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A metabolite of branched chain amino acids drives vascular fatty acid transport

and causes glucose intolerance

Abstract

Epidemiological and experimental data implicate branched chain amino acids (BCAAs)
in the development of insulin resistance, but the mechanisms underlying this link remain unclear.
Insulin resistance in skeletal muscle stems from excess accumulation of lipid species, a process
that requires blood-borne lipids to first traverse the blood vessel wall. Little is known, however,
of how this trans-endothelial transport occurs or is regulated. Here, we identify 3-hydroxy-
isobutyrate (3-HIB), a catabolic intermediate of the BCAA valine, as a novel paracrine regulator
of trans-endothelial transport of fatty acids. PGC-1a, a transcriptional co-activator that regulates
broad programs of fatty acid consumption, induces the secretion from muscle of 3-HIB, which
then triggers fatty acid uptake and transport in endothelial cells. Conversely, inhibiting the
synthesis of 3-HIB in muscle cells blocks the promotion of endothelial fatty acid uptake.
Providing animals with 3-HIB in drinking water, or inducing 3-HIB levels in skeletal muscle by
over-expressing PGC-1a, stimulates muscle to take up fatty acids in vivo, leading to muscle lipid
accumulation, and systemic glucose intolerance. 3-HIB levels are elevated in muscle from
patients with diabetes. These data thus unveil a novel mechanism that regulates trans-endothelial

flux of fatty acids, revealing 3-HIB as a new bioactive signaling metabolite that links the

il



regulation of fatty acid flux to BCAA catabolism and provides a mechanistic explanation for

how increased BCAA catabolic flux can cause diabetes.
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Chapter 1: Introduction



Lipotoxicity and muscle insulin resistance

Modern society is one of vast over-consumption of calories and fats, and fats have been
increasingly implicated as critical to the pathology of cardiovascular and metabolic diseases.
Epidemiological and animal studies have demonstrated a clear causal relationship between
obesity and diabetes (Guilherme A et al. 2008). How obesity causes diabetes at a molecular level,
however, is not fully understood. One of potential mechanisms is a model of lipotoxicity-induced
insulin resistance. In normal physiological conditions, dietary fats are esterified to form
triglycerides in the liver and stored in the liver and adipose tissues throughout the body. During
fasting or increased physical activity such as exercise, these fats are consumed by metabolically
active organs such as the heart and skeletal muscle to generate energy through mitochondrial
beta-oxidation. However, excess supply of dietary fats can overwhelm the storage capacity of
adipose tissues. The overloading of fats in adipose tissues is known to trigger inflammation
marked by increased macrophage infiltration. Adipose tissues under inflammation elevate
lipolysis, which further limits their fat storage capacity. The released excess fats then circulate
and eventually accumulate in other tissues such as the heart and skeletal muscle (Figure 1.1).
Skeletal muscle utilizes its abundant mitochondria to consume a large amount of fats. However,
surplus fat entry into muscle results in accumulation of incompletely oxidized fatty acids, which
interfere with various cell signaling pathways in myocytes (Itani SI et al. 2002). One of the most
critical pathways affected is the insulin signaling pathway (Figure 1.2). Incompletely oxidized
fatty acid species (e.g. ceramides, diglycerides and acyl-carnitines) are known to activate cellular
stress signaling pathways such as c-Jun N-terminal kinase (JNK) and protein kinase C (PKC)
(Szendroedi J et al. 2014). These activated stress kinases directly phosphorylate a critical
inhibitory phosphorylation site (Ser 1101) of insulin receptor substrate-1 (IRS-1), a key
downstream target of insulin signaling pathway (Griffin ME et al. 1999; Yu C et al. 2002).
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Normally, IRS-1 dependent downstream signaling cascades activate Akt protein kinase, which
then induces translocation of glucose transporters to the plasma membrane to increase cellular
glucose uptake upon insulin stimulation. In diabetic conditions, however, this molecular event is
severely blunted by IRS-1 inhibition through JNK / PKC activation. Indeed, muscle biopsies
from patients with type II diabetes and muscle from rodent models of diabetes (e.g. leptin
receptor mutated db/db mice and Zucker diabetic rats) show highly increased levels of
incompletely oxidized fatty acid species and consequently decreased phosphorylation of Akt
(Dresner A et al. 1999; Cline GW et al. 1999). Many genetic and pharmaceutical approaches
have been tried in the rodent models to restore the insulin signaling pathway by directly

inhibiting stress kinases or activating insulin pathway components, with only a partial success

fatintake = fat storage fat intake = fat storage

fat supply = fat oxidation fat supply >>>fat oxidation

Figure 1.1: Imbalanced fatty acid metabolism. In a normal state, fats are stored in adipose
tissues as triglycerides. Upon fasting or increased physical activity like exercise, stored fats are
secreted and transported to metabolically active organs such as the heart and skeletal muscle
where fats are oxidized to generate energy. When dietary fat intake is too much, excess fats
cannot be stored in adipose tissues and accumulate in the heart and skeletal muscle, causing
lipotoxicity and insulin resistance in these organs.



because of complexity of the signaling pathway (Mayerson AB et al. 2002; Kim JK et al. 2004;
Choi CS et al. 2007; Morino K et al. 2008; Camporez JP et al. 2013). Therefore, new strategies
that target more fundamental upstream events are necessary. Finding ways to modulate entry of
fatty acids into myocytes would thus provide novel therapeutic targets for the treatment of

diabetes and its complications.
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Figure 1.2: Mechanism of insulin resistance by excess intracellular fat species. Excess
amount of fatty acids cannot be completely oxidized by mitochondria in muscle cells, which
results in accumulation of toxic lipid species such as ceramides and diglycerides. These lipid
species are known to activate stress kinases such as Protein kinase C (PKC) and Jun N-terminal
kinase (JNK), leading to increased inhibitory phosphorylation of Insulin receptor substarate-1
(IRS-1). Inhibition of IRS-1 thus renders cells resistant to insulin stimulation (insulin resistance).
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Vascular fatty acid transport
Fatty acids are mostly circulating in blood either as esterified triglycerides in lipoprotein
particles (e.g. VLDL, LDL, chylomicrons) or as non-esterified fatty acids bound to albumin

proteins. Esterified fats destined for muscle cells must be unesterified at the luminal endothelial



surface by lipoprotein lipase, a protein generated and secreted by muscle cells and transported to
endothelial cells (Davies BS et al. 2010; Davies BS et al. 2012). The expression, activity, and
transport of lipoprotein lipase are tightly regulated, involving multiple signaling pathways and
regulatory proteins (Wang Y et al. 2015). It is relatively unknown how fatty acids are released
from albumin on the endothelial surface. Free fatty acids must then traverse the vessel wall to
reach the underlying tissue. How do fatty acids get across the endothelium? Remarkably little is
known about this question. Two mechanisms have primarily been proposed. In the first, fatty
acids incorporate into the endothelial plasma membrane and then rapidly diffuse within the
membrane, ultimately being delivered to interstitial albumin or other carrier proteins (Hamilton
JA and Kamp F. 1999). However, experimentally measured kinetics of endothelial fatty acid
transport is much faster than calculated kinetics of fatty acid diffusion, indicating that there are
facilitated transport mechanisms (Kampf JP et al. 2006; Bonen A et al. 2007). In fact, studies
have provided clear evidence that proteins mediate endothelial fatty acid transport. For instance,
it was shown that mild treatment of cells with protease such as trypsin to cleave only membrane
proteins abrogated fatty acid uptake by the cell (Bonen A et al. 1998; Luiken JJ et al. 1999).
These data favor the second proposal: fatty acids are transported across the endothelial cells,
either via vesicular transport or specific transport proteins. The identifications of fatty acid
transporters (FATPs) and fatty acid translocase (FAT or CD36) have strengthened the argument
for this type of trans-endothelial transport (Figure 1.3) (Abumrad NA et al. 1993; Schaffer JE
and Lodish HF. 1994; Hirsch D et al. 1998; Gimeno RE et al. 2003). FATPs are transmembrane
proteins with acyl-CoA synthetase activity that converts fatty acids to acyl-CoA. This enzymatic
activity of FATPs seems to be important to facilitate uptake of extracellular fatty acids across the

membrane by a vectorial acylation mechanism (Digel M et al. 2011). This is similar to the



mechanism of glucose uptake, in which there is a rapid conversion of intracellular glucose to
glucose-6-phosphate to keep the glucose gradient high outside and low inside cells. Moreover,
hydrophilic moieties of CoA and phosphate in acyl-CoA and glucose-6-phosphate, respectively,
efficiently block free diffusion across the plasma membrane. Fatty acid binding proteins (FABPs)
that bind to fatty acids directly in cytoplasm or the plasma membrane are also known to

modulate fatty acid uptake with as of yet unidentified mechanisms (Stremmel W et al. 1985;
Schwieterman W et al. 1988). Studies using genetic deletion of individual members of FATPs or

CD36 in various tissues have demonstrated their importance to fatty acid transport
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Figure 1.3: Endothelial fatty acid transport. Fatty acids released from adipose tissues are
bound to albumin in the blood and transferred to muscle through blood vessels. There are three
plasma membrane boundaries between the blood lumen and cytoplasm of muscle cell — two
endothelial cell membranes and one muscle cell membrane. Various fatty acid transporter
proteins such as FATPs and CD36 localize on these membranes, thereby facilitating fatty acid
transport from blood to muscle cells. How this process is regulated is poorly understood.



(Coburn CT et al. 2000; Gimeno RE et al. 2003). However, the data for FATPs or FABPs
specifically in endothelial cells are scant (Iso T et al. 2013). Thus, much remains to be learned
about the transport of fats across the endothelium. In particular, almost nothing is known of how
trans-capillary fatty acid transfer is regulated by systemic and local cues. Two pivotal recent
studies by the same group have shown that vascular endothelial growth factor-B (VEGF-B), a
cousin of VEGF-A, regulates endothelial fatty acid transport (Hagberg CE et al. 2010; Hagberg
CE et al. 2012). VEGF-B binds to its membrane receptors, VEGFR1 and co-receptor NRP1, and
activates downstream pathways to elevate gene expression of FATP3 and FATP4 in endothelial
cells (Figure 1.4). Genetic deletion of VEGF-B in mice dramatically reduced fatty acid transport

into the heart and skeletal muscle. Interestingly, the authors also found that increased fatty acid

We VEGF-B

M > VEGFRI
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B rATPLCD36

o Fatty acids
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Figure 1.4: VEGF-B regulates endothelial fatty acid transport. Myocyte-derived VEGF-B (1)
binds to its receptors VEGFR1 and NRP1 in the endothelial cell plasma membrane (2), thereby
transducing signaling pathways to increase gene expression of FATP3 and FATP4 (3). These fatty
acid transporters then increase transport of fatty acids from blood to myocyte (4). This figure is
modified from Hagberg CE et al. Physiology 28:125-134, 2013.



shunt to white adipose tissues and improved whole body insulin sensitivity. Consistently, VEGF-
B knockout mice were highly resistant to diabetes even on high-fat diet or in a db/db genetic
background by reducing fat accumulation in skeletal muscle. Furthermore, injection of VEGF-B
blocking antibody into the mouse models of type II diabetes dramatically restored glucose
sensitivity and lipid homeostasis, strongly proposing a therapeutic potential of VEGF-B blockage
for the treatment of diabetes. Little is known, however, whether there are other mechanisms

underlying the regulation of fatty acid transport in endothelial cells.

Role of PGC-1 co-activators in fatty acid metabolism

PPARYy co-activator alpha (PGC-1a) and beta (PGC-1p) are transcriptional co-activators

FFA VEGF-A 1t
Fatty acid import and ) ) Electron transport Mitochondrial DNA
oxidation Angiogenesis chain assembly transcription and
replication

Figure 1.5: PGC-1a as an orchestrator of fatty acid metabolism. PGC-1a binds to and
activates multiple nuclear receptor transcription factors to regulate a variety of biological
processes related to fatty acid metabolism. It increases expression of fatty acid oxidation
enzymes, induces angiogenesis through VEGF-A, stimulates mitochondrial electron transport
chain assembly and mitochondrial biogenesis.



that powerfully regulate cellular metabolism in numerous tissues, including the heart and skeletal
muscle. Transcriptional co-activators are proteins that dock on transcription factors and alter
chromatin structure and the transcription machinery to stimulate gene expression (Hermanson O
et al. 2002; Spiegelman BM and Heinrich R. 2004). Recently, co-activators have emerged as
potent regulatory targets of physiological stimuli and hormones (Handschin C and Spiegelman
BM. 2006). PGC-1a was first identified as a cold-inducible PPARy binding protein in brown fat
(Puigserver P et al. 1998). PGC-1a expression is highly induced in the liver by fasting, which in
turn induces genes responsible for gluconeogenesis. In skeletal muscle, exercise is the most well-
known stimulator of PGC-1a expression. Induction of PGC-1a by exercise increases fatty acid
uptake, oxidation and mitochondrial biogenesis. These diverse, tissue-specific effects of PGC-1a
are shown to occur through direct binding and activation of several nuclear receptor transcription
factors, including PPARs and estrogen related receptors (ERRs) (Figure 1.5). PGC-1a is most
highly expressed in the heart and skeletal muscle and is preferentially expressed in oxidative
fibers that use fatty acids as a major energy source (Lin J et al. 2002). Transgenic expression of
PGC-1a in skeletal muscle leads to activation of genes typical of slow fibers, and induces a
broad genetic program of mitochondrial biology and fatty acid oxidation, mimicking some
aspects of chronic exercise (Wende AR et al. 2007; Calvo JA et al. 2008). PGC-1p, a cousin of
PGC-1a, has a similar role in mitochondrial biology, but its regulatory mechanisms and
downstream effects are slightly different from PGC-1a (Rowe GC and Arany Z. 2014). For
example, PGC-1p expression is relatively unchanged by the physiological cues that strongly
induce PGC-1a (e.g. fasting and exercise). Nonetheless, transgenic mice expressing PGC-1f3

specifically in skeletal muscle show similar phenotypes to PGC-1a muscle-specific transgenic



mice, suggesting their overlapping roles in skeletal muscle biology (Rowe GC et al. 2011). PGC-
la or PGC-1f whole body knockout mice are viable and grossly normal (Leone TC et al. 2005;
Sonoda J et al. 2007). However, their double knockout mice are embryonic lethal (Lai L et al.
2008), indicating important cooperative and compensatory roles of the proteins.

Recently, our lab showed that PGC-1a also powerfully regulates angiogenesis in the heart
and skeletal muscle (Arany Z et al. 2008; Chinsomboon J et al. 2009; Patten IS et al. 2012).
Gain-of-function studies showed that PGC-1a strongly induces expression of VEGF-A, and

other angiogenic factors like PDGF-B and Angiopoietin-2, in cultured cardiomyocytes and in the

Blood lumen

Endothelial fatty
acid transport Endothelial cell

Fatty acid uptaket

Interstitial space

Muscle cell

Figure 1.6: Hypothesis. PGC-1a regulates many steps of fatty acid metabolism in muscle cells —
from fatty acid delivery through angiogenesis, fatty acid oxidation through mitochondrial
biogenesis, to fatty acid uptake through CD36 induction. Thus, it is possible that PGC-1a can
also regulate endothelial fatty acid transport.
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heart and skeletal muscle in vivo. Transgenic expression of PGC-1a in cardiac and skeletal
muscle dramatically increased capillary density. Loss-of-function studies, using mice lacking
PGC-1a specifically in cardiomyocytes or myocytes, demonstrated that PGC-1a is required for
physiological angiogenesis (e.g. mediated by exercise). Thus, PGC-1a coordinates the formation
of new blood vessels (which facilitate fat and oxygen delivery to tissues) with fatty acid
oxidation in mitochondria (fat and oxygen consumption). However, it is unknown whether PGC-
la can also regulate endothelial fatty acid transport (Figure 1.6).

The finding that PGC-1a in muscle cells directly regulates VEGF-A is particularly
interesting because VEGF-A is a secreted factor that can influence other cells. In fact, recent
studies have further expanded the role of muscle PGC-1a in the regulation of secreted factors
that exhibit paracrine/endocrine action, collectively known as “myokines” (Correia JC et al.
2015). Mice transgenically expressing PGC-1a specifically in skeletal muscle (MCKa mice)
show increased browning of white adipose tissues with higher thermogenesis, potentially through
a muscle-derived endocrine hormone and/or bioactive metabolite (Bostrom P et al. 2012; Roberts
LD et al. 2014). Furthermore, aged MCKa mice show significantly improved whole-body health
and increased life span, suggesting that increased expression of PGC-1a in skeletal muscle is
sufficient to delay various aging processes in the whole body (Wenz T et al. 2009). On the other
hand, MCKa mice are more insulin resistant than wild type mice upon high-fat feeding (Choi CS
et al. 2008). This is a cautionary note of increased PGC-1a expression in muscle without
physical activity. As a mechanism of this paradoxical effect of PGC-1a, increased accumulation
of fatty acid species and inhibition of insulin signaling by PKC was suggested. Interestingly,
these MCKa mice show improved glucose tolerance when exercised (Summermatter S et al.

2013), demonstrating that PGC-1a overexpression in skeletal muscle must be accompanied with
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physical activity to obtain its full beneficial effects. To summarize, PGC-1a in muscle not only

regulates intracellular processes but also intercellular communication through secreted factors.

Branched chain amino acid metabolism and diabetes

Valine, isoleucine and leucine, collectively known as branched chain amino acids
(BCAAs), have many characteristics distinct from other amino acids (Lynch CJ and Adams SH.
2014). First, they are the most abundant essential amino acids in the body. For example, about 30%
of muscle proteins are composed of BCAAs. They are also the most hydrophobic amino acids
rendering them essential structural components of globular proteins, membrane proteins, and
coiled-coil structures of many transcription factors. Second, the catabolism of BCAAs initiates in
skeletal muscle contrary to other amino acids whose catabolism mostly occurs in the liver. This
explains why the pattern of blood BCAA levels is quite different from that of other amino acids
during the fed-fast cycle. Finally, BCAAs are directly involved in regulating biological processes
such as protein synthesis and neurotransmitter synthesis. BCAAs are potent activators of the
mammalian target of rapamycin (mTOR) (Dodd KM and Tee AR. 2012). mTOR is a master
regulator kinase of cell size and proliferation. Its two distinct complexes (mTORC]1 and
mTORC?2) regulate a variety of cellular functions through S6K- and Akt-dependent protein
translation and cell cycle, respectively (Wang X and Proud CG. 2006). Since mTOR is directly
activated by BCAAs, and the mTOR pathway is frequently deregulated in metabolic diseases,
numerous studies have focused on how BCAA metabolism is altered in various patho-
physiological settings (Wang TJ et al. 2011; Wurtz P et al. 2012; McCormack SE et al. 2013).
Data from the Framingham Heart Study, for example, unexpectedly revealed that elevated
BCAA levels in blood are the strongest predictor of developing diabetes a decade later (Wang TJ

et al. 2011). Consistently, animal models of diabetes including db/db mice and Zucker diabetic
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rats also show high BCAA blood levels (She P et al. 2007; Lackey DE et al. 2013; Olson KC et
al. 2014). Importantly, feeding rats with a high BCAA diet exacerbated insulin resistance by the
high-fat diet (Newgard CB et al. 2009), implicating a strong causal relationship between high
BCAA and insulin resistance (Felig P et al. 1969; Newgard CB. 2012). Further studies are
required to elucidate how increased BCAA levels contribute to the development of insulin

resistance.
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Abstract

Insulin resistance in skeletal muscle stems from excess accumulation of lipid species, a
process that requires blood-borne lipids to first traverse the blood vessel wall. Little is known,
however, of how this trans-endothelial transport occurs or is regulated. PGC-1a in skeletal
muscle coordinates the consumption of fatty acids in mitochondria with their delivery via blood
vessels. We reasoned here that PGC-10, in order to maximize delivery of fatty acids to muscle,
would likely also instruct these new vessels to have a higher capacity for trans-endothelial fatty
acid transport. Indeed, conditioned media from PGC-1a-overexpressing muscle cells highly
induces endothelial fatty acid uptake. Biochemical fractionation and mass-spectrometry analysis
show that the responsible factor is not VEGF-B but 3-hydroxyisobutyrate (3-HIB), a catabolic
intermediate of the BCAA valine. PGC-1a induces almost all genes of valine catabolic enzymes
and the secretion of 3-HIB from muscle cells. Inhibiting the synthesis of 3-HIB in muscle cells
blocks the promotion of endothelial fatty acid uptake. These data thus unveil a novel mechanism
that regulates trans-endothelial flux of fatty acids, revealing 3-HIB as a new bioactive signaling

metabolite that links the regulation of fatty acid flux to BCAA catabolism.

Introduction

BCAA catabolism

BCAA catabolism is tightly regulated and unique in many aspects (Figure 2.1). All three
BCAAs share the first two enzymes in their catabolism pathway. The first enzyme is BCAA
aminotransferase (BCAT), which transfers an amino group from BCAAs to alpha-keto glutarate,

a TCA intermediate. There are two BCAT isoenzymes — cytoplasmic BCAT (BCAT1) and
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mitochondrial BCAT (mBCAT or BCAT2) encoded in different genes. BCATs are reversible
enzymes. Skeletal muscle highly expresses both BCAT1 and BCAT2, while the liver does not

(Torres N et al. 1998). Therefore, the initial catabolism of BCAAs probably occurs in

Valine

o0
/ 1\

BCKDHA/B -DLD-DBT complex

Leucine Isoleucine

HIBADH l 1
oo | ﬁ\
Acetoacetyl-CoA  Acetyl-CoA Propionyl-CoA Acetyl-CoA

Figure 2.1: BCAA catabolism. Three BCAAs share the first two enzymes, BCAT1/2 and
BCDKH complex. BCKDH complex is regulated by phosphorylation / dephosphorylation by
BCKDK and PPM1K, respectively. Downstream enzymes are fairly unique for each BCAA. The
final products of BCAAs are acetyl-CoA, propionyl-CoA or acetoacetyl-CoA.
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muscle cells. The products of BCAT activity are alpha-keto acids, which can be further
catabolized in muscle cells or secreted and transported to other tissues such as the liver. This
shuttle of alpha-keto acids from muscle to the liver has been suggested based on the fact that the
liver does not express BCATs and alpha-keto acids are detected in blood. However, this view has
been challenged recently by several studies that employed highly sensitive mass-spectrometry to
measure BCAA-related metabolites (Newgard CB et al. 2009). In fact, muscle cells seem to
catabolize a major portion of alpha-keto acids. The detailed experimental evidences are
discussed more in Chapter 4. The second enzyme that catabolizes alpha-keto acids is branched
chain keto acid dehydrogenase (BCKDH). Again, there are two isoenzymes — BCKDH-A and
BCKDH-B. BCKDH-A localizes in mitochondria, while BCKDH-B localizes in cytoplasm.
Muscle cells highly express both enzymes, as do hepatocytes. BCKDHs are the rate limiting step
and irreversible, which is thus considered the flux-generating step. BCKDHs are composed of
three component enzymes that catalyze consecutive steps (Brosnan JT and Brosnan ME. 2006).
Through BCKDHs, alpha-keto acids obtain a bulky and hydrophilic CoA residue, which helps
cells efficiently trap the products of the enzymes inside mitochondria for further catabolism.
BCKDHs are highly regulated enzymes. First, they are inhibited or activated by phosphorylation
or dephosphorylation, respectively. Both kinase (BCKDH kinase or BCKDK) and phosphatase
(Protein Phosphatase, Mg2+/Mn2+ dependent 1K or PPM 1K) responsible for BCKDH
regulation were identified. The expression and activity of BCKDK is tightly regulated by
extracellular cues such as insulin and exercise (Nellis MM et al. 2002; Shimomura Y et al. 2004).
The regulation mechanisms of PPMI1K are relatively unknown. Second, the very substrates of
BCKDHs, alpha-keto acids, are potent allosteric inhibitors of BCKDK, thereby activating

BCKDHs as a positive feedback loop. Among three alpha-keto acids, alpha-keto isocaproate
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(derived from leucine) is the strongest activator. With this elegant mechanism, the body
enhances BCAA disposal when BCAAs are excess and conversely saves BCAAs when these
essential amino acids are less available. Third, BCKDK is also allosterically inhibited by NADH
and the CoA esters that arise from BCAA catabolism. Finally, studies suggest inter-organ
regulatory mechanisms of BCAA catabolism. For instance, insulin signaling in the brain is
shown to regulate expression of hepatic BCKDH through unknown circulating factors (Shin AC
et al. 2014). After BCKDHs, three BCAAs have unique downstream enzymes (Figure 2.1). The

tissue expression profiles and regulation of these enzymes are poorly studied.

Hypothesis

PGC-1a in muscle cells orchestrates almost all steps of fatty acid metabolism: making
new blood vessels through VEGF-A, increasing fatty acid uptake by muscle cells through CD36,
and generating new mitochondria and fatty acid oxidation machinery. It thus follows that muscle
PGC-1a could also regulate endothelial fatty acid transport. If so, then the question arises of how
muscle cells expressing PGC-1a can communicate with adjacent endothelium to do so. Hence
the proposed hypothesis driving the experiments is as follows: expression of PGC-1a in muscle
cells causes the secretion of factors that instruct adjoining endothelial cells to increase uptake of
fatty acids from the circulation and transport them to underlying myocytes. If so, then both the
factors, and the receptors and pathways involved in endothelial cells, may be novel targets for
pharmaceutical modulation of fatty acid trafficking in the heart and skeletal muscle.

Why envision pharmaceutical modulation of trans-endothelial fatty acid transport?
Excess accumulation of unesterified fatty acids in muscle is now thought to be a critical initiating

event in the development of insulin resistance and diabetes (Shulman GI. 2014). Blocking
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endothelial transport of fatty acids into muscle could therefore treat diabetes at its root. This
notion has recently received strong support from studies with VEGF-B, a factor secreted from
muscle that modulates trans-endothelial fatty acid transport (Hagberg CE et al. 2010). Strikingly,
blocking endothelial lipid transport by blocking VEGF-B led to reduced fat accumulation in
myocytes and restored insulin sensitivity in rodent models of type II diabetes (Hagberg CE et al.
2012). Interestingly, we have identified a factor that regulates endothelial fatty acid transport and
it is different from VEGF-B (see below). Identifying the receptor and downstream signaling
pathways in endothelial cells would thus unveil novel potential targets for the treatment of

diabetes.

Results

To test if PGC-1a in skeletal muscle regulates endothelial fatty acid transport, we devised
an assay in which conditioned medium (CM) from C2C12 skeletal myotubes was added to
human umbilical vein endothelial cells (HUVECSs), after which the ability of the HUVECs to
take up fatty acids was measured by the import of the fluorescent fatty acid analog Bodipy-C12
(Figure 2.2). These dyes have been used extensively to measure uptake of long-chain fatty acids
in many cell types, and were instrumental in the cloning of FATPs (Gimeno RE et al. 2003;
DiRusso CC et al. 2005). It should also be noted that Bodipy fluorophore covalently bound at the
hydrophobic end of 12 carbon fatty acid (Bodipy-C12) generates a molecule that has an overall
length approximately equivalent to 18-carbon fatty acids, and which thus behaves like long chain

fatty acids in multiple assays (Rambold AS et al. Dev. Cell 2015). Strikingly, CM from C2C12
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Figure 2.2: Development of a Bodipy-FA uptake assay. Differentiated myotubes were infected
with adenovirus expressing GFP or PGC-1a for 48 hr, and the conditioned media (CM) were
harvested. Endothelial cells in a 96 well plate were treated with CMs for 1 hr and incubated with
Bodipy-conjugated fatty acids (Bodipy-FA) for 5 min. After the cells were washed and quenched
with trypan blue, intracellular Bodipy-FA was measured by a plate reader or visualized with a
fluorescence microscope.

Lipid vesicle observation

myotubes over-expressing PGC-1a via adenovirus infection (a-CM) led to much stronger uptake
of fatty acids in HUVECs (Figure 2.3a), suggesting the existence of a PGC-1a-regulated
paracrine factor that induces endothelial fatty acid uptake. We chose fatty acid concentrations (2-
16 uM) for further experiments based on numerous other studies using this approach (Li H et al.
2008; Hagberg CE et al. 2010; Dubikovskaya E et al. 2014). In addition, we have performed
fatty acid uptake assay with a wide range of fatty acids from 1 to 250 uM and it showed a

saturation effect from >50 uM fatty acids (Figure 2.3b). To rule out effects of adenoviral
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contamination, C2C12 cells stably expressing PGC-1a were generated with retrovirus. As a
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Figure 2.3: PGC-1a in muscle cells induces secretion of paracrine factors that stimulate
endothelial FA transport. a, Experimental strategy (top), representative images (bottom) and
quantification (right) of Bodipy-FA (2-16 uM) uptake by endothelial cells (ECs) after exposure
to conditioned media from myotubes expressing GFP (Ct-CM) or PGC-1a (a-CM). b, FA uptake
by ECs was saturated by high FA concentrations after 5 min of FA addition. *p<.05 vs. control.
Data are mean =+ s.d. of at least three biological replicates.

result, retroviral over-expression of PGC-1a yielded similar results (Figure 2.4a and b). Co-

staining of Bodipy-fatty acids in endothelial cells with mitotracker (a mitochondrial marker) or
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with anti-Calnexin antibody (an ER marker) indicates that fatty acids partially co-localize with
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Figure 2.4: Retrovirus-mediated PGC-1a CM induces endothelial FA uptake. a,
Representative images of endothelial cells (ECs) that take up Bodipy-fatty acids after treatment
with CMs from C2C12 myotubes infected with retrovirus expressing vector control (Ct-CM) or
PGC-1a (a-CM). b, Quantification of Bodipy-FA (2-16 uM) uptake by ECs. Numbers (#1, 2, 3)
indicate independent stable cell lines. ¢, ECs that take up Bodipy-FA (green) after treatment of o-
CM were stained with mitotracker (red, left) or immunostained with anti-Calnexin antibody (red,
right) as an ER marker. *p<.05 vs. control. Data are mean + s.d. of at least three biological
replicates.

mitochondria but not with ER (Figure 2.4c). The uptake of fatty acids by endothelial cells was
rapid (Figure 2.5a), could be competed by equimolar concentrations of unlabeled oleic acid
(Figure 2.5b), and remained detectable after dilution of a-CM (Figure 2.5¢). Prolonged exposure
of endothelial cells to a-CM in the presence of unlabeled fats increased intracellular lipids, as
measured by staining with oil red O or unconjugated Bodipy (Figure 2.6a). We also used

Bodipy-C16 as another long chain fatty acid tracer, and observed increased endothelial Bodipy-
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C16 uptake upon a-CM treatment (Figure 2.6b). On the other hand, endothelial cells do not take
up Bodipy-C5 (Figure 2.6b), consistent with a specific long-chain fatty acid transport process.
Various endothelial cells, including HUVECs, human umbilical cord blood-derived endothelial
colony-forming cells (hECFCs) as well as an established mouse endothelial cell line (MS-1),
have been tested and yielded similar results (Figure 2.7a). On the other hand, other cell types,
including fibroblasts, macrophages, adipocytes, hepatocytes, and smooth muscle cells did not

respond to a-CM, suggesting that this process is fairly endothelial cell-specific (Figure 2.7a).
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Figure 2.5: Characteristics of endothelial FA uptake by C2C12 conditioned media. a-b, FA
uptake is rapid (a) and competed by unlabeled oleic acid after Smin of FA addition (b). ¢, a-CM
sequentially diluted with Ct-CM partially retains its activity. *p<.05 vs. control. Data are mean +
s.d. of at least three biological replicates.
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Figure 2.6: Endothelial cells take up long-chain fatty acids upon PGC-1a CM treatment. a,
Prolonged exposure (24 hrs) to a-CM increases intracellular neutral lipids in ECs. Representative
images (left) and quantification (right). b, ECs were treated with Bodipy-conjugated long-chain
FA (Bodipy-C1, C12 or Bodipy-C16) or short-chain FA (Bodipy-C5) after exposure to CMs, and
FA uptake was measured. *p<.05 vs. control. Data are mean + s.d. of at least three biological

replicates.

The induction of fatty acid uptake by endothelial cells occurred within 15-60 minutes of

exposure to a-CM (Figure 2.7b) and was ATP-dependent (Figure 2.7¢). To directly measure

trans-endothelial transport of fatty acids, we used primary rat brain endothelial cells. These cells

were chosen because they have a higher capacity to form tight junctions, as confirmed by a high
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trans-endothelial electrical resistance (>1500Q/cm?2) (Figure 2.8a) and expression of tight

junction proteins (Figure 2.8b) (Matter K and Balda MS. 2003). After incubation with CM,
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Figure 2.7: PGC-1a CM activity is cell type specific and ATP-dependent. a, FA (2 uM)
uptake by each cell type was measured after exposure to CMs for 1 hr. b, Enhanced FA uptake
occurs within 1 hr of exposure to a-CM. ¢, FA (2 uM) uptake by HUVECs was measured after
pre-treatment with Calcimycin (left, 12.5-50 uM) or 2, 4-Dinitrophenol (right, 125-500 uM) for
30 min followed by treatment with CMs with or without drug for an additional hour. *p<.05 vs.
control. #p<.05 vs. a-CM alone. Data are mean + s.d. of at least three biological replicates.

endothelial cells on transwells were transferred to a plate containing myotubes, and then Bodipy-
fatty acids was added to the upper compartment and its transport through an endothelial cell
monolayer to the bottom compartment was measured (Figure 2.8c left). Endothelial cells
pretreated with a-CM highly increased transport of fatty acids (Figure 2.8c middle). This was

prevented by pretreatment of endothelial cells with sulfo-N-succinimidyl oleic acid (SSO), a
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fatty acid analog that blocks cellular fatty acid uptake (Figure 2.8c middle) (Kuda O et al. 2013).

Myotubes under the endothelial cells treated with a-CM also showed much higher intracellular

Bodipy-fatty acids (Figure 2.8c right).
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Figure 2.8: Primary brain ECs make a tight monolayer and transport FAs upon CM
treatment. a, Measurement of trans-endothelial electrical resistance (TEER) of an EC
monolayer after exposure to CMs for 24 hr. b, Confluent primary rat brain ECs were
immunostained with anti-Occludinl antibody (green, tight junctions) and DAPI (blue, nuclei). ¢,
a-CM stimulates FA transport across a tight EC monolayer. *p<.05 vs. control. #p<.05 vs. a-CM.
ANOVA was used for ¢. Data are mean + s.d. of at least three biological replicates.

These data indicate that PGC-10 CM increases not only uptake but also transport of fatty acids

by endothelial cells. Conversely, an endothelial monolayer treated with CM from myotubes

lacking both PGC-1a and PGC-1f showed reduced fatty acid transport (Figure 2.9a). However,
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an endothelial monolayer treated with CM from myotubes lacking only PGC-1a did not show
any significant difference (Figure 2.9b). This observation is likely explained by our findings that
1) the expression level of PGC-1a in C2C12 myotubes is already quite low compared to muscle
(Figure 2.9¢), and 2) there is significant redundancy between PGC-1a and PGC-1p (see below).
Together, these data demonstrate the existence of paracrine factor(s), induced in myotubes by

PGC-1a, which stimulate(s) endothelial fatty acid uptake and transport.

a >0 - * b 200 - c 2 - Ppargcta
Oct-CM Oct-cM =3
@ DKo-CM 5 @ aKO-CM e
5150 < 150 4 c 1.5 -
= S
< P * 2
: g :
2 100 2 100 4 S 1
g & S
- @
g = by
E < 2
g 50 4 50 o g 0.5 1
2
®
0 T T 1 0 T T Y E 0 " o o
@
0 5 10 15 (i} 5 10 15 & & N
Time after FA addition (min) Time after FA addition (min) ) o o @.\°

Figure 2.9: Knockout of both PGC-1s is required to reduce the FA uptake-inducing activity
in myotube CM. a-b, CM from myotubes lacking both PGC-1a and PGC-1f (a, DKO-CM)
decreased FA (8 M) transport by ECs, while CM from myotubes lacking PGC-1a alone (b,
aKO-CM) did not. ¢, qPCR analysis of PGC-1a expression in the soleus or gastrocnemius
skeletal muscle and C2C12 myotubes. Note that C2C12 myotubes express much less PGC-1a
than skeletal muscle does. *p<.05 vs. DKO-CM (a) or aKO-CM (b). Data are mean + s.d. of at
least three biological replicates.

A recent report has suggested that VEGF-B may regulate endothelial fatty acid uptake
(Hagberg CE et al. 2010). Interestingly, we found that PGC-1a induces the expression of VEGF-
B, both in cell culture and in transgenic animals (Figure 2.10a), suggesting that the paracrine
factor can be VEGF-B. In fact, conditioned media from VEGF-B-overexpressing 293T cells

increased fatty acid uptake (Figure 2.10b). To test if the factor in a-CM is VEGF-B, we first

validated reagents that are known to block VEGF-B signaling. Endothelial cells treated with
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recombinant VEGF-B or VEGF-A showed rapid induction of ERK-1/2 phosphorylation (Figure
2.10c). However, fatty acid uptake and ERK-1/2 phosphorylation were blocked by pre-
incubation of VEGF-A or -B proteins with neutralizing soluble receptor (sFItl) or pre-treatment
of ECs with VEGF receptor inhibitor (SU11248) (Figure 2.10b and c). Surprisingly, the same

treatment had no impact on the ability of a-CM to increase fatty acid uptake by endothelial cells
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Figure 2.10: Blockage of VEGF-B does not suppress FA uptake induced by a-CM. a, qPCR
analysis of C2C12 myotubes (left) expressing GFP or PGC-1a via adenovirus, or skeletal muscle
(right) from wild type or MCKa mice. b, FA (2 uM) uptake by ECs was measured after exposure
to control (Ct-CM) or VEGF-B CM (VB-CM) for 24 hr with vehicle (veh) or inhibitors. ¢,
Western blot analysis of ECs treated with recombinant VEGF-A or VEGF-B (100 ng/mL) for 10
min with or without inhibitors (sFIt1 or SU11248). d-e, Blockade of VEGF-B signaling with
sFlIt1 or SU11248 (d), or knockdown of Vegfb in myotubes (e) failed to block the paracrine
activity. f, qPCR analysis of C2C12 myotubes after transfection with control or Vegtb siRNA for
48 hr. *p<.05 vs. control. #p<.05 vs. a-CM. ANOVA was used for b. Data are mean + s.d. of at
least three biological replicates.

(Figure 2.10d). Also, a-CM from muscle cells transfected with VEGF-B siRNA still highly

induced fatty acid uptake (Figure 2.10e and f). Finally, genetic knockdown or deletion of either
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or both VEGFR1 (FLT1) and VEGFR2 (FLK1), known VEGF-B receptors, also failed to inhibit

a-CM activity (Figure 2.11a-d). It thus appears that the paracrine factor in a-CM is not VEGFB.
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Figure 2.11: Deletion of VEGF-B receptors in ECs does not block FA uptake induced by a-
CM. a-b, qPCR analysis (a) and FA (2 uM) uptake assay (b) of HUVECs: after transfection with
control or FLK1 siRNA for 48 hr. ¢-d, qPCR analysis (¢) and FA uptake assay (d) of primary
ECs isolated from Flt1 flox/flox or Flt1 flox/flox; Flk1 flox/flox mice after infection with
adenovirus expressing Cre recombinase for 48 hr. *p<.05 vs. control. Data are mean + s.d. of at
least three biological replicates.

If not VEGF-B, then what is the paracrine factor? To investigate the nature of the factor, a-CM
was heated to 80°C for 1 hr to heat-inactivate proteins prior to placement on ECs. Intriguingly,

this did not kill the activity of the factor (Figure 2.12a). Moreover, the factor was not inactivated

by trypsin treatment and it passed through a 3kDa membrane filter (Figure 2.12b and c). Thus,
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the factor is a small molecule, potentially a heat-stable short peptide, metabolite or lipid. To
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Figure 2.12: The paracrine factor is a small molecule. a-c, The paracrine factor is resistant to
heat (a) and trypsin (b), and is smaller than 3kDa (¢). d, FA (2-16 uM) uptake by ECs was
measured after exposure to CMs pre-incubated with charcoal. e, The a-CM activity was

fractionated by size-exclusion chromatography. *p<.05 vs. control. Data are mean =+ s.d. of at
least three biological replicates.

directly test if the factor is a lipid, we used charcoal, which absorbs lipids and strongly
hydrophobic molecules. However, charcoal treatment also failed to inactivate the factor (Figure
2.12d). Consistent with the results using different molecular sizes of membrane filters

(Figure 2.12c), biochemical fractionation of a-CM with size exclusion chromatography showed
the fatty acid uptake-inducing activity in fractions containing small molecules, and few proteins
(Figure 2.12¢e). We next performed metabolomics analysis of Ct-CM versus a-CM to identify the

factor. There are more than 20 metabolites that are highly enriched (>5 fold) in a-CM (Figure
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2.13). However, treatment of ECs with each of these candidate metabolites was not sufficient to
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Figure 2.13: Several metabolites are higher in a-CM compared to Ct-CM. Targeted
metabolomics analysis with CMs revealed that 21 metabolites are at least 5 fold higher in a-CM
compared to control CM (Ct-CM).

induce fatty acid uptake (data not shown). To investigate the pathways that may regulate the
synthesis and secretion of the paracrine factor, and to identify tools with which to purify the
factor, we treated PGC-1a-expressing C2C12 myotubes with an array of compounds, and
assayed the CM for fatty acid uptake-inducing activity in HUVECs. Interestingly, a number of
inhibitors targeting components of the PI3K pathway (including PI3K, Akt, and mTORC2)

suppressed the paracrine activity, while insulin itself slightly induced the activity (Figures 2.14
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and 2.15a). 2-deoxy-glucose (2DG), an inhibitor of glycolysis, and CHC (alpha-cyano-4-

Compound Target a-CM activity Compound Target a-CM activity
uo126 MEK1/2 | - Phenylephrine ol AR 1
SB203580 P38 | - Ritodrine B2AR 7

u73122 PLCy | - Isoproterenol B1AR 7

Akt VIl Akt | 1l CL316243 B3AR T
LY294002 PIZK | Ll XCT790 ERRa |
Rapamycin mTORC1 | - GW0742 PPAR®S *

Torin mTORC1,2 | 1l Rosiglitazone PPARy 1

Insulin InR 7 i Dexamethasone Glucocorticoid *
PD98059 ERK1,2 | - 2DG Glycolysis |
Compound C AMPK | l CHC MCT |

AICAR AMPK ¢ - FCCP OXPHOS |
SP600125 JNK| - Rotenone OXPHOS |

Figure 2.14: List of compounds tested to identify signaling pathways in myotubes that
affect the PGC-1a CM activity. C2C12 myotubes expressing PGC-1a via retrovirus were
treated with the indicated compound during CM generation for 48 hr, and the activity of CM on
enhancing FA (2 uM) uptake by ECs was measured. ECs were also incubated with media
containing the indicated compound for 1 hr to test if the compound directly affects FA uptake by
ECs. The effects of compound are indicated with arrows. Note that inhibitors of PI3K-mTORC2
pathway strongly suppress the a-CM activity. InR, insulin receptor; AR, adrenergic receptor;
MCT, monocarboxylate transporter; OXPHOS, oxidative phosphorylation.

hydroxycinnamate), a monocarboxylate transporter inhibitor, also blocked the paracrine activity
(Figure 2.15b). We have tested if insulin and the inhibitors affect FA uptake by ECs directly.
None of treatment inhibited FA uptake by ECs (Figure 2.15¢), suggesting that these treatment
acts on the level of muscle cells for 3-HIB production / secretion. Based on the inhibitor screen
results, we assumed that glycolysis can be an important driver for the generation of the paracrine
factor. To test this idea, we added an excess amount of pyruvate in the media to overcome
inhibition of glycolysis by the inhibitors. Intriguingly, addition of pyruvate indeed partially
restored the fatty acid uptake activity of a-CM inhibited by Akt inhibitor (Akt VIII) and 2DG,

but not by CHC (Figure 2.15d). The potential molecular mechanisms of the pyruvate addition

effect will be discussed below.
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Figure 2.15: Insulin and three inhibitors affect the a-CM activity but not FA uptake by ECs
directly. a-b, FA (2 uM) uptake by ECs was measured after exposure to a-CMs generated from
C2C12 myotubes treated with insulin (a, 10 nM) or the indicated inhibitor (b). ¢, FA (2 uM)
uptake by ECs was measured after treatment with insulin (left) or the indicated inhibitor (right)
for 1 hr. d, FA (2 uM) uptake by ECs was measured after exposure to a-CMs generated from
C2C12 myotubes treated with the indicated inhibitors with or without pyruvate (50 mM). *p<.05
vs. control. #p<.05 vs. a-CM. Data are mean =+ s.d. of at least three biological replicates.

The identification of these inhibitors allowed us to use CM from PGC-1a-expressing
myotubes that were pre-treated with the inhibitors as discerning negative controls for further
chromatography and mass-spectrometry. The CMs were treated with charcoal to remove

hydrophobic compounds, and first fractionated by open column silica-gel chromatography
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(Figure 2.16). The activity was found in later fractions after elution with n-BuOH:MeOH=1:1
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Figure 2.16: Schematic of unbiased purification of the paracrine factor. o-CMs treated with
vehicle (veh) or the indicated inhibitor were incubated with charcoal, lyophilized, and
fractionated with an open silica column. Active fractions were further separated by HILIC for
activity test and HP-HILIC-MS/MS analysis.

solution, suggesting that the paracrine factor is pretty hydrophilic (Figure 2.17). The active
fractions were collected and further fractionated by high-pressure hydrophilic interaction liquid
chromatography (HP-HILIC) (Figure 2.18a). Evaluations by mass-spectrometry of an active
fraction (#27) from these sequential purifications revealed a peak with molecular weight of 104.1
([M-H]=103.1), which was not present in parallel, inactive fractions from CM of cells pre-treated
with 2DG, Akt inhibitor (Akt VIII), or CHC (Figure 2.18b and c¢). Among multiple candidates

based on the retention time in HILIC column, four isobaric hydroxybutyrates potentially
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corresponded to this molecular weight (Figure 2.19). Among them, bioactivity was

1st fractionation of CMs with open silica column
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Figure 2.17: Fractionation of CMs and activity test. FA (2-16 uM) uptake by ECs was
measured after exposure to Ct-CM or a-CM fractions from an open silica column. Detailed
method is described in the Materials and Methods session.

correlated with a molecule with MS/MS fingerprint of 103->73, which is consistent with 3-
hydroxyisobutyrate (3-HIB) (Figure 2.20a and b). Further matching of chromatographic
properties and MS/MS spectra to synthetic standards unambiguously confirmed this conclusion.
Synthetic 3-HIB alone was sufficient to increase FA uptake by HUVECs (Figure 2.20c),

confirming its identity as the active component in the fractions.
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Figure 2.18: Identification of a m/z peak that is unique to match with the activity. a, FA (16
uM) uptake by ECs was measured after exposure to a-CM fractions from an HP-HILIC column.
b, Fraction 27 after silica column and HILIC fractionation contains the activity, which is not
present in CMs from cells treated with the inhibitors. Veh, vehicle. ¢, Identification by mass
spectrometry of a molecule with m/z=103.1 that is specific to fraction 27.
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Figure 2.20: Identification of 3-hydroxyisobutyrate (3-HIB) as the paracrine factor in a-
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Treatment of 3-HIB also increased fatty acid transport through an endothelial cell
monolayer (Figure 2.21a). In contrast, there was no time-dependent increase of Dextran transport
after 3-HIB treatment (Figure 2.21b), indicating that the integrity of an endothelial cell

monolayer is tight enough to prevent macromolecular transport and that 3-HIB does not induce
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Figure 2.21: 3-HIB increases endothelial FA transport. a-b, FA (a, 16 uM) or Dextran Texas-
Red (b, 50 pg/mL) transport by an EC monolayer was measured after exposure to vehicle (Veh)
or 3-HIB for 1 hr. ¢, The amount of FAs retained in or transported by an EC monolayer was
measured. *p<.05 vs. control. Data are mean + s.d. of at least three biological replicates.
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endothelial leakiness (Neuhaus et al. 2006). To compare the amount of fatty acids taken up by

endothelial cells versus the fraction that is trans-cellularly transported, we have quantified fatty
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Figure 2.22: C2C12 myotubes metabolize FAs transported by 3-HIB-treated ECs. 13C-
metabolic flux analysis of Acetyl-CoA and TCA intermediates in C2C12 myotubes after
exposure to the media containing [U-'3C]-palmitate (PA) transported by an EC monolayer after
treatment with vehicle (Veh) or 3-HIB for 1 hr. M+2 indicates that two carbons are 13C-labeled.
*p<.05 vs. control. Data are mean + s.d. of at least three biological replicates.
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acids inside cells and those transported through an endothelial cell monolayer using the transport
assay. Less than 10% of fatty acids were retained in cell lysates, while 90% of fatty acids were
detected in the bottom of transwells (Figure 2.21¢). To measure endothelial fatty acid transport
induced by 3-HIB with mass-spectrometry, we performed the trans-endothelial fatty acid
transport assay with [U-'>C]-palmitate instead of Bodipy-fatty acids, and measured 13C
incorporation into the TCA cycle of myotubes exposed to media on the other side of the
endothelial monolayer. Briefly, endothelial cells were grown on transwells until they formed a
tight monolayer. [U-'3C]-palmitate was then added on top of the transwells with or without pre-
treatment of endothelial cells with 3-HIB. After 30min, the media from the bottom of the
transwells were incubated with C2C12 myotubes for an hour. Metabolites were then isolated
from the myotubes and quantified. As shown in new Figure 2.22, the myotubes incubated with
media from 3-HIB treated ECs showed a marked induction of 13C-[M+2] labeling of Acetyl-
CoA and TCA intermediates. These results indicate that 3-HIB treatment significantly increased

FA transport across endothelial cells, which results in increased FA oxidation in muscle cells.

3-HIB is known to be an intermediate of valine catabolism, derived from 3-
hydroxyisobutyryl-CoA (HIBC) by HIBC hydrolase (HIBCH), and in turn catabolized by 3-HIB
dehydrogenase (HIBADH) to eventually form propionyl-CoA, which can enter the TCA cycle
(Figure 2.23a). To test if 3-HIB is indeed derived from valine, C2C12 myotubes were grown in
the media containing 13C-labeled valine and mass-spectrometry analysis was performed to
detect 13C-labeled 3-HIB. As shown in Figure 2.23b and c, 13C-labeled 3-HIB was detected in
a-CM generated with the media containing 13C-valine, while 12C-3-HIB was much more

abundant in a-CM generated with the media containing 12C-valine. The trace amount of 13C-

47



labeled 3-HIB is likely derived from naturally occurring stable isotope of carbon (13C). Some
species of bacterial cells can interconvert BCAAs, while mammalian cells are unable to do this
and thus entirely depend on intake of all three BCAAs from diet. To test this notion, myotubes
were grown in media containing 13C-valine or 13C-leucine with or without isoleucine (in place

of using 13C-isoleucine, which is very expensive). As shown in Figure 2.23d, only myotubes
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Figure 2.23: 3-HIB is generated from valine catabolism. a, Schematic of valine catabolism.
Note that only 3-HIB does not have a CoA residue. b, 3-HIB in a-CM is derived from valine. c,
MS/MS spectra of '°C;-3-HIB generated by C2C12 myotubes incubated with '3C;-2-Valine. d, A
comparison of *C;-3-HIB production by C2C12 myotubes incubated with different

combinations of '2C- or 3C-labeled BCAAs in the C2C12 differentiation media for 48 hr. Note
that only 50% of 3-HIB in media is '*C;-3-HIB, indicating that C2C12 myotubes can use
endogenous valine and/or proteins to generate 3-HIB in the presence of serum in media. e, FA (2
uM) uptake by ECs was measured after exposure to CMs generated with media lacking the
indicated BCAA(s). *p<.05 vs. control. Data are mean =+ s.d. of at least three biological replicates.
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grown with 13C-valine, but not with 13C-leucine, produced 13C-3-HIB. Moreover, the presence
of isoleucine did not affect the amount of 13C-3-HIB from 13C-valine, indicating that no

unlabeled carbons from isoleucine were contributing. The data thus show that 3-HIB can only be
generated from catabolism of valine among BCAAs. Moreover, the FA uptake-inducing capacity
of a-CM required the presence of valine in the medium (Figure 2.23¢), demonstrating that 3-HIB

in a-CM is derived from valine.

PGC-1a induced in myotubes the expression of nearly every enzyme in the pathways of
BCAA catabolism (Figure 2.24a). Consistent with these gene expression profiles, PGC-1a
overexpressing myotubes increased secretion of 3-HIB (Figure 2.24b), reflecting PGC-1a-
induced catabolism of valine. PGC-1p induced the same genes (Figure 2.24c). Conversely,
deletion of both PGC-1a and PGC-1f in primary myotubes (double knockout or DKO) repressed
the expression of valine catabolic enzymes (Figure 2.25a), while single knockout of PGC-1a did
not (Figure 2.25b). We next sought to modulate secretion of 3-HIB into a-CM and measure its
effect on endothelial fatty acid uptake. Knockdown of HIBCH by siRNA in the myotubes
(Figure 2.26a) strongly inhibited the a-CM-induced uptake of fatty acids in endothelial cells
(Figure 2.26¢ and d). Conversely, knockdown of HIBADH (the 3-HIB degradating enzyme,
Figure 2.26b) enhanced the uptake of fatty acids in endothelial cells (Figure 2.26¢ and d).
Similarly, knockdown of HIBADH by siRNA electroporation into mouse skeletal muscle
increased triglyceride levels in the muscle (Figure 2.27a and b). Together, these data demonstrate

that PGC-1a induces the catabolism of valine to generate 3-HIB, which then acts as a paracrine

49



factor to stimulate endothelial FA uptake.
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Figure 2.24: PGC-1a and PGC-1p induce expression of BCAA catabolic enzymes in
myotubes. a, qPCR analysis of C2C12 myotubes after transfection with adenovirus expressing
GFP or PGC-1a for 48 hr. b, Quantification of 3-HIB in Ct-CM and a-CM generated from the
C2C12 differentiation media for 48 hr. ¢, qPCR analysis of C2C12 myotubes after transfection
with adenovirus expressing GFP or PGC-1f for 48 hr. *p<.05 vs. control. Data are mean + s.d. of
at least three biological replicates.
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To test if endothelial cells generate 3-HIB to induce fatty acid uptake in an autocrine

manner, we measured gene expression of the valine catabolic enzymes in endothelial cells and
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Figure 2.25: Deletion of both PGC-1a and PGC-1p suppresses gene expression of valine
catabolic enzymes. a, qPCR analysis of primary myotubes from wild type (WT) or muscle-
specific PGC-1a and PGC-1f double knockout (DKO) mice. b, gqPCR analysis of C2C12
myotubes after transfection with lentivirus expressing Cas9 only (Control) or Cas9 plus a PGC-
la targeting guide RNA (PGC-1a Crispr KO). The transfected cells were selected with
puromycin and non-silent indel mutations of PGC-1a were confirmed by genomic DNA
sequencing. *p<.05 vs. control. Data are mean + s.d. of at least three biological replicates.
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Figure 2.26: Perturbation of 3-HIB production in myotubes affects FA uptake induced by
a-CM. a-b, qPCR analysis of C2C12 myotubes after transfection with control or Hibch siRNA
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Figure 2.27: Knockdown of HIBADH in mouse skeletal muscle increases triglycerides levels.
a, Representative fluorescence images of tissues harvested from mice after electroporation of
Hibadh siRNA and a GFP plasmid into skeletal muscle. Note that only skeletal muscle shows
strong GFP signals, demonstrating tissue-specificity. b, Western blot of mouse skeletal muscle
after injection of Hibadh siRNA. Representative gel images (left), quantification (middle) and
muscle triglyceride (TAG) levels (right). *p<.05 vs. control. Data are mean + s.d. n=8.



found that they are dramatically lower than those in skeletal muscle (Figure 2.28a). Moreover,

a

40 -+
35 +
30 A
25 A
20 +
15 +
10 1

BHUVEC
OHuman muscle

Relative gene expression (fold)

-

v‘ 0(’?. 0'{‘0 ‘l‘o 04. Q“‘ 0?‘0 ‘b"‘ Q\\ 0}

b HUVEC c HUVEC
1.2 » BCtsi 60 - Oveh
5 []HIBADH si [ 3-HIB
2 11 50
c —_— *
S =)
@ 0.8 1 < 40 |
4 Py
g -
x 0.6 9 5 30 -
o =
g 04 = 20 -
@
>
= 0.2 10 -
T
o 0 — L

HIBADH Ctsi  HIBADHsi

Figure 2.28: Knockdown of HIBADH in HUVECsS does not affect FA uptake. a, gPCR
analysis of HUVECs and human skeletal muscle biopsies. Note that HUVECs express much
lower levels of valine catabolic genes than skeletal muscle does. b, qPCR analysis of HUVECs
after transfection with control or HIBADH siRNA for 48 hr. ¢, FA (2 uM) uptake was measured
in HUVEC: treated with vehicle (Veh) or 3-HIB for 1 hr after transfection with control or
HIBADH siRNA for 48 hr. *p<.05 vs. control. Data are mean + s.d. of at least three biological
replicates.
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endothelial cells do not make detectable amount of 13C-labeled 3-HIB from 13C-labeled valine
provided in the media (data not shown). To test if 3-HIB metabolism in endothelial cells can
contribute to fatty acid uptake, we efficiently knocked down HIBADH in endothelial cells
(Figure 2.28b). Neither basal nor 3-HIB-mediated fatty acid uptake by endothelial cells was
affected (Figure 2.28¢). In summary, these data indicate that catabolism of valine or 3-HIB in

endothelial cells themselves does not contribute to the regulation of fatty acid trafficking.

Discussion

We here identified a molecular mechanism whereby PGC-1a enables fatty acids to enter
muscle from the bloodstream. Building from the previous works demonstrating that PGC-1a
drives both myocyte fatty acid consumption and paracrine activation of angiogenesis, we
pursued the hypothesis that PGC-1a maximizes delivery of fatty acids to myocytes by enhancing
trans-endothelial transport of fatty acids. We used Bodipy-tagged fatty acids and 13C-isotope
labeled fatty acids to show that conditioned medium from PGC-1a-expressing C2C12 cells
stimulates fatty acid uptake in endothelial cells. The key component in the medium was
identified as 3-HIB, a metabolite of valine catabolism, which was sufficient to drive fatty acid
uptake and transport by endothelial cells. PGC-1a drives expression of enzymes in this catabolic
pathway, and silencing a key enzyme in PGC-1a-expressing C2C12 cells reduced the ability of
conditioned medium to drive fatty acid uptake in endothelial cells. These results tie fatty acid and

branched-chain amino acid metabolism together in an unexpected fashion.

The observation that Akt inhibition in cell culture blocks the PGC-1a conditioned

medium effect is interesting. We believe it is unlikely to be directly a consequence of insulin
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signaling, because insulin has a very mild effect on PGC-1a-CM activity (Figure 2.15a),
compared to inhibitors (Figure 2.15b), and the insulin treatment required 48 hours (during CM
generation), suggesting it is not an acute effect. More likely, we believe this effect stems from
inhibition of glycolysis in the following manner: the first step of BCAA catabolism is trans-

amination, which requires the NH2 acceptor, alpha-keto glutarate (Figure 2.29a), and the supply
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Figure 2.29: BCAA catabolism requires glucose supply. a, Schematic of BCAA catabolism
coupled with other metabolism pathways. Pyruvate derived from glucose or amino acids is a
nitrogen acceptor of glutamate, which is a nitrogen acceptor of BCAA. BCKA, branched chain
alpha-keto acid. b, Removal of leucine from the media decreases 3-HIB production.

of which depends on pyruvate, which is mostly derived from glycolysis. Thus, inhibition of

glycolysis blocks BCAA transamination in isolated muscle and it is reversed by pyruvate
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supplementation (Wu GY and Thompson JR. 1988). In support of this notion, addition of
pyruvate partially restored the activity of PGC-1a-CM even in the presence of 2DG or Akt
inhibitor (Figure 2.15d). However, pyruvate did not restore CHC-inhibited activity (Figure
2.15d), consistent with a different mechanism underlying the CHC effect (i.e. transport of 3-HIB

out of the cell).

We generated PGC-10-CM with media depleted of either all or each individual BCAA
for 30 hours (longer time points were not possible, because they led to atrophic myotubes). As
shown in Figure 2.23e, both BCAA-free and valine-free media abrogated the production of the
active inducer of fatty acid uptake by endothelial cells. In contrast, removing isoleucine had no
impact on fatty acid uptake (Figure 2.23d). Interestingly, leucine-free media showed mild but
significant reduction of fatty acid uptake activity (Figure 2.23¢), which we suspect occurs
because alpha-keto isocaproate, the first product of leucine breakdown, is the most powerful
known allosteric enhancer of BCKDH activity, and thus of all BCAA catabolism (Paxton R and
Harris RA. 1984; Brosnan JT and Brosnan M. 2006). Therefore, complete removal of leucine
from the media likely suppresses valine catabolism as well. To test this hypothesis, we have
measured oxidation of 13C-valine in myotubes with or without leucine in the media. Leucine
exclusion significantly decreased 13C-3-HIB production (Figure 2.29b), while isoleucine
exclusion did not (Figure 2.23d). This is consistent with the notion that leucine-derived alpha-
keto isocaproate, the most potent activator of BCKDH among branched chain alpha-keto acids

(Paxton R and Harris RA. 1984), is important for myotubes to generate 3-HIB.
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The functional redundancy of PGC-1a and PGC-1p has been well established (Rowe GC
and Arany Z. 2014). However, it was not known whether PGC-1s have compensatory function in
the regulation of BCAA catabolism as well. PGC-1a knockout C2C12 myotubes were generated
by the Crispr-Cas9 system and indel mutations were confirmed by single cell cloning and
sequencing (data not shown). In spite of this complete knockout of PGC-1a, the conditioned
media generated from these knockout myotubes showed a very mild decrease in fatty acid
transport activity (Figure 2.9b). Consistent with this, gene expression levels of valine catabolic
enzymes were not significantly downregulated by the loss of PGC-1a (Figure 2.25b). This
observation is likely explained by a clear redundancy between PGC-1a and PGC-1, including
the ability of PGC-1p to induce valine catabolism genes (Figure 2.24¢). Consistent with this
point, deletion of both PGC-1a and PGC-1p in muscle cells did show reduced gene expression of
valine catabolism genes (Figure 2.25a). As a consequence, endothelial cells treated with CM
from double knockout cells (DKO-CM) showed reduced FA-transport (Figure 2.9a).

Similarly, we found in vivo that muscle-specific DKO mice have lower expression of
valine catabolism genes in muscle and increased insulin sensitivity, in contrast to higher
expression of valine catabolism genes and reduced insulin sensitivity in muscle-specific PGC-1f3
transgenic mice (see Chapter 3). Therefore, it seems obvious that muscle cells use a dual system
that involves both PGC-1a and PGC-1p to coordinate valine catabolism for communication with
endothelial cells via 3-HIB. It is of importance to elucidate what physiological cues (e.g. fasting

and exercise) can regulate PGC-1a and PGC-1f separately for the process.
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Another good example of redundancy we have found here is VEGF-B and 3-HIB. Our
data clearly show that PGC-1a induces both secreted factors - VEGF-B (Figure 2.10a) and 3-
HIB (Figure 2.24b). Why does evolution develop these seemingly redundant mechanisms?

First, redundancy of biological functions is quite common, especially if the process
involved is critical for cell survival and function. For example, proper fatty acid supply is crucial
for metabolically active muscle cells to continue the contraction process, in particular for
cardiomyocytes in the heart for beating and muscle cells in the diaphragm for breathing.

In addition, there is a clear difference between VEGF-B-dependent and 3-HIB-dependent
endothelial fatty acid uptake — the speed of action. VEGF-B requires at least 24 hours to induce
any increase of endothelial fatty acid uptake because it needs induction of FATP3 and FATP4
gene expression. On the other hand, our time-course experiments show that 3-HIB-dependent
endothelial fatty acid uptake is much faster — it occurs within 15 min after 3-HIB treatment. Thus,
it is unlikely that the 3-HIB-dependent pathway involves regulation of gene expression. Rather,
post-translational mechanisms are more consistent with this rapid process. Fatty acid transport
proteins that could be involved in the 3-HIB-dependent pathway will be discussed in Chapter 3.
Therefore, it seems that the VEGF-B-dependent pathway is a slow and persistent process, while
the 3-HIB-dependent pathway is a fast and transient process.

Collectively, muscle cells may use at least two different mechanisms to efficiently
regulate endothelial fatty acid transport in different conditions. An important question that
remains to be answered is: blocking which pathway (or both) would be an effective therapeutic

strategy to prevent lipotoxicity-induced insulin resistance.
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It is quite interesting that PGC-1a employs a metabolite to regulate endothelial fatty acid
uptake. This is not the only case where PGC-1a utilizes a metabolite to execute its biological
functions. For example, a metabolite called BAIBA (beta-amino isobutyric acid) was shown to
be increased by PGC-1a overexpression in muscle, which then stimulates ‘browning’ of white
fat cells, a process of increased thermogenesis upon cold exposure (Roberts LD et al. 2014).
What are the potential benefits for cells to use a metabolite as a signaling molecule, instead of a
protein?

First, generation of a metabolite can be more energy-efficient. Proteins should be made
through multiple steps that involve transcription, translation and perhaps post-translational
modifications as well. On the other hand, metabolites can be relatively easily made by enzymes
once the substrate is given and they are secreted much faster than proteins.

Second, metabolites are fairly small so that they can diffuse more rapidly and over a
longer distance compared to bulky proteins that can be trapped by extracellular matrix. As
already discussed, endothelial fatty acid uptake by 3-HIB is very rapid, and at least in certain
conditions, this speed of action achieved by 3-HIB could be beneficial for cells instead of using
VEGF-B.

Third, metabolites are usually more abundant (in terms of molarity because of their small
molecular weight) and resistant to heat and degradation by intracellular/extracellular proteases,
thereby having a relatively longer half-life (unless it has a strong reactive moiety).

Finally, single metabolite can link two distinct biological functions through complex
networks of cellular metabolism pathways. 3-HIB can be a good example. Muscle cells have
three major nutrient sources to generate energy — glucose, fatty acids and proteins. Glucose is

rapidly depleted upon fasting or exercise. Then, muscle cells require fatty acids or proteins for
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energy. However, protein catabolism must be the last option because degradation of their own
proteins can be detrimental for muscle cells. In this regard, muscle protein breakdown induced
by prolonged fasting or extensive exercise can accomplish two urgent objectives — one is to
generate energy for survival, another is to generate 3-HIB as an SOS signal for rapid supply of
fatty acids, the best alternative energy source. Therefore, 3-HIB can be used to link BCAA
metabolism to fatty acid metabolism, and this metabolic interlock is also connected to glucose

metabolism, a main topic of Chapter 3.
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Materials and Methods

FA uptake assay. Confluent HUVECs (passage 2-8) were transferred from a 10 cm dish to a
gelatin-coated 96 well black clear bottom plate (Corning #3603) with empty corner wells for no-
cell controls. After overnight incubation, the cells were serum-starved with EBM2 containing
EGM supplements (Lonza #CC-3162) for at least 8 hours. The cells were then treated with CMs
or 3-HIB (2.5 mM) for an hour and briefly washed with DMEM. Then, Bodipy-FA (Molecular
Probes #D3823) pre-incubated with FA-free BSA (2:1 molar ratio) in DMEM for 10 min in a
37°C water bath was added to the cells for 5 min at 37°C. The Bodipy-FA/BSA solution was
then completely aspirated and the cells were washed with 0.5% BSA in PBS for 1.5 min twice
(50 pL/well). To quench extracellular fluorescence, 0.4% trypan blue (MP biomedicals
#1691049) was added (50 puL/well) and intracellular fluorescence was measured immediately
(bottom-read) with a microplate reader (excitation 488 nm, emission 515 nm, cut-off 495 nm,
SpectraMax M5, Molecular Probes). Readings from wells without Bodipy addition were used to
subtract background signals. The cells were then quickly washed twice with PBS (50 puL/well)
and incubated with 44 uM resazurin (#R7017, Sigma) in DMEM (50 uL/well) containing 10%
FBS for 2 hours. The resazurin fluorescence was then measured with a microplate reader
(excitation 530 nm, emission 590 nm, cut-off 550 nm) and used to normalize Bodipy signals to
cell number. Bodipy FL C16 (#D3821) and Bodipy FL C5 (#D3834) were purchased from
Molecular Probes. Oleic acid-BSA was purchased from Sigma (#03008). To block VEGFB
signaling in ECs, cells were pre-treated with 1 uM SU11248 (sc-220178, Santa Cruz) for 10 min
before CM treatment, or CMs were pre-incubated with 1 pg/mL sFIt1 (#14-923, Calbiochem) for

6 hours at 4°C with shaking before being treated to ECs. For the trypsin treatment, CMs were
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pre-incubated with 30 pg/ml trypsin (Gibco) for 3 hours at 37°C, then incubated with 500 pg/mL

soy bean trypsin inhibitor (17075-029, Gibco) before being treated to the cells.

FA transport assay. Isolation of primary rat brain ECs was performed as described previously
(Abbott NJ et al. 1992). Cells were counted and seeded (5 x 104 cells/well) on a 0.4 pm
transwell (Corning #07-200-147), then grown for 4 days until they formed compact monolayer.
Meanwhile, C2C12 was differentiated into myotubes in 24 well plate for 4 days (see below). The
brain ECs in a transwell were then incubated with CMs or 3-HIB (2.5 mM) for an hour and the
transwell was inserted into the 24 well plate in which C2C12 myotubes were grown. Bodipy-
FA/BSA or [U-13C]-palmitate/BSA in CMs (80 uL) with or without Dextran Texas-Red (70
kDa, Molecular Probes #D1830) was then added to the top chamber of the transwell. CMs
containing only BSA (520 uL) were added to the bottom chamber of transwell. After each time
point, 10 uLL of media was taken from the bottom transwell to measure the Bodipy-FA and
Dextran Texas-Red fluorescence. To measure [U-13C]-palmitate metabolism in C2C12
myotubes, media from the bottom transwell were collected after 30 min of the transport assay
and incubated with C2C12 myotubes for an hour. Metabolites were then isolated from the
C2C12 myotubes and quantified (UPenn Metabolomics Core, Princeton). Trans-endothelial

electrical resistance (TEER) was measured as described previously (Xie Z et al. 2012).

Preparation of CMs. C2C12 cells were grown in 10 cm dishes until 90% confluency and
differentiated into myotubes with 5 pg/mL insulin plus 5 pg/mL transferrin (Sigma) in DMEM
for 2 days, followed by 2% horse serum in DMEM (C2C12 differentiation media) for additional

2 days. The cells were then infected with an adenovirus expressing GFP, PGC-1a or PGC-1.
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Two days after infection, the cells were washed twice with PBS to remove the adenovirus and
incubated with 12 mL DMEM (with or without 2% horse serum) for 2 days. 2DG (5 mM), Akt
VIII (5 uM) or CHC (5 mM) was added if necessary. CMs were then collected, centrifuged at
13,000 g for 10 min at 4°C, aliquoted and stored at -80°C for future use. To generate PGC-10-
expressing C2C12 cell lines, cells were infected with retrovirus expressing PGC-1aor an empty-
vector control. Two days after infection, the infected cells were selected with 2.5 pg/mL
puromycin for 2 days. To generate VEGFB CM, a VEGFB construct was obtained from the
hORFeome Database and cloned into the Gateway pcDNA-DEST40 vector (Invitrogen) and
transfected into HEK293T cells. Fifteen hours after transfection, the cells were washed once with
PBS and incubated with DMEM for 2 days before collection. The control CM was generated

with GFP construct.

Cell culture. HUVECs, human umbilical cord blood-derived endothelial colony-forming cells
(hECFCs), primary rat brain endothelial cells, primary mouse heart and muscle endothelial cells
were grown in EBM2 containing EGM supplements with 20% FBS. C2C12 and all other cell
lines (ATCC) were grown in DMEM with 10% FBS. Isolation of primary mouse endothelial
cells and myoblasts was performed as described previously (Sawada N et al. 2008; Rowe GC et
al. 2013). Pericyte-like cells were differentiated from 10T1/2 with TGF-f for 4 days as described
previously (Darland DC and D'Amore PA. 2001). For the siRNA transfection, control siRNA
(SIC001), FATP3 siRNA (SASI Hs01 00100092), FATP4 siRNA (SASI_Hs01 00047530 ),
FLK1 siRNA (SASI Hs01 00073461), CD36 esiRNA (EHU089321), HIBADH siRNA
(SASI_Hs01 00061462), Hibch siRNA (SASI MmO02 00341755), Hibadh siRNA

(SASI_ MmO1 _00120340) or Vegtb siRNA (SASI MmO01 00114251, all from Sigma) was
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mixed with Lipofectamine RNAi Max (Invitrogen) in Opti-MEM (Sigma) for 20 min before

being treated to cells.

Bodipy and immunofluorescence staining. ECs were grown on fibronectin-coated cover glass.
The cells were then washed with PBS once and fixed with 4% formaldehyde in PBS for 20 min
at room temperature. The cells were then washed with washing buffer (0.1% Triton X-100 in
PBS) three times for 30 min in total, incubated in blocking buffer (5% BSA in washing buffer)
for an hour, and incubated with 1 pg/ml Bodipy (Molecular Probes) in blocking buffer with or
without a primary antibody (1:100 dilution) overnight at 4°C. The cells were then washed with
washing buffer 3 times for 30 min in total, incubated with a secondary antibody (1:1000 dilution
in blocking buffer) for 3 h at room temperature. The cells were then washed with washing buffer
6 times for an hour in total, and mounted with DAPI mounting media (Molecular Probes

#P36931). Images were then taken with a confocal microscopy.

Chromatography. Silica was baked to remove moisture and mixed to n-BuOH:MeOH = 3:1 for
packing. CMs were treated with charcoal, lyophilized and resuspended in the same solvent. The
column was eluted with three 5 mL of n-BuOH:MeOH = 3:1, 1:1 mixture and 100% methanol.
Each fraction was dried and resuspended in media for the activity test. For HILIC separation,
active fractions were resuspended in-phase and injected to HPLC (Dionex LC20 with GP50 quad
pump and AD25 single wavelength UV detector) equipped with an HILIC column (Agilent
HILIC plus, 4.6 mm x 100 mm x 3.5 um). Ammonium acetate buffer (10 mM adjusted to pH
4.0) in water/acetonitrile mix was used as eluent, initially at water:acetonitrile = 5:95 for 5 min,

ramped to 55:45 over 8 min and held for 2 min. Thirty fractions were collected every 30 sec.
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Tandem Mass spectrometry for structural identification. HP-HILIC (Waters BEH amide, 2.1
mm X 100 mm x 2.5 pm, equipped with HP1100 quad pump HPLC) coupled with tandem mass
spectrometers (Thermo Scientific LTQ XL for structural identification and pathway analysis of
3-HIB, or Thermo Scientific Q Exactive orbitrap for high-sensitivity quantitation of in vitro, in
vivo and patient samples) was used. Ammonium formate buffer (2 mM adjusted at pH 9.0) in
water/acetonitrile mix was used as eluent, initially at water:acetonitrile=10:90 for 4 min, ramped
to 40:60 over 3 min and held for 5 min for washing and reconditioned for 12 mins. Selective ion
monitoring (SIM)/parallel reaction monitoring (PRM) at 103.1 (hydroxybutyrate (HB) isomers),
106.1 (d3-2HB standard) and 109.1 (d6-4HB standard) were carried out for MS/MS spectra
acquisition. Quantification of each HB species was carried out with specific Q1—Q?3 transition
fingerprint (2-HB: 103—57, 3-HB:103—59, 3-HIB:103—73, 4-HB:103—85). '3C;-2-Valine
was purchased from Sigma (#604917). 13C»-1,2-Leucine was purchased from Cambridge Isotope
Laboratories (#CLM-3524). d3-2-HB was purchased from CDN Isotopes (#D-7002) and d6-4-

HB was purchased from Cerilliant (#G-006).
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Chapter 3:

Role of 3-HIB in glucose homeostasis
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Abstract

Aberrant accumulation of fats in muscle cells is known to trigger lipotoxicity-induced
insulin resistance. Our data indicate that muscle-derived 3-HIB, a catabolism product of the
BCAA valine, increases endothelial fatty acid transport and thereby increases fatty acid flux into
muscle cells. PGC-1 co-activators regulate this process in muscle cells through induction of
valine catabolic genes. In endothelial cells, we found that FATP3 and FATP4 play major roles in
mediating 3-HIB-dependent fatty acid uptake. To further understand the role of PGC-1s and 3-
HIB in fatty acid transport in vivo, we used transgenic mice expressing PGC-1a or PGC-1p in
skeletal muscle and measured lipid trafficking and glucose homeostasis. We found that increased
3-HIB levels in skeletal muscle are sufficient to stimulate fatty acid uptake and induce insulin
resistance in muscle. Providing animals with 3-HIB in drinking water, or inducing 3-HIB levels
in skeletal muscle by over-expressing PGC-1a, stimulates muscle to take up fatty acids, leading
to muscle lipid accumulation, and systemic glucose intolerance. Importantly, 3-HIB levels are
also elevated in muscle from db/db mice and muscle biopsies from patients with type 11 diabetes.
These data thus unveil a novel mechanism that regulates trans-endothelial flux of fatty acids,
revealing 3-HIB as a new bioactive signaling metabolite that links the regulation of fatty acid
flux to BCAA catabolism and provides a mechanistic explanation for how increased BCAA

catabolic flux can cause diabetes.
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Introduction

Protein-mediated endothelial fatty acid transport

Accumulating evidence has demonstrated that there are facilitated fatty acid transport
mechanisms mediated by a variety of proteins localized in the plasma membrane as well as
intracellular organelles (Mehrotra D et al. 2014) (Figure 3.1). How these proteins are regulated is

Fatty acids

@ @ @
© o o ®

CD36/ FAT

Junction

Mitochondria
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Figure 3.1: Protein-mediated fatty acid transport in ECs. A variety of proteins have been
shown to facilitate FA transport in ECs. They localize in the plasma membrane, mitochondria,
ER and cytoplasm. Caveolae are specialized lipid raft vesicles, which also regulate FA uptake. A
transcription factor PPARY induces CD36 gene expression. Apelin binds to its receptor APLNR
and regulates vascular permeability by controlling tight junctions. All these proteins seem to
cooperate with each other to coordinate endothelial FA transport.

poorly understood. The biggest family of proteins involved in fatty acid transport is FATPs. Six
members of FATPs are expressed differently in different tissues. In endothelial cells, FATP3 and

FATP4 are most highly expressed. Recent studies have suggested that VEGF-B-dependent
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signaling pathway regulates gene expression of FATP3 and FATP4 in endothelial cells (Hagberg
CE et al. 2010). Another layer of regulatory mechanism of FATPs is modulation of their
intracellular localization. FATP1 is highly expressed in adipocytes and insulin is known to
induce rapid translocation of FATP1 from intracellular vesicles to the plasma membrane (Stahl
A et al. 2002), reminiscent of GLUT4 translocation by insulin (Rowland AF et al. 211). The
subcellular localization of FATP3 is still debatable (Pei Z et al. 2004; DiRusso CC et al. 2005)
and its regulation is unknown. Subcellular localization of FATP4 is also controversial — it
involves mitochondria, endoplasmic reticulum (ER), peroxisomes, and the plasma membrane
(Milger K et al. 2006; Krammer J et al. 2011; Hillebrand M et al. 2012). It was suggested that
FATP4 in the ER facilitates acylation of intracellular fatty acids through its acyl-CoA synthetase
activity, thereby inducing gradient-dependent uptake of extracellular fatty acids in cooperation
with CD36 in the plasma membrane (Digel M et al. 2011). CD36 (or FAT) is the most well-
studied fatty acid transporter. A transcription factor PPARY regulates CD36 gene expression with
many other genes related to fatty acid oxidation (Motojima K et al. 1998). Endothelial specific
knockout of PPARY reduced CD36 expression in endothelial cells, which in turn reduced fatty
acid transport into underlying tissues (Goto K et al. 2013). This mechanism partly explains
improved insulin sensitivity in the EC-specific PPARY knockout mice on a high-fat diet (Kanda
T et al. 2009). CD36 is also acutely regulated by membrane translocation via insulin and AMP-
activated protein kinase (AMPK), a cellular energy-sensing molecule that is activated by
exercise in skeletal muscle (Luiken JJ et al. 2002; Chabowski A et al. 2006). Fatty acid binding
proteins (FABPs) are also known to be induced by exercise (Kiens B et al. 1997). They are
localized in cytosol except plasma membrane FABP (FABPpm) (Figure 3.1). Since unbound free

fatty acids are water-insoluble and acidic, FABPs play crucial roles in cytosol to keep fatty acids
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soluble and pH-neutral by direct binding (like the albumin in blood) (Makowski L and
Hotamisligil GS. 2004). How cytosolic FABPs can regulate uptake of extracellular fatty acids is
poorly understood. Knockout of capillary endothelial FABP4 and FABPS resulted in reduced
fatty acid transport into the heart, making it dependent more on glucose than fatty acids (Iso T et
al. 2013). There are other mechanisms of fatty acid uptake that are potentially important in
endothelial cells (Figure 3.1). Caveolae is a special type of lipid raft invaginations of the plasma
membrane, especially abundant in endothelial cells and adipocytes (Scherer PE et al. 1994).
Caveolin-1 (Cav-1) is a major component of these vesicles and it seems to play important roles
in fatty acid uptake (Ring A et al. 2006). It appears that proper functions of CD36 (but not
FATPs) are dependent on its localization in caveolae. Inhibition of caveolae formation by
cholesterol depletion or genetic knockout of Cav-1 blocked fatty acid uptake by CD36 (Pohl J et
al. 2005; Le Lay S and Kurzchalia TV. 2005). Finally, a small peptide called Apelin and its G-
protein-coupled receptor (GPCR) APLNR have been identified to regulate fatty acid transport
(Figure 3.1). They are known to increase fatty acid transport by adjusting vascular permeability
(Novakova V et al. 2015). Both Apelin and APLNR are highly expressed in endothelial cells.
Apelin, in particular, is predominantly expressed in vascular networks in Apelin-lacZ reporter
mouse (Sheikh AY et al. 2008), suggesting that there is an autocrine mechanism. An important
question to answer is: which of these known fatty acid transport mechanisms are crucial for 3-

HIB-mediated fatty acid transport.

BCAA catabolism and diabetes

Since the strong correlation has been discovered between high BCAA levels in blood and

high risk of type II diabetes (Wang TJ et al. 2011; Wurtz P et al. 2012; McCormack SE, et al.
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2013), research has focused on the molecular mechanism of how BCAAs can cause insulin
resistance. It is still controversial whether high BCAAs or high BCAA catabolism induces
insulin resistance. A recent study using an unbiased metabolomics profiling of obese versus lean
people has discovered that BCAA-related metabolites are the most significantly different
metabolites between two groups, supporting a correlation between increased catabolism of
BCAAs and insulin resistance (Newgard CB et al. 2009). To test a causal relationship between
BCAA catabolism and insulin resistance, the authors fed rats with a high-BCAA diet with or
without a high-fat diet. High-fat diet is a well-established method to induce insulin resistance in
rodents through induction of lipotoxicity in skeletal muscle. Surprisingly, the rats fed with a
high-BCAA, high-fat-diet showed much higher lipid accumulation with more severe insulin
resistance than the rats fed with just a high fat diet. The authors found that these rats showed
highly active mTOR signaling in skeletal muscle (Newgard CB et al. 2009). Treatment of
rapamycin, an mTOR inhibitor, partially rescued the insulin resistance phenotype of these rats,
which led the authors to conclude that high BCAA-mediated mTOR activation may induce
insulin resistance. However, rats fed with only high BCAA diet did not show strong mTOR
activation or insulin resistance (Newgard CB et al. 2009). Thus, BCAAs alone do not seem to
activate mTOR sufficiently to cause insulin resistance. Importantly, a new study has
demonstrated that mTOR activation is not the cause of muscle insulin resistance (Smith GI et al.
2015). They found that ingestion of whey proteins or leucine, the strongest mTOR-activating
BCAA, can both increase plasma leucine concentrations and mTOR activation in muscle at a
similar level. However, only ingestion of whey proteins induces insulin resistance. Thus, there
must be an mTOR-independent pathway that is triggered by BCAAs (or their catabolism

products), which can provoke aberrant accumulation of fatty acid species in skeletal muscle.
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BCAAs are three amino acids — leucine, isoleucine and valine. However, it is unclear that
which of three (or all three) is sufficient and/or necessary to trigger insulin resistance. Animal
feeding experiments with each of BCAAs give some hints to answer this question. For instance,
mice fed with leucine-containing drinking water showed improved glucose homeostasis upon a
high-fat diet (Zhang Y et al. 2007). These mice have reduced weight gain, increased resting
energy expenditure, and reduced plasma cholesterol levels. On the other hand, feeding of leucine
with a low-fat diet did not show any changes in body weight and glucose homeostasis (Noatsch
A etal. 2011), again suggesting that dietary fat is an important factor to determine the effect of
BCAA feeding. Supplementation of excess isoleucine in drinking water also did not cause
insulin resistance but rather improved glucose homeostasis upon a high-fat diet (Nishimura J et
al. 2010). It is surprising that there is no study so far that investigated the effect of a high-valine
diet in animals. Since only a high-BCAA diet (but not a high-leucine or a high-isolucine diet)
could recapitulate insulin resistance phenotypes of humans, it is very likely that excess valine (or
its metabolites) is the major cause of insulin resistance triggered by high BCAAs. Or, it is
possible that interaction between three BCAAs is necessary to induce insulin resistance (e.g.

positive feedback activation of BCAA catabolism by alpha-keto acids drived from BCAAs).

Results
To identify fatty acid transport mechanisms underlying the 3-HIB-mediated fatty acid

transport, we first knocked downed in HUVECs a number of fatty acid transport proteins
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expressed in endothelial cells, including FATP3, FATP4 and CD36 (Figure 3.2a and c).
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Figure 3.2: FATPs but not CD36 mediate endothelial FA uptake by a-CM or 3-HIB. a,
Western blot analysis of HUVEC:s after transfection with control, FATP3 siRNA (left) or FATP4
siRNA (right) for 48 hr. NS, non-specific bands. b, FA uptake was measured in HUVECs treated
with Ct-CM or o-CM for 1 hr after transfection with the indicated siRNA(s) for 48 hr. ¢, gPCR
analysis of HUVECSs after transfection with control or CD36 siRNA for 48 hr. d, FA uptake was
measured in HUVECs treated with Ct-CM or a-CM for 1 hr after transfection with control or
CD36 siRNA for 48 hr. e, FA uptake was measured in HUVECs treated with vehicle (Veh) or 3-
HIB for 1 hr after transfection with the indicated siRNA for 48 hr. *p<.05 vs. control. #p<.05 vs.
a-CM. Data are mean =+ s.d. of at least three biological replicates.

Knockdown of FATP3 or FATP4, but not CD36, in HUVECs suppressed fatty acid uptake in

response to either a-CM or 3-HIB (Figure 3.2b, d, and e), indicating that FATP3 and 4 are
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required for fatty acid uptake in response to 3-HIB, but that CD36 is dispensable. Similarly,
primary endothelial cells isolated from FATP4 knockout mice showed reduced fatty acid uptake
by a-CM or 3-HIB (Figure 3.3a and c), while primary endothelial cells isolated from CD36
knockout mice exhibited mildly reduced baseline fatty acid uptake that remained inducible by 3-

HIB (Figure 3.3b and d). Next, we measured gene expression of these fatty acid transporters as
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Figure 3.3: Fatty acid transport proteins mediate endothelial FA uptake by a-CM or 3-HIB.
a-b, qPCR analysis of primary ECs isolated from FATP4 knockout mice (a) or CD36 knockout
mice (b). c-d, FA uptake was measured in primary ECs isolated from FATP4 or CD36 knockout
mice after exposure to Ct-CM or a-CM (c) or 3-HIB (d) for 1 hr. *p<.05 vs. control. #p<.05 vs.
a-CM. Data are mean = s.d. of at least three biological replicates.
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well as potential regulators of fatty acid transport (PPARYy, Apelin) in endothelial cells after
treatment with a-CM or 3-HIB. However, no significant change was observed in either gene

(Figure 3.4a and b) or protein (Figure 3.5a and b) levels, suggesting that FATP3/4 function must
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Figure 3.4: a-CM or 3-HIB does not affect expression of fatty acid transport-related genes.
a-b, qPCR analysis of HUVECs after exposure to CMs (a) or 3-HIB (b) for 1 hr.

be affected by post-translational mechanisms. This conclusion is also consistent with our
observation that only 15 min of a-CM treatment is sufficient to increase fatty acid uptake (Figure

2.7b), a speed of action best explained by post-translational mechanisms. Interestingly, these
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observations also indicate that 3-HIB and VEGFB signaling converge on a common final
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Figure 3.5: a-CM does not affect protein levels of FATP3 and FATP4. a-b, Western blot
analysis of FATP3 (a) and FATP4 (b) in HUVECSs after exposure to CMs for the indicated time.
NS, non-specific bands.

effector pathway, FATP3/4, but via different transcriptional (VEGFB) versus post-translational

(3-HIB) mechanisms.



Mice that transgenically overexpress PGC-1a or PGC-1f in skeletal muscle (MCKa and
MCKf mice) have been described (Lin J et al. 2002; Arany Z et al. 2007). The majority of genes
that mediate valine catabolism are induced in the muscle of these mice (Figure 3.6a and c). The
concentration of secreted 3-HIB is increased in skeletal muscle of MCKa mice (Figure 3.6b),

which is consistent with increased gene expression of valine catabolic enzymes.
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Figure 3.6: PGC-1a and PGC-1p in muscle regulate valine catabolic enzyme expression. a-b,
PGC-1a in skeletal muscle induces many genes of valine catabolism (a, n=6) and increases 3-
HIB levels (b, n=3). ¢, qPCR analysis of quadriceps skeletal muscle from control (Ct) or muscle-
specific PGC-1p transgenic mice (MCKp). *p<.05 vs. control. Data are mean + s.d. (a and ¢) or
+s.e. (b).
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On the other hand, these genes are highly repressed in mice lacking both PGC-1a and PGC-1p

(double knockout or DKO mice) in skeletal muscle (Figure 3.7). To measure in real time and
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Figure 3.7: PGC-1a and PGC-1p cooperate to regulate valine catabolic enzyme expression.
qPCR analysis of quadriceps skeletal muscle from control (Ct) or muscle-specific PGC-1a and
PGC-1p double knockout mice (DKO). *p<.05 vs. control. Data are mean + s.d. n=4.

noninvasively the uptake of fatty acids into skeletal muscle in MCKa mice, we employed a
recently developed technique, in which mice ubiquitously expressing the luciferase enzyme are
injected with luciferin substrate covalently linked to long chain fatty acids by a disulfide bond
(Luc-S-S-FA) (Henkin AH et al. 2012). Upon entry of this substrate into cells, the disulfide bond
is reduced by intracellular glutathione, and free luciferin is liberated to be consumed by
luciferase, thus allowing for quantification via luminometry of fatty acid uptake in vivo (Figure
3.8a). Administration of Luc-S-S-FA to MCKo/Luciferase double transgenic mice demonstrated
a dramatic increase in FA uptake in skeletal muscle, compared to single transgenic mice with

luciferase alone (Figure 3.8b). These findings are thus consistent with the seemingly paradoxical
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observation that MCKa mice accumulate excess lipid species in skeletal muscle, leading to

lipotoxicity and insulin resistance (Choi CS et al. 2008). Since MCKf} mice similarly show
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Figure 3.8: PGC-1a expression in muscle induces fatty acid uptake in vivo. a, Schematic of
in vivo FA uptake assay. GSH, glutathione. b, Representative images (left) and quantification

(right) of FA uptake in Luciferase (Luc) and Luc/MCKa double transgenic mice (n=4). *p<.05 vs.
control. Data are mean =+ s.d.

increased gene expression of valine catabolic enzymes, we have tested glucose homeostasis in
MCKJp and DKO mice using intraperitoneal glucose tolerance test (IPGTT). Similar glucose
intolerance was observed in MCKf mice (Figure 3.9a). Conversely, glucose tolerance was
improved in DKO mice (Figure 3.9b). Collectively, these data indicate that both PGC-1 co-
activators control valine catabolism in muscle, which is important for the regulation of fatty acid

trafficking into muscle and consequently glucose homeostasis.

To test if 3-HIB alone is sufficient to cause fatty acid accumulation in vivo, we provided

3-HIB in the food paste to Luciferase transgenic mice for 1.5 hours, which led to efficient
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Figure 3.9: PGC-1a and PGC-1p in muscle regulate glucose tolerance. a-b, Glucose
tolerance tests of MCKJ (a, n=5) and DKO mice (b, n=8). *p<.05 vs. control. Data are mean
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accumulation of 3-HIB in the serum and skeletal muscle (Figure 3.10a). Imaging by
luminometry after injection of the Luc-S-S-FA showed that 3-HIB feeding dramatically

increased uptake of FAs into the heart and thigh (Figure 3.10b-d). To test if 3-HIB provision
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Figure 3.10: Acute feeding of mice with 3-HIB stimulates FA uptake by heart and thigh. a,
Provision of vehicle (Veh) or 3-HIB in the food paste for 1.5 hr increased 3-HIB levels in serum
(n=2, 3) and muscle (n=4, 6). b-d, Representative luminometry images of mice (b) and thigh
muscle after removal of the skin (¢) and quantification of luminescence (d, n=4). *p<.05 vs.
control. Data are mean = s.e.

affects vascular permeability/perfusion in vivo, we have injected Evans Blue (EB) intravenously
and quantified EB leakage into muscle (Han ED et al. 2002). Mice fed with 3-HIB did not show
any increase in EB penetrance into muscle compared to mice fed with vehicle (Figure 3.11a),
demonstrating that 3-HIB feeding does not alter endothelial cell permeability in vivo.

Histological sections of muscle isolated from mice fed with 3-HIB for 2 weeks showed no
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obvious morphological differences between control and 3-HIB fed groups (Figure 3.11b). These
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Figure 3.11: Acute feeding of mice with 3-HIB does not affect vessel permeability or
damage muscle. a, Quantification of Evans Blue in serum and skeletal muscle before or after
PBS perfusion of the mice fed with vehicle (Veh) or 3-HIB (n=3) for 1.5 hours. b, Representative
images of hematoxylin and eosin staining of muscle cross sections of the mice fed with vehicle
(Veh) or 3-HIB for two weeks.

results indicate that increased levels of 3-HIB in muscle induces fatty acid entry into muscle

without damaging blood vessels or myocytes.

We next sought to investigate a long-term effect of 3-HIB feeding on muscle lipid and
whole body glucose homeostasis. No difference in body weight gain was observed between
vehicle- and 3-HIB-fed mice after feeding for two weeks, suggesting that 3-HIB feeding is not

toxic (Figure 3.12a). Then, we performed lipidomics analysis with skeletal muscle isolated from
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these mice. Surprisingly, there was significant excess accumulation of triglycerides (TAG)
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Figure 3.12: Effect of two-week 3-HIB feeding on FA metabolism. a, Provision of vehicle
(Veh) or 3-HIB in the drinking water for 2 weeks does not show any significant change in body
weight. b-¢, 3-HIB provision increases TAG (b, n=3) and DAG (¢, n=4) in skeletal muscle. d-f,
3-HIB provision does not affect levels of free FA (FFA) in serum (d) or in skeletal muscle (e), or
TAG levels in serum (f). *p<.05 vs. control. Data are mean + s.d. (n=4).

and diglycerides (DAG) species in skeletal muscle in 3-HIB-fed mice (Figure 3.12b and c¢),
despite the absence of any increase in plasma fatty acids or TAG levels (Figure 3.12d-f).
Increased accumulation of DAG species is known to stimulate plasma membrane translocation of
PKC (Szendroedi J et al. 2014). The plasma membrane localization of PKC is important for its
activation, which inhibits insulin signaling by phosphorylating insulin receptor substrate-1 (IRS-

1) (Yu C et al. 2012). Therefore, we performed subcellular fractionation experiments to examine
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the localization of PKCH in 3-HIB-fed mouse muscle. As shown in Figure 3.13a and b, the

plasma membrane localization of PKC6 was increased in muscle from 3-HIB fed mice. In

addition, phosphorylation of Akt was blunted in mice treated with 3-HIB (Figure 3.14a),
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Figure 3.13: 3-HIB induces PKCO membrane translocation in muscle. a, Western blot

analysis of quadriceps skeletal muscle from the mice fed with vehicle (Veh) or 3-HIB after
subcellular fractionation using an iodixanol gradient. b, Quantification of PKC8 membrane
translocation (n=4).*p<.05 vs. control. Data are mean =+ s.d.

consistent with the inhibition of insulin signaling by DAG and activated PKC6. These results

show that prolonged feeding of mice with 3-HIB can cause lipotoxicity phenotypes in skeletal

muscle. Finally, the mice fed with 3-HIB for two weeks revealed a diminished ability to clear a

glucose load from the blood, as revealed by IPGTT experiments (Figure 3.14b). Since [IPGTT

measures systemic glucose homeostasis (including gluconeogenesis in the liver and glucose

uptake by other organs such as adipose tissues, brain, and kidney) instead of muscle glucose
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uptake, we have performed hyperinsulinemic-euglycemic clamp on mice provided with 3-HIB
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Figure 3.14: 3-HIB reduces Akt signaling and induces glucose intolerance. a, Western blot
analysis of quadriceps skeletal muscle from the mice fed with vehicle (Veh) or 3-HIB. Gel
images (top) and quantification (bottom, n=4). b, Intraperitoneal glucose tolerance test (IPGTT)
of the mice fed with vehicle (Veh) or 3-HIB (n=8). *p<.05 vs. control. Data are mean + s.e.

in drinking water for two weeks, compared to vehicle-fed controls. As shown, 3-HIB-fed mice
had significantly lower glucose infusion rates, as well as a strong trend towards lower muscle
glucose uptake (Figure 3.15a-c). 3-HIB thus causes systemic and muscle insulin resistance.
Neither hepatic gluconeogenesis gene expression nor glucose output was significantly different
(Figure 3.15d and e), suggesting that 3-HIB has little impact on hepatic function. Together, these
data demonstrate that paracrine secretion of 3-HIB, an intermediate of BCAA catabolism,
induces FA uptake in vivo, and causes excess accumulation of incompletely esterified lipids in

skeletal muscle, blunted Akt signaling, and glucose intolerance.
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Figure 3.15: Mice fed with 3-HIB for 2 weeks show systemic insulin resistance. a-d, Blood
glucose levels (a), glucose infusion rate (b), skeletal muscle glucose uptake (¢), and hepatic
glucose output (d) were measured by the hyperinsulinemic-euglycemic clamp on the mice fed
with vehicle (Veh) or 3-HIB for 2 weeks. e, qPCR analysis of the liver from the mice fed with
vehicle (Veh) or 3-HIB for 2 weeks. p<.05 by ANOVA analysis in b. Data are mean + s.e. (n=8).

BCAA levels in blood are fluctuating during the fed-fast cycle, and catabolism of BCAA

is dependent on energy status of skeletal muscle (Lynch CJ and Adams SH. 2014). To examine if

the physiological levels of 3-HIB are also fluctuating during the fed-fast cycle, we measured

plasma and skeletal muscle levels of 3-HIB in mice in the fasting, postprandial, and insulin-

stimulated conditions. Fasted mice (for 16 hours) showed 2.5-fold higher 3-HIB levels in muscle
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and plasma, compared to postprandial mice (2 hours after refeeding), and 3.3-fold higher

compared to ad lib mice (Figure 3.16a and b). This observation is consistent with increased
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Figure 3.16: Fasting increases muscle and plasma levels of 3-HIB. a-b, Quantification of 3-
HIB in muscle (a) and plasma (b) of the mice fasted for 16 hr or refed for 2 hr after fasting. ¢-d,
Quantification of 3-HIB in muscle (¢) and plasma (d) of the mice injected with insulin (0.5U/kg)
for 1 hr after fasting for 3 hr. *p<.05 vs. control. Data are mean + s.d. (n=5).
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catabolism of protein and amino acids in skeletal muscle during prolonged fasting, and with the
notion that 3-HIB acts as a signal to increase fatty acid import in the context of insufficient
nutrients. Similarly, 3-HIB was increased 5-fold in serum of humans fasted for 72 hours
(Avogaro A and Bier DM. 1989). On the other hand, stimulation of mice with physiological
levels of insulin (0.5 U/kg injection for 1 hour after fasting for 3 hours) did not significantly
affect plasma or muscle 3-HIB levels (Figure 3.16¢ and d), consistent with the idea that insulin

does not acutely affect the process.

Discussion

Valine is one of three branched-chain amino acids (BCAAs), all three of which are
essential dietary components. BCAAs are abundant, comprising up to 30% of muscle protein.
Catabolic flux of the three BCAAs is tightly regulated, and skeletal muscle is one of the key sites
of BCAA catabolism, unlike that of other amino acids, which primarily occurs in the liver.
Interestingly, all intermediate products of catabolism of all three branched-chain a-keto acids are
trapped inside the cell by covalent linkage to Co-enzyme A (CoA), with the single exception of
3-HIB (Figure 2.1). 3-HIB is thus ideally suited to act as a secreted reporter of BCAA catabolic
flux in muscle. Excess BCAA catabolic flux has recently been implicated in the progression to
diabetes both in rodents and human (Wang TJ et al. 2007; Newgard CB. 2012). Data from the
Framingham Heart Study, for example, show that elevated BCAAs in blood precede the onset of
diabetes by decades (Wang TJ et al. 2007). A mechanistic explanation for these observations has
been lacking. Our data indicate that increased catabolic flux of BCAAs can cause the secretion of
3-HIB from muscle, leading to excess trans-endothelial FA import into muscle, accumulation of
lipotoxic incompletely esterified intermediates like DAG, and blunted insulin signaling.

Consistent with this notion, we found highly increased levels of 3-HIB in skeletal muscle from
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db/db mice (Figure 3.17a) and muscle biopsies from diabetic patients (Figure 3.17b). Elevated 3-
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Figure 3.17: 3-HIB is increased in muscle of db/db mice and human diabetic patients. a-b,
Quantification of 3-HIB in muscle from db/db mice (a, n=8) or muscle biopsies from type I1
diabetic (T2D) patients (b). e-d, qPCR analysis of muscle from db/db mice (¢, n=8) or muscle
biopsies from T2D patients (d). *p<.05 vs. control. Data are mean + s.d.

HIB in serum of diabetic patients has also been reported (Avogaro A and Bier DM. 1989;
Giesbertz P et al. 2015). Patients with severe 3-HIB aciduria and significant neurological
sequelae have also been described (Sasaki M et al. 2001), but their glucose homeostasis has not
been reported. These increases in 3-HIB levels are unlikely to be explained by altered gene
expression, because HIBCH and HIBADH mRNA expression in muscle was not significantly
different in db/db mice or type 2 diabetic patients (Figure 3.17c and d). It is possible that post-
transcriptional regulation is involved — e.g. reduced HIBADH protein levels in type 2 diabetic rat

muscle, as noted previously (Mullen E and Ohlendieck K. 2010). Interestingly, a recent analysis
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of gene expression omnibus (GEO) database and small nucleotide polymorphisms (SNPs)
associated with type II diabetes identified HIBADH as one of two genes that are both
differentially expressed in type II diabetes (Chen J et al. 2013; Deng W1 et al. 2010) and have
diabetes-associated SNPs. Two SNPs were identified close to the genomic region of HIBADH.
Whether these SNP alleles affect expression of HIBADH requires more investigation such as
expression quantitative trait loci (eQTLs). In summary, our mouse and human data demonstrate

that 3-HIB levels are strongly induced in muscle of subjects with type II diabetes.

We found that fasting increases 3-HIB levels both in blood and skeletal muscle, similar to
the diabetic condition. Then, why 3-HIB does not trigger insulin resistance in skeletal muscle
upon fasting? High 3-HIB levels under normal conditions likely reflect active catabolism in
muscle (e.g. fasting or exercise) and we propose that increased 3-HIB contributes to better fatty
acid trafficking into muscle in these physiological conditions. Consistent with the induction of
PGC-1a upon exercise, it has been incidentally noted that 3-HIB levels are increased after
exercise in mouse muscle (Overmyer KA et al. 2015) and human urine (Pechlivanis A et al.
2010). Increased levels of 3-HIB during fasting or exercise do not trigger pathological insulin
resistance because fasting or exercised muscle consumes the fat that is delivered, and thus fat
accumulation or lipotoxicity does not happen. On the other hand, increased 3-HIB levels in
muscle can be a pathological driver of insulin resistance if it occurs in the context of excess
supply of dietary fat and/or reduced consumption of fatty acids (e.g. the fed, sedentary state).
Combination of these factors (higher dietary fat, higher muscle 3-HIB also in part due to higher
BCAA consumption, combined with lower muscle fat oxidation due to sedentary behavior and

uninterrupted feeding) conspire to aberrant fat accumulation in muscle, lipotoxicity, and

94



eventually insulin resistance. In other words, lipid delivery desynchronized with consumption
leads to lipotoxicity. Consistent with this idea, the PGC-1a transgenic animals, which are insulin

resistant at baseline, become even more insulin sensitive than controls after an exercise regimen.

It has been suggested that BCAA catabolism is accomplished through a metabolite shuttle
between the liver and muscle. We confirmed that liver cells express almost no BCATs,
supporting the notion that transamination of BCAAs primarily happens in muscle (Figure 3.18a).
We also compared gene expression of BCKDH subunits between the liver and various subtypes
of muscle. Both BCKDH-A and BCKDH -B levels in muscle are comparable to those in the liver

(Figure 3.18Db).
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Figure 3.18: Comparison of BCAT and BCKDH gene expression between the liver and
muscle subtypes. a-b, gPCR analysis of the liver and various subtypes of skeletal muscle. SOL,
soleus; QUAD, quadriceps; GAS, gastrocnemius; TA, tibialis anterior. n=5.

Nevertheless, it is controversial which organ (liver or muscle) is the major site for further

catabolism of alpha-keto acids generated by BCAT activity in muscle. The absolute BCKDH
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activity is much higher (about 200 fold) in the liver than muscle in rats because of low BCKDK
inhibitory activity in the liver (Suryawan A et al. 1998). Surprisingly, this is not the case in
human and monkey - the absolute BCKDH activity is only slightly lower (only 3 fold) in muscle
than that in the liver in human (Suryawan A et al. 1998). A key point to be noted is that humans
do not have a storage mechanism for excess BCAA (unlike fats in adipose tissue), which
therefore must be catabolized somewhere. Whole-body muscle mass greatly exceeds that of the
liver, and thus the capacity of muscle BCAA catabolism in humans is dramatically higher
relative to the liver than in rodents (muscle:liver is 29:60% in mouse, versus 66:9% in human
(Suryawan A et al. 1998). Consistent with this, it has been reported that skeletal muscle
contributes considerably to whole body BCKDH activity (Brosnan JT and Brosnan M. 2006). It
is interesting why there is such a difference in BCKDH activity between rodents and humans.
Nonetheless, we found very similar concentrations of 3-HIB in skeletal muscle from mice and
human (Figure 3.6b and 3.17b), conclusively demonstrating that catabolism of valine is
occurring in skeletal muscle. Thus, catabolism in human muscle is critical even if the capacity is
lower than rodents.

More importantly, in diabetic patients, BCKDH expression and/or activity is severely
abrogated in the liver and adipose tissue but not in muscle (She P et al. 2007; Kuzuya T et al.
2008; Lynch CJ and Adams SH. 2014). Therefore, the contribution of skeletal muscle to whole
body BCKDH activity is most likely significantly induced in type II diabetes, and circulating
alpha-keto acids will be shuttled back to muscle and further catabolized in muscle, resulting in
increased 3-HIB production in muscle. This notion is consistent with our new finding that 3-HIB

levels are higher in muscles from db/db mice and type II diabetes patients (Figure 3.17a and b).

96



We found that FATP3 and FATP4, but not CD36, play major roles in mediating 3-HIB-
dependent fatty acid uptake in ECs. On the other hand, treatment of SSO, which mainly blocks
CD36 (Kuda O et al 2013), efficiently blocks endothelial fatty acid transport induced by a-CM
(Figure 2.8c¢). SSO is a membrane-impermeable sulfo-N-hydroxysuccinimidyl (NHS) ester of
oleate. Its NHS moiety can react with primary or secondary amines (nucleophiles) to yield stable
amide or imide bond. Therefore, in principle, any primary amino-terminal and e-amino groups in
lysine side chains of proteins that bind to fatty acids on the plasma membrane or proteins in the
lipid rafts can be the target of SSO, including CD36 (Pohl J et al. 2005; Kuda O et al. 2013).
Consistent with this notion, SSO blocks fatty acid incorporation into triglycerides in CD36
knockout cells as much as it does in wild type cells, questioning the specificity of the inhibitor
(Holloway GP et al. 2009; Drahota Z et al. 2010; Nicholls HT et al. 2011). Thus, SSO likely
blocks endothelial FA transport through inhibition of both CD36 and other, yet poorly defined,

fatty acid transporter proteins, perhaps including FATP3 and/or 4.
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Materials & Methods

Quantitative RT-PCR (qPCR). mRNA was isolated using a TurboCapture mRNA kit (Qiagen)

and reverse-transcribed with an RT kit (Applied Biosystems) according to the manufacturers’

protocols. Primers used for qPCR are below.

Mouse Bceatl forward
Mouse Bcatl reverse
Mouse Bcat2 forward
Mouse Bcat2 reverse
Mouse Bckdha forward
Mouse Bckdha reverse
Mouse Bckdhb forward
Mouse Bckdhb reverse
Mouse Bckdk forward
Mouse Bckdk reverse
Mouse Ppm1k forward
Mouse Ppm1k reverse
Mouse Acadsb forward
Mouse Acadsb reverse
Mouse Hadha forward
Mouse Hadha reverse

Mouse Hibch forward

CCCATCGTACCTCTTTCACCC

GGGAGCGTGGGAATACGTG

CTCATCCTGCGCTTCCAG

TCACACCCGAAACATCCAATC

ATCTACCGTGTCATGGACCG

ATGGTGTTGAGCAGCGTCAT

AGCTATTGCGGAAATCCAGTTT

ACAGTTGAAAAGATCACCTGAGC

ACATCAGCCACCGATACACAC

GAGGCGAACTGAGGGCTTC

ATGTTATCAGCGGCCTTCATTAC

GTGGAGAAGTAGCAGGCAGG

TGGGTCGAAGATGTGGATCAG

TCGGTCTACTAAGAAGCAGGTG

TGCATTTGCCGCAGCTTTAC

GTTGGCCCAGATTTCGTTCA

GTGGAGGCGTCATAACGCTC
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Mouse Hibch reverse
Mouse Hibadh forward
Mouse Hibadh reverse
Mouse Vegta forward
Mouse Vegfa reverse
Mouse Vegtb forward
Mouse Vegtb reverse
Mouse Flt1 forward
Mouse Flt1 reverse
Mouse Flk1 forward
Mouse FIk1 reverse
Mouse Ppargcla forward
Mouse Ppargcla reverse
Mouse Ppargclb forward
Mouse Ppargclb reverse
Mouse Fbp1 forward
Mouse Fbp1 reverse
Mouse G6pc forward
Mouse Gb6pc reverse
Mouse Pepck forward
Mouse Pepck reverse
Mouse Ivd forward

Mouse Ivd reverse

AGGAATGTGTCAGGGTCTTGT

GCAGCGGTGTGTTCTAGGTC

ACACGTCATAGAGGATGAGTGG

CTGTAACGATGAAGCCCTGGAG

TGGTGAGGTTTGATCCGCAT

GGTTGCCATACCCCACCACC

CCTTGGCAATGGAGGAAGCG

CCTGCATGATTCCTGATTGGA

GCCTAAGCTCACCTGCGG

GACTTGGTTCATCAGGCTAG

GACGCTGTTAAGCTGCTACAC

AGCCGTGACCACTGACAACGAG

GCTGCATGGTTCTGAGTGCTAAG

CTCCAGGCAGGTTCAACCC

GGGCCAGAAGTTCCCTTAGG

TATGGTGGAAAGGGACGGGAA

CCTCTGGTGATACTCAAGGATGG

TGCAAGGGAGAACTCAGCAA

GGACCAAGGAAGCCACAATG

TTGAACTGACAGACTCGCCCT

TGCCCATCCGAGTCATGA

GGACGGCGAGTTTCCAGTT

CCACAGGCAATATCGAGTGGG
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Mouse Mcccl forward
Mouse Mcccl reverse
Mouse Auh forward
Mouse Auh reverse
Mouse Hmgcl forward
Mouse Hmgcl reverse
Mouse Hsd17b10 forward
Mouse Hsd17b10 reverse
Mouse Acatl forward

Mouse Acatl reverse

Human FATP1 forward
Human FATPI reverse
Human FATP3 forward
Human FATP3 reverse
Human FATP4 forward
Human FATP4 reverse
Human FATP6 forward
Human FATP6 reverse
Human FABP4 forward
Human FABP4 reverse
Human FABPS forward

Human FABPS reverse

GGGTGATACGAACAGCCAAAA

GGGTGATACGAACAGCCAAAA

TGCTCGGGATTAACAGAGCTT

TCCACCGCTTTTGATAACATCTT

GGTCTCCCCGGCTAAAGTTG

GCCAGAGCTTGACCATAGGTAT

GCTTGGTCGCGGTAGTAACTG

TGGGGCAAATATGCAGCTTTC

CAGGAAGTAAGATGCCTGGAAC

TTCACCCCCTTGGATGACATT

TCTATGGGGTGGCTGTTCCA

TCAAACCCTCTCGCTGCA

AGAGACCTTCAAACAGCAGAAAG

GTCCAGAACGTACAGTGGGT

AGGCAAAGGTGCGACAGTG

CCAGTGGGTATCTGTGCCC

ACAACCTCGGAAACCTTTCATC

CCCCTTTTTCAGAGAGGAATGG

AGCACCATAACCTTAGATGGGG

CGTGGAAGTGACGCCTTTCA

TTGGTTCAGCATCAGGAGTG

GATCCGAGTACAGGTGACATTG
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Human FABP-PM forward

Human FABP-PM reverse

Human CD36 forward

Human CD36 reverse

Human CAV1 forward

Human CAV1 reverse

Human PPARG forward

Human PPARG reverse

Human APLN forward

Human APLN reverse

Human FLK1 forward

Human FLK1 reverse

Human BCAT1 forward

Human BCAT]1 reverse

Human BCAT?2 forward

Human BCAT?2 reverse

Human BCKDHA forward

Human BCKDHA reverse

Human BCKDHB forward

Human BCKDHB reverse

Human BCKDK forward

Human BCKDK reverse

Human PPM 1K forward

ATTTGGACAAGGAATACCTGCC

GCCACTCTTCAAGACTTCGC

GCCAAGGAAAATGTAACCCAGG

GCCTCTGTTCCAACTGATAGTGA

CATCCCGATGGCACTCATCTG

CACGGCTGATGCACTGAATCT

ACCAAAGTGCAATCAAAGTGGA

AGGCTTATTGTAGAGCTGAGTCT

GTCTCCTCCATAGATTGGTCTGC

GGAATCATCCAAACTACAGCCAG

GGCCCAATAATCAGAGTGGCA

TGTCATTTCCGATCACTTTTGGA

AGCCCTGCTCTTTGTACTCTT

CCAGGCTCTTACATACTTGGGA

CGCTCCTGTTCGTCATTCTCT

CCCACCTAACTTGTAGTTGCC

CTACAAGAGCATGACACTGCTT

CCCTCCTCACCATAGTTGGTC

TGGAGTCTTTAGATGCACTGTTG

CGCAATTCCGATTCCAAATCCAA

GACTTCCCTCCGATCAAGGAC

CTCTCACGTAGGCCCTCTG

ATAACCGCATTGATGAGCCAA
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Human PPMIK reverse CGCACCCCACATTTTCCAAG
Human ACADSB forward GATGGCAAATGTAGACCCTACC
Human ACADSB reverse ~ AAGGCCCGGAGTATCACGA
Human HADHA forward ~ CTGCCCAAAATGGTGGGTGT
Human HADHA reverse GGAGGTTTTAGTCCTGGTCCC
Human HIBCH forward TGGTTCTTGCCAGAAACCTTATG
Human HIBCH reverse GTAGCCACTCGAAATTGCCCA
Human HIBADH forward TGCTGCCCACCAGTATCAATG

Human HIBADH reverse GCAGGATCAATAGTGCTGGAATC

Subcellular fractionation. All procedures were performed on ice. Fresh or frozen muscle (~150
mg) was minced with scissors and homogenized with a Dounce homogenizer (Corning, PYREX
2ml, 30 strokes) in 1.3 mL homogenization buffer (0.1 M sucrose, 10 mM EDTA, 46 mM KCI, 5
mM NaN3, 100 mM Tris-HCI pH 7.4 and protease inhibitors). The samples were then
centrifuged at 4,000 g for 10 min at 4 °C to precipitate nuclear fractions and cell debris. The
supernatant (1 mL) was then collected and mixed with 0.33 mL Opti-Prep (Sigma D1556, 60%
iodixanol) to make a 15% iodixanol solution. Then, 1.33 mL of 40% iodixanol gradient solution
containing 0.1 M sucrose, 10mM EDTA, 46mM KCI, 5mM NaN3, 10 mM Tris-HCI pH 7.4 and
protease inhibitor, was added into a 4 mL ultracentrifuge tube and the sample was carefully
added on top of the gradient solution. Then, 1.33 mL of 5% iodixanol gradient solution
containing 0.1 M sucrose, 10 mM EDTA, 46 mM KCI, 5 mM NaN3, 10 mM Tris-HCI pH 7.4
and protease inhibitor, was carefully added on top of the sample. After ultracentrifugation at

80,000 g for 16 hours at 4°C, fractions (250 puL) were collected from the top. Then each fraction
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was mixed with 6X SDS sample loading buffer, boiled for 5 min at 95°C, and loaded to 4-20%

gradient SDS-PAGE gels for Western blot.

Lipidomics. Liquid chromatography-mass spectrometry (LC-MS) grade acetonitrile (ACN),
isopropanol (IPA), methanol, and chloroform were purchased from Fisher Scientific (New
Jersey, USA). Diglyceride standard mix (d5-DAG, LM-6004) was purchased from Avanti Polar
Lipids (USA) and leucine enkephalin from Sigma Aldrich (USA). To extract lipids, vehicle or 3-
HIB-fed mouse muscle samples were pulverized in liquid nitrogen and lipids were extracted
from muscle powders (50 mg) with a methanol-chloroform (2:1) mixture (300 pL), lysed by
mechanical disruption (Tissue laser from QIAGEN, USA) with 25 pulses/sec for 2 min and
sonicated for an additional 15 min. Chloroform and water were added (100 pL each) and
vortexed. Organic and aqueous layers were separated by centrifugation for 7 min at 13,300 rpm
at 4°C. The d5-DAG internal standard mix was added to the organic layer and samples were
dried under N2 gas. The dried lipid samples were redissolved in a mixture of 60% solvent A
(40% H20, 60% ACN, 10 mM Ammonium formate) and 40% solvent B (90% IPA, 10% ACN,
10 mM Ammonium formate). The samples were centrifuged at 13,300rpm for 5 min to remove
fine particulates. The supernatant was transferred to a glass vial for ultra-performance liquid
chromatography combined with qTOF Xevo G2S (Waters) detector for high through put LC-MS
lipidomics. For UPLC QTOF MS based data acquisition for untargeted lipidomics profiling, each
10 uL sample was injected on to a reverse-phase column (XSELECTTM CSHTM C18 2.5 pym
2.1x100 mm) using an Aquity H-class UPLC system (Waters Corporation, USA). Each sample
was chromatographed for 9 min at a flow rate of 0.5 mL/min. The UPLC gradient consisted of

75% A and 25% B for 0.5 min, a quick ramp of 50% A and 50% B for 0.5 min, 25% A and 75%
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B for 4 min followed by a ramp of 10% A and 90% B for 2 min, and finally a ramp to 1% A and
99% B for 2 min. The column eluent was introduced directly into the mass spectrometer. MS
was performed with a positive ion sensitive mode with a Capillary voltage of 3000 V and
Sampling Cone voltage of 40°C. The desolvation gas flow was set to 800 L/hr and the
temperature was set to 450°C. The source temperature was set at 80°C. Accurate mass was
maintained by introduction of a lock-spray interface of leucine-enkephalin (556.2771 m/z) at a
concentration of 0.5 ng/uL in 50% aqueous acetonitrile and a rate of 5 uL/min. Data was
acquired in centroid MSe mode from 50-1200 m/z mass ranges for both MS (low energy) and
MSe (high energy) modes. Low energy or fragmented data were collected without collision
energy, while high energy or fragmented data were collected by using collision energy ramp
from 15-40 eV. The entire set of triplicate sample injections was bracketed with a test mix of
standard metabolites at the beginning and at the end of the run to evaluate instrument
performance with respect to sensitivity and mass accuracy. The sample queue was randomized to
remove bias. Lipid analysis and identifications were performed using Progenesis software
(Waters Corporation, USA). Endogenous DG(16:0/16:0) - m/z 551.50 Da, DG(16:0/18:0) -
596.54 Da, DG(16:0/18:1) — 577.51 Da, DG(18:0/18:0)- 607.56 Da, DG(18:1/18:2)-601.51 Da,
DG(18:1/18:3)-1234.07, DG(18:0/20:4)-689.51 Da fragmentation was confirmed by DDA and

TOF-MS MS methods along with MSe.

Animal Models. All animal experiments were performed according to procedures approved by
the Institutional Animal Care and Use Committee. For 3-HIB feeding, 12-week-old C57BL/6
male mice (Jackson Lab) were fed with 3-HIB (Sigma 36105) in drinking water (300 mg/kg/day)

for 2 weeks. Free FAs (Cayman), TAG (Cayman) and DAG (Mybiosourse) kits were used
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according to manufacturer’s protocols. For glucose tolerance test, 8-week-old male mice were
fasted for 16 hours, weighed, and a baseline blood glucose level was measured using a
glucometer. Each mouse was intraperitoneally injected with sterilized 10% w/v D-glucose (10
uL/g body weight), then blood glucose was measured at each time point. Flt flox/flox and Flk
flox/flox mice were kindly shared by Genentech. FATP4 KO and CD36 KO mice were kindly
provided by Dr. Jeffrey H. Miner (Washington University School of Medicine) and Dr. Jack
Lawler (Harvard Medical School), respectively. Hyperinsulinemic euglycemic clamp studies
were performed as described previously (Titchenell PM et al. 2015). Luciferase-transgenic mice
were purchased from Jackson Lab (#008450). Luc-S-S-FA was purchased from INTRACE
MEDICAL SA. To measure in vivo FA uptake, 10-week-old female Luciferase-TG or
Luciferase/MCKalpha double transgenic mice were fasted for 16 hours, then ad lib fed with food
paste mixed with 30 mM 3-HIB in water for 1.5 hours. The mice were then anesthetized and
intravenously injected with 20 uM Luc-S-S-FA in warm 100 uLL PBS containing 10 uM FA-free
BSA. Luminescence was measured immediately after injection of Luc-S-S-FA with Xenogen
IVIS-50 Bioluminescence Imaging System at the BIDMC Small Animal Imaging Core. Images
and quantifications were performed by personnel blinded to the treatment or genotypes. To
measure vessel leakiness in vivo, the mice were anesthetized and intravenously injected with 50
puL of 2% Evans Blue in PBS. After 5 min, blood was collected and intracardiac perfusion was
performed with 100 mL PBS. The skeletal muscle was then isolated, minced with scissors in
PBS, homogenized with metal beads, centrifuged at 13,000 g for 10min, and Evans Blue in
supernatants was quantified (absorbance at 611 nm) and normalized to total protein
concentrations measured by BCA assay (Promega). To perform plasmid and siRNA

electroporation into the tibialis anterior muscle, 8-week-old mice were anesthetized with
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isofuran, hair was then removed from legs, and a small incision was made on the skin to expose
the muscle. Then, 25 ng of CMV-EGFP plasmid (Addgene) with 5 pg of control or HIBADH
siRNA in 25 pL sterilized saline was slowly injected into the muscle with an insulin syringe. The
skin incision was then sutured and electropersation was applied by touching the two pin
electrodes around the injection site (Voltage, 50 V/cm; pulse duration, 100 ms; frequency of
pulses, 1 Hz). A train of total 8 pulses (4 pulses first, then additional 4 pulses after switching
electrode position) was delivered. The left leg was injected with control siRNA and the right leg
was injected with HIBADH siRNA. After 9 days of recovery, the injected muscle was isolated
and GFP-positive muscle fibers (5-10 mg) were collected to measure TAG and protein

concentrations.

Human samples. The cohort of skeletal muscle biopsy samples was described previously

(Forman DE et al. 2014). Human studies were approved by the institutional review board (IRB).

Reagents. Anti-Pan-Actin (#4968), Anti-ERK1/2 (#9102), anti-pERK1/2 Thr 202/Tyr204
(#9101), anti-Akt (#4685), anti-pAkt Serd73 (#9271 all from Cell Signaling), anti-FATP3
(Proteintech 12943-1-AP), anti-FATP4 (Abnova H00010999-M01), anti-PKC8 (BD
Transduction lab 610089), anti-Na,K ATPase A1 (Novus Biologicals NB300-146SS) and anti-
HIBADH (Proteintech 13466-1-AP) antibodies were used for Western blot. Anti-Occludin-1
(Abcam ab31721) and anti-Calnexin (Thermo MA3-27) antibodies were used for
immunostaining. Mitotracker® Red CMXRos (Cell Signaling 9082S) was used for mitochondria
staining. Sulfo-N-succinimidyl Oleate (sc-208408) was purchased from Santa Cruz. Akt VIII

(#124018) was purchased from Calbiochem. 2-deoxyglucose (#D8375) and activated charcoal
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(#C4386) were purchased from Sigma. CHC (#5029) was purchased from Tocris. Recombinant
VEGFA (#293-VE-010) and VEGFB (#767-VE-010) were purchased from R&D systems.
Human insulin (Humulin R U-100) was purchased from Harvard Drug Group (#821501).
Membrane filters (MWCO 3 kDa #72677094), Calcimycin (#C9275), 2,4-Dinitrophenol

(#D198501) and other chemicals were purchased from Sigma unless otherwise stated.

Statistics. P-values were calculated using the two-tailed Student’s t-test. For statistical
comparisons between study groups, ANOVA was used followed by Bonferroni post hoc testing.
P<0.05 was considered statistically significant. Data are displayed as mean + standard deviation
or standard error (as indicated). All cell culture experiments included at least 3 biological
replicates. All animal cohorts included at least 3 animals in each study group (as indicated in

each case). Animals were randomized to treatment groups.
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3-HIB receptors and downstream signaling

From a therapeutic point of view, it is important to identify 3-HIB receptors and
downstream signaling pathways in endothelial cells because they can be the key drug targets to
block lipotoxicity. A growing number of receptors have been identified that recognize
metabolites as ligands and transduce signaling inside cells. Most of them are the G-protein
coupled receptors (GPCRs) that bind to small G proteins (e.g. Ga or Gi) as downstream effectors
(Blad CC et al. 2012). For example, several GPCRs have been shown to function as receptors for
a small signaling molecule, including sphingosine-1-phosphate, adenosine, short-chain fatty
acids and so on. Recently, many of secreted metabolites have been added to the list of GPCR
ligands, such as citrate, succinate, lactate, and a ketone body beta-hydroxybutyrate (He W et al.
2004; Sapieha P et al. 2008; Ahmed K et al. 2010; Youm YH et al. 2015). Pertussis toxin is an
inhibitor of Gi protein via irreversible ADP-ribosylation of the protein (Mangmool S and Kurose
H). Interestingly, we found that pre-treatment of endothelial cells with pertussis toxin
substantially blocked fatty acid uptake induced by a-CM (data not shown), suggesting that 3-
HIB has a GPCR as its receptor. Therefore, we have tried an siRNA screen that covered the top
100 orphan GPCRs most highly expressed in endothelial cells, since the a-CM effect is quite
endothelial cell specific. However, we failed to identify siRNAs that efficiently blocked fatty
acid uptake by a-CM (data not shown).

There are many possible reasons why this approach did not work. First, GPCRs are
highly redundant and it is very likely that 3-HIB has multiple GPCR receptors. Therefore,
knockdown of single GPCR may not exhibit any noticeable changes in fatty acid uptake. Second,
it is possible that the GPCR for 3-HIB is not orphan receptors but rather GPCRs with known

ligands. We thus have tested GPCRs that have ligands structurally similar to 3-HIB (e.g. lactate,
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short-chain fatty acids, beta-hydroxybutyrate, and gamma-hydroxybutyrate) (Andriamampandry
Cetal. 2007; Ahmed K et al. 2009; Youm YH et al. 2015), but again failed to identify it. Third,
it may not be a GPCR at all. It is now apparent that there is a GPCR-independent Gi signaling
pathway that pertussis toxin can inhibit (Cismowski MJ and Lanier SM. 2005). For instance, a
recent report showed that Gi is localized in Golgi and has a GPCR-independent function (Lo IC
et al. 2015). Therefore, it seems that identification of 3-HIB receptors requires more serious
efforts. These may involve development of more comprehensive and large-scale loss-of-function
screens, or a gain-of-function screen that uses Chinese hamster ovary (CHO) cells with ectopic
expression of individual GPCRs. Furthermore, to identify downstream signaling pathways that
mediate the 3-HIB effect in ECs, screens using chemical libraries, genome-wide siRNAs or

recently-developed Crispr-Cas9 guide RNAs would be useful.

Another potential drug target for the treatment of diabetes is vascular FATP3 and FATP4.
Our data demonstrate that FATP3 and FATP4 are mainly responsible for the 3-HIB-mediated
fatty acid transport. Interestingly, VEGF-B also depends on these fatty acid transporters,
rendering FATP3 and FATP4 as an ideal point of convergence to efficiently block endothelial
fatty acid transport. Then, it should be useful to examine the known consequences of FATP3
and/or FATP4 inhibition in animals because one might expect similar symptoms in the patients
given with FATP3/4 inhibitors.

It seems that expression of FATP3 is fairly limited to endothelial cells, which is a good
feature for a drug target. However, the function of FATP3 as a fatty acid transporter has been
controversial (Pei Z et al. 2004; DiRusso CC et al. 2005; Hagberg CE et al. 2010; Hagberg CE et

al. 2012). For example, it was shown that knockdown of FATP3 in a mouse testis tumor cell line
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(MA-10 cells) decreased acyl-CoA synthase activity but not fatty acid uptake activity (Pei Z et al.
2004). However, the authors used just one cancer cell line, which hardly reflects the real
physiological relevance of FATP3 function in fatty acid transport. Moreover, it is possible that
their knockdown efficiency was only sufficient to affect enzymatic activity but not fatty acid
uptake activity of FATP3. Therefore, more thorough studies using FATP3 knockout in
physiologically relevant cell types (e.g. endothelial cells) or in animals are essential. No FATP3
knockout mice have been reported yet.

In contrast to FATP3, expression of FATP4 is much broader and the highest level is
observed in gastrointestinal enterocytes (Stahl A et al. 1999). This led a pharmaceutical company
to develop specific inhibitors of FATP4 as a potential blocker of fatty acid uptake in the gut to
treat obesity (Blackburn C et al. 2006). However, they did not see a significant decrease of
intestinal fatty acid uptake after injection of mice with the inhibitor. The authors discussed that a
dose or tissue distribution of the inhibitor might not be optimal. FATP4 knockout mice were
generated or accidently discovered by two independent groups. One group found an interesting
mouse strain that manifested postnatal lethality with a severe skin phenotype. Later, it was
identified as a consequence of FATP4 deficiency due to a transposon insertion into one exon of
FATP4 (Moulson CL et al. 2003). This group also showed that overexpression of FATP4
specifically in keratinocytes in the skin was sufficient to rescue the lethality and the skin
phenotype of the knockout mice (Moulson CL et al. 2007). Another group reported similar
phenotypes using conditional knockout mice they generated. Interestingly, they found that
knockout of FATP4 in adult mice resulted in only a mild skin phenotype (Herrmann T et al.
2005), suggesting that FATP4 is more important during the early developmental stages. FATP4

knockout in intestines or adipose tissues did not show any apparent phenotype (Shim J et al.
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2009; Lenz LS et al. 2011), except a mild weight gain and adipose hypertrophy in the adipose
tissue-specific knockout mice under a high-fat diet (Lenz LS et al 2011). To conclude, these
studies using knockout mice suggest no serious effect of FATP4 inhibition, at least in adulthood.
However, it is possible that FATP4 plays more important roles in humans, and simultaneous
inhibition of FATP3 and FATP4 can be synergistically detrimental. FATP3 and FATP4 double

knockout mice, in this regard, can be useful to evaluate this possibility.

Regulation of BCAA metabolism by PGC-1s

Here we identified a novel link between PGC-1s and BCAA metabolism. We found that
overexpression of either PGC-1a or PGC-1p in myotubes (Figure 2.24a and c) or in skeletal
muscle of transgenic mice (Figure 3.6a and c) strongly induced almost all genes of BCAA
catabolic enzymes. Consistently, there is an increased generation of 3-HIB both in vitro (Figure
2.24b) and in vivo (Figure 3.6b), demonstrating that valine catabolism is elevated. As loss-of-
function studies, we have generated PGC-1a knockout myotube using the Crispr-Cas9 system
(Figure 2.25b) as well as PGC-1a and PGC-1f muscle-specific double knockout mice (DKO
mice, Figure 2.25a and Figure 3.7), and found that profound repression of BCAA catabolic genes
only in the double knockout cells or mice. How can PGC-1s regulate these BCAA catabolic gene
programs? PGC-1s are transcription co-activators. Therefore, there must be transcription factors
that actually bind to and activate promoters of these genes, with the help of PGC-1s. Since
BCAA catabolism mainly occurs in mitochondria and PGC-1s are known to induce
mitochondrial biogenesis, it is possible that PGC-1s increase expression of these genes indirectly
to replenish newly-made mitochondria with these enzymes. However, it is worth noting that

BCAT1 and BCKDH-B are cytoplasmic proteins and they are also induced by PGC-1s,
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suggesting that it may not be an indirect consequence of increased number of mitochondria.
Then what transcription factors could be involved? There are many candidate transcription
factors that are activated by PGC-1s. Among them, nuclear receptors such as PPARS and ERRa
are the strongest candidates because they are known to regulate fatty acid metabolism and
angiogenesis in myotubes, respectively (Handschin C and Spiegelman BM. 2006). However, we
found that neither knockdown of these genes nor treatment of a chemical inhibitor affected gene

induction of valine catabolic enzymes by PGC-1a (Figure 4.1).
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Figure 4.1: Inhibition of ERRa or PPARG does not block the induction of valine catabolism
genes by PGC-1a. gPCR analysis of C2C12 myotubes infected with adenovirus expressing
PGC-1a after transfection with the indicated siRNA or treatment with XCT790, an ERRa
inverse agonist for 48 hr. *p<.05 vs. control. Data are mean =+ s.d. of at least three biological
replicates.

Another strong candidate is a Kruppel-like factor (KLF) family. There are several
experimental data supporting this possibility. First, these Zinc-finger domain-containing
transcription factors are shown to regulate fatty acid metabolism and mitochondrial biogenesis.
A recent report using heart-specific KLF4 knockout mice showed that KLF4 directly binds to
PGC-1s and ERRa to regulate mitochondrial genes (Liao X et al. 2015). Second, KLF15 is
known to regulate one of the key genes of BCAA catabolism, BCAT2. KLF15 whole-body

knockout mice showed dramatic reduction of BCAT2 protein levels in the liver and skeletal
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muscle and consequently elevated BCAA levels in the blood, suggesting a blunted systemic
BCAA catabolism (Gray S et al. 2007; Jeyaraj D et al. 2012). More interestingly, these mice
exhibited higher free fatty acid levels in blood and lower trigylcerides levels in skeletal muscle
and the heart (Haldar SM et al. 2012; Prosdocimo DA et al. 2014), consistent with our proposal
that increased BCAA catabolism (and thus increased 3-HIB production) is important for fatty
acid flux into muscle. Third, KLF15 is known to be increased by exercise and fasting in muscle
(Yamamoto J et al. 2004; Gray S et al. 2007; Haldar SM et al. 2012), the two physiological
conditions where 3-HIB generation and fatty acid trafficking are both increased (Figure 3.16)
(Pechlivanis A et al. 2010; Overmyer KA et al. 2015). Fourth, bioinformatics and chromatin-
immunoprecipitation (CHIP)-based analysis predicted KLF4 as a top transcription factor that
could bind to promoter regions of many of BCAA catabolic enzymes (Hatazawa Y et al. 2014;

Hatazawa Y et al. 2015). Lastly, we found
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Figure 4.2: Knockdown of KIf15 blocks some of valine catabolism genes induced by PGC-
la. qPCR analysis of C2C12 myotubes infected with adenovirus expressing PGC-1a after
transfection of KIf15 siRNA. *p<.05 vs. control. #p<.05 vs. PGC-1a overexpression. Data are
mean * s.d. of at least three biological replicates.
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that some of valine catabolic enzymes induced by PGC-1a overexpression are slightly but
significantly suppressed by KLF15 knockdown in myotubes (Figure. 4.2). The incomplete
inhibition may be due to insufficient knockdown of KLF15 and/or compensation by other KLFs.
Therefore, future studies are required to examine which KLF(s) are responsible for PGC-1a-

dependent regulation of BCAA catabolism.

Beyond 3-HIB and beyond muscle.

Our study is about the intercellular communication between muscle cells and endothelial
cells. Is 3-HIB only the factor secreted from muscle cells that can facilitate endothelial fatty acid
transport? We identified 3-HIB as the major active molecule in a-CM with unbiased biochemical
fractionation and mass-spectrometry analysis. It is still possible, however, that there are other
factors (e.g. VEGF-B) that potentially have a similar biological activity to 3-HIB. In fact, the a-
CM activity is higher than the activity achieved by 3-HIB treatment alone, with a concentration
of 3-HIB in the a-CM measured by mass-spectrometry. Consistent with this notion, we observed
two separate fractions in C18 column chromatography that contained the fatty acid uptake
inducing activity (data not shown). One of them was confirmed to contain 3-HIB, but the other
did not (data not shown). Thus, it is important to identify this unknown factor as well.

We showed that the increase of fatty acid uptake by a-CM treatment is quite specific to
endothelial cells (Figure 2.7a). However, do only muscle cells stimulate endothelial cells to
transport fatty acids? It is possible that generation of 3-HIB happens in other tissues, most likely
in the liver and adipose tissues. The endothelium in the liver is fenestrated, meaning that these

endothelial cells do not have tight junctions but rather have many holes to allow free diffusion of
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most nutrients and bulky molecules toward hepatocytes. In this sense, active transport of fatty
acids through endothelial walls may not be critical in the liver. Not much is known about the
structure of the endothelium in adipose tissues. Contrary to muscle cells that mostly take up
extracellular fatty acids (unidirectional transport), fat cells work in both ways (bidirectional
transport). They take up and release fatty acids according to certain metabolic conditions. For
instance, insulin signaling stimulates fat cells to absorb fatty acids from the blood stream to store
them as triglycerides, while fasting signaling does the opposite. Brown adipose tissues are more
similar to muscle cells in that they mostly take up fatty acids and have abundant mitochondria
with a potentially high capacity of BCAA catabolism (Lopez-Soriano FJ et al. 1988).
Collectively, it would be interesting to test if the PGC-1s / 3-HIB signaling axis is also conserved

in other metabolically active tissues.

Systemic versus local levels of BCAAs and metabolites

As above mentioned, there are numerous epidemiological studies that correlate plasma
BCAA levels with insulin resistance. Ours and other studies demonstrate that there is a clear
increase in 3-HIB production in diabetic conditions (Giesbertz P et al. 2015). However, one
might expect that enhanced degradation of valine and other BCAAs - which would be necessary
to produce 3-HIB - would lead to reduced rather than elevated BCAA levels in the plasma. How
can we explain this seemingly paradoxical phenomenon? The answer might be the difference
between systemic and local BCAA catabolism. Plasma BCAA levels reflect whole body BCAA
metabolism, while BCAA levels in muscle can be very different from those in whole body. We
propose that high circulating BCAAs are driving elevations in muscle 3-HIB, i.e. valine

catabolism increases in response to excess BCAA in muscle. At least two mechanisms can lead
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to excess BCAA delivery to muscle: 1) excess dietary intake of BCAA, and 2) insufficient
catabolism of BCAAs in tissues other than muscle, requiring muscle to make up the difference.
Many groups have reported tissue-specific alterations in BCAA metabolism, especially in
obesity and type II diabetes (Lynch CJ and Adams SH. 2014). For example, in insulin-resistant
ob/ob mice and Zucker rats, two key BCAA enzymes, BCATs and BCKDHs, are dramatically
downregulated or inactivated in the liver and adipose tissue but not in muscle (She P et al. 2007;
Kuzuya T et al. 2008; Lynch CJ and Adams SH. 2014). These inhibitions of BCAA catabolism
in tissues other than muscle would be expected to increase flux of BCAAs to catabolism in
muscle, thus increasing 3-HIB. Consistent with this notion, our data show more than 2-fold
higher 3-HIB levels in muscle from db/db mice or in muscle biopsies from human diabetic
patients (Figure 3.17a and b), even as it was shown that db/db mice and diabetic patients have
higher plasma BCAA levels. These findings thus show that 3-HIB levels can be high in muscle

even when plasma BCAA is high.

Potential caveats of muscle 3-HIB concentration

We have measured 3-HIB concentration in PGC-1a CM, using our mass-spectrometry,
and calculate it to be ~700 uM compared to ~200 pM in control CM (Figure 2.24b). However, it
is very difficult to conclusively measure the relevant concentration of 3-HIB in skeletal muscle
in vivo for a number of reasons: 1) we found that variable processing of muscle tissue and/or
impurities affecting ion suppression in the mass spectrometer render calculated absolute values
variable; and 2) any measured concentration is likely a significant underestimate of the 3-HIB
concentrations in the relevant biological space: the interstitium. In other words, we have

measured 3-HIB concentrations in the whole muscle but these are potentially much lower than
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the actual local 3-HIB concentrations in the interstitial space between myocytes and blood
vessels. There is no established method to quantify metabolites in interstitial fluids from muscle.
We have tried to isolate the interstitial fluid from muscle, using a low speed centrifugation
method previously used for tumor interstitial fluid isolation (Figure 4.3a) (Wiig H et al. 2003;
Haslene-Hox H et al. 2011). Briefly, mice were anesthetized and perfused intracardially with
PBS to completely remove blood. Tibialis anterior muscle was then isolated from tendon to
tendon to prevent cell damage. The muscle was then put on a nylon sieve into an EP tube and
centrifuged at 106 g for 10 min. A small volume of fluid (~2 pL) on the bottom of the tube was
then collected for mass-spectrometry analysis. Samples from 5 mice were pooled to get enough

amount of fluid for one MS/MS run.
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Figure 4.3: Quantification of 3-HIB in muscle interstitial fluid. a, Schematic of preparation of
samples enriched with interstitial fluid from skeletal muscle. Mice were anesthetized and
perfused intracardially with PBS to completely remove blood. The tibialis anterior muscle was
then isolated from tendon to tendon to prevent cell damage. The muscle was then put on a nylon
sieve into an EP tube and centrifuged at 106 g for 10 min. A small volume of fluid (~2 pL) on the
bottom of the tube was then collected for mass-spec analysis. b, MCKa mice have higher 3-HIB
levels in a 5 mice-pooled sample enriched with interstitial fluid.
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As shown in the Figure 4.3b, the fluid enriched with interstitial fluids contains ~330 uM of 3-
HIB in PGC-1a-transgenic mouse versus ~130 uM of 3-HIB in control. These data suggest that
3-HIB in muscle interstitial fluid is high enough to trigger fatty acid accumulation in muscle and
consequent insulin resistance. New technological advances should be made to convincingly

quantify metabolites in the interstitial fluids of animal and human tissues.

Conclusion

In summary, our data unveil 3-HIB as a novel bioactive paracrine metabolite that
regulates trans-endothelial flux of fatty acids. The data highlight the importance of the
vasculature in whole-body metabolic homeostasis. The data also uncover a novel cross-
regulatory link between the catabolism of BCAAs and fatty acids. Finally, the data provide a
mechanistic explanation for how excess catabolic flux of BCAAs can lead to insulin resistance,

suggesting this pathway as a new target to treat diabetes.
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