondrial VDAC1 and phosphate carrier protein. J Biol
Chem (2008) 283(14):8837–45. doi: 10.1074/jbc.M709221200

56. Hauet T, Yao ZX, Bose HS, Wall CT, Han Z, Li W, et al. Peripheral-type
benzodiazepine receptor-mediated action of steroidogenic acute regulatory protein
on cholesterol entry into leydig cell mitochondria. Mol Endocrinol (2005) 19
(2):540–54. doi: 10.1210/me.2004-0307

57. Koren E, Torchilin VP. Cell-penetrating peptides: breaking through to the
other side. Trends Mol Med (2012) 18(7):385–93. doi: 10.1016/j.molmed.2012.04.012

58. The UniProt Consortium. UniProt: the universal protein knowledgebase.
Nucleic Acids Res (2018) 46(5):2699. doi: 10.1093/nar/gky092

59. Fraczkiewicz R, Lobell M, Göller AH, Krenz U, Schoenneis R, Clark RD,
et al. Best of both worlds: combining pharma data and state of the art modeling
frontiersin.org

https://doi.org/10.1210/jc.2018-00229
https://doi.org/10.1111/andr.12770
https://doi.org/10.1111/andr.12770
https://doi.org/10.4158/EP14434.PS
https://doi.org/10.1093/gerona/glt154
https://doi.org/10.1530/EJE-09-0717
https://doi.org/10.2147/cia.s1609
https://doi.org/10.1016/j.fertnstert.2013.09.003
https://doi.org/10.1016/j.fertnstert.2013.09.003
https://doi.org/10.1093/humrep/den372
https://doi.org/10.1185/03007995.2011.652732
https://doi.org/10.1001/jama.2013.280386
https://doi.org/10.1371/journal.pone.0085805
https://doi.org/10.1371/journal.pone.0085805
https://doi.org/10.1056/NEJMoa1000485
https://doi.org/10.1001/jama.2016.21043
https://doi.org/10.1177/1060028014539918
https://doi.org/10.1210/jc.2011-2591
https://doi.org/10.1111/andr.12774
https://doi.org/10.1111/andr.12901
https://doi.org/10.1038/s41569-019-0211-4
https://doi.org/10.1038/s41569-019-0211-4
https://doi.org/10.21037/tau.2016.09.08
https://doi.org/10.21037/tau.2016.09.08
https://doi.org/10.1177/036354659001800417
https://doi.org/10.1177/036354659001800417
https://doi.org/10.1016/j.juro.2013.06.010
https://doi.org/10.1016/j.coemr.2019.10.002
https://doi.org/10.1016/j.coemr.2019.10.002
https://doi.org/10.1016/S0015-0282(16)49574-9
https://doi.org/10.1159/000175842
https://doi.org/10.1016/S0140-6736(77)90949-7
https://doi.org/10.1210/clinem/dgaa238
https://doi.org/10.1016/j.juro.2012.09.043
https://doi.org/10.1210/jc.2004-0802
https://doi.org/10.3390/ijms22010021
https://doi.org/10.1111/j.1464-410X.2011.10702.x
https://doi.org/10.1111/j.1464-410X.2011.10702.x
https://doi.org/10.1111/j.1464-410X.2012.10968.x
https://doi.org/10.1080/14728214.2016.1226799
https://doi.org/10.1080/14728214.2016.1226799
https://doi.org/10.1210/jc.2004-0834
https://doi.org/10.1210/jc.2004-0834
https://doi.org/10.1210/jc.2003-031467
https://doi.org/10.4103/1008-682X.143736
https://doi.org/10.1016/j.sxmr.2017.09.004
https://doi.org/10.1016/j.sxmr.2017.09.004
https://doi.org/10.1038/mt.2014.116
https://doi.org/10.1016/j.bbalip.2009.03.001
https://doi.org/10.1095/biolreprod.114.121434
https://doi.org/10.1095/biolreprod.114.121434
https://doi.org/10.1074/jbc.M608820200
https://doi.org/10.1016/j.mam.2010.03.002
https://doi.org/10.1210/me.2006-0303
https://doi.org/10.1074/jbc.M709221200
https://doi.org/10.1210/me.2004-0307
https://doi.org/10.1016/j.molmed.2012.04.012
https://doi.org/10.1093/nar/gky092
https://doi.org/10.3389/fendo.2022.1003017
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Martinez–Arguelles et al. 10.3389/fendo.2022.1003017
technology to improve in silico pKa prediction. J Chem Inf Model (2015) 55
(2):389–97. doi: 10.1021/ci500585w

60. Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder WW, Dhatariya
K, et al. Androgen physiology, pharmacology and abuse. In: De Groot LJ, Chrousos
G, Dungan K, Feingold KR, Grossman A, Hershman JM, editors. Endotext. South
Dartmouth (MA: MDText.com, Inc (2000).

61. Institute of Medicine Committee on Assessing the Need for Clinical Trials of
Testosterone Replacement T. Testosterone and aging: Clinical research directions. Liverman
CT, Blazer DG, editors. Washington (DC: National Academies Press (US (2004).

62. Isidori AM, Giannetta E, Gianfrilli D, Greco EA, Bonifacio V, Aversa A,
et al. Effects of testosterone on sexual function in men: results of a meta-analysis.
Clin Endocrinol (Oxf) (2005) 63(4):381–94. doi: 10.1111/j.1365-2265.2005.02350.x

63. Klinefelter GR, Hall PF, Ewing LL. Effect of luteinizing hormone deprivation
in situ on steroidogenesis of rat leydig cells purified by a multistep procedure. Biol
Reprod (1987) 36(3):769–83. doi: 10.1095/biolreprod36.3.769

64. Gondos B, Rao A, Ramachandran J. Effects of antiserum to luteinizing
hormone on the structure and function of rat leydig cells. J Endocrinol (1980) 87
(2):265–70. doi: 10.1677/joe.0.0870265

65. Ewing LL, Wing TY, Cochran RC, Kromann N, Zirkin BR. Effect of
luteinizing hormone on leydig cell structure and testosterone secretion.
Endocrinology (1983) 112(5):1763–9. doi: 10.1210/endo-112-5-1763
Frontiers in Endocrinology 21
66. Lei ZM, Mishra S, Ponnuru P, Li X, Yang ZW, Rao Ch V. Testicular
phenotype in luteinizing hormone receptor knockout animals and the effect of
testosterone replacement therapy. Biol Reprod (2004) 71(5):1605–13. doi: 10.1095/
biolreprod.104.031161

67. Horvath JE, Toller GL, Schally AV, Bajo AM, Groot K. Effect of long-
term treatment with low doses of the LHRH antagonist cetrorelix on
pituitary receptors for LHRH and gonadal axis in male and female rats.
Proc Natl Acad Sci U.S.A. (2004) 101(14):4996–5001. doi: 10.1073/
pnas.0400605101

68. Oyola MG, Handa RJ. Hypothalamic-pituitary-adrenal and hypothalamic-
pituitary-gonadal axes: sex differences in regulation of stress responsivity. Stress
(2017) 20(5):476–94. doi: 10.1080/10253890.2017.1369523

69. Mathur D, Prakash S, Anand P, Kaur H, Agrawal P, Mehta A, et al. PEPlife:
A repository of the half-life of peptides. Sci Rep (2016) 6:36617. doi: 10.1038/
srep36617

70. Muheem A, Shakeel F, Jahangir MA, Anwar M, Mallick N, Jain GK, et al.
A review on the strategies for oral delivery of proteins and peptides and their
clinical perspectives. Saudi Pharm J (2016) 24(4):413–28. doi: 10.1016/
j.jsps.2014.06.004

71. Kaler LW, Neaves WB. The androgen status of aging male rats.
Endocrinology (1981) 108(2):712–9. doi: 10.1210/endo-108-2-712
frontiersin.org

https://doi.org/10.1021/ci500585w
https://doi.org/10.1111/j.1365-2265.2005.02350.x
https://doi.org/10.1095/biolreprod36.3.769
https://doi.org/10.1677/joe.0.0870265
https://doi.org/10.1210/endo-112-5-1763
https://doi.org/10.1095/biolreprod.104.031161
https://doi.org/10.1095/biolreprod.104.031161
https://doi.org/10.1073/pnas.0400605101
https://doi.org/10.1073/pnas.0400605101
https://doi.org/10.1080/10253890.2017.1369523
https://doi.org/10.1038/srep36617
https://doi.org/10.1038/srep36617
https://doi.org/10.1016/j.jsps.2014.06.004
https://doi.org/10.1016/j.jsps.2014.06.004
https://doi.org/10.1210/endo-108-2-712
https://doi.org/10.3389/fendo.2022.1003017
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Oral administration of VDAC1-derived small molecule peptides increases circulating testosterone levels in male rats
	1 Introduction
	2 Material and methods
	2.1 Reagents
	2.2 Osmotic pumps
	2.3 Animal handling, blood collections, surgical procedures, and oral administration of peptides
	2.4 Plasma steroid measurements
	2.5 Hypophysectomized rats
	2.6 hCG and ACTH stimulation
	2.7 Peptide stability in plasma, oral pharmacokinetics, and quantification
	2.8 Peptide modeling
	2.9 Statistical analysis

	3 Results
	3.1 Subcutaneous delivery of TV159-172 increases testosterone levels in young adult Sprague-Dawley rats
	3.2 Prolonged subcutaneous delivery of TV159-172 has mixed effects on testosterone levels
	3.3 LH is needed for the steroidogenic effects of TV159-172
	3.4 Derivatives of TV159-172 increase testosterone and corticosterone levels in Sprague-Dawley rats
	3.5 Shorter derivatives of TV159-172 are bioactive in inducing steroid formation
	3.6 The tetrapeptide N163-166 increases testosterone levels
	3.7 Subcutaneous infusion of RVTQ and its evolutionary-related sequences increase circulating testosterone levels
	3.8 Oral delivery of small molecule peptides increases testosterone levels
	3.9 Oral treatment with modified derivatives of RVTQ and evolutionary-related core sequences increase circulating testosterone levels
	3.10 Dose-response studies and low dosing
	3.11 Mix of two peptides at low-doses increase plasma testosterone levels after oral administration
	3.12 Modification to the core peptide increase the half-life in serum
	3.13 RdVTQ increases consistently testosterone levels

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


