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SUMMARY

Alterations in hepatic mitochondrial function are a feature of type 2 diabetes (T2D) and non-alcohalic
fatty liver disease (NAFLD) and may precipitate the development of fibrosis and steatohepatitis. Using
multi-dimensional mass spectrometry-based shotgun lipidomics we show that livers of insulin-resistant
obese mice display extensive remodeling of the mitochondrial lipid cardiolipin, which may increase
susceptibility to oxidative stress. Thisis exacerbated by excessive mitochondrial fatty acid delivery,
evidenced by long-chain acylcarnitine accumulation, and is accompanied by increased TCA cycle activity
and hyperactivation of pyruvate dehydrogenase. Moreover, insulin-sensitization with pioglitazone rescued
cardiolipin remodeling and reduced mitochondrial pyruvate metabolism by simultaneously suppressing
pyruvate carboxylase flux and inhibiting PDH activation through PDK4 induction / PDP2 suppression.
These pioglitazone-derived benefits were entirely dissociated from changesin hepatic triglyceride or
diacylglyceride levels. Our findings identify targetable mitochondrial features of T2D and NAFLD and

highlight the benefit of insulin sensitization in managing the clinical burden of obesity-associated disease.
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INTRODUCTION

Type 2 diabetes mellitus (T2D) increases the risk of developing non-alcohalic fatty liver disease
(NAFLD), and NAFLD patients with T2D are more likely to progress towards the more severe maladies
of non-alcoholic steatohepatitis (NASH) and hepatocellular carcinoma (1, 2). Although the precise events
linking T2D and NAFLD remain unclear, their shared association with obesity and insulin resistance
suggests a common underlying pathology characterized by ectopic lipid accumulation and elevated rates

of hepatic glucose production (3-5).

Studiesin humans have identified alterations in hepatic mitochondrial metabolism as a central
feature of T2D and NAFLD (5, 6), including the remodeling of mitochondrial lipids (7), increasesin
mitochondrial mass and respiratory capacity (8), altered acetyl-CoA metabolism (9) and excessive
tricarboxylic acid (TCA) cycle turnover (5). By driving sustained elevations in oxidative stress, these
adaptations are believed to contribute to the inflammatory, fibrotic milieu associated with disease
progression (8) and warrant the development of therapies specifically targeting hepatic mitochondrial

metabolism.

Pioglitazone is an insulin-sensitizing thiazolidinedione prescribed for the treatment of T2D (10)
and has shown considerable efficacy in improving NAFLD and NASH outcomes (11, 12). Although
typically ascribed to adipose tissue PPAR-y-mediated reductions in systemic lipid concentrations and
ectopic lipid accumulation (13-15), the disease-modifying effects of pioglitazone may also involve direct
effects on liver metabolism. For example, pioglitazone acutely suppresses glucose production in cultured
hepatocytes (16, 17) and perfused livers (18) and was recently found to decrease liver TCA cycleflux ina
mouse model of NASH (19). The molecular mechanisms responsible for modulation of hepatic
mitochondrial metabolism by pioglitazone are uncertain, but data from our lab (16) and others (20)
indicate that they may involve the inhibition of mitochondrial pyruvate fluxes. Here, we investigated the

effects of pioglitazone on mitochondrial remodeling in arodent model of hepatic insulin resistance, using
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acombination of *°H / *C NMR metabolic flux analyses, high-resolution lipidomics and molecular

approaches.

RESULTS

Pioglitazone r escues hepatic mitochondrial lipid remodeling in obese mice: To investigate whether
the disease-modifying actions of pioglitazone are linked to effects on hepatic mitochondrial function, we
fed obese (ob/ob) 12-week-old mice a diet supplemented with pioglitazone (300 mg/kg diet) for four
weeks. Consistent with human studies (10), pioglitazone-treated obese mice (OB-PIO) displayed rapid
improvements in fasting blood glucose, oral glucose tolerance (Figure S1A) and peripheral insulin
sensitivity compared to untreated obese mice (OB-CON) (Table 1). These metabolic improvements
occurred despite significantly greater weight gain in OB-PIO mice, which was due to increases in both
lean and fat mass compared to OB-CON mice (Table 1) and is in accordance with the weight gain
observed in human patients treated with pioglitazone (21). Moreover, pioglitazone did not improve
hepatic lipid accumulation and, on the contrary, total liver triglycerides and diacyl glycerides were both
~30% greater in OB-PIO mice compared to OB-CON (Table 1). Together, these dataillustrate that
intrahepatic lipid accumulation per se can be dissociated from the beneficial effects of pioglitazone upon

insulin sensitivity.

Sinceinsulin resistance and NAFLD are characterized by excessive oxidative liver metabolism
and mitochondrial remodeling (9, 22), we compared markers of mitochondria content in livers from wild-
type (WT) mice with those from OB-CON and OB-PIO mice. Citrate synthase activity (Figure 1A) and
complex 1V protein expression (Figure 1B) were increased 30 and 70%, respectively, in OB-CON
compared to WT, whilst VDACL protein was unchanged (Figure 1B). Remarkably, al markers of
mitochondrial content were reduced in OB-PIO mice (Figure 1A, B). We next measured long-chain

acylcarnitine content, as these lipid species are reported to accumulate under conditions of hepatic lipid
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overload and mitochondrial dysfunction (7, 23). Several acylcarnitine species were increased in OB-CON
mice compared to WT, including 18:0-OH, 20:4 and 20:2-OH acylcarnitine, whereas pioglitazone
reduced the levels of 20:4, 20:2-OH and 18:1 acylcarnitines (Figure 1C). Overall, total acylcarnitine
content was elevated by 25% in OB-CON mice compared to WT, but completely normalized in OB-PIO

mice (Figure 1D), indicating improvement of hepatic mitochondrial function in pioglitazone-treated mice.

Another lipid class known to play a key role in mitochondrial function are the cardiolipins (24).
Total cardiolipin levels were reduced in OB-CON compared to WT mice, although this difference was
driven primarily by the highly abundant tetralinoleoyl-cardiolipin (Figure 1D). Mitochondrial remodeling
and metabolic dysfunction is particularly associated with changesin higher molecular weight cardiolipins
containing longer fatty acyl chains (24) and indeed, many of these species were dramatically increased in
OB-CON mice (Figure 1D). Similarly, higher molecular weight lyso-cardiolipins, which act as
precursors for cardiolipin synthesis, were also elevated in OB-CON mice compared to WT (Figure S1B).
Interestingly, these higher molecular weight cardiolipin and lyso-cardiolipin lipids were partialy or
completely restored in OB-PIO mice (Figure 1D and S1B), further demonstrating the ability of

pioglitazone to rescue the hepatic mitochondrial remodeling occurring under conditions of lipid excess.

Pioglitazone suppresses TCA cycle flux and pyruvate carboxylase-driven glucose output: We next
explored whether alterations in mitochondrial metabolism were involved in the restoration of glucose
homeostasis by pioglitazone. Overnight fasted OB-CON and OB-PIO mice were administered
intraperitoneally with a bolus injection of [2,3-"*C]pyruvate for the assessment of mitochondrial pyruvate
flux into glucose (Iabelling scheme depicted in Figure 2A). NMR analysis of the resultant **C
isotopomersin plasma glucoserevealed production of [1,2-*3C] and [5,6-"*C]glucose in fasted OB-CON
and OB-PIO mice (Figure S2A), reflecting direct pyruvate-driven gluconeogenesis (25). However, we
also observed enrichment of the C-3 and C-4 glucose carbons, demonstrating extensive TCA cycle
turnover, in OB-CON but not OB-PIO mice (Figure 2B). Matching simulated spectrafrom tcaSIM (26)

supported amodel in which TCA cycle flux was slowed by pioglitazone treatment (Figure 2C). The
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coupling between TCA cycle turnover and glucose production is mediated by pyruvate carboxylase (PC)
flux (9) and, as such, we determined the contribution of PC flux to endogenous glucose production (EGP)
in parallel experiments using “H,O (Figure 2D). Gluconeogenesis (GNG) from PC-flux accounted for a
similar proportion of total EGP in overnight fasted OB-CON and OB-PIO mice (Figure 2E). However
total EGP, assessed by 3-*H glucose, was 35% lower in OB-PIO mice compared to OB-CON (Figure 2F).
Scaling to absolute EGP suggested that PC-driven GNG was double in OB-CON compared to OB-PIO
mice (~0.70 vs 0.37 umol/min) and demonstrate that pioglitazone suppresses excessive mitochondrial

metabolism and restricts GNG from the level of the TCA cycle.

As PC-driven glucose production was reduced by pioglitazone, we postulated that alternate
pathways of mitochondrial pyruvate disposal might also be affected, such as pyruvate dehydrogenase
(PDH). Following [2,3-"*C] pyruvate administration in fasted OB-CON and OB-PIO mice, we measured
the ratio of [2,3-**C] / [4,5-*C]glutamate in in situ freeze-clamped livers, reflecting the relative balance
between PC and PDH fluxes (Figure 2G). Unexpectedly, the PC/PDH ratio was unchanged by
pioglitazone treatment (Figure 2H). As the hepatic PC/PDH ratio may be sensitive to the fasting-fed
transition (25), we repeated these experiments in OB-CON and OB-PIO mice following euglycemic-
hyperinsulinemic clamps. Despite a 63% reduction in EGP in OB-PIO compared to OB-CON under

insulin-stimulated conditions (Figure S2B), the PC/PDH flux ratio remained unchanged (Figure 2H).

Pyruvate dehydrogenase is hyperactivated in livers of obese mice and isreduced by pioglitazone:
The constancy of hepatic PC/PDH despite areduction in PC flux infers that PDH flux was aso lower in
OB-PIO mice and prompted us to investigate the hypothesis that pioglitazone inhibits liver PDH.
Interestingly, we found that protein levels of the PDH catal ytic subunit E1la were increased by 70% in
OB-CON mice compared to WT and remained elevated in OB-PIO mice (Figure 3A). However, the
enzymatic activity of PDH is primarily controlled by its catal ytic activation status, which we subsequently
measured in in situ freeze-clamped livers. Strikingly, and consistent with the increased Ela protein levels,

basal PDH activation was 6-fold higher in OB-CON mice compared to WT, but was partially normalized
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in OB-PIO mice (Figure 3B). This blunting of hepatic PDH activation by pioglitazone was corroborated
in mice undergoing insulin clamp studies (Figure 3C). Thus, excessive PDH activation may contribute to

the mitochondrial dysfunction present in livers from obese mice and is abated by pioglitazone treatment.

The activity of PDH is under covalent regulation by the competing actions of the PDH inhibitory
kinases (PDKs) and activating phosphatases (PDPs), with PDK4 and PDP2 being the isoforms of primary
importance in murine liver (27, 28). Under fasted conditions, hepatic PDK4 protein expression was
reduced in OB-CON, but not OB-PIO, compared to WT mice (Figure 3D). Conversely, PDP2 protein
levels were increased by 60% in OB-CON and completely normalized in OB-PIO (Figure 3D). Moreover,
following insulin clamp studies, PDK4 was 78% greater, whereas PDP2 expression was 50% lower, in
OB-PI0 compared to OB-CON mice (Figure 3D). Thus, reduced PDK4 and increased PDP2 expression
in vivo may contribute to the excessive PDH activation and mitochondrial dysfunction in livers from

obese mice, whilst pioglitazone reverses these changes to promote the suppression of PDH activation.

Hepatic PDK4 and PDP2 may be responsive to circulating concentrations of free fatty acids and
insulin (29). Since plasmainsulin concentrations were lower in OB-PIO mice (Table 1), we next
investigated if pioglitazone influenced PDK4 and PDP2 expression independent of insulin, in isolated
hepatocytes from wild-type mice. Treatment of primary hepatocytes with pioglitazone for 24-48 hours
resulted in a dose- and time-dependent increase in PDK4 mRNA (Figure 3E) which translated into a 2-
fold increase in PDK4 protein after 48 hours (Figure 3F). However, no effects of pioglitazone treatment
on PDP2 protein expression were observed (Figure 3F), suggesting that pioglitazone-mediated alterations
in PDK4 and PDP2 may occur through divergent mechanisms. These experiments in isolated hepatocytes
al so suggest that pioglitazone may modulate hepatic PDH activation directly, in aliver-autonomous
manner. To explore this possibility, we conducted experimentsin perfused livers from untreated wild-
type mice. Hepatic glucose output was stable over the 40-minute measurement period under control
conditions, whereas infusion of 10 uM pioglitazone caused a ~30% reduction in glucose production rates

(Figure 3G-H). However, PDH activation was no different between control and pioglitazone-perfused
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livers (Figure 31). Thus, whereas the inhibition of hepatic glucose output by pioglitazone occurs rapidly
(within minutes) in isolated perfused livers, the suppression of hepatic PDH activation may require more

prolonged (i.e. 24 hours) pioglitazone exposure.

Pioglitazone alter s hepatic cytosolic redox state and allosteric modulators of PDH flux: In addition
to post-translational regulation by PDK4 and PDP2, flux through active PDH is under further alosteric
regulation by acute changesin the ratios of acetyl-CoA / CoASH and NADH / NAD", aswell asthe
intracellular pyruvate concentration (30, 31). Acetyl-CoA and free CoOASH concentrations in freeze-
clamped livers from OB-CON mice were 9-fold and 2-fold lower, respectively, compared to wild-type
mice (Figure 4A-B). Thisresulted in a 3-fold decrease in the acetyl-CoA / CoASH ratio (Figure 4C).
Pioglitazone treatment did not restore acetyl-CoA / CoASH in fasted mice and, on the contrary, resulted
in its decline following insulin clamp in OB-PIO compared to OB-CON mice (Figure 4D-F). Thus,
aterationsin hepatic acetyl-CoA / CoASH may promote excessive PDH activation in obese mice but

could not explain the suppression of PDH by pioglitazone treatment.

Fasting liver pyruvate concentrations were similar between OB-CON and wild-type mice, but
were significantly lower in OB-PIO (Figure 4G). Hepatic pyruvate content also tended (P=0.06) to be
reduced by pioglitazone following insulin clamp studies (Figure 4J), providing an additional mechanism
through which PDH activation may be suppressed in OB-PIO mice. Fasting liver lactate concentration
was also lower in OB-PIO mice compared to OB-CON (Figure 4H), resulting in a 39% suppression of the
lactate / pyruvate ratio in OB-PIO mice (Figure 41). Conversely, the lactate / pyruvate ratio following
insulin clamp studies was elevated by 93% in OB-PIO mice compared to OB-CON (Figure 4L). The
lactate / pyruvate ratio reflects the cytosolic redox state (NADH / NAD™), which is believed to influence
gluconeogenesis in a substrate-specific manner (32, 33). Thus, the more reduced cytosol in livers from
insulin-stimulated OB-PIO mice could simultaneously inhibit glucose production and relieve all osteric
stimulation of PDH by pyruvate, providing a unifying mechanism for the downregulation of both

oxidative (PDH) and anabolic (PC) pathways of mitochondrial liver metabolism by pioglitazone.


https://doi.org/10.1101/2020.01.02.892992
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.892992; this version posted January 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pioglitazone diverts hepatic car bon flux towar ds glycogen synthesis: Hepatic pyruvate availability is
primarily determined by the balance between glycolytic pyruvate production, the redox-dependent | actate
dehydrogenase reaction and the mitochondrial metabolism of pyruvate (i.e. PC and PDH). Glycolytic
pyruvate delivery is strongly influenced by liver glycogen metabolism which is known to be perturbed in
rodent models of obesity and liver disease (34, 35). Indeed, whilst liver glycogen was depleted in WT
mice following an overnight fast, substantial hepatic glycogen stores remained in OB-CON and OB-PIO
mice (Figure 6A). As such, glycogenolysis accounted for approximately 50% of total glucose production
in fasting OB-CON and OB-PIO mice (Figure 2E). Scaling these data to absol ute rates of glucose
production indicated that absolute glycogenolysis was 50% lower in OB-PIO mice compared to OB-CON
(0.92 vs 0.60 pmol/min). This excessive glycogenolysis was unabated by insulin infusion, asliver
glycogen was lower in OB-CON mice following insulin clamp studies but remained stable in OB-PIO
mice. In contrast, we observed a marked stimulation of plasma 3-*H glucose incorporation into liver
glycogen (Figure 6B) in OB-PIO mice compared to OB-CON. Consistent with this, hepatic glucose-6-
phosphate concentrations were doubled in OB-PIO mice (Figure 6C). This diversion of glycosyl carbon
towards glycogen synthesis may thus restrict hepatic pyruvate accumulation in pioglitazone-treated mice,
complimenting the pioglitazone-mediated downregulation of carbon flux into TCA cycle and

gluconeogenic pathways to further suppress hepatic glucose production rates.

DISCUSSION

Hallmark pathologies of type 2 diabetes and non-alcoholic fatty liver disease, such as excessive glucose
output and hepatic steatosis, are underpinned by changes in hepatic mitochondria function. Here we
demonstrate that the therapeutic benefits of the insulin-sensitizer pioglitazone involve areversal of this
mitochondrial remodeling, identifying individual species of mitochondrial lipids which are altered in

livers from obese mice but normalized following pioglitazone treatment. Functionally, we show that
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hyperactivation of hepatic pyruvate dehydrogenase contributes to mitochondria dysfunction and is
blunted following pioglitazone treatment, with the former likely occurring through both covalent (PDK4
and PDP2) and allosteric (acetyl-CoA) mechanisms. Finally, weillustrate that by re-routing hepatic
glucose metabolism towards glycogen synthesis, pioglitazone treatment restricts intracellular glycolysis-

derived pyruvate accumulation, providing an additional break on TCA cycle turnover.

A previous study found that chronic (6 months) pioglitazone treatment suppressed hepatic TCA
cycle flux in arodent model of NASH, attributing the effects to reduced liver lipid accumulation (19).
However, no detailed mechanism was identified for the alteration of mitochondrial function by
pioglitazone. Here we confirm the ability of pioglitazone to slow TCA cycle activity by **C NMR and
corroborate this with pioglitazone-induced decreases in citrate synthase activity and protein markers of
mitochondrial content. Moreover, we demonstrate that this occurs rapidly (within four weeks of
treatment) and involves pronounced remodeling of two of the major lipid classes that have been closely
linked with mitochondrial dysfunction in insulin resistant tissues: long-chain acylcarnitines and
cardiolipins. Acylcarnitines are synthesized by carnitine palmitoyltransferase | (CPTI) to facilitate
transport of fatty acids across the inner mitochondrial membrane for subsequent 3-oxidation (36). In
agreement with evidence from human NASH patients (7, 37), total acylcarnitine content was elevated in
OB-CON livers, reflecting an imbal ance between CPTI-mediated acylcarnitine production and their
disposal via -oxidation. Rates of complete (3-oxidation (acetyl-CoA production) were recently shown to
be normal in patients with varying severities of NAFLD (9) and therefore it seems likely that the
accumulation of hepatic long-chain acylcarnitines reflects increased mitochondrial fatty acid delivery,
rather than impaired oxidation per se. It is thus noteworthy that hepatic acylcarnitines were reduced in
OB-PIO mice, despite increases in liver triglycerides and diacyl glycerides, highlighting the ability of
pioglitazone to protect mitochondriafrom lipid overload even in the setting of increased hepatic lipid

storage.
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Cardiolipins are a class of inner mitochondrial membrane phospholipids which function to
maintain cellular bioenergetics by regulating the organization of mitochondrial proteins (24). Human data
suggest that hepatic levels of total cardiolipin are unchanged (38) or modestly increased (7) in NAFLD
and NASH patients. However, the fatty acyl-chain composition of cardiolipin appears to be more
important than total content in determining itsimpact upon hepatic mitochondrial function (39). As such,
amajor strength of thiswork is the use of high-resolution “shotgun” lipidomicsto identify individual
cardiolipin species. Our approach revealed a marked reduction in the most abundant cardiolipin speciesin
livers from obese mice, but an increase in many of the less abundant species, particularly those of higher
molecular weight (Figure 1D). This pattern of hepatic cardiolipin remodeling recapitul ates findings from
insulin resistant cardiac tissue (40) and is reported to promote oxidative stress and mitochondrial
dysfunction by rendering cardiolipin more susceptible to peroxidation (41). Therefore, areduction in
longer acyl-chain cardiolipin species may protect mitochondria from lipid peroxidation and represents a

novel mechanism through which pioglitazone may preserve hepatic mitochondrial function.

It has been suggested that the accelerated TCA cycle flux in insulin resistant livers reflects the
increased energy demands and/or reduced mitochondrial efficiency associated with liver damage (9),
although the exact mechanism linking these events has not been delineated. Our data confirm previous
suggestions that elevated rates of TCA cycleturnover in NAFLD and NASH are associated with lower
concentrations of hepatic acetyl-CoA (9). Consistent with the allosteric regulation of PDH by acetyl-CoA
(30), we also show that the resultant reduction in the hepatic acetyl-CoA / CoASH ratio |leads to increased
hepatic PDH activation, supporting the increased oxidative demand in these livers. It should be
acknowledged that under normal conditions, the contribution of PDH to the hepatic acetyl-CoA pool is
relatively minor compared to 3-oxidation, such that PDH flux accounts for less than 5% of TCA cycle
turnover (42). Therefore, whilst absolute rates of PDH flux may be increased in insulin resistant livers, it
isunlikely that this can explain the increased rate of TCA cycle turnover observed in NAFLD and NASH

patients. Nevertheless, the accel erated mitochondrial acetyl-group delivery from hyperactive PDH
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represents an additional metabolic stress on a system that is already overloaded and its suppression in OB-
PI1O mice is further evidence of the normalized regulation of mitochondrial function with pioglitazone.
Interestingly, PDH activity was recently found to be elevated in orthotopic rat hepatomas compared to
neighboring liver tissue (43). As such, our data argue that the induction of PDH flux in insulin resistant
livers could represent an important, targetable event in the progression from NAFLD and NASH to

hepatocellular carcinoma.

In addition to changesin acetyl-CoA concentrations, the increased PDH activation in obese livers
was driven by an increase in the PDH Ela subunit, as well as reduced PDK4 and increased PDP2 protein
levels, favoring covalent activation of this subunit. Pioglitazone restored protein levels of PDK4 and
PDP2 independent of total Ela protein expression. PDK4 isinduced by physiologica states of low
insulin, including starvation and type | diabetes (44, 45), whereas PDP2 is suppressed under such
conditions (29). Therefore, the reciprocal changesin PDP2 observed in OB-CON and OB-PIO mice may
be explained by the pioglitazone-mediated improvement in peripheral insulin sensitivity, resulting in
lower circulating insulin concentrations. However, PDK4 was also induced by pioglitazone in isolated
hepatocytes, suggesting a more direct mode of action. Interestingly, RNA-seq analysis of pioglitazone-
treated hepatocytes reveal ed PDK 4 to be the most highly-upregulated gene (unpublished data). The direct
induction of PDK4 by pioglitazone is consistent with previous observations that pioglitazone acutely
inhibits pyruvate oxidation (16, 46). Although pioglitazone had no effect on PDH activation in perfused
livers, these experiments were conducted using 1 mM pyruvate to optimize glucose production. High
pyruvate concentrations are known to stimulate PDH flux by inhibiting PDH kinases (31) and may have

subsequently masked the effects of pioglitazone on PDH activation under these conditions.

Our findings confirm that the accelerated rates of oxidative metabolism seen in insulin resistant
livers are supported by changes in mitochondrial number, structure and function. Intuitively,
mitochondrial substrate delivery or partitioning must also be adapted to meet the increased demands of

greater TCA cycle turnover. It has been argued that the primary source of thisincreased substrate delivery
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isfrom adipose tissue lipolysis (47) and indeed, the accumulation of long-chain acylcarnitine species
observed in the livers of obese mice here indicates excessive mitochondria lipid delivery. However, our
data also suggests that the effects of pioglitazone on mitochondrial function may be distinct from actions
on adipose tissue. Thisis supported by the lack of changein circulating free fatty acids and glyceral,
suggesting unaltered lipolysis, as well as the increases in hepatic triglyceride and diacylglyceride contents
in OB-PIO mice compared to OB-CON. Instead, we show that disturbed hepatic glycogen metabolism
plays an important role in the oversupply of mitochondrial substrates. Insulin resistant livers were
characterized by excessive glycogen storage, persistent glycogenolysis and impaired glycogen synthesis
in response to insulin infusion. Pioglitazone restored insulin-stimulated glycogen synthesis and
suppressed glycogenolytic flux, which assisted the lowering of hepatic glucose production but also likely
restricted glycolytic pyruvate generation. Circulating pyruvate concentrations were previously shown to
be elevated in fasted NAFLD patients (9). The reduction in hepatic pyruvate availability may thus
represent a central node in the improvement of mitochondrial function by pioglitazone, by relieving

stimulation of both PDH and PC-mediated TCA cycle substrate delivery.

In conclusion, we identify cardiolipin remodeling and hyperactivated PDH as novel features of
hepatic mitochondrial dysfunction in insulin resistant obese mice. Pioglitazone treatment reversed these
mal adaptive processes and improved hepatic insulin sensitivity, despite exacerbating hepatic lipid
accumulation. Insulin sensitization by pioglitazone drives multiple pathways to relieve the oxidative
burden of excessive TCA cycle flux and improve hepatic mitochondrial function, highlighting the need to

target insulin resistance as a primary treatment for liver disease.
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FIGURE LEGENDS

Figure 1. Pioglitazone rescues hepatic mitochondrial lipid remodeling in obese mice:

(A) Liver citrate synthase activity measured spectrophotometrically in wild-type, untreated obese mice
(OB-CON) and obese mice treated with pioglitazone (~20 mg/kg/day) for four weeks (OB-PIO).

(B) Representative western blot and quantified protein expression (relative to wild-type mice) of
mitochondrial markers complex 1V and VDACL, normalized to p —Tubulin control, in livers from
WT, OB-CON and OB-PIO mice.

(C) Hepatic concentrations of individual acylcarnitine species and total acylcarnitine content in WT, OB-
CON and OB-PIO mice, measured by mass spectrometry-based shotgun lipidomics.

(D) Hepatic concentrations of individual cardiolipin species and total cardiolipin content in WT, OB-
CON and OB-PIO mice, measured by mass spectrometry-based shotgun lipidomics. Lower
molecular weight species are shown in upper panel, higher molecular weight species are shown in the
lower panel. Data are mean * SE for five mice per group, except where indicated otherwise on
individual figure panels. *P<0.05, **P<0.01, ***P<0.001 vs WT; ~P<0.05, "P<0.01, ""P<0.001 vs

OB-CON.

Figure 2: Pioglitazone suppresses TCA cycle flux and pyruvate car boxylase-driven glucose output:

(A) Schematic illustrating the labelling pattern of plasma glucose following administration of [2,3-*C]
pyruvate. PC-dependent gluconeogenesis generates predominantly [1,2-*C] and [5,6-*C] glucose
isotopomers, but carbon scrambling through excessive TCA cycle turnover can yield enrichment at
interior glucose carbons (i.e. [2,3-**C] and [4,5-3C] isotopomers). PC pyruvate carboxylase, PEPCK
pyruvate carboxykinase.

(B) **C spectra showing augmented C-3 (left) and C-4 (right) resonance of monoacetone glucose

synthesized from plasmain OB-CON (top) compared to OB-PIO (bottom) mice.
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(C) Output of tcaSIM metabolic simulations for C3 (left) and C4 (right) run for eight turns (top) and one
turn (bottom) of the TCA cycle using lactate enrichments obtained experimentally.

(D) Representative mono-acetone glucose °H NMR spectra derived from plasma glucose of fasted OB-
CON and OB-PIO mice.

(E) Fractional contribution from glycogenolysis (1- [H5/H2]), glycerol-driven gluconeogenesis ([H5-
H6s]/H2) and pyruvate carboxylase-driven gluconeogenesis (H64/H2) calculated from mono-acetone
glucose °H NMR spectra (n=3).

(F) Endogenous glucose production in overnight-fasted OB-CON (n=7) and OB-PIO (n=9) mice
measured using 3-*H glucose. ~P<0.01 vs OB-CON.

(G) Schematic (top) showing determination of the ratio between pyruvate carboxylase (PC) and pyruvate
dehydrogenase (PDH) flux from the labelling pattern of liver glutamate following [2,3-*C] pyruvate
metabolism through either PC (left panel, yielding [2,3-3C] glutamate) or PDH (right panel, yielding
[4,5-°C] glutamate) and representative glutamate *C NMR spectra (bottom).

(H) Quantified ratio of liver PC/PDH, reflecting relative mitochondrial anaplerosis/ oxidative fluxes
determined in OB-CON and OB-PIO mice in basal state and following insulin clamp. Data are mean

+ SE

Figure 3: Hepatic pyruvate dehydrogenase is hyperactivated in obese mice and blunted by

pioglitazone tr eatment:

(A) Protein expression of the Ela catalytic subunit of the pyruvate dehydrogenase complex (normalized
to B-tubulin contral) , normalized to wild-type levels, in fasted WT, OB-CON and OB-PIO mice, with
representative blots.

(B) Liver PDH activation measured in in situ freeze-clamped livers from overnight fasted OB-CON and
OB-PIO mice.

(C) Liver PDH activation in OB-CON and OB-PIO mice following insulin clamp.
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(D) Liver pyruvate dehydrogenase kinase 4 (PDK4) and pyruvate dehydrogenase phosphatase 2 (PDP2)
protein expression in overnight-fasted WT, OB-CON and OB-PIO mice and in OB-CON and OB-PIO
mice following insulin clamp studies.

(E) PDK4 mRNA in primary hepatocytes from wild-type mice treated with DMSO or 2.5 - 10 uM
pioglitazone for 24-48 hours.

(F) PDK4 and PDP2 protein expression in hepatocytes isolated from wild-type mice treated with DM SO
or 2.5 uM pioglitazone for 48 hours, with representative western blot images.

(G) Hepatic glucose output expressed as % change from baseline from wild-type livers perfused with
buffer containing pyruvate / lactate (1 / 10 mM). Pioglitazone (final concentration 10 uM) or vehicle
(DM SO) were added to the perfusion after 10 minutes.

(H) Steady-state rates of hepatic glucose output over the final 10 minutes of liver perfusion with vehicle
or 10 uM pioglitazone.

() Hepatic PDH activation determined in in situ freeze-clamped isolated livers following 40 minutes of
perfusion under conditions described above. *P<0.05, **P<0.01, P<0.001 vs WT (or vs VEH in

panels G-H); "P<0.05, ~"P<0.001 vs OB-CON (or vs 2.5uM PIO in panel E).

Figure 4: Pioglitazone alters cytosolic redox state and allosteric modulator s of PDH flux:

(A-F) Liver acetyl-CoA (A and D) and free CoOASH (B and E) concentrations and the acetyl-CoA /
CoASH ratio (C and F) in overnight-fasted wild-type (WT), untreated obese (OB-CON) and
pioglitazone-treated obese (OB-PI1O) mice (A-C) and in OB-CON and OB-PIO mice following
insulin clamp (D-F).

(G-L) Liver pyruvate (G and J) and lactate (H and K) concentrations and the pyruvate/ lactate ratio (|
and L) in overnight-fasted WT, OB-CON and OB-PIO mice (G-I) and in OB-CON and OB-PIO
mice following insulin clamp (J-L). *P<0.05, **P<0.01, ***P<0.001 vs WT; ~P<0.05, "P<0.01

vs OB-CON.
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Figure5: Pioglitazone diverts hepatic carbon flux towards glycogen synthesis:

(A) Liver glycogen concentration in overnight-fasted wild-type (WT), untreated obese (OB-CON) and
pioglitazone-treated obese (OB-PI1O) mice.

(B) Liver glycogen synthesis determined from 3-*H plasma glucose incorporation into hepatic glycogen
during insulin clamp in OB-CON and OB-PIO mice.

(C) Liver glucose-6-phosphate concentrationsin in overnight-fasted OB-CON and OB-PIO mice.

***P<0.001 vs WT; #P<0.05 effect of clamp in OB-CON mice; ~P<0.01, ~P<0.001 vs OB-CON.
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TABLES

Table 1: Metabolic parameters of wild-type (WT) and Ob/Ob mice treated with placebo (OB-CON)
or 25 mg/kg/day pioglitazone (OB-PIO) for 4 weeks

WT OB-CON OB-PIO
Body weight (g) 268 + 01 40.1 + 0.5 44.1 + 0.6%*A
Fat mass (g) N.D 222+ 0.4 251+ 0.5
Lean mass (g) N.D 170+ 0.3 181+ 0.3
Body water weight (g) N.D 129 0.4 145+ 0.8
Blood glucose (mg/ dI) 8L + 3 141 + 7** 101 + &
Plasmainsulin (ng/ml) N.D 46+ 0.8 15+ 0.3™
Plasma NEFA (mM) 12 + 01 2.4+ 0.3 2.0+ 0.2*
Plasmaglycerol (mM) 025 + 004 044+ 001* 0.45 + 0.04*
&'X;&ﬁ#&@ if‘r:‘]‘);e N.D 415+ 7.6 7.8+ 1.5
}’r\]’%‘l’l'(zlbrﬁ?%’)i”w”” sensitivity” N.D 64+ 21 141+ 177
'F')::)’% rt]r)ig'yce”de (nmol /mg 497 + 23 1761 + 139%+* 2327 + Q7***A
'F;i;’gig)ia‘:y'g'yce”de (mol/mg 46 + 25 96.1 + 10.7+** 129.0 £ 5.7+**A

*P<0.05, **P<0.01 vs WT; "P<0.05 vs OB-CON

&Liver insulin resistance was calcul ated as the product of fasting plasmainsulin and basal glucose
production.

® Insulin sensitivity was calculated as insulin-stimulated glucose disposal during euglycemic-
hyperinsulinemic clamp
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METHODS
Experimental M odel and Subject Details
Animal Studies

Eight-week old wild type (C57BL/6J; JAX #000664) and Ob/Ob (B6 ob; JAX #000632) male mice were
purchased from The Jackson Laboratory, housed in environmentally-controlled conditions (23°C, 12 hour
light/dark cycles) and provided ad-libitum access to water and a control (70% kcal carbohydrate, 10%
kcal fat, 20% kcal protein; D12450J; Research Diets Inc.) or macronutrient-matched diet supplemented
with pioglitazone (300 mg/kg; D17010703; Research Diets Inc.). Experiments were conducted in 12-14-
week aged mice following four weeks of diet treatments. All procedures were approved by the
Institutional Animal Care and Use Committee at University of Texas Health Science Center at San

Antonio.
Cdll Culture

Primary hepatocytes were isolated from 12-16-week old wild type male mice and maintained in serum-
free DMEM supplemented with Pen-Strep (50 U/ml; Gibco). 5x10° cells were seeded in collagen-coated
6-well plates (354400; Corning) and treated with pioglitazone (2.5 — 10uM) or vehicle control (DM SO)

for 24-48 hours. Treatments were added 24 hours after plating.
M ethod Details
Oral Glucose Tolerance Test

Overnight-fasted (16 hours) Ob/Ob mice fed control (OB-CON) or pioglitazone (OB-PIO) diet were
administered with afixed dose of 50 mg glucose (250ul D20 20% dextrose) by oral gavage. Glucose
concentration was determined in whole-blood sampled at baseline and at 15-, 30-, 60- and 120-minute

intervals from atail incision using a glucometer (Contour next EZ).
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Endogenous Glucose Production

Overnight-fasted OB-CON and OB-PIO mice were infused with 3-*H glucose (0.1 pCi / min) for two
hours through ajugular vein catheter that had been inserted five days prior to experiments. Blood was
sampled at -20, -10, 0, 90, 100, 110 and 120 minutes for the measurement of plasma glucose specific

activity.
Peripheral Insulin Sensitivity

For euglycemic-hyperinsulinemic clamp studies in OB-CON and OB-PIO mice, insulin wasinfused in a
primed-continuous manner (50 mU/kg bolus then 5 mU/kg/min) and blood was sampled every five
minutes to monitor glucose concentrations. Glucose (20% glucose) was infused at avariable rateto
maintain euglycemiaat 100 mg/dL and red blood cells from donor mice were infused continuously to
prevent anemic volume depletion. A 3-°H glucose tracer was infused continuously (0.1 uCi / min) for the

determination of insulin-stimul ated glucose output.
Body Composition

Lean mass, fat mass and total body water were determined in OB-CON and OB-PIO mice by gMRI at the

San Antonio Nathan Shock Centre Aging Animal Models and Longevity Assessment Core.
Plasma Analytes

Plasmainsulin was determined by ELISA (#90080 Crystal Chem). Plasmafree fatty acids (999-34691
Wako), glycerol (F6428 Sigma) and triglycerides (TR22421 ThermoFisher) were determined by

enzymatic calorimetric assay.
Liver Citrate Synthase Activity

Citrate synthase activity was determined in liver homogenates by spectrophotometric assay which

monitors the rate of CoASH formation from the condensation of oxal cacetate with acetyl-CoA in the


https://doi.org/10.1101/2020.01.02.892992
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.892992; this version posted January 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

presence of the 5,5-dithio-bis-2-nitrobenzoic acid (48). Data were normalized to homogenate protein

content (BCA assay; ThermoFisher).

Western Blotting and Quantitative Real-Time PCR (QRT-PCR)

Immunaoblot analysis was carried out on cell or liver lysates using primary antibodies from Cell Signaling
Technologies and Abcam (described in Key Resources Table) and developed by chemiluminescence
method (ECL). Quantitative real-time PCR (QRTPCR) was performed using pre-designed TagMan probes

(Life Technologies). Data were normalized to reference genes B2m and HMBS.

Multi-dimensional Mass Spectrometry-based Shotgun Lipidomics

Liver tissue was lyophilized and homogenized in ice-cold diluted phosphate-buffered saline (0.1X PBS).
Lipids were extracted by a modified procedure of Bligh and Dyer extraction in the presence of interna
standards, which were added based on total protein content as previously described (49, 50). A triple-
guadrupole mass spectrometer (Thermo Scientific TSQ Altis, CA, USA) and a Quadrupole-Orbitrap™
mass spectrometer (Thermo Q Exactive™, San Jose, CA) equipped with a Nanomate device (Advion
Bioscience Ltd., NY, USA) and Xcalibur system software was used as previously described (51). Briefly,
diluted lipid extracts were directly infused into the electrospray ionization source through a Nanomate
device. Signals were averaged over a 1-min period in the profile mode for each full scan M S spectrum.
For tandem MS, a collision gas pressure was set at 1.0 mTorr, but the collision energy varied with the
classes of lipids. Similarly, a 2- to 5-min period of signal averaging in the profile mode was employed for
each tandem M S mass spectrum. All full and tandem M'S mass spectra were automatically acquired using
a customized sequence subroutine operated under Xcalibur software. Data processing including ion peak
selection, baseline correction, data transfer, peak intensity comparison, 13C deisotoping, and quantitation
were conducted using a custom programmed Microsoft Excel macro as previously described after

considering the principles of lipidomics (52).
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13C and ?H tracer studies

For the assessment of fractional glucose production and mitochondria pyruvate metabolism, overnight-
fasted mice were administered with 27 pl/g body weight 2H,O (99.9%; Cambridge Isotopes) by
intraperitoneal injection. Thirty minutes after the H,0 injection, mice were anaesthetized with isoflurane
and injected with 30 umols [2,3-*C] pyruvate (Cambridge Isotopes) in 150 pl saline. Eight minutes after
[2,3-3C] pyruvate injection, livers were freeze-clamped in situ and blood was collected by cardiac
puncture. A portion of liver was pulverized under liquid nitrogen, extracted in ice-cold perchloric acid,
neutralized with potassium hydroxide and lyophilized in preparation for glutamate i sotopomer analysis.
Plasmawas isolated from whole blood by centrifugation and used for the preparation of mono-acetone

glucose.
3C NMR Analysis of Liver Glutamate | sotopomers

3C NMR spectrawere acquired using an NMR spectrometer interfaced with a 14.1 T magnet equipped
with ahome-built superconducting (HTS) probe (53). NMR samples were prepared by dissolving the
Iyophilized powder from PCA extraction in 90% (v/v) of 50 mM sodium phosphate in D,O (pH 7.0)
containing 2 mM EDTA. To this solution, 10% (v/v) interna standard containing 5 mM DSS-d6 and
0.2% (w/v) NaN3in D,O was added. **C spectra were measured with a spectra width of 240 ppm and an
acquisition time of 1.5 s at 298 K. "decoupling was performed using WAL TZ-16 scheme. *C NMR
spectrawere processed (zero filled to 131072 points, 0.5 Hz exponential line broadening, and polynomial
baseline correction) using Mestrenova (v13.0 or above). Chemical shift referencing was carried out by
setting taurine resonance to 48.4 ppm. Glutamate resonances were identified and fitted to mixed

Gaussian/Lorentzian line-shapes and peak areas were obtained.
Synthesis of Monoacetone Glucose

To the plasma, barium hydroxide (0.05 M) and zinc sulphate (0.1 M) solutions were added, vortexed and

centrifuged. The supernatant was separated and lyophilized. To the lyophilized powder, a mixture of
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acetone and concentrated sulfuric acid was added, and vortexed for 4 hours. After 4 hours, 1.5 M sodium
carbonate was added to adjust the pH to 1.75 and stirred for 24 hours. This solution is then lyophilized,

monoacetone glucose (MAG) is extracted with ethyl acetate and dried under a stream of nitrogen.
3C and ?H NMR Analysis of Monoacetone Glucose

Samples of synthesized MAG were dissolved in a mixture containing 94% (v/v) CD3CN and 6% (v/v)
D20. *C NMR spectraof MAG were recorded and processed with same parameters as those used for
recording the PCA extracted samples. Chemical shift referencing was carried out by setting the central
acetonitrile resonance to 1.3 ppm. All other processing steps were identical to those used to analyze
glutamate isotopomers. °H NMR spectra were measured using an NMR spectrometer (14. 1 T magnet)
equipped with a3 mm broadband probe with a spectral width of 10.5 ppm and an acquisitiontimeof 1 s
at 323 K. °H NMR spectra were processed using a2 Hz exponential line broadening and polynomial
baseline correction. Chemical shifts were referenced by setting the acetonitrile resonancesto 1.97 ppm.
Fractional contributions to glucose production by the livers were estimated using a Bayesian approach

described elsewhere . (ref. Merritt, et a., MRM 2003).
Pyruvate Dehydrogenase Activation Satus

The activation status of pyruvate dehydrogenase was assayed in liver homogenate from a portion of the
left lobe of the liver that had been freeze-clamped in situ in isoflurane-anaesthetized mice. The rate of
acetyl-CoA production from pyruvate was monitored over 10 minutes at 37° in a buffer containing NAD”,
Coenzyme A and thiamine pyrophosphate, as well as the PDK and PDP inhibitors dichloroacetate and

sodium fluoride, respectively (54).
Perfused Liver Studies

Liverswere isolated from fed WT mice following ketamine / xylazine anesthesia and perfused through a

portal vein catheter using a peristaltic pump without recirculation. HBSS buffer containing 1mM pyruvate
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/10 mM lactate and bubbled continuously with 95% oxygen / 5% CO, was perfused at arate of ~4
mi/min. After an equilibration period of 10 minutes, vehicle (DMOS) or Pioglitazone (final concentration
10puM) was added to the perfusion media. Effluent was sampled at 10-minute intervals for glucose
measurement (A22189 ThermoFisher) and a portion of liver was freeze-clamped in liquid nitrogen-cooled

tongs at the end of the perfusion to determine pyruvate dehydrogenase activation.
Liver Metabolite Analyses

A ~50 mg portion of freeze-clamped liver from isoflurane-anaestheti zed mice was lyophilized overnight
metabolites and extracted in 0.5 M perchloric acid followed by alkaline digestion for the determination of
acid-soluble metabolites. Acetyl-CoA and CoASH were assayed by radioenzymatic assay (55). Lactate
was assayed by the fluorometric detection of NADH in the presence of excess concentrations of NAD”,
hydrazine and lactate dehydrogenase (56). Glucose-6-phosphate (G6P) was assayed by the fluorometric
detection of NADH in the presence of 50 mmol/L triethanolamine, 0.5 mmol/L dithiothreitol, 0.25

mmol/L ATP, 1 mmol/L NAD, and 0.6 units bacterial GBPDH (G5760; Sigma-Aldrich).
Hepatic Glycogen Synthesis

Livers harvested from anaesthetized mice following 3-*H infusion during euglycemic clamp were used to
estimate rates of plasma glucose incorporation into liver glycogen. A ~20 mg portion of liver was
alkaline-digested at 85° for 30 minutes, allowed to cool and neutralized with hydrochloric acid. The
neutralized extract was split in half and one half treated with amyloglucosidase for one hour at room
temperature. The liberated glucose was subsequently measured in an aliquot of each extract. Five volumes
of ethanol were added to the remaining extract to precipitate glycogen. The glycogen pellet was further
washed in ethanol, solubilized in water and added to scintillation vials for radioactivity counting. The
specific activity was measured as DPM / glycogen and was normalized to plasma tritium specific activity

to estimate glycogen synthesis rates during the entire clamp period.
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Quantification and Statistical Analyses

Differences between WT, OB-CON and OB-PIO groups were assessed using one-way analysis of
variance with individual differencesisolated post-hoc using the Tukey test. Where no wild-type group
were included, differences between OB-CON and OB-PIO were assessed using unpaired t-testing.
Significance testing was performed using GraphPad Prism 7. Data are presented as mean + standard error

and data were considered significantly different at P<0.05.
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