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Zhang L, Wang Y, Dong Y, Chen Z, Eckols TK, Kasembeli
MM, Tweardy DJ, Mitch WE. Pharmacokinetics and pharmacodynamics of TTI-101, a STAT3 inhibitor that blocks muscle proteolysis
in rats with chronic kidney disease. Am J Physiol Renal Physiol 319:
F84 –F92, 2020. First published June 1, 2020; doi:10.1152/ajprenal.00603.2019.—Loss of muscle proteins increases the morbidity
and mortality of patients with chronic kidney disease (CKD), and
there are no reliable preventive treatments. We uncovered a STAT3/
CCAAT-enhancer-binding protein-␦ to myostatin signaling pathway
that activates muscle protein degradation in mice with CKD or cancer;
we also identified a small-molecule inhibitor of STAT3 (TTI-101) that
blocks this pathway. To evaluate TTI-101 as a treatment for CKDinduced cachexia, we measured TTI-101 pharmacokinetics and pharmacodynamics in control and CKD rats that were orally administered
TTI-101or its diluent. The following two groups of gavage-fed rats
were studied: sham-operated control rats and CKD rats. Plasma was
collected serially (0, 0.25, 0.5, 1, 2, 4, 8, and 24 h) following TTI-101
administration (at oral doses of 0, 10, 30, or 100 mg/kg). Plasma
levels of TTI-101 were measured by LC-MS/MS, and pharmacokinetic results were analyzed with the PKSolver program. Plasma
TTI-101 levels increased linearly with doses; the maximum plasma
concentrations and time to maximal plasma levels (~1 h) were similar
in sham-operated control rats and CKD rats. Notably, gavage treatment of TTI-101 for 3 days produced TTI-101 muscle levels in sham
control rats and CKD rats that were not significantly different. CKD
rats that received TTI-101 for 7 days had suppression of activated
STAT3 and improved muscle grip strength; there also was a trend for
increasing body and muscle weights. TTI-101 was tolerated at doses
of 100 mg·kg⫺1·day⫺1 for 7 days. These results with TTI-101 in rats
warrant its development as a treatment for cachexia in humans.
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INTRODUCTION

Chronic kidney disease (CKD) is a major public health
problem in the United States (15). For example, since 2001,
there has been an estimated 60% increase in patients in the
United States developing end-stage renal disease (6). Patients
with CKD are at increased risk of developing complications of
CKD, including accelerated muscle protein breakdown plus
suppression of protein synthesis in muscle; these catabolic
responses lead to negative muscle protein balance with protein
Correspondence: L. Zhang (lipingz@bcm.edu).
F84

wasting (18, 19). This is relevant because loss of muscle mass
interferes with the quality of life and increases morbidity and
mortality. Unfortunately, there are no reliable treatment strategies that block muscle protein losses in patients with CKD or
other catabolic conditions (e.g., diabetes, cancer, and chronic
inflammatory conditions).
Previously, we identified myostatin, a negative regulator of
muscle growth, as an initiator of muscle protein wasting in
mice with CKD or other catabolic conditions. To assess proteolytic mechanisms that could cause muscle protein loss, we
examined whether a humanized anti-myostatin peptibody that
inhibits myostatin function would suppress loss of muscle
proteins stimulated by CKD (7, 23). Administration of the
anti-myostatin peptibody to mice with CKD did block both
muscle wasting and expression of the proinflammatory cytokines IL-6 and TNF-␣ (23). However, further development of
this approach as a method of blocking muscle wasting was
suspended when patients with Duchenne’s muscular dystrophy
participating in a phase I study supported by Acceleron Pharma
and Shire Pharmaceuticals developed unexplained nose and
gum bleeding during treatment with decoy myostatin receptors.
This unexpected adverse outcome led the sponsors to halt the
study (https://quest.mda.org/news/update-ace-031-clinicaltrials-duchenne-md). Thus, development of alternative drugs
that block myostatin function and muscle wasting is needed.
What stimulates myostatin expression in muscles of CKD
mice? One potential stimulus is that CKD activates STAT3 in
skeletal muscles. This possibility is raised because activation
of STAT3 through its phosphorylation at Tyr705 stimulates the
transcription and expression of CCAAT-enhancer-binding protein-␦ (C/EBP␦). These responses have been followed by an
increase in the expression of myostatin and, ultimately, muscle
atrophy (22). Currently, there are no clinically available drugs
that directly target STAT3 and prevent it from activating
muscle wasting. However, Tweardy and colleagues initiated a
program to develop a small-molecule inhibitor of STAT3 that
targets the phosphotyrosyl (pY)-binding site within the SH2
domain of STAT3 (20). Their investigations identified an
inhibitor of STAT3, TTI-101 (formerly C188-9) (13, 20).
Characterization of TTI-101 actions revealed that it directly
binds to STAT3 with high affinity (Kd ⫽ 4.7 nM) and blocks
the binding of STAT3 to its pY-peptide ligand with Ki ⫽ 136
nM (20); TTI-101 does not inhibit upstream JAK or Src
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kinases (13). Administration of TTI-101 to mice with CKD
was found to block uremia-induced muscle wasting (22). The
response to STAT3 inhibition in mice with CKD could extend
to other conditions because STAT3 activation develops in
muscle wasting conditions, including cancer (2, 4), obesity
(11), and burn injury (10).
In the present experiments, we examined the pharmacokinetics (PK) and pharmacodynamics (PD) of TTI-101 in a rat
model of CKD. Our goal was to determine how the accumulation of the inhibitor and STAT3 in muscle is regulated. Rats
were studied because they have physiological similarities to
humans, and there is greater reproducibility of CKD results and
sensitivity to drugs in rats. Specifically, we administered TTI101 by oral gavage to control and CKD rats, and we collected
serial blood samples for measurement of plasma TTI-101
levels. Our experiments were directed at comparing the plasma
PK of TTI-101 in normal control rats and CKD rats to deter-

mine whether the drug accumulates in skeletal muscles of rats
with CKD and whether it reverses the loss of muscle protein.
MATERIALS AND METHODS

Induction of CKD in rats and treatment with TTI-101. The Baylor
College of Medicine Institutional Animal Care and Use Committee
approved all animal experiments and procedures. Male SpragueDawley rats weighing 50 –75 g were obtained from Charles River
Laboratories (Raleigh, NC) and housed in temperature-controlled
rooms with a 12:12-h light-dark cycle. Water and food were provided
ad libitum. Our model of CKD was derived by subtotal nephrectomy,
as previously described (1, 12). Briefly, rats were anesthetized, and
approximately two-thirds of the left renal artery was ligated (Fig. 1A).
Subsequently, rats were given 0.45% NaCl in drinking water ad
libitum and fed with 6% protein chow (TD.90016, Envigo, Teklab,
Indianapolis, IN) to suppress renal hypertrophy and reduce uremiainduced mortality. After an additional week, the right kidney was
removed (uninephrectomy), and 0.45% NaCl in drinking water and

Fig. 1. Schematic and details of the chronic
kidney disease (CKD) protocol and its characteristics in CKD rats versus sham control
rats. A: details and timing of the CKD protocol and TTI-101 treatments. Rats with
CKD exhibited high blood urea nitrogen
(BUN) levels (B) and had decreases in body
weight (BW; C) and weight of tibialis anterior (TA) muscles (D) as well as reduced
grip strength (E) versus sham control rats. F:
TA muscles of CKD rats had high expression of phosphorylated (p-)STAT3. G: antibodies to p-STAT3 and STAT3 were verified using lysates of C2C12 cells that were
transfected with labeled plasmids. Antibodies against p-STAT3 or STAT3, which
yielded bands of the correct molecular
weight (79 and 86 kDa, respectively) and
high level expression were found in constitutively active STAT3 (Stat3C)- or STAT3transfected cells. Data are shown as
means ⫾ SE; n ⱖ 9 rats in each group. *P ⬍
0.05 vs. sham control rats.
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the 6% protein diet were continued. One week later, rats were fed a
high-protein diet (40% protein, TD 90018, Envigo, Teklab) to induce
uremia and its complications (e.g., weight loss, increased levels of
blood urea nitrogen, and metabolic acidosis). Rats with CKD were
pair fed with sham-operated (sham) control rats (i.e., the abdomen was
opened, and the kidneys were manipulated without kidney injury) (1,
12). Body weight and blood urea nitrogen of rats were measured at 2
wk after the high-protein diets were begun.
TTI-101 was formulated for oral dosing by dissolving it in a
mixture of Food and Drug Administration-approved oral excipients
(Labrasol: 60% and PEG-400: 40%). Briefly, 500 mg TTI-101 was
mixed with 7.5 mL Labrasol followed by 1 min of sonication. Five
milliliters of PEG-400 were then added to the mixture followed by 5
min of sonication. The final concentration of TTI-101 was 40 mg/mL.
For the single-dose PK experiment, sham control rats and CKD rats
received TTI-101 by oral gavage at the following doses: 0, 10, 30, or
100 mg/kg. Blood was collected from the orbital venous sinuses into
anticoagulant EDTA-treated tubes using heparinized capillary tubes at
0 (predose), 0.25, 0.5, 1, 2, 4, 8, and 24 h after a single dose of
TTI-101. After centrifugation (2,000 g, 15 min at 4°C), the plasma
was immediately placed in a ⫺80°C freezer until samples were
analyzed. At each time point and dose, four rats were evaluated.
In the PD experiments, sham control rats and CKD rats were given
TTI-101 or vehicle by oral gavage daily. One of the groups of rats
received 100 mg·kg⫺1·day⫺1 TT1-101 for 3 days, and rats were then
euthanized with an injection of CCM Rodent Combo III from Baylor
College of Medicine. Skeletal muscles were collected, immediately
frozen in liquid nitrogen, and stored in a ⫺80°C freezer until TTI-101
was measured. Another group of rats was administered TTI-101 (100
mg/kg) by oral gavage for 7 days, and body weights were monitored
daily. Grip strength was measured on day 4, and blood urea nitrogen
was measured on day 7. When rats were euthanized by injecting them
with an overdose of CCM Rodent Combo III, tibialis anterior (TA)
muscles were collected and processed for cryosections for immunostaining; alternatively, muscle samples were immediately frozen in
liquid nitrogen and stored in a ⫺80°C freezer until Western blot
analysis (Fig. 1A).
Extraction of TTI-101 from rat plasma. TTI-101 was extracted
from plasma by adding 25 L rat plasma to 75 L methanol
containing 200 ng/mL 7-hydroxy coumarin (internal standard). This
mixture was vortexed for 2–3 s and placed on ice for 5 min to denature
plasma proteins. The mixture was then added to 100 L of 0.2%
formic acid containing 7-hydroxy-coumarin (200 ng/mL), and the
mixture was vortexed for 2–3 s. Subsequently, the mixture was
centrifuged at maximum speed (13K rpm) for 5 min at 5°C; 150 L
of clear supernatant were collected for each analysis.
Extraction of TTI-101 from rat muscles. TA muscles were placed in
homogenizer tubes containing methanol at a 1:10 ratio (e.g., 100 mg
of muscle placed in 1 mL of methanol), and stainless steel homogenizing beads were added. Muscles were homogenized using an Omni
Tissue Homogenizer (Kennesaw, GA); the homogenate was centrifuged, and 50 L of solvent were then removed and added to 50 L
of 0.2% formic acid containing 7-hydroxy-coumarin (200 ng/mL).
The mixture was transferred to a LC sample vial and used to measure
TTI-101.
PK analyses of TTI-101 in rat plasma and muscle samples. Levels
of TTI-101 were measured in extracts of rat plasma and muscles in
conjunction with the Pharmaceutical Science Facility of the Institute
for Applied Cancer Science, University of Texas MD Anderson
Cancer Center (Houston, TX). A Waters Xevo TQ-S mass spectrometer with Waters Acquity UPLC with temperature-controlled autosampler was used for the assay. Chromatographic separation was
achieved using a Waters Acquity BEH C18 1.7 m 2 ⫻ 100-mm
column at a temperature of 60°C. The aqueous mobile phase (solvent
A) was created as follows: 0.1% (vol/vol) formic acid in diH2O. The
organic phase (solvent B) was 0.1% formic acid in 80:20 acetonitrilemethanol.

Mass spectrometry was performed in positive ion mode using
multiple reaction monitoring transition pairs m/z 494.13 ⬎ 322.02
for TTI-101 and 167.0 ⬎ 107 for 7-hydroxy-coumarin. Optimal
signals were obtained with a clone voltage setting of 50 V for
TTI-101 and 20 V for 7-hydroxy-coumarin. Collision energy was
23 eV and 21 eV for TTI-101 and 20 V for 7-hydroxy-coumarin,
respectively.
The PKSolver add-in program for PK and PD data analyses in
Microsoft Excel was used for data analysis (26). The noncompartmental analysis model was applied.
Grip strength measurement. Grip strength was measured daily for
2 consecutive days using a grip strength meter (Columbus Instruments). Each day, five grip strengths at 1-min intervals were assessed,
and the average grip strength over 2 days was calculated (22).
Western blot analysis. Rat skeletal muscle mixed fibers [i.e., TA
muscle] were homogenized in RIPA buffer plus phosphatase inhibitor
and Complete Mini Protease inhibitors (Roche). Muscle lysates were
processed for Western blot analysis to evaluate proteins using antibodies against phosphorylated (p-)STAT3 (Tyr705 D3A7, no. 9145,
1:1,000 dilution) and STAT3 (124H6, no. 9139, 1:1,000) from
Cell Signaling Technology (Beverly, MA) (21, 23). Anti-GAPDH
(MAB374, 1:500 dilution) or anti-␤-actin (SAB4301137, 1:1,000)
from Sigma-Aldrich (Burlington, MA) was used to detect proteins as
a loading control. To validate antibodies of p-STAT3 and STAT3, we
transfected C2C12 cells with plasmids expressing constitutively active STAT3 or wild-type STAT3 for 24 h. Green fluorescent proteintransfected cells were used as a control, and cell lysates were processed for Western blot analysis with anti-p-STAT3 or STAT3. The
molecular weights (79 and 86 kDa) and levels of STAT3 confirmed
the accuracy of the antibodies (Fig. 1G).
RT-PCR analyses. RNA was extracted from TA muscles using an
RNA extraction kit (Qiagen), and cDNA was prepared using the
iScript cDNA synthesis kit (Bio-Rad). Duplicate PCRs were performed using SYBR green (Bio-Rad) on a Bio-Rad CFX96 realtime thermal cycle (21, 24). Relative gene expression in muscles
was calculated from threshold cycle (Ct) values using GAPDH as
an internal control [relative expression ⫽ 2共sample Ct⫺GAPDH Ct兲] (24,
25). The sequences of the primers used were as follows: 5=CTCCAGAATAGAAGCCATA-3= (forward) and 5=-GCAGAAGTTGTCTTATAGC-3= (reverse) for myostatin (NM_019151.1),
5=-TAGTGTGCTATGCCTAAG-3= (forward) and 5=-TATTGCCAGTTCTTCGTA-3= (reverse) for IL-6 (NM_012589.2), and 5=CATTCTTCCACCTTTGAT-3= (forward) and 5=-CTGTAGCCATATTCATTGT-3= (reverse) for GAPDH (NM_017008.4).
Immunostaining and myofiber area measurements. Myofiber sizes
were measured from cryo-cross sections of TA muscles that were
immunostained with anti-laminin (L9303, Sigma-Aldrich, 1:30 dilution,). Briefly, cross sections of TA muscles were fixed in 4%
paraformaldehyde and permeabilized by incubating samples in 0.3%
Triton X-100 in PBS followed by blocking with “Protein Block”
(DAKO, Carpinteria, CA) for 1 h at room temperature. Sections were
then incubated with anti-laminin that was mixed in “Antibody Dilute”
(DAKO) overnight at 4°C followed by detection of primary antibodies
using secondary antibodies that were conjugated to Alexa Fluor 568
(Invitrogen). Tissues were visualized using Nikon 80i microscope,
and images were acquired using a Digital Sight-cooled camera, and
NIS Elements Br 3.0 software (Melville, NY) was used to measure
myofiber area.
Statistical analysis. Results are expressed as means ⫾ SE. Significance testing was performed using a Student’s t test when results
from two groups were compared; two-way ANOVA followup with
Kruskal-Wallis was used when data from three or more groups were
studied. Statistical significance was set at P ⬍ 0.05. GraphPad Prism8
was used for analysis and figure plotting.
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RESULTS

TT1-101 administration to a rat model of CKD created by
subtotal nephrectomy. CKD was created by subtotal nephrectomy. Nephrectomized rats were initially fed a 6% protein diet
to improve recovery from surgery and suppress renal hypertrophy (Fig. 1A). One week after the second subtotal nephrectomy, rats were fed a high-protein diet to induce uremia. After
2 wk of high-protein diet feeding, average blood urea nitrogen
was three- to four-fold higher in subtotal nephrectomy rats
versus pair-fed sham control rats (Fig. 1B), and they developed
a significant (P ⬍ 0.05) decrease in whole body as well as TA
muscle weights (P ⬍ 0.05; Fig. 1, C and D). In addition, grip
strength was decreased versus values from sham control rats
(P ⬍ 0.05; Fig. 1E). As we have previously reported in mice,
CKD stimulates STAT3 levels in TA muscles of CKD rats, and
the difference was detected by Western blot analysis using
antibodies against p-STAT3 and STAT3 (Fig. 1F). These
antibodies were validated by Western blot analysis based on
molecular weight and protein levels in cells with gene overexpression (see MATERIALS AND METHODS and Fig. 1G). We evaluated TA muscles mainly because p-STAT3 is detected in
different types of CKD mouse muscle fibers, including red
fiber muscles (soleus) and white fiber muscles (extensor digitorum longus) as well as in mixed-fiber muscles (gastrocnemius and TA muscles). To eliminate concerns about the two
types of muscle fiber giving different results, we show results
in mixed-fiber TA muscles in all experiments.
After 6 wk of high-protein diet feeding, sham control rats
and CKD rats each received a single dose of TTI-101 by oral
gavage. Plasma was collected at different times following oral
gavage, and samples were stored at ⫺80°C for measurement of
TTI-101. Rats were euthanized after the final blood collection.
Optimization of sample preparation for measurement of
TTI-101. The lower limit of quantification of TTI-101 (m/z
494 ¡ 322) in standard was established as 50 ng/mL with a
coefficient of variation of 0.75, which is well above the “noise”
level. No interfering peaks were observed at the expected
retention time of 2.4 ⫾ 0.02 min (Fig. 2A). The calibration
curve for TTI-101 was constructed from the peak area ratio of
TTI-101 to its internal standard (7-hydroxy-coumarin) using
the least-squares quadratic regression analysis with 1/x2
weighting. R2 ⱖ 0.99 and the calibration range was 50 –20
g/mL (Fig. 2B). Selectivity of the extraction process was
established for rat plasma samples in two separate studies. For
each study, five standards of TTI-101 were included and
calibrated. To begin the process of determining whether levels
of TTI-101 could be measured in rat plasma, we performed a
preliminary study: sham control rats were administered TTI101 by oral gavage of doses (0, 10, 30, or 100 mg/kg once), and
plasma was collected 4 h later for measurement of TTI-101, as
described above. We found that the analyte area corresponding
to TTI-101 (Fig. 2C) was higher when increasing doses of
TTI-101 were administered.
PK of TTI-101 in sham control rats and CKD rats. We
proceeded by performing plasma TTI-101 PK analysis based
on measuring TTI-101 levels in plasma samples that were
serially obtained from sham control rats and CKD rats following administration of TTI-101 at three dose levels (10, 30, and
100 mg/kg) by oral gavage (Fig. 3). In sham control rats,
TTI-101 was detected in the plasma within 15 min of admin-

Fig. 2. Measurement of TTI-101 in plasma by LC-MS/MS. A and B: the
location of the TTI-101 peak (A) as well as correlation of the area under the
curve and amounts of TTI-101 analyzed (B). C: LC-MS/MS of plasma
TTI-101 in response to dose of gavage feeding to sham control rats.

istration of each dose and remained detectable at 24 h (Fig.
3A). PK analysis of plasma levels, performed using the PKSolver program (26), demonstrated that TTI-101 reached a
maximum plasma concentration at ~1 h following each dose
administered (Fig. 3A and Table 1). We note that the half-life
of TTI-101 at 10 mg/kg appears to be spuriously long (~26 h)
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Fig. 3. Single-dose pharmacokinetics of TTI-101. After
single-dose gavage feeding rats with different doses of
TTI-101 (10, 30, or 100 mg/kg), the plasma was collected at
different times and TTI-101 was measured. A: levels of
TTI-101 in plasma of sham control rats that were fed with
30 or 100 mg/kg doses were significantly higher versus rats
fed with 10 mg/kg TTI-101 within 8 h. B: plasma TTI-101
concentrations in sham control rats were similar to those in
rats with chronic kidney disease (CKD) at gavage feeding
doses of 30 or 100 mg/kg. C: mean area under the plasma
drug concentration-time curve up to time t (AUC0⫺t) of
TTI-101 from plasma of rats fed with 30 or 100 mg/kg was
significantly higher versus that of rats fed with 10 mg/kg.
There was no significant difference between sham control
rats and CKD rats at any dose. Data are shown as
means ⫾ SE; n ⫽ 4 rats in each group. *P ⬍ 0.05 vs. sham
control rats treated with 10 mg/kg TTI-101; #P ⬍ 0.05 vs.
CKD rats treated with 10 mg/kg TTI-101.

compared with doses at 30 and 100 mg/kg (9.4 and 8.2 h,
respectively); this abnormality is most likely due to increased
variability of samples at the lower limit of detection of LCMS/MS analyses. A linear relationship was found between
dose and the area under the plasma drug concentration-time

curve up to time t (AUC0⫺t) of TTI-101 in sham control mice
(Fig. 3C).
In rats with CKD, TTI-101 levels were also detected in
plasma at 15 min after oral administration; the TTI-101 level
remained detectable at 24 h. We found that the half-life (6.2
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Table 1. Pharmacokinetic parameters of TTI-101 after oral administration
Maximum Plasma
Concentration, g/mL

10 mg/kg TTI-101
Sham
CKD
30 mg/kg TTI-101
Sham
CKD
100 mg/kg TTI-101
Sham
CKD

Statistical
Significance

3.21 ⫾ 0.48
3.02 ⫾ 0.53

Time to Maximal
Plasma Levels, h

Half-Time, h

1 ⫾ 0.3
2.87 ⫾ 0.79

25.98 ⫾ 1.04
32.08 ⫾ 1.36

9.23 ⫾ 0.66
8.59 ⫾ 1.03

P ⬍ 0.05
P ⬍ 0.05

0.65 ⫾ 0.14
0.91 ⫾ 0.26

9.42 ⫾ 0.03
6.15 ⫾ 0.03

11.05 ⫾ 0.81
9.71 ⫾ 0.56

P ⬍ 0.05
P ⬍ 0.05

1 ⫾ 0.2
0.9 ⫾ 0.1

8.2 ⫾ 0.38
10.02 ⫾ 2.4

Data are expressed as means ⫾ SE. TTI-101 was single-dose gavage fed to rats. TTI-101 in plasma was measured, and pharmacokinetics were analyzed using
the PKSolver program. For maximum plasma concentrations, statistical comparison with sham control rats at 10 mg/kg TTI-101 was done using a Student’s t
test at a significance level of P ⬍ 0.05.

and 10 h, respectively; Table 1 and Fig. 3B) and plasma levels
of TTI-101 at doses 30 and 100 mg/kg were similar to results
from sham control rats. These data indicate that CKD does not
alter TTI-101 elimination. Similar to results from sham control
rats, we found that there was a linear relationship between dose
and AUC0⫺t of TTI-101 (Fig. 3C). Thus, in both sham control
rats and CKD rats, oral administration of TTI-101 provides
similar plasma PK results, including plasma half-lives and drug
exposures.
TTI-101 administration suppresses p-STAT3 in muscle and
improves muscle growth in rats with CKD. To examine
whether TTI-101 accumulates within skeletal muscles of sham
control rats or CKD rats, we studied rats that had received
either diluent or TTI-101 (100 mg/kg) by oral gavage for 3
days. There was no detectable TTI-101 in muscles of rats from
either group that only received the diluent (Fig. 4A). In contrast, levels of TTI-101 were readily detected in muscles of rats
that received TTI-101; however, there was no significant differences in TTI-101 per milligram of muscle between rats with
CKD versus sham control rats (Fig. 4B). Treatment of TTI-101
(100 mg/kg) for 7 days was found to decrease p-STAT3 levels
in muscles of rats with CKD (Fig. 4C). There also were
decreased levels of mRNA for the proinflammatory cytokine
IL-6 as well as myostatin compared with diluent-treated rats
with CKD (Fig. 4, D and E). Following 7 days of TTI-101
treatment (100 mg/mL), CKD rats exhibited a trend toward
increased body weight and muscle mass, but these values did
not reach a level of statistical significance (Fig. 4, F and G).
Consistent with this change in muscle mass, we found that grip
strength and myofiber sizes were higher in CKD rats treated
with TTI-101 versus CKD rats treated with diluent (Fig. 4, H
and I). These results indicate that TTI-101 accumulates in the
skeletal muscles of both sham control rats and CKD rats,
where, in the case of CKD rats, it reduces levels of p-STAT3
and increases myofiber size and grip strength.
For toxicity evaluations, we found no detectable toxicity in
rats, even at daily doses as high as 100 mg/kg for 7 days. We
recognize that our model limits specific identification of TTI101-mediated changes of function in the kidney, heart, cardiovascular, bone, and liver, because CKD is a catabolic condition
that by itself interferes with different functions of each of these
organs. Of note, however, we performed extensive in vitro and
in vivo studies to evaluate TTI-101 for both adverse off-target
and adverse on-target effects and observed no evidence of
toxicity in animals or patients (3) (A. M. Tsimberidou, A.

Kaseb, and D. J. Tweardy, unpublished observations). These
studies include toxicokinetic studies performed successfully to
obtain Federal Drug Administration approval for clinical testing of TTI-101 in patients with cancer. The results of these
studies demonstrated no drug-related clinical, gross anatomic,
histological, or laboratory abnormalities in rats or dogs when
administered daily for 28 days up to a dose of 200 or 100
mg·kg⫺1·day⫺1, respectively (3) (T. K. Eckols and D.J.
Tweardy, unpublished observations).
DISCUSSION

Previously, we reported that CKD stimulates loss of skeletal
muscle mass through a mechanism that includes activation of
STAT3 (22). In fact, the activation of STAT3 increases the
levels of the transcriptional factor C/EBP␦, and this leads to
upregulation of myostatin, a trigger for muscle wasting (22,
23). Similarly, we found that STAT3 activation stimulates
caspase-3 activity in muscles of mice with cancer cachexia.
This is relevant because activated caspase-3 promotes the
ubiquitin-proteasome system, resulting in an acceleration of
muscle protein degradation (8, 16). In addition, STAT3 also is
activated in muscle wasting conditions, including cancer (4, 5),
obesity (11), and burn injury (10). It is possible, therefore, that
targeting STAT3 activity might prevent muscle wasting in
catabolic conditions besides CKD. Previously, we uncovered
that TTI-101 exhibits promise for the development of a drug
that can be administered safely and effectively to treat or
prevent cachexia (16, 22). In the present report, we performed
PK and PD analyses of TTI-101 administered by oral gavage in
a rat model of CKD. The results could be used in the preparation for TTI-101 submission to the Federal Drug Administration for an Investigational New Drug application to other
models of muscle wasting, such as evaluation of patients
treated by hemodialysis. In the present analysis, rats were
studied because they have physiological similarities to humans.
Only male rats were examined, as female rats are less prone to
proteinuria (9). In contrast, women not only are more likely to
develop CKD than men but also have poorer outcomes (14).
Therefore, our inhibitor should be effective for both men and
women. Specifically, we formulated TTI-101 at a high concentration (40 mg/mL) using two Federal Drug Administrationapproved oral excipients that would allow administration to
rats by oral gavage, a key step on the path toward developing
TTI-101 for oral administration to patients with CKD. The
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Fig. 4. Administration of TTI-101 decreased levels of phosphorylated (p-)STAT3 in muscles of chronic kidney disease (CKD) rats and tended to increase body
and muscle weights. A: 3 days after gavage feeding TTI-101 (100 mg/kg) to rats caused its accumulation in muscle. B: TTI-101 levels (g) in muscle were
calculated based A as per milligram of muscle from sham control and CKD rats. There was no significant difference between sham control and CKD rats. C⫺I:
TTI-101 was gavage fed to rats daily for 7 days. CKD-induced p-STAT3 in muscle was suppressed (C). Inhibitor also inhibited IL-6 (D) and myostatin (E) mRNA
in muscles of CKD rats. The inhibitor tend to improve body weight (F) and tibialis anterior (TA) muscle weight (G). It also increased the grip strength of CKD
rats (H). I: cross-sections of TA muscle were immunostained with anti-laminin (top). The myofiber area was measured, and average myofiber size is shown with
standard errors (bottom). TTI-101 improved myofiber size in muscles of CKD rats. n ⱖ 4. *P ⬍ 0.05 vs. sham control rats treated with diluent; #P ⬍ 0.05 vs.
CKD rats treated with diluent.
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results of our assessment of the measurement of TTI-101 were
of special interest because we used LC-MS/MS methodology
to measure plasma and skeletal muscle levels of TTI-10. Our
results demonstrated that plasma levels of TTI-101 increase
linearly with dose, and the maximum plasma concentrations of
TTI-101 and time to maximal plasma levels (1 h) were predictably similar between rats in the sham control and CKD
groups. Of note, TTI-101 administration to rats was not accompanied by the development of any adverse effects, even at
doses as high as 100 mg·kg⫺1·day⫺1 for 7 days. Specifically,
body and muscle weights of TTI-101-treated CKD rats tended
to increase compared with diluent-treated CKD rats.
Notably, we found decreased expression of p-STAT3 along
with decreased levels of myostatin and IL-6 mRNA in CKD
rats treated with TTI-101. The treatment response to TTI-101
suggests that the drug can inhibit inflammation in skeletal
muscles, and this conclusion is consistent with our earlier
reports. In those experiments, we found that STAT3 activation
can induce expression of the transcription factor of C/EBP␦,
which, in turn, increases myostatin expression and stimulates
the expression of IL-6 (22, 25). Inhibition of the activity of
STAT3 also improved myofiber size and grip strength in rats
with CKD. These responses are consistent with a report (17)
showing that myofiber hypertrophy is closely related to improvements in grip strength of mice with myopathy. As far as
we know, we are the first group to define PK parameters
obtained using an inhibitor of STAT3 in vivo. Interestingly,
there are similarities among results we obtained in control and
CKD rats versus those we obtained from studies in mice (22).
Specifically, treatment of CKD rats with TTI-101 actually
increased body and muscle weights of CKD rat but were not
statistically different. Possibly, the lack of a statistical difference may have reflected a short time of analysis. This possibility is suggested because we have previously treated mice
with CKD for a longer period of time and determined that
TTI-101 can suppress CKD-induced muscle wasting (22). We
have also administered TTI-101 to wild-type rats or dogs daily
for 28 days and at doses of 200 mg·kg⫺1·day⫺1 or 100
mg·kg⫺1·day⫺1, respectively. Under those conditions, we
found no drug-related or clinical, gross anatomic, histological,
or laboratory abnormalities in rats or dogs (3). In addition,
TTI-101 concentrates three- to sixfold in tissue, leading to
reduced levels of activated STAT3 (p-STAT3) (3). In the
present study, each of the three doses of TTI-101 administered
to rats with CKD was associated with the appearance of
TTI-101 in plasma within 15 min. Moreover, the concentration
of TTI-101 reached a maximum plasma level within 1 h. The
present results indicate that dosing of TTI-101 in 60% Labrasol
and 40% PEG-400 followed by sonication was successful in
dissolving TTI-10, making TTI-101 more bioavailable than its
administration as a suspension. We conclude that TTI-101 has
the potential to develop into an orally bioavailable drug to treat
CKD or other catabolic diseases in patients to improve muscle
quality.
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