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mimic fasting and improve metabolism in mice
Eliza Bollinger 1, Matthew Peloquin 1, Jenna Libera 1, Bina Albuquerque 1, Evanthia Pashos 1, Arun Shipstone 2,
Angela Hadjipanayis 2, Zhongyuan Sun 1, Gang Xing 1, Michelle Clasquin 1, John C. Stansfield 4,
Brendan Tierney 6, Steven Gernhardt 6, C. Parker Siddall 1, Timothy Greizer 1, Frank J. Geoly 3,
Sarah R. Vargas 3, Lily C. Gao 1, George Williams 1, Mackenzie Marshall 1, Amy Rosado 6, Claire Steppan 6,
Kevin J. Filipski 5, Bei B. Zhang 1, Russell A. Miller 1, Rachel J. Roth Flach 1,*
ABSTRACT

Objective: Branched chain amino acid (BCAA) catabolic defects are implicated to be causal determinates of multiple diseases. This work aimed
to better understand how enhancing BCAA catabolism affected metabolic homeostasis as well as the mechanisms underlying these
improvements.
Methods: The rate limiting step of BCAA catabolism is the irreversible decarboxylation by the branched chain ketoacid dehydrogenase (BCKDH)
enzyme complex, which is post-translationally controlled through phosphorylation by BCKDH kinase (BDK). This study utilized BT2, a small
molecule allosteric inhibitor of BDK, in multiple mouse models of metabolic dysfunction and NAFLD including the high fat diet (HFD) model with
acute and chronic treatment paradigms, the choline deficient and methionine minimal high fat diet (CDAHFD) model, and the low-density li-
poprotein receptor null mouse model (Ldlr�/�). shRNA was additionally used to knock down BDK in liver to elucidate liver-specific effects of BDK
inhibition in HFD-fed mice.
Results: A rapid improvement in insulin sensitivity was observed in HFD-fed and lean mice after BT2 treatment. Resistance to steatosis was
assessed in HFD-fed mice, CDAHFD-fed mice, and Ldlr�/� mice. In all cases, BT2 treatment reduced steatosis and/or inflammation. Fasting and
refeeding demonstrated a lack of response to feeding-induced changes in plasma metabolites including insulin and beta-hydroxybutyrate and
hepatic gene changes in BT2-treated mice. Mechanistically, BT2 treatment acutely altered the expression of genes involved in fatty acid oxidation
and lipogenesis in liver, and upstream regulator analysis suggested that BT2 treatment activated PPARa. However, BT2 did not directly activate
PPARa in vitro. Conversely, shRNA-AAV-mediated knockdown of BDK specifically in liver in vivo did not demonstrate any effects on glycemia,
steatosis, or PPARa-mediated gene expression in mice.
Conclusions: These data suggest that BT2 treatment acutely improves metabolism and liver steatosis in multiple mouse models. While many
molecular changes occur in liver in BT2-treated mice, these changes were not observed in mice with AAV-mediated shRNA knockdown of BDK.
All together, these data suggest that systemic BDK inhibition is required to improve metabolism and steatosis by prolonging a fasting signature in
a paracrine manner. Therefore, BCAA may act as a “fed signal” to promote nutrient storage and reduced systemic BCAA levels as shown in this
study via BDK inhibition may act as a “fasting signal” to prolong the catabolic state.

� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Interest in branched chain amino acids (BCAAs) has intensified since
untargeted metabolomic profiling identified a signature of elevated
branched chain and aromatic amino acids as biomarkers of obesity &
diabetes [1,2]. The initial discovery has been corroborated by
numerous studies in humans and preclinical models that have
demonstrated both correlative as well as causal relationships for
BCAAs in diabetes development [3e6]. In recent years, defects in
BCAA catabolism have also been identified in nonalcoholic fatty liver
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disease (NAFLD) and heart failure in humans and in preclinical models
[7e13]. The BCAAs Leucine (Leu), Isoleucine (Ile) and Valine (Val) are
catabolized through a conserved pathway first by the enzyme branched
chain aminotransferase (BCAT) to branched chain ketoacids (BCKAs)
alpha-ketoisocaproic acid (KIC/ketoleucine), 2-keto-3-methylvaleric
acid (KMV/ketoisoleucine), alpha-ketoisovaleric acid (KIV/ketovaline).
The BCKAs are then irreversibly catabolized by the multimeric
branched chain ketoacid dehydrogenase enzyme complex (BCKDH) to
downstream metabolites, which eventually enter the TCA cycle as
acetyl CoA or succinyl CoA [14e16]. BCKDH is regulated at the level of
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phosphorylation by branched chain ketoacid dehydrogenase kinase
(BCKDK/BDK), which inhibits its activity, or by dephosphorylation via its
activating phosphatase Ppm1k/Pp2cm [17,18].
Due to the strong link between BCAA elevations and cardiometabolic
disease, a number of groups have sought to apply interventions such
as genetic loss of function, pharmacological agents or BCAA restricted
diets to understand the molecular mechanisms underlying disease-
mediated elevations in BCAA, and whether these elevations are a
cause or a consequence of metabolic disease [19e23]. Indeed, BCAA
restriction demonstrates beneficial metabolic phenotypes in both
preclinical models and humans [20,23e25]. While the phenotype of
mice lacking Ppm1k has suggested that inhibition of this pathway may
be causal to heart failure in preclinical models, rodents both lacking
and overexpressing Ppm1k seem to display metabolic improvements
[8,21,24,26]. Furthermore, animals lacking BDK have untoward
developmental phenotypes such as epilepsy [27,28], thereby limiting
the ability to decipher the contribution of BDK to dysregulated BCAA
catabolism and metabolic disease in the model. However, in recent
years, the discovery of allosteric inhibitors of BDK [29] such as BT2
[30] have allowed for modulation of BCAA catabolic activity in animals
and thus investigation into the role of BCAA catabolism in metabolic
disease. Indeed, BDK inhibition with BT2 increases BCAA catabolism
and improves metabolic phenotypes in diabetic mice and in rats
[5,21,29e31]. However, the mechanisms underlying this protection
are not well understood.
Using BT2, the causal relationship between impaired BCAA catabolism
and metabolic disease was assessed. Whereas previous studies
treated animals for multiple weeks with BT2 [5,21], we observed that
glucose tolerance and insulin sensitivity were improved acutely upon
BT2 treatment. Furthermore, BT2 prevented NAFLD after treatment in
multiple models including the choline deficient, methionine minimal
high fat diet (CDAHFD) and the Western diet-fed low density lipoprotein
receptor knockout animal (Ldlr�/�), demonstrating that BDK inhibition
improves metabolic disease states elicited by multiple dietary alter-
ations and mechanisms in mice. Using a fasting/refeeding paradigm,
the molecular mechanisms underlying these metabolic improvements
were investigated. Interestingly, in this fast-refeed paradigm, HFD-fed
animals treated with BT2 displayed an ameliorated response to
feeding, which manifested as reduced postprandial insulin levels, a
failure to suppress lipolysis and ketogenesis, and an absence of
feeding-induced gene changes in liver as assessed by RNAseq. Further
pathway evaluation demonstrated that BDK inhibition increased
PPARa-mediated gene expression in liver, suggesting that signals of
fasting are enhanced when BCAA catabolism is increased. These ef-
fects are likely mediated in a paracrine fashion, as liver-specific
knockdown of BDK was not sufficient to modulate metabolic homeo-
stasis, steatosis, or PPARa-mediated gene expression. Therefore,
systemic BCAA levels may act as a “fed signal” to promote nutrient
storage and reduced systemic BCAA levels may act as a “fasting
signal” to prolong the catabolic state.

2. METHODS

2.1. Animals
All animal procedures were approved by the Pfizer Institutional Animal
Care and Use Committee (IACUC). For HFD-fed mouse studies, 16-
week-old male C57BL6/J mice that had been fed Research Diets
12492i for 10 weeks were purchased from Jackson laboratories and
were continued on 12492i for the study duration. For CDAHFD studies,
10-week-old male C57BL6/J mice were purchased from The Jackson
2 MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. T
Laboratory and fed Purina 5053 chow or Research Diets A06071309i
for the study duration. For Ldlr�/� studies, 10-week-old male Ldlr�/�

mice were purchased from The Jackson Laboratory and fed Purina
5053 chow or Western diet (Research Diets D12079Bi) for the study
duration. Animals were subjected to 12 h light:dark cycles. BT2 was
purchased from Enamine (EN300-00845) and formulated in 5% PEG-
400 (v/v)/95% of 23% hydroxypropyl beta cyclodextrin or 0.5%
methylcellulose in DI water with or without 5% PEG-400 (v/v) or 1% (v/
v) of Tween 80. Animals were dosed PO QD. Where indicated, animals
were fasted for 16 h and refed for 2 h. For insulin injection experi-
ments, animals were injected with 1 unit Humulin R insulin/kg (Eli
Lilly). Glucose tolerance tests were performed one-hour post BT2 dose
after a 16 h fast with 1 g/kg dextrose (Sigma) in water dosed orally
using alpha track glucometers and strips on the dog setting.

2.2. BDK liver knockdown
AAV-U6-shBCKDK-GFP viral plasmids (SL100862) were purchased
from SignaGen Laboratories. 12-week-old male C57Bl6/J mice were
dosed with AAV-sh(BDK)-GFP and AAV-sh(Scramble)-GFP via retro-
orbital injection at 1012 viral particles/mouse. Animals were put on HFD
after infection.

2.3. Protein harvesting and western blot
All tissues were snap frozen in liquid nitrogen. The frozen samples
were then homogenized with a hammer and approximately 50 mg was
placed in 2 mL Matrix D Lysis tubes. Liver and heart samples were
lysed in 800 mL Cell Signaling lysis buffer, and skeletal muscle,
pancreas, and brown adipose tissue samples were lysed in 800 mL
Pierce RIPA buffer. Halt protease and phosphatase inhibitors (Thermo
Fisher) were added to both lysis buffers. They were lysed on the MP
Fast Prep 24, according to the specific tissue settings. Samples were
then spun at 12,000 RPM for 10 min and the supernatant was placed
in new tubes. Total protein quantification was calculated using Pierce
BCA assay for all the samples. All samples were boiled at 95 �C for
5 min with Invitrogen LDS buffer and Reducing Agent at a concen-
tration of 2 mg/mL of total protein based on the BCA assay results.
10 mL of each sample was loaded into NuPage 4e12% Bis-Tris gels,
resulting in 20 mg of protein per lane. Samples were run at 135V for 1 h
and 35 min using the BioRad system. The proteins were then trans-
ferred to a PVDF membrane using the iBlot2 system. Membranes were
blocked in 5% milk in TBS plus 0.05% Tween 20 for 1 h. The
membranes were exposed using the Amersham 800 imager, and
Imagequant software was used to analyze densitometry of each band.
Primary antibodies used are detailed in the supplemental methods
section.

2.4. White adipose tissue processing
Tissues were processed using a modified version of the manufac-
turer’s protocol from the Minute� Invent Total Protein Extraction Kit for
Adipose Tissue or Cultured Adipocytes (AT-022). Halt protease and
phosphatase inhibitors were added to “Buffer A” from the Invent kit.
100e200 mg of frozen tissue was added to Matrix D lysis tubes and
placed on wet ice. 50 mL of Buffer A and 100 mg of the Invent kit’s
“protein extraction powder” were added to each tube. Samples were
then homogenized on the MP Tissue Homogenizer for 60 s. An addi-
tional 50 mL of Buffer A was added to each sample, and the samples
were shaken for another 30 s to 1 min. Samples were then placed in a
microcentrifuge at 4 �C and spun for 2 min at 5000 RPM. The aqueous
solution was then aliquoted into the Invent kit filter and collection tube,
and they were then placed in the�20 �C freezer for 10 min. Following
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the incubation period, the samples were spun at 5000 RPM for another
2 min at 4 �C. The filter solution was then used in a BCA assay for
protein quantification.

2.5. RNA isolation
Frozen tissues were placed in Matrix D Lysis Tubes (2 mL) and ho-
mogenized in 1 mL of Qiazol and 200 mL of chloroform (Sigma).
Samples were then spun for 10 min at 10,300 RPM for phase sepa-
ration, and the upper aqueous phase of each sample was mixed in a
1:1 ratio with 70% ethanol. The samples were then washed in Qiagen
RNEasy spin columns and reagents according to the manufacturer’s
protocol. Total RNA was quantified using NanoDrop. qPCR was per-
formed using the RNA to CT one step kit (Invitrogen) according to
manufacturer’s instructions and the Taqman Probes (Fisher) used are
listed in Supplemental Table 1.

2.6. Infusion study
Infusion studies were performed in 13-week-old DIO C57BL/6 mice on
RD12492i with an indwelling jugular vein catheter (JVC) purchased
from The Jackson Laboratory. Mice were acclimated and JVC lines
flushed with heparin-saline solution. Prior to the study mice were
fasted for 6 h, beginning at 6AM. At 10:30AM mice were connected to
2 infusion pumps, one containing a 20% solution of 13C6-glucose
(Cambridge isotopes) and infusion rate of 0.5 mL/min, and one with
saline infused at 1 mL/min. Animals were free to move around their
cage. One hour after the start of infusion, blood was collected from the
tail for plasma, and the saline infusion line was switched with a
Humulin R insulin line that was infused at a constant rate of 4 mU/kg/
min. Following blood collection, animals were dosed with either vehicle
or BT2 PO. Blood glucose was measured by glucometer every 5 min,
and glucose was clamped to a predetermined glucose value of
250 mg/dL by increasing the glucose infusion rate. Blood was
collected for plasma at 100 and 105 min following the start of the
clamp period. Following the blood collection, a fluoro-deoxy-glucose
FDG bolus (2 mpk) was dosed intraperitoneally, and tissues were
collected from animals under isoflorane anesthesia while still being
infused with glucose 10 min after receiving FDG.

2.7. Mass spectrometry
Detailed mass spectrometry methods are available in the data
supplement.

2.8. RNAseq
Total RNA from 32 liver and skeletal muscle samples was evaluated for
quality (RIN scores �9) by 4200 TapeStation System (Agilent, Santa
Clara, CA, United States) using RNA ScreenTape (cat. 5067e5576,
Agilent, Santa Clara, CA, United States). The concentrations were
quantified by High Lunatic plate (cat. 7012000, Unchained Labs,
Pleasanton, CA). The bulk RNASeq libraries were prepared using
400 ng of RNA with the Truseq Stranded mRNA prep kit (Illumina,
20020594) on the Perkin Elmer Janus G3 automated workstation by
batching all 32 samples in one run. The final libraries were quality
controlled by 4200 TapeStation System (Agilent, Santa Clara, CA,
United States) using D1000 ScreenTape (cat. 5067e5582, Agilent,
Santa Clara, CA, United States). The concentrations were measured
using Qubit 1X dsDNA HS Assay Kit (cat. Q33231, Invitrogen- Life
Technologies Corporation, Eugene, OR). The libraries were then
normalized to 4 nM, re-quantitated using Qubit 1X dsDNA HS Assay Kit
(cat. Q33231, Invitrogen- Life Technologies Corporation, Eugene, OR)
and pooled for sequencing. The pool was loaded on NextSeq 500
sequencer for 75 Paired End run using 150 cycle High Output
MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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Sequencing Kit (cat. 20024907, Illumina, San Diego, CA). The RNAseq
was analyzed using the QuickRNASeq pipeline [32]. Reads were
aligned to mouse genome (mm10) using STAR (STAR version 2,5,2a)
and quantified using featurecounts (version 1.5.1). Differential
expression was performed using DESeq2 [33]. Data were analyzed
with the use of QIAGEN IPA (QIAGEN Inc., https://digitalinsights.qiagen.
com/IPA) [34].

2.9. Plasma analysis and ELISA
Whole blood samples were collected in K2 EDTA tubes and placed on
ice. Samples were then spun in a microcentrifuge at 4 �C for 10 min at
10,000 RPM. Plasma was aliquoted into separate tubes, and ALPCO
Ultrasensitive Insulin ELISA (80-INSMSU-E01, E10) and Mouse/Rat
FGF-21 Quantikine ELISA Kit (MF2100) and Mouse/Rat IGF-1 Quanti-
kine ELISA Kit (791-MG) were utilized for insulin, FGF-21 and IGF-1
quantification, respectively, according to manufacturers’ instructions.
Other circulating plasma analytes were measured on the Siemans
Advia clinical analyzer; details are listed in Supplemental Table 2.

2.10. Peroxisome Proliferator Receptor a (PPARa) coactivator
assay
Using a modified version of the LanthaScreen� TR-FRET Peroxisome
Proliferator Receptor alpha Coactivator assay (Invitrogen PV4684) in
agonist mode, serially diluted test compounds were spotted into 384-
well black assay plates (Corning 3820) as 0.1 mL spots using an Echo
acoustic dispenser (Beckman Coulter). Next, 5 mL of ice cold 2X GST-
tagged PPARa ligand-binding domain (PPARa LBD) was added to the
test compounds followed immediately by 5 mL mixture of 2X terbium-
labeled anti-GST antibody and 2X fluorescein-labeled PGC1a coac-
tivator peptide. Following a 1 h incubation at room temperature with
shaking, the terbium emission at 495 nm and the TR-FRET signal at
520 nm were measured following excitation at 340 nm using an
EnVision microplate reader (Perkin Elmer, Boston MA). Reactions were
normalized to zero percent effect (ZPE) with DMSO and hundred
percent effect (HPE) with 100 nM GW7647 (Tocris Bioscience). Final
assay concentrations of 2.5 nM GST-tagged PPARa, 5 nM anti-GST
antibody, and 250 nM PGC1a coactivator peptide were used for this
assay.

2.11. En face aorta staining
Aortas were isolated from Ldlr�/� mice and fixed in 10% formalin
overnight before transfer to PBS. Aortas were cleaned, dissected en
face, stained with Oil red O for 5 min, and imaged with a color camera
next to a microruler. Lesion area was quantified using Image J soft-
ware and defined as percent stained area.

2.12. Histology, immnohistochemistry, histopathology evaluation,
and digital image analysis
The pancreas, epididymal adipose tissue, and left lateral lobe of the
liver was fixed in 10% formalin, embedded in paraffin, and sectioned;
5 mm sections were mounted to positively charged slides for IHC. All
IHC was performed on a Leica Bond RX (Lecia Biosystems, Buffalo
Grove, IL). Briefly, slides were pretreated with Epitope Retrieval So-
lution 1 for 20 min using heat (Lecia Biosystems, Buffalo Grove, IL).
Endogenous peroxidase was quenched using a peroxidase block from
the Bond Refine Polymer kit (Lecia Biosystems, Buffalo Grove, IL). Iba-1
stained slides were additionally treated with Protein Block (Agilent,
Santa Clara, CA) to block non-specific binding. Iba-1(Rabbit IgG
polyclonal, 1/500 or 1.0ug/ml, FUJIFILM Wako Chemicals, Richmond,
VA) was incubated for 15 min at room temperature and was detected
and visualized by using the Bond Refine Polymer followed by
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: BT2 treatment reduces BCAA/BCKA and improves glucose tolerance and liver fat in diet-induced obese mice. A-H. Plasma BCAA/BCKA and BT2 levels after a
single oral BT2 dose (30 or 100 mpk) in a time course. A. Study Design. B. Leucine, C. Isoleucine, D. Valine, E. Ketoleucine, F. Ketoisoleucine, G. Ketovaline, H. BT2. IeS. Mice
were fed 60% HFD for 10 weeks, at which time, mice were dosed with 100 mpk BT2 or vehicle, fasted overnight, and dosed again. One hour later, an oral glucose tolerance test
(oGTT) was performed. On day 10, the animals were euthanized. I. Study Design. J. Glucose levels during oGTT. K. Area under the curve (AUC) for glucose during oGTT. L. Insulin
levels during oGTT. M-S. Tissues were collected 1 h post the final dose of BT2 or vehicle. M-O. Western blots of pBCKDHE1a, BCKDHE1a or Gapdh (M-O) as a loading control M.
Liver, N. Heart, and O. Gastrocnemius muscle. Top, representative Western blot image. Bottom, densitometric analysis. PeS. BCAA/BCKA were quantified by mass spectrometry.
P-Q. Heart, ReS. Muscle. T. Mice were dosed with 30 or 100 mpk BT2 or vehicle daily for 8 weeks, at which time liver TG were measured. Data represent the mean � SEM.
N ¼ 3e12 per group; *; p < 0.05, **; p < 0.01, ***; p < 0.005, ****; p < 0.0005, #; p < 0.0001.
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Figure 2: Acute BT2 treatment improves insulin sensitivity in diet-induced obese mice. Diet induced obese mice were implanted with a jugular vein catheter, and 13C
glucose was infused through one line, and insulin on a second line. Animals were dosed with vehicle or BT2 (30 & 100 mpk) at time 0. Glucose was measured via tail bleed every
5 min 10 min prior to euthanasia, FDG was injected (2 mpk). Animals were euthanized 120 min after BT2 treatment, and 13C glucose ratios as well as skeletal muscle FDG levels
were examined by mass spectrometry. A. Study design. B. Glycemia was maintained at 250 mg/dL throughout the study duration for all groups. C-D. Glucose infusion rate over the
time course of the study. Arrow denotes time of compound dosing. D. GIR calculation. E. Hepatic glucose production. F. Clamped glucose utilization (Rd). G. FDG-6P in
gastrocnemius muscle. Data represent the mean � SEM. N ¼ 7e11 per group; *; p < 0.05, ***; p < 0.005.
diaminobenzidine (DAB). Alpha smooth muscle actin (aSMA, clone 1A4
conjugated to Alexa Fluor 488, 1/500 or 0.04 mg/mL, R&D Systems,
Minneapolis, MN) was incubated for 15 min followed by linker antibody
rabbit anti Alexa Fluor 488 (Rabbit IgG polyclonal, 1/500 or 0.5 mg/mL,
Thermo Fisher Scientific, Waltham, MA), and visualized with Bond
Refine Polymer and DAB. Concentration matched isotype controls were
included with each staining run: Rabbit IgG for Iba-1(1.0 mg/mL, Vector
Laboratories, Burlingame, CA), and Mouse IgG2a Alexa Fluor 488
(0.04 mg/mL, R&D Systems) for aSMA. All slides were counterstained
with hematoxylin, dehydrated and cleared through a series of graded
MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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alcohols and xylenes, and permanently mounted with glass coverslips.
For PSR (Rowley Biochemical Inc., cat. # F-357-2, Danvers, MA), slides
were deparaffinized and placed overnight in Bouin Fluid then stained
using Tissue-Tek Prisma� Plus (Sakura Finetek USA Inc, Torrance,
CA) as per manufacturer protocol with some optimized steps (1%
Phosphomolybdic Acid for 5 min; 0.1% Sirius Red in saturated picric
acid for 90 min; 2 � 30 s wash in 0.5% acetic acid). Slides were
automatically dehydrated and then mounted with a permanent
mounting medium. Slides were then scanned using a AT2 slide
scanner for digital image analysis. A board-certified veterinary
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: BT2 treatment improves liver pathology in choline deficient high fat diet. Mice were administered normal chow, or choline deficient, methionine minimal high fat
diet (CDAHFD) for 8 weeks. Animals were euthanized at weeks 4 and 8 after diet administration. A. Study design. B. Body weights throughout the study duration. C. Liver weights.
D. Liver triglyceride content. E. Plasma ALT. F. Plasma AST. G-K. RNA was extracted from liver, and quantitative RT-PCR was performed for G. Tnfa, H. Ccl2, I. Cd68, J. Ccr2, K.
Col1a1. All genes were normalized to Ppia. L-Q. Representative histological sections of liver from mice fed normal chow (control), CDAHFD, or CDAHFD with 100 mpk BT2 for 8
weeks. Sections were stained as indicated. L. Histologic stains and IHC: From Left to Right, H&E, PSR, Iba1, a-SMA. M-N. Histologic qualitative grades for liver steatosis and
inflammation across experimental groups. M. Steatosis score. N. Inflammation score. O. Quantification of PSR stain from L. P. Quantification of a-SMA stain from L. Q.
Quantification of Iba1 stain from L. Data represent the mean � SEM. N ¼ 4e12 per group; *; p < 0.05, **; p < 0.01, ***; p < 0.005, ****; p < 0.0005.
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pathologist who was familiar with the animal models graded H&E
sections for hepatic lipid vacuolation (steatosis) and inflammation
(inflammatory cell infiltrates) in a blinded fashion on a scale of 0e4.
Digital image analysis was performed using Visiopharm Image Analysis
Software. Tissue Finder apps were created to identify rat liver and to
measure the area of the region of interest (ROI) on PSR stained slides
excluding large vessels. Each image was inspected, and the region of
interest was manually edited to remove artifacts or debris. Threshold
parameters were applied uniformly to each image to identify and
measure the positively stained area (PSR) or the area of IHC target
expression (chromogen) within the liver ROI. Results were reported as
percent stain (for PSR) or chromogen (for IHC) positive area within the
ROI.

2.13. Statistics
A Welch’s two sample t-test was performed for Figure 1J, K for the
AUC, 1M�S, 7D, 8CeD (on AUC), 8EeL, S1B (on AUC), S1CeE, S1Ge
H, S1JeK, S5AeC. One way ANOVA was used in Figures 2EeG, 4C,
6D, S1I, S1M, S3BeC, S3EeF, S4A. A one-way ANOVA with Tukey
HSD test was performed for Figure 1BeG (final timepoint), 1T, 2D, 4D,
4I, 5B, 5EeG, 5O, 5K (p4EBP), S3D, 6C, 6F (s6K), S4M. A longitudinal
mixed effects model with an AR(1) covariance structure was fit in order
to compare the glucose infusion rate between groups over time for
Figure 2C (only data from minute 75e120 were used as this was when
the trends were most linear). Longitudinal mixed effects models with
an AR(1) covariance structure were fit to compare body weights be-
tween groups over time for Figures 3B, 4B, and 8B. A linear model was
Figure 4: BT2 treatment improves liver pathology in Ldlr�/� mice fed Western diet. L
BT2 was initiated and continued daily for 8 weeks. A. Study design. B. Body weight. C. Liv
sections. Left panel (vehicle), grade 4 steatosis; right panel (100 mpk BT2), grade 1 steat
Plasma AST. I. RNA was extracted from liver, and quantitative RT-PCR was performed for
animals for fold change. Data represent the mean � SEM. N ¼ 4e10 per group; *; p <
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used for Figure 3CeK, OeQ, S2AeF. A Fisher’s exact test was used
for Figures 3MeN, 4F. A pairwise Wilcoxon test was performed for
Figures 4GeH, 5CeD, 5I, 5K, 5M, 6B, 6F, 6H, S4BeG, S1F. All sta-
tistical analyses were performed in R 4.0.5.

3. RESULTS

3.1. Acute BT2 treatment improved glucose tolerance in diet-
induced obese mice
After a single dose of BT2 treatment, there was a significant, time-
dependent reduction in plasma branched chain amino acid (BCAA)
and branched chain ketoacids (BCKA) that correlated with plasma
BT2 exposure (Figure 1AeH). Because significant reductions in BCAA
and BCKA levels were observed in mice treated with 100 mpk dose of
BT2, we selected this dose for most studies to elicit maximal phar-
macological effects. To understand how quickly the metabolic effects
that have been previously demonstrated after BDK inhibition by the
small molecule BDK inhibitor BT2 [30] could manifest, an oral
glucose tolerance test (oGTT) was performed in diet-induced obese
(DIO) mice after only acute treatment. Remarkably, DIO mice treated
with only 2 doses of 100 mpk BT2 over 2 days showed a significant
37% improvement in glucose excursion compared to vehicle treated
mice, which was accompanied by a trending reduction in insulin
secretion after BT2 treatment (Figure 1IeL). In chow-fed animals,
reduced glucose excursion and a trend to reduced insulin levels was
also observed with BT2 treatment in the same 2-dose paradigm
(Supplemental figure 1A-D). After 10 days of treatment, the tissues
dlr�/� mice were fed Western diet for 8 weeks, at which time treatment with vehicle or
er weight normalized to body weight. D. Liver triglyceride content. E. H&E-stained liver
osis. F. Qualitative grading of steatosis across experimental groups. G. Plasma ALT. H.
a number of genes and normalized to Ppia for input control, and vehicle treated control
0.05, **; p < 0.01, ***; p < 0.005.
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Figure 5: BT2 treatment prolongs the effects of fasting in diet-induced obese mice. Mice were treated with vehicle or BT2 in the morning, fasted overnight, dosed again with BT2
or vehicle and either remained fasting or were refed for 2 h prior to euthanasia. A. Study design. B-G. Plasma metabolites were measured. B. Glucose, C. Insulin, D. Beta
hydroxybutyrate, E. Free fatty acids, F. Triglycerides, G. Glycerol. H-M. Protein was isolated, and Western blots were performed. H. Representative Western blots from skeletal muscle, I.
Densitometric analyses of H. J. Representative Western blots from liver, K. Densitometric analysis of J. L. Representative Western blots from white adipose tissue (WAT), M.
Densitometric analysis of L. N. RNA was extracted from liver, and RNAseq was performed. Differentially expressed genes in vehicle-treated animals after feeding are shown. This gene
signature remains unchanged with BT2 treatment (N ¼ 7e9) O. Plasma FGF-21 levels. Data represent the mean � SEM. N ¼ 3e14 per group. *; p < 0.05, **; p < 0.01.

Original Article

8 MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 6: Insulin-mediated biochemical events and signaling are not altered in BT2-treated obese mice. Mice were treated with vehicle or BT2 in the morning, fasted
overnight, dosed again with BT2 or vehicle, and 1 h later were injected with saline or insulin for 10 min, at which time animals were euthanized, and plasma and tissues were
collected. A. Study design. B-D. Plasma metabolites were measured. B. Insulin, C. Glucose, D. Beta hydroxybutyrate. E-H. Protein was isolated, and Western blots were performed.
E. Representative Western blots from Liver, F. Densitometric analyses of E. G. Representative Western blots from Quadricep muscle, H. Densitometric analysis of G. I. Repre-
sentative Western blots from epididymal WAT, J. Densitometric analysis of I. Data represent the mean � SEM. N ¼ 3e8 per group. *; p < 0.05, **; p < 0.01, ***; p < 0.005.
were evaluated for changes in phosphorylation of Bckdhe1a pS293
(pBCKDH), and a significant reduction in phosphorylation was
observed in the heart, liver and quadriceps muscle (Figure 1MeO).
Hepatic TG were reduced with BT2 treatment, and there was a trend
towards a reduced liver pathology score as measured by histological
grading (Supplemental Figure 1E-F). The improvements in whole
body metabolism observed could be linked to reduced mTORC1
signaling or increased AMPK signaling upon BT2 treatment. However,
no significant changes were observed in downstream effectors of
mTORC1 pS6k T389 and p4EBP1 T37/46, pAMPK T172 or AMPK
substrate pACC S79 in the liver (Supplemental figure 1G-H).
Assessment of mitochondrial markers by Western blot also demon-
strated unaltered mitochondrial content in BT2-treated, HFD-fed
mouse livers (Supplemental Figure 1I). Decreased plasma IGF-1 is
MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
a common fasting marker among species [35], but plasma IGF-1
levels were also not altered with BT2 treatment (Supplemental
figure 1J). BT2 treatment also did not alter body weight in these
animals after 10 days of treatment (Supplemental Figure 1K). Tissue
extraction 1 h post final BT2 dose verified that BT2 treatment
significantly reduced all BCAA and BCKA in both heart and muscle
with BT2 (Figure 1PeS). A separate study in which BT2 treatment
continued through 8 weeks in DIO mice was conducted. In this study,
8 weeks of BT2 treatment led to a dose-dependent significant 63%
reduction in hepatic triglycerides at the 100 mpk BT2 dose level
(Figure 1T), similar to previous reports [21]. There were no gross
morphometric changes in epididymal WAT or pancreas tissue as
assessed after H&E staining, and no significant change in overall
body weight with BT2 through 7 weeks of treatment (Supplemental
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 7: Indirect activation of PPARa in liver of BT2-treated mice. A-D mice were treated with BT2 or vehicle, fasted overnight, and RNAseq was performed in whole liver as
described in Figure 5. A. Heat map of differentially expressed genes from the vehicle and BT2 treated, fasted animals. B. Upstream regulator analysis. C. Ingenuity pathway
analysis. D. Quantitative RT-PCR was performed for a number of PPARa target genes from livers of vehicle and BT2 treated, fasted animals and normalized to Ppia N ¼ 8e9 per
group. E. PPARa coactivator Lanthascreen assay with BT2 or GW7647 as a positive control. Data represent the average of 2 independent experiments. All data represent the
mean � SEM. **; p < 0.01, ***; p < 0.005, ****; p < 0.0005.

Original Article
Figure 1L, M). Previous studies demonstrated that BT2 treatment
improved glucose handling in DIO mice and in the Zucker Fatty rat
model of insulin resistance; however, that was after one week or
10 MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. T
more of treatment [5,21]. The data from this study suggest that BDK
inhibition with BT2 leads to rapid improvement in glucose handling
and insulin sensitivity.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 8: Liver-specific knockdown of BDK does not improve glucose tolerance or NAFLD and does not activate PPARa target genes in HFD-fed mice. BDK shRNA was
injected into 12-week-old mice, and they were then put on HFD for 9 weeks. At week 8, an oral glucose tolerance test (oGTT) was performed. A. Study design. B. Body weights
over the study duration. C-D. Oral glucose tolerance test. C. Glucose levels during oGTT, D. Insulin levels during oGTT. E. Liver weight as % of body weight. F. Liver triglycerides/mg
protein. G-H. mRNA was isolated, and quantitative RT-PCR was performed for G. Bckdk and H. Gfp and normalized to Hprt. I. Protein was isolated, and Western blots were
performed for p-Bckdh, Bckdh, Bdk, Gapdh. Top, representative images. Bottom, densitometric analyses. J. BCAA & K. BCKA were measured in terminal plasma samples. L. RNA
was isolated from whole liver, and qPCR was performed for PPARa target genes and normalized to Ppia. Data represent the mean � SEM. N ¼ 4e8 per group. *; p < 0.05, **;
p < 0.01, ****; p < 0.0005. M. Model of the mechanism underlying metabolic improvements by BT2-mediated improvements in BCAA catabolism.
3.2. Acute BT2 treatment improved acute insulin sensitivity
To understand the mechanism by which BDK inhibition with BT2
manifested a rapid improvement in insulin sensitivity, an infusion study
was performed (Figure 2A). BT2 was administered acutely at low and
high doses (30 and 100 mpk, respectively) in DIO mice that were
MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
infused with 13C labeled glucose. Glucose levels were clamped at
250 mg/dL glucose (Figure 2B), and 15 min prior to euthanasia, flu-
orodeoxyglucose (FDG) was administered to measure muscle glucose
uptake (Figure 2A). Interestingly, in just 45 min after BT2 adminis-
tration, a dose-dependent increase in glucose infusion rate was
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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required to maintain plasma glucose levels, which was significant in
mice treated with 100 mpk BT2 (Figure 2C, D). BCAA/BCKA are
reduced by BT2 as quickly as 30 min after compound administration
(Figure 1), so this timeline suggests that increased BCAA catabolism by
BT2 precedes the BT2-mediated increase in GIR. There was also a
non-significant 20% reduction in hepatic glucose production
(Figure 2E), and a 27% increase in glucose disposal after acute
treatment with 100 mpk BT2 (Figure 2F). FDG-6P was measured in
gastrocnemius muscle, and a 77% increase was observed in animals
treated with 100 mpk BT2 (Figure 2G); however, these changes were
not statistically significant. These data suggest that upon insulin
infusion, BDK inhibition with BT2 dramatically and rapidly increased
insulin sensitivity, and the effects were likely mediated by a composite
of multiple mechanisms such that neither glucose disposal nor hepatic
glucose production alone were significantly altered by BT2 treatment.

3.3. BT2 treatment improved liver pathology in CDAHFD
Increased BCAAs have been observed in patients with NAFLD and
NASH [12,36]. Previous studies demonstrated that in addition to
glucose homeostasis, BDK inhibition with BT2 improved hepatic
steatosis in Zucker fat rats [21], and prolonged BT2 treatment also
reduced steatosis in DIO mice (Figure 1). Diets lacking methionine and
choline impair hepatic lipid export and are often used to assess hepatic
steatosis and hepatic inflammation. Choline-deficient, methionine
minimal high fat diet (CDAHFD) can be used to induce hepatic steatosis
without the weight loss observed with traditional methionine and
choline deficient diets [37]. Thus, the effect of BDK inhibition in this
more inflammatory NAFLD model was assessed. Mice were fed chow
diet or CDAHFD and treated with vehicle or BT2 at 30 or 100 mpk PO
QD for 4 or 8 weeks, and mice were euthanized at each of these time
points to assess liver pathology (Figure 3A). Plasma BCAA and BCKA
levels were not increased by CDAHFD, and BT2 treatment reduced all
BCAA and BCKA in a dose-dependent manner (Supp. Figure 2 AeF).
Body weights remained constant throughout the study duration
(Figure 3B), yet liver weights increased throughout the study duration
only for CDAHFD-fed mice (Figure 3C). At week 4, liver triglycerides
(TGs) as well as liver enzymes alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were increased in all CDAHFD-fed
groups, and animals dosed with 30 mpk BT2 demonstrated higher
ALT and AST than vehicle treated animals at this time point. However,
by 8 weeks of CDAHFD, TG, ALT and AST levels were no longer
elevated in animals dosed with 100 mpk BT2 (reduced by 14%, 28%
and 27%, respectively), and the reduction in ALT was statistically
significant at this dose level. These data suggest that chronic BDK
inhibition may improve liver pathology in animals fed CDAHFD.
Because CDAHFD causes hepatic inflammation, inflammatory gene
expression and liver inflammation were assessed by quantitative RT-
PCR and immunohistochemistry in control and BT2-treated animals.
Quantitative RT-PCR was performed for inflammatory cytokines Tnfa
and Ccl2 (Figure 3G, H), immune cell markers Cd68, and Ccr2
(Figure 3I, J), and fibrotic gene Col1a1 (Figure 3K). 100 mpk BT2
significantly reduced expression of these genes at 4- and 8-weeks diet
duration compared with vehicle-treated, CDAHFD-fed animals, indi-
cating that BT2 treatment reduced hepatic inflammatory gene
expression. H&E-stained histological liver sections (Figure 3L) were
evaluated by a veterinary pathologist familiar with the model but
blinded to the treatment groups and scored qualitatively for hepatic
lipid vacuolation (steatosis) and inflammation (inflammatory cell infil-
tration) on a scale of 0e4 for each feature, with score of 0 representing
no microscopic pathology/normal tissue. After 8 weeks of treatment,
animals treated with 100 mpk BT2 demonstrated similar steatosis
12 MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. T
scores to those treated with vehicle (Figure 3M); however, the group
mean liver inflammation score was marginally lower when compared
to the vehicle treated animals (Figure 3N). To quantify these changes,
liver sections were stained histochemically for collagen with picrosirius
red (PSR) and immunohistochemically for a-smooth muscle actin (a-
SMA), a marker of activated hepatic stellate cells to quantitate fibrosis
and fibrotic activity, respectively, and Iba1 (macrophage marker) to
quantitate immune cell infiltration (Figure 3L) and digital image anal-
ysis performed. Correlating with the gene expression data and the
qualitative histopathology, mice that had been treated with 100 mpk
BT2 tended to have reduced PSR and a-SMA staining by 35% and
30%, respectively. Iba1 staining was significantly reduced in mice that
had been treated with 100 mpk BT2 by 28% after 8 weeks of CDAHFD.
These data suggest that chronic BDK inhibition modulates liver disease
progression in this model by modulating inflammatory gene expression
and lowering inflammation demonstrated histologically by lesser im-
mune cell infiltration and collagen production/deposition.

3.4. BT2 improved liver steatosis but not atherosclerosis in Ldlr�/�

mice
Hyperlipidemia, insulin resistance and inflammation can contribute to
cardiometabolic diseases such as atherosclerosis. In mice, hyper-
lipidemic models such as Ldlr�/�must be used in the context of a high
cholesterol diet to assess atherosclerosis, and these animals also
develop NAFLD [38]. To assess whether BDK inhibition would improve
atherosclerosis and NAFLD in Ldlr�/� mice, a reversal study was
performed in which Ldlr�/� mice were fed Western diet for 8 weeks as
a run-in followed by randomization by body weight and separation into
three treatment groups: vehicle control or BT2 at 30 and 100 mpk PO
QD for an additional 8 weeks (Figure 4A). After treatment initiation,
body weights remained unchanged throughout study duration
(Figure 4B). After 8 weeks of treatment, animals were euthanized.
Aortas were extracted, prepared en face, stained with oil red O, and
lesion area was quantified (Supp. Figure 3A). No differences in lesion
area were observed with BT2 treatment (Supp. Figure 3B). Further-
more, while BT2 treatment significantly reduced plasma FFA levels, it
did not impact plasma glucose levels, plasma TGs, or total plasma
cholesterol levels in Ldlr�/� mice (Supp. Figure 3C-F). These data
suggest that BDK inhibition did not improve atherosclerotic progression
in this animal model.
To assess liver health, livers were extracted, weighed and processed
for histology and biochemical endpoints. Liver weight as a percentage
of body weight was unchanged with BT2 treatment (Figure 4C).
Biochemical assessment revealed a 28% reduction in TG content in
livers from Ldlr�/� mice treated with 100 mpk BT2 (Figure 4D). Target
engagement was verified by Western blotting; pBCKDH was strongly
reduced in liver 1 h post final dose of BT2 (Supp. Figure 2G). H&E-
stained histological liver sections (Figure 4E) were evaluated by a
veterinary pathologist familiar with the animal model and blinded to the
treatment groups and scored qualitatively on a scale of 0e4 for hepatic
lipid vacuolation (steatosis), with score of 0 representing no micro-
scopic pathology/normal tissue. Correlating with the biochemical
assessment, the mean group steatosis score tended to be lower in
animals treated with 100 mpk BT2 when compared to animals
receiving vehicle (Figure 4F). Interestingly, significant reductions in
liver injury biomarkers ALT (79% lower than vehicle) and AST (50%
lower than vehicle) were observed with 100 mpk BT2 treatment
(Figure 4G, H). To assess hepatic inflammation, RNA was extracted,
and qPCR was performed for a number of genes. Several inflammatory
cytokines including Tnfa, Il1b, Il6, Mmp9, and Ccl2 were significantly
reduced by BT2 treatment in a dose-dependent manner (Figure 4I).
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Similarly, immune cell marker Ccr2 was significantly reduced, and
Adgre1 and Cd68 demonstrated trends to reduction in Ldlr�/� mice
treated with BT2 (Figure 4I). Finally, fibrotic genes Col1a1 and Col2a1
trended to reductions, and Col3a1 was significantly reduced in liver
with BT2 treatment (Figure 4I). These data suggest that BDK inhibition
reduced liver inflammation and fibrotic gene expression, leading to
improved liver health in this hyperlipidemic animal model.

3.5. BT2 treatment prolongs the effect of the fasting state in mice
To understand the mechanisms underlying the improvement in insulin
sensitivity in mice after acute BDK inhibition, we utilized refeeding as a
more physiological paradigm. DIO mice were fasted after acute
treatment with 100 mpk BT2 and half were refed for 2h (Figure 5A).
Animals were matched for body weight across all groups (Supp.
Figure 4A). Refed, vehicle-treated mice had a 25% increase in
glucose, 2.7-fold increase in insulin, 50% increase in triglycerides as
well assuppression of beta-hydroxybutyrate (BHBA) and non-esterified
fatty acids (FFA) in plasma, as was expected after eating (Figure 5Be
E). However, after acute treatment with 100 mpk BT2, refed mice had
only a 13% increase in glucose, and BHBA and FFA were suppressed
to a lesser degree or were not suppressed (Figure 5B, D, E).
Furthermore, BT2 treated, refed mice had no significant increase in
insulin levels, which may have contributed to the lack of suppression of
ketogenesis and FFA compared to vehicle-treated fasted mice
(Figure 5C). These changes were accompanied by significant re-
ductions in plasma BCAA and BCKA a trend to an increase in plasma
glucagon levels, and no change in plasma IGF-1 levels in BT2-treated
animals (Supp. Figure 4B-I).
pBckdh was assessed in insulin responsive tissues muscle, liver, and
white adipose tissue (WAT) in response to fasting and refeeding
(Figure 5HeM). While pBckdh remained unchanged in adipose tissue
with refeeding, an increase in pBckdh was observed in skeletal muscle
while a trend to a reduction in liver pBckdh was interestingly observed,
which was further reduced with BT2 treatment (Figure 5HeM). Similar
to WAT, assessment of pS293 BCKDH in both BAT and pancreas did
not demonstrate significant changes upon BT2 treatment in the fasted
or refed states, and there were no significant changes in pAkt induction
upon BT2 treatment (Supplemental Figure 4JeM.) These data may
suggest that hepatic BCAA catabolism is activated upon feeding.
Refeeding tended to increase Akt pS473 as expected in vehicle treated
animals in all three tissues assessed (Figure 5HeM). However, though
they demonstrated acute insulin sensitivity in an infusion study
(Figure 2), BT2-treated animals did not demonstrate enhanced pAkt
after refeeding (Figure 5HeM). mTORC1 signaling was also assessed
by immunoblotting pS6k T389, which was unchanged in muscle.
However, in liver, there tended to be reduced pS6k upon fasting and
refeeding in BT2 treated animals. In WAT there tended to be increased
pS6k upon BT2 treatment. p4EBP1 was not significantly altered with
BT2 treatment in WAT but was reduced after refeeding in muscle and
livers of BT2-treated animals (Figure 5HeM). Phosphorylation of
hormone sensitive lipase (pHSL), a regulator of lipolysis, was reduced
after re-feeding in vehicle treated mouse WAT, it remained elevated in
BT2-treated mouse WAT (Figure 5LeM), suggesting that these ani-
mals were not responding to the refeeding.
Livers were isolated, and RNAseq was performed in vehicle- and BT2-
treated fasted and refed groups (Figure 5N). In the fasted state, most
genes associated with BCAA catabolism were not significantly changed
in liver by BT2 treatment, although Bcat2 was downregulated and
Klf15 trended towards an increase (Supplemental Figure 5A). Using a
threshold of 1.25-fold change and 10% false discovery rate (FDR), 431
genes were differentially expressed in the vehicle fasted vs. the vehicle
MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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refeed group. Interestingly, comparison of the BT2 fasted group and
the BT2 refed groups using these same criteria found no significant
gene expression differences (subset of genes shown in Figure 5N).
These data suggested that the liver remained in a state of fasting-
associated gene expression after BT2 treatment. Hormones such as
FGF21 may be induced upon prolonged fasting [39], and indeed, while
not significant, FGF21 levels were 89% increased in BT2-treated an-
imals compared with those that had been treated with vehicle
(Figure 5O). In summary, these data suggest that BDK inhibition
maintains a metabolically fasted state including prolonged fasting-
induced gene expression and physiology. RNAseq was additionally
performed in gastrocnemius muscle in the same animals upon fasting
and refeeding, but when the same analysis was applied (1.25 FC and
10% FDR), no significant gene expression changes were observed
upon acute BT2 treatment (Supplemental Figure 5B). However, Klf15
and Bcat2 were slightly, yet significantly, upregulated. Quantitative RT-
PCR was also performed for genes involved with BCAA catabolism in
WAT upon acute BT2 treatment, and no significant changes were
observed (Supplemental Figure 5C).
The lack of pAkt induction (Figure 5) yet improvements in insulin
sensitivity (Figure 2), in BT2-treated animals seemed paradoxical. We
postulated that the lack of pAkt induction could have been due to the
lack of insulin elevation in BT2-treated animals and not due to reduced
insulin sensitivity (Figure 5C). To test this hypothesis, 4 groups of DIO
animals were administered BT2 or vehicle, fasted overnight, and then
injected with saline or an insulin bolus for 10 min prior to euthanasia,
and 1 h after treatment (Figure 6A). Acute increases in circulating
insulin were observed post-injection, as expected (Figure 6B).
Concomitantly, reduced glucose and BHBA levels were observed in
vehicle-treated mice, while BT2-treated animals displayed baseline
reductions in these values (Figure 6BeD). Liver, muscle, and WAT
were extracted and immunoblotted for pBckdh, pS473 and pT308 Akt,
pT389 s6K as well as p-IRb to assess insulin signaling mechanics in
response to an insulin bolus. Similar inductions in pAkt/Akt at both
pS473 and pT308 sites, pT389 s6K and pIR/IR were observed in both
vehicle- and BT2-treated animal groups in muscle and liver
(Figure 6EeH). However, in WAT, pS473 induction tended to be
increased after BT2 treatment but this was not a statistically significant
result (Figure 6I, J). These data suggest that BDK inhibition with BT2
does not ameliorate the biochemical responses of many of the key
signaling components induced by an insulin bolus in mice and sug-
gests that many of the phenotypes observed in the refed condition
could have been due to a lack of glucose elevation or insulin induction
after refeeding (Figure 5C).

3.6. Acute BT2 treatment alters PPARa target gene expression
In addition to comparing the gene expression changes in fasted and
refed animals, the differences in gene expression in fasted vehicle or
fasted BT2-treated animals was assessed. Using a 1.25-fold change
cutoff and FDR of 0.1, there were 180 differentially expressed genes in
BT2-and vehicle-fasted mouse livers (subset shown in Figure 7A).
Upstream regulator analysis identified several candidate pathways that
could be responsible for the differentially expressed gene signature
observed including Peroxisome proliferator activated receptors alpha,
delta and gamma (PPARa, PPARd and PPARg). Of these, PPARa was
the most statistically significant (p ¼ 8.43 E�19) upstream regulator
and was predicted to be activated in BT2-treated mouse livers
(Figure 7B). Similarly, the fatty acid beta oxidation pathway was one of
the top 10 pathways significantly enriched in differentially expressed
genes (-(log)p ¼ 4.08) according to Ingenuity Canonical Pathway
analysis (Figure 7C). To verify this gene signature, several known
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PPARa target genes including Cyp4a14 and Acox1 were validated by
quantitative RT-PCR in livers from fasted mice treated with vehicle or
BT2, and each gene demonstrated increased expression in BT2-
treated livers (Figure 7D). Ppara expression itself was also signifi-
cantly transcriptionally upregulated in the RNAseq dataset
(Supplemental Figure 5A). FGF-21, the expression of which was
increased in BT2-treated animals (Figure 5O), is also a PPARa target
[39]. To determine whether BT2 directly interacts with PPARa leading
to its activation, an in vitro Lanthascreen assay was performed to
assess PPARa activity. Known PPARa activator GW7647 demonstrated
a dose-dependent increase in PPARa activity in this assay, whereas
BT2 demonstrated no effect (Figure 7E). These data suggest that while
BT2 treatment is activating PPARa target genes, the activation is likely
physiological and not via a direct interaction of BT2 and PPARa.

3.7. Liver-specific knockdown of BDK does not improve
metabolism or hepatic steatosis
It was previously demonstrated that adenovirus-mediated Ppm1k
overexpression in Zucker fat rats improved metabolic homeostasis,
and chronic BT2 treatment also improved hepatic steatosis [21]. These
data suggested that hepatic BDK may have a cell autonomous role to
drive metabolic homeostasis and hepatic steatosis, and conversely,
that reduction of hepatic BDK may improve these parameters. To test
this hypothesis, an AAV encoding Bckdk or scrambled shRNA was
administered to age matched DIO mice (Figure 8A). Mice were
maintained on HFD throughout the study duration, and body weights
were unchanged by liver-specific BDK knockdown as compared with
control AAV over an 8-week period (Figure 8B). After 8 weeks, an oGTT
was performed, and no differences in glucose excursion or insulin
levels were observed between the two groups (Figure 8C, D).
Furthermore, liver weights were unchanged, and liver TG content was
similar between control and BDK knockdown animals (Figure 8E, F). To
confirm gene deletion, tissues were isolated, and quantitative RT-PCR
was performed in liver, heart, and muscle. A significant 70% reduction
of Bckdk was observed in livers from the mice treated with the AAV-
sh(BCKDK) compared to the mice treated with AAV-sh(scramble),
and a small reduction was also observed in heart while no change
was noted in skeletal muscle (Figure 8G). Gfp mRNA was produced by
both sh-Bckdk and scrambled AAV vectors, and similar expression was
detected primarily in livers but was greatly reduced in heart (relative
expression of approximately 3000) and largely absent in skeletal
muscle (relative expression of approximately 500) (Figure 8H). At the
protein level, there was also a significant 55% reduction of p-BCKDH
and 75% reduction of BDK protein levels in the livers of the mice
treated with AAV-sh(BCKDK) (Figure 8I). Terminal plasma BCAA and
BCKA levels were assessed, and modest reductions in both BCAA
(17%, 16%, 15% reductions for leucine, isoleucine and valine,
respectively) and BCKA (25%, 25% and 11% for ketoleucine, ketoi-
soleucine and ketovaline, respectively) were observed in the AAV-
sh(BCKDK) knockdown animal plasma (Figure 8J, K). Furthermore,
quantitative RT-PCR assessment of PPARa target genes that were
elevated by acute BT2 treatment remained unaltered or even reduced
in BDK knockdown livers (Figure 8L). Thus, BDK knockdown was
effective to reduce p-BCKDH and BDK protein levels in liver yet not
effective to alter glucose homeostasis or liver steatosis, nor was liver-
specific knockdown of BDK sufficient to activate PPARa target gene
expression. These data suggest that while the effects of BDK inhibition
rapidly affect metabolic endpoints such as insulin sensitivity and
fasting-induced gene expression, these effects are likely mediated by a
paracrine mechanism.
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4. DISCUSSION

Defects in BCAA catabolism have long been associated with human
inborn errors of metabolism and more recently with metabolic diseases
such as T2D and NAFLD [1,2,12,14,15]. However, the mechanisms by
which BCAA catabolism contributes to the pathogenesis of metabolic
diseases remains elusive. Here, using BT2, an allosteric inhibitor of
BDK [30], the contributions of BCAA catabolism, and the mechanisms
by which this pathway contributes to metabolic disease and NAFLD
were investigated. While previous reports had demonstrated im-
provements in glucose handling in mice that had been treated with BT2
chronically over several days or weeks [5,21], we demonstrate acute
improvements in glucose handling (Figure 1) and insulin sensitivity
(Figure 2). Remarkably, the effects of BDK inhibition on insulin
sensitivity occurred in less than 1 h, indicating that the effect of
increasing BCAA catabolism on metabolic parameters happens
extremely rapidly.
The improvement in insulin sensitivity and metabolic health observed
with BT2 treatment is similar to that observed with BCAA restricted
diets, which has been assessed both in preclinical models and in
humans [20,24,25]. BCAA restriction in rats was sufficient to increase
fat oxidation in heart [19] and reduce the respiratory exchange ratio
(RER) [24], which both support the notion that reducing BCAA levels is
sufficient to drive fat oxidation. BT2 treatment also reduced RER in
mice [21], and we have also observed reductions in RER upon BT2
treatment (unpublished observations). These rapid improvements in
insulin sensitization and changes in fat oxidation may suggest that
intracellular or metabolite signaling, rather than alterations in gene or
protein expression, are mediating the effects observed. Indeed, a
recent publication suggested that skeletal muscle BCKA overload
resulting from lipotoxicity such as in metabolic syndrome can inhibit
insulin sensitivity both in vitro and in vivo [40], and there was a sig-
nificant reduction in BCKA levels in multiple tissue compartments
including plasma, heart and muscle (Figure 1). In hyperinsulinemic
hyperglycemic clamps, despite a significant increase in GIR, no sig-
nificant changes were observed in any single component involved in
glycemia control upon BT2 treatment, including hepatic glucose pro-
duction, glucose disposal or muscle glucose uptake (Figure 2). This
observation suggests that multiple tissues may be responsible for the
improvement in insulin sensitivity upon increasing BCAA catabolism via
BDK inhibition, perhaps by reducing systemic BCKA levels. A recent
study suggested that metabolic benefits of BCAA restriction are
mediated specifically by isoleucine and valine [41]. BT2 treatment
reduces all BCAA and BCKA in mice by similar percentages (Figure 1),
so it is challenging to speculate which BCAA may be most important in
mediating the beneficial metabolic effects of BT2 treatment. BT2
treatment led to improvements in hepatic steatosis and/or inflamma-
tion in mice fed HFD (Figure 1), CDAHFD (Figure 3) and in Ldlr�/� mice
fed Western diet (Figure 4). Each of these animal models have different
mechanistic drivers [42], so it is interesting that BDK inhibition
maintains its effects in all three conditions. In HFD-fed DIO mice,
inflammation is a minimal component, and the steatosis observed is
largely driven by de novo lipogenesis and/or impaired beta oxidation
[42]. In CDAHFD, impaired lipid oxidation and VLDL production coupled
with impaired VLDL export results in hepatic lipid accumulation [42].
Interestingly, in this model, AST and ALT levels were upregulated
compared with vehicle after 4 weeks of BT2 treatment yet were
reduced by 8 weeks of treatment (Figure 3E, F). This result may
indicate that early in disease pathogenesis, BDK inhibition may not be
protective in this model. These data suggest that BT2 may improve
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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hepatic steatosis at least in part by improving lipid oxidation or export,
which is blocked by CDAHFD. However, as the disease progressed in
this model, BDK inhibition with BT2 became protective (Figure 3).
Finally, Ldlr�/� mice are hyperlipidemic and hypercholesterolemic,
which when coupled with Western diet containing cholesterol leads to
development of steatosis with mild to moderate inflammation and
fibrosis [38,42]. It is tempting to consider that a common mechanism
may be underlying this protection across the models, and RNAseq
analyses of HFD-fed mouse livers after only 2 doses of BT2 identified
increased expression of fatty acid oxidation gene expression and a
PPARa activation signature as a possible common mechanistic link
(Figure 7). Indeed, PPARa activation improves fatty acid oxidation and
steatosis in several different animal models including those driven by
methionine choline deficiency and hypercholesterolemia [43]. A recent
study paradoxically demonstrated upregulation of PPARa transcription
and fatty acid oxidation upon BCAA and BCKA treatment in car-
diomyocytes even in the context of PP2Cm deletion, suggesting that
BCAA or BCKA themselves, rather than a metabolite downstream of
BCKDH were mediating this effect [44]. In our studies presented here,
it is unclear how increasing BCAA catabolism leads to PPARa acti-
vation, as BT2 itself did not agonize PPARa in an in vitro system
(Figure 7). We did observe small yet significant changes in PPARa
transcript levels acutely in liver; however this level of induction is not
likely to explain the effects that were observed (Supplemental
Figure 5A). One hypothesis could be that BDK inhibition produces a
factor that activates PPARa in a paracrine manner. PPARa is a nuclear
receptor, and thus is activated by ligands derived from lipogenesis,
lipolysis, and fatty acid catabolism [43]. Recent studies have identified
that BCAA catabolism may produce branched chain fatty acids in
adipose tissue [45]; it is possible that these ligands yet to be identified
could have PPAR agonist activity.
It is remarkable that in a fasting and refeeding paradigm, BDK inhibition
prevented many changes that occur with feeding, including hyper-
insulinemia and suppression of ketogenesis. Moreover, acute treatment
with BT2 completely prevented feeding-induced gene expression
changes in liver (Figure 5). As BCAA are essential amino acids and must
be obtained from dietary sources, this signature suggests that increasing
BCAA catabolism and thus reducing BCAA levels may signal that the
body is fasting. Interestingly, recent studies have suggested that BCAA
may contribute to cardiac and skeletal myocyte hypertrophy in a
circadian manner [46,47]. In these studies, consumption of high BCAAs
at the beginning or the end of the awake period led to differing effects on
myocyte hypertrophy [46,47]. Furthermore, the effects of BCAA con-
sumption on myocyte hypertrophy were ameliorated in mice lacking
Bmal, a component of the circadian clock [46,47]. Taken together, the
studies presented herein support the hypothesis that BCAA serve as an
anabolic signal, and BDK inhibition and therefore sustained systemic
BCAA reductions may prolong the fasting-induced catabolic state to
reduce postprandial hyperinsulinemia, prevent suppression of keto-
genesis, and reduce lipid storage.
Despite the changes in insulin sensitivity, hepatic steatosis, and
hepatic gene expression that were observed with BT2 treatment,
AAV-mediated BDK knock down specifically in liver did not recapit-
ulate any of these effects (Figure 8), suggesting that reducing BDK in
liver is not sufficient to improve metabolism. Previous studies have
demonstrated that adenoviral-mediated overexpression of the
phosphatase Ppm1k, which dephosphorylates the same regulatory
site on BCKDH as BDK phosphorylates, improved both glycemia and
steatosis [21]. It is therefore surprising that while reducing pBCKDH
by either inhibition of BDK with BT2 or overexpression of Ppm1k led
to the same metabolic effects, BDK liver-specific knockdown did not.
MOLECULAR METABOLISM 66 (2022) 101611 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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There are a few possibilities that could explain this finding. First, the
knockdown of BDK in the liver, while efficient, was not complete.
Second, previously reported Ppm1k overexpression studies utilized
adenoviral delivery, which may have caused Ppm1k expression in
additional tissues such as spleen [48]. Third, species differences in
BDK gene regulation have been reported [21], so BDK knockdown in
mouse may not have the same effect as it would have in a different
species such as rat. Future studies will be needed to investigate
these possibilities.
One question that remains outstanding is whether there is a key tissue
that is driving the improvement in metabolism in response to BT2
treatment. While recent studies have suggested a critical role for ad-
ipocytes and adipose tissue in BCAA homeostasis [49,50], here we do
not observe changes in body weight, nor are morphological differences
observed in WAT after chronic BT2 treatment (Supplemental Figure 1).
pBCKDH was also not significantly reduced in WAT with acute BT2
treatment (Figure 5). Furthermore, while the BCAA/BCKA axis is
reportedly important for thermogenesis and AT browning in mice,
pBCKDH was not significantly reduced in WAT or BAT after acute BT2
treatment. BT2 is an acidic compound so biodistribution of the com-
pound could be poor in adipose tissue [51], which could suggest that
the role of adipose tissue in BT2-mediated metabolic effects is not as
profound as a genetic knockout in this tissue. Additionally, all of the
studies reported here were performed at room temperature, so dif-
ferences may have been observed in metabolism after BT2 treatment
during cold challenge or in thermoneutrality. It would be interesting to
investigate those conditions in future studies. Similarly, the central
effects of BT2 treatment were not investigated here. We have found in
pharmacokinetic studies that BT2 is a brain impaired compound with a
brain:plasma biodistribution ratio of 0.007 (10 mpk SC 24 h plasma
AUC 375000 ng*hr/ml, brain AUC 2670 ng*hr/ml), so BT2 is unlikely
to have any direct central effects. However, we cannot preclude an
indirect effect of BCAA lowering on brain chemistry in our studies.
Taken together, results from the current series of studies suggest that
the beneficial effects of BT2 inhibition on whole body metabolism is
likely derived from systemic inhibition of BDK and the resulting mod-
ulation of BCAA catabolism that requires the involvement of multiple
tissues.
There are multiple limitations of this study. First, chow mice were not
included in the 13C glucose infusion studies conducted in Figure 2,
which would have been important to understand suppression of he-
patic glucose output. Next, only male mice were used in this manu-
script, so it is possible that different physiological phenotypes could
have been observed if female mice had been used. Finally, it would
have been informative to assess correlation between BCAA/BCKA
lowering and efficacy phenotypes including glucose homeostasis
(Figure 1) insulin sensitivity (Figure 2) liver steatosis (Figures 3 and 4),
and gene expression (Figures 5 and 7). BCAA/BCKA lowering is time
and dose-dependent, and the reduction in BCAA/BCKA is maximal
approximately 30 min post administration of BT2 (Figure 1). Within this
manuscript, most animals were euthanized 1 h post final dose of
compound, at Cmax. Therefore, it is challenging to define strict dosee
response relationships, as the efficacy endpoints measured here are
likely a reflection of the 24 h average concentrations of BCAA/BCKA
rather than the maximal reduction measured 1 h post dose.
In summary, in addition to confirming previous reports that BDK in-
hibition with BT2 improves glycemia and NAFLD, we have expanded
upon mechanistic understanding of how BDK inhibition improves
metabolism. BT2 treatment improved insulin sensitivity and glucose
tolerance extremely rapidly and improved hepatic steatosis and/or
inflammation in several mouse models of NAFLD and NASH. Fasting
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and refeeding studies suggested that BT2 treatment prolonged the
fasting response at both a hormonal and transcriptional level and
increased the expression of genes related to fatty acid oxidation.
However, these effects were not mediated by a cell autonomous effect
of BDK within the liver. Taken together, these data suggest that BDK
inhibition may alter systemic metabolism to promote paracrine tissue
cross talk to improve metabolism. Therefore, BDK inhibition may be an
effective therapeutic to improve multiple facets of metabolic syndrome.
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