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SUMMARY

The liver coordinates the systemic response to nutrient deprivation and availability by producing glucose
from gluconeogenesis during fasting and synthesizing lipids via de novo lipogenesis (DNL) when carbohy-
drates are abundant. Mitochondrial pyruvatemetabolism is thought to play important roles in both gluco-
neogenesis and DNL. We examined the effects of hepatocyte-specific mitochondrial pyruvate carrier
(MPC) deletion on the fasting-refeeding response. Rates of DNL during refeedingwere impaired by hepa-
tocyte MPC deletion, but this did not reduce intrahepatic lipid content. During fasting, glycerol is con-
verted to glucose by two pathways; a direct cytosolic pathway and an indirect mitochondrial pathway
requiring the MPC. Hepatocyte MPC deletion reduced the incorporation of 13C-glycerol into TCA cycle
metabolites, but not into new glucose. Furthermore, suppression of glycerol and alanine metabolism
did not affect glucose concentrations in fasted hepatocyte-specific MPC-deficient mice, suggesting mul-
tiple layers of redundancy in glycemic control in mice.

INTRODUCTION

The liver possesses a remarkable ability to undergo adaptive changes during shifts in nutrient availability to maintain systemic metabolic ho-

meostasis. During fasting, the liver converts glycogen or other substrates (lactate/pyruvate, glycerol, and amino acids) into glucose through

the processes of glycogenolysis and gluconeogenesis, respectively, to maintain blood glucose concentrations within a normal range. On the

other hand, refeeding a high carbohydrate meal after a prolonged fast is associated with a robust increase in hepatic de novo lipogenesis

(DNL), which converts lactate/pyruvate and other substrates into fatty acids that can be stored in triglycerides and other complex lipids. While

these processes play important roles in maintainingmetabolic homeostasis, derangements in these pathways contribute to the pathogenesis

of obesity-related metabolic diseases including type 2 diabetes and steatotic liver disease.

Mitochondrial pyruvate metabolism plays a pivotal role in many of the metabolic pathways of the liver and the response to food depriva-

tion or refeeding. Pyruvate entry into the mitochondrial matrix is required for its metabolism and is catalyzed by the mitochondrial pyruvate

carrier (MPC), which is composed of two proteins called MPC1 and MPC2 encoded by two genes,Mpc1 andMpc2, in mice.1,2 The MPC pro-

teins form a heterodimer in the inner mitochondrial membrane and both proteins are required for pyruvate transport and MPC complex sta-

bility.1–3 Thus, the deletion of either MPC protein essentially results in a double knockout for both MPC1 and MPC2 proteins.4–6 While the

germline deletion of Mpc1 or Mpc2 in mice is embryonically lethal, many tissue-specific MPC knockout mice are viable and outwardly

normal.4,5,7–10 Indeed, MPC deletion in hepatocytes is well-tolerated and MPC knockout mice are protected from the development of dia-

betes or liver injury in mouse models of metabolic dysfunction-associated steatohepatitis (MASH).5,6,11

Once in the mitochondrial matrix, pyruvate entry into the TCA cycle fuels both oxidative and anaplerotic metabolism. Many cell types pri-

marily convert pyruvate to acetyl-CoA, via pyruvate dehydrogenase, for oxidation and ATP generation. However, in hepatocytes, most pyru-

vate ismetabolized throughmitochondrial pyruvate carboxylase (PC)12; an anaplerotic pathway.Mitochondrial pyruvatemetabolism is impor-

tant for pyruvate entry into DNL via the citrate-pyruvate shuttle.13 Citrate produced from the condensation of oxaloacetate, the product of PC,

and acetyl-CoA, the product of pyruvate dehydrogenase, is exported to the cytosol for entry into the DNL pathway. Prior work has suggested

that the global deletion of Mpc1 reduced hepatic lipogenesis from pyruvate and diminished intrahepatic lipid content in neonatal mice.14

However, in immortalized cell lines, MPC inhibition led to compensatory increases in the contribution of amino acids to DNL and rates of lipid
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synthesis were not affected by MPC inhibition.15 Furthermore, the effects of suppressing mitochondrial pyruvate metabolism on DNL and its

impact on hepatic and systemic lipid homeostasis in physiologic contexts have not been extensively studied.

Mitochondrial pyruvate metabolism is also important for the gluconeogenic response to fasting. Recent work has demonstrated that loss

of hepaticmitochondrial pyruvatemetabolismby the genetic or pharmacologic inhibition of theMPCor PCproteins impairs gluconeogenesis

from pyruvate.5,6,16 Interestingly, despite markedly suppressed hepatic gluconeogenesis from pyruvate in mice with the hepatocyte deletion

of MPC, PC, or phosphoenolpyruvate carboxykinase 1 (PEPCK1) proteins, these mice maintain normoglycemia when challenged with a pro-

longed fast through a variety of compensatorymechanisms.5,6,16,17 First, gluconeogenesis from amino acids, which bypass pyruvate transport,

has been shown to compensate for the loss of the MPC.5,6,16 Secondly, the PEPCK1 knockout mouse overcomes impaired flux through

pyruvate-mediated gluconeogenesis by increasing the contribution of glycerol as a gluconeogenic substrate.5,17 Finally, compensatory glu-

coneogenic flux can occur in kidney and intestine when hepatic gluconeogenesis is impaired.5,16,18,19 Thus, it is likely that a variety of meta-

bolic pathways compensate for diminished hepatic gluconeogenesis from pyruvate.

Prior work has addressed the importance of glycerol as a gluconeogenic substrate for the liver.15–17 However, many questions regarding

mechanistic aspects of this pathway are unclear. Phosphorylation of glycerol by glycerol kinase to produce glycerol-3-phosphate (G3P) and

conversion to dihydroxyacetone phosphate (DHAP) is required for themetabolism of glycerol. Thereafter, DHAP can enter the gluconeogenic

pathway directly (the direct cytosolic pathway), or indirectly by glycolytic conversion to pyruvate and subsequent activities of mitochondrial

transport, PC and PEPCK1 (the indirect mitochondrial pathway). While there is evidence that glycerol utilizes the direct cytosolic pathway,20

whether impaired pyruvate transport and subsequent metabolism impacts glycerol-mediated gluconeogenesis has not been established.

Herein, we examined the effects of hepatocyte-specific MPC deletion on de novo lipogenesis and glycerol-mediated gluconeogenesis in

the context of fasting and refeeding to understand the role of the MPC in hepatocytes in these physiological processes.

RESULTS

Loss of mitochondrial pyruvate carrier in hepatocytes impairs de novo lipogenesis during refeeding

The synthesis of fatty acids from other substrates such as glucose and amino acids (de novo lipogenesis (DNL)) is enhanced when these

substrates are abundant and lipogenic hormones (insulin) are elevated. In principle, lipogenesis from carbons contained in glucose re-

quires the metabolism of pyruvate in the mitochondrial TCA cycle to be incorporated into newly synthesized fatty acids (Figure 1A).

We therefore sought to determine whether the deletion of theMPC in hepatocytes would reduce lipogenesis by using hepatocyte-specific

Mpc2�/� (LS-Mpc2�/�) mice. We have previously shown that loss of MPC2 protein destabilizes MPC1 protein and essentially results in a

double knockout of these two proteins.4–6

To test the role of the MPC in de novo lipogenesis, littermate WT and LS-Mpc2�/� mice underwent a fasting refeeding regimen, which

potently stimulates DNL. Refeeding increased body weight (Figure S1A) and provoked histological changes in the liver consistent with

glycogen repletion (Figure 1B), but genotype did not affect body weight (Figure S1A) or the gross histologic appearance of livers in these

conditions (Figure 1B). Refeeding also had predictable effects on liver glycogen, plasma triglycerides, non-esterified fatty acids (NEFA),

glycerol, and blood glucose and lactate concentrations, but these parameters were not significantly affected by the loss of MPC in hepa-

tocytes (Figures 1C–1H). Lactate concentrations, however, tended to be higher in fasted LS-Mpc2�/� mice compared to WT (p = 0.11,

Figure 1H).

To assess rates of DNL, a separate cohort of littermateWT and LS-Mpc2�/�mice were administered deuterated water before and during

the fasting-refeeding paradigm. We found that loss of the MPC in hepatocytes markedly reduced deuterium enrichment of palmitate in the

triglyceride of liver, indicating suppressed fractional and total DNL (Figure 2A). Reduced lipogenesis was not explained by impaired expres-

sion proteins encoding key enzymes involved in DNL including acetyl-CoA carboxylase (ACC), ATP citrate lyase (ACLY), or fatty acid synthase

(FAS) (Figures 2B and S1B). Furthermore, the activating phosphorylation of ACLY and the inhibitory phosphorylation of ACC was not affected

by genotype (Figures 2B and 2C). The diminished rates of DNL are consistent with the reduced flux of pyruvate into the DNL pathway.

To determine whether impaired DNL affected hepatic lipid content in fasting or refed conditions, we quantified intrahepatic glycerolipids

using targeted lipidomic analyses. Surprisingly, we found that total triglyceride, diacylglycerol, monoacylglycerol, and free fatty acids were

not reduced in LS-Mpc2�/�mice (Figures 2D–2G). Furthermore, no effect of genotype was observed in the abundances of saturated, mono-

unsaturated, or polyunsaturated (>2 double bonds) free fatty acids, including palmitate, the end product of DNL (Figure 2H). However, there

was an increase in di-unsaturated fatty acids in LS-Mpc2�/� mice in the refed state. The lack of effect of MPC deficiency on hepatic lipid

content in the context of diminished DNL was not explained by alterations in hepatic triglyceride secretion (Figure 2I) or hepatic uptake of

NEFA as assessed by the administration of 3H-oleate (Figure 2J). Plasma ketone concentrations, an indirect measure of hepatic fatty acid

oxidation, were also not affected by genotype (Figure 2K). We also found no evidence of altered adipose tissue lipolysis assessed by the

expression and phosphorylation of key proteins controlling adipose tissue lipolysis (Figures S1C and S1D). Collectively, these data suggest

that although loss of the MPC in hepatocytes impairs rates of DNL during refeeding, this does not impact hepatic glycerolipid content in

lean mice.

LS-Mpc2�/� mice maintain glucose concentrations during fasting

Weand others have previously shown that loss ofMPCproteins during a 24 h fast leads tomild hypoglycemia, consistent with the requirement

for the MPC for gluconeogenesis from pyruvate.5,6 Although loss of the MPC did not affect blood glucose concentrations after 16–18 h of

fasting in the present study (Figure 1G), lactate tended to be elevated (Figure 1H) consistent with impaired hepatic pyruvate metabolism.
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When the MPC was acutely (3 weeks) knocked out by using AAV8-TBG-Cre infection in male or female mice, 18 h fasting glucose concentra-

tions again tended to be lower, but were not different between WT and LS-Mpc2�/� mice (Figure S2A). However, plasma lactate concen-

trations were higher in fasted LS-Mpc2�/� mice of either sex compared to WT controls consistent with a defect in lactate/pyruvate meta-

bolism (Figure S2B).

Prior work has illustrated that enhanced gluconeogenesis from alanine and glutamine may partially compensate for loss of gluconeogen-

esis caused by impaired transport of pyruvate intomitochondria.5,6 We sought to determinewhether gluconeogenesis from glycerol, which is

an important gluconeogenic substrate,21 could also play a compensatory role. Plasma glycerol concentrations were not different betweenWT

and LS-Mpc2�/� mice (Figure 1F). We next conducted glycerol tolerance tests (GlyTT) and found that blood glucose concentrations were

also not affected by genotype after a glycerol bolus, suggesting that gluconeogenesis from glycerol was not impaired by MPC deficiency

(Figures 3A and 3B). However, blood lactate concentrations were significantly higher in the LS-Mpc2�/� mice after the glycerol bolus

(Figure S2C).

LS-Mpc2�/� mice exhibit increased gluconeogenesis from glycerol via the direct pathway

To examine glycerol-mediated gluconeogenesis more rigorously, we conducted a GlyTT using uniformly labeled [13C]glycerol to examine its

incorporation into glucose and other liver intermediary metabolites in vivo. First, we assessed the relative abundance of various metabolites

and found that MPC deficiency led to an increase in hepatic lactate levels of LS-Mpc2�/� mice compared to WT mice (Figure S2D). In

Figure 1. Fasting and refeeding responses in LS-Mpc2�/� mice

(A) Schematic depicting potential effect of MPC inhibition on hepatic de novo lipogenesis. Created with BioRender.com. Male and female LS-Mpc2�/� and fl/fl

mice (12-17-week-old) were fasted overnight for 18 h with or without 4 h refeeding.

(B) Histologic images of H&E stained the liver tissue sections from fasted or refed fl/fl and LS-Mpc2�/� mice. CV: central vein.

(C) Hepatic glycogen content.

(D–F) Plasma (D) triglycerides, (E) NEFA, and (F) glycerol concentrations.

(G and H) (G) Fasting blood glucose and (H) blood lactate concentrations.

Data are presented as mean G SEM. *indicates p value <0.05. p values were determined using two-way ANOVA with post hoc Tukey’s multiple comparisons

test. Fasted fl/fl female: n = 4, male: n = 4; Fasted LS-Mpc2�/� female: n = 3, male: n = 3; Refed fl/fl female: n = 4, male: n = 4; Refed LS-Mpc2�/� female:

n = 4, male: n = 4.
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contrast, there was amarked decrease in the pool size of TCA intermediates (fumarate andmalate) in livers of LS-Mpc2�/�mice compared to

WT littermates 30 min after the injection of the [13C]glycerol (Figure S2E). These data are consistent with the impaired anaplerotic delivery of

pyruvate carbon to the TCA cycle in livers of LS-Mpc2�/� mice.

Figure 2. Loss of MPC in hepatocytes impairs de novo lipogenesis during refeeding

Male and female LS-Mpc2�/� and fl/fl mice (12-17-week-old) were fasted overnight for 18 h with or without 4 h refeeding.

(A) Measurement of hepatic lipogenic flux by deuterated water (D2O) labeling. % DNL refers to palmitate enrichment normalized to body water content.

(B) Representative Western blot images and (C) densitometry analysis of hepatic DNL marker expression.

(D–H) Lipidomic analyses of mouse liver tissue using liquid chromatography-tandem mass spectrometry (LC-MS/MS). (D) Total triglycerides. (E) Total

diacylglycerols. (F) Total monoacylglycerol. (G–H) Hepatic free fatty acids.

(I) Male and female LS-Mpc2�/� and fl/fl mice (14-17-week-old) were fasted for 5 h followed by i.p. injection of lipase inhibitor Poloxamer 407 at 1 g/kg body

weight. Plasma triglyceride was quantified at baseline and 1, 2, and 4 h after Poloxamer 407 injection.

(J) Male and female LS-Mpc2�/� and fl/fl mice (13-19-week-old) were fasted for 16 h and given a retro-orbital injection of [3H]-oleic acid. Livers were collected

5 min later to measure uptake of [3H]-oleic acid. AU, arbitrary unit.

Data are presented as mean G SEM. * indicates p value <0.05. p values were determined using unpaired Student’s t test (A,J), two-way ANOVA with post hoc

Tukey’s multiple comparisons test (C-H, K). Fasted fl/fl female: n = 3–6, male: n = 1–5; Fasted LS-Mpc2�/� female: n = 3–6, male: n = 1–5; Refed fl/fl female:

n = 3–5, male: n = 3–5; Refed LS-Mpc2�/� female: n = 3–5, male: n = 3–5.
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Figure 3. LS-Mpc2�/� mice exhibit increased hepatic gluconeogenesis from glycerol via the direct pathway

Littermate male and female fl/fl mice (7-10-week-old) were administered 2 x 1011 particles of AAV8 expressing Cre recombinase or GFP under the control of the

hepatocyte-specific thyroxine binding globulin (TBG) promoter. Mice were studied 3–5 weeks post-AAV8 injection.

(A and B) (A) Blood glucose concentrations blood glucose in male and female LS-Mpc2�/� and fl/fl mice after a 16 h fast during an i.p. glycerol tolerance test

using unlabeled glycerol and (B) AUC, area under curve.

(C–G) After a 16 h fast, mice were given an i.p. bolus of [U-13C3]glycerol. Then, liver tissues and blood were collected 30 min later and subjected to GC-MS analysis

(n = 6–8). (C) Fractional contribution of i.p. [U-13C3]glycerol into new glucose. (D) Schematic depicting glycerol conversion into glucose via two independent

pathways. Created with BioRender.com. (E) Measured mass isotopomer distribution of glucose (fragment containing carbons 4,5, and 6), glycerol-3-phosphate,

and PEP. OAA carbons 1,2, and 3 are transmitted to gluconeogenic intermediates by PEPCK. The isotopomers of these OAA positions were calculated from the

mass isotopomers of aspartate1234, aspartate234, and aspartate12 fragments to generate a virtual OAA123 fragment for comparison to other intermediates (see

STAR methods for details). (F) Relative contribution of direct and indirect pathway to the labeling of glycolytic intermediates in liver. (G) Relative contribution of

glycerol gluconeogenesis using either direct or indirect pathway to blood glucose. G3P, glycerol 3-phosphate; DHAP, dihydroxyacetone phosphate; GAP,

glyceraldehyde 3-phosphate; 3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate; Oac, oxaloacetate; Asp, aspartate; Pyr, pyruvate; Lac, lactate; Ala, alanine;

Cit, citrate. Values are presented as mean G SEM. * indicates p value <0.05. p values were determined using two-way ANOVA with post hoc Tukey’s multiple

comparisons test (B and G) and unpaired Student’s t test (C, E, and F). fl/fl female: n = 5–9, male: n = 3–8; LS-Mpc2�/� female: n = 3–9, male: n = 3–7.
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The fractional contribution of injected [U-13C]glycerol to glucose was not different between groups (Figure 3C) suggesting similar utiliza-

tion of this substrate. However, since glycerol carbon can be incorporated into glucose by using either direct or indirect pathways (Figure 3D),

we further examined the contribution of each. The direct pathway maintains the original glycerol carbons in a triose of glucose. Thus, gluco-

neogenesis directly from [U-13C]glycerol generates triple-labeled ([1,2,3-13C] and [4,5,6-13C]) glucose and M+3 mass shift in other glycolytic

intermediates that share the 3-carbon backbone with glycerol. Conversely, double-labeled glucose isotopomers reflect [U-13C]glycerol meta-

bolism through the indirect pathway and TCA cycle prior to gluconeogenesis. These reactions will convert >50% of M+3 to anM+2mass shift

at carbons 1, 2, and 3 of oxaloacetate, which are destined to become carbons 4, 5, and 6 (or 3, 2, and 1) of glucose. Among double-labeled

([1,2-13C], [2,3-13C], [4,5-13C],and [5,6-13C]) glucose isotopomers, [4,5-13C] and [5,6-13C]glucose are useful markers for [U-13C]glycerol meta-

bolism through the indirect pathway since the 13C-labeling patterns in glucose carbons 4, 5, and 6 are independent from hepatic pentose

phosphate pathway activity.22 Therefore, we investigated ion fragments corresponding to carbons 4, 5, and 6 of glucose and found M+3

and M+2 enrichments, consistent with both direct and indirect pathways being active (Figure 3E). LS-Mpc2�/� mice had had more M+3

and less M+2 label in carbons 4, 5, and 6 of glucose (Figure 3E). Next, we examined the labeling of gluconeogenic intermediates and found

that G3PwasmostlyM+3, ostensibly due to its proximity to the entry of the glycerol tracer (Figure 3E). Conversely, PEP enrichment was diluted

and hadmoreM+2 and lessM+3 relative to G3P, consistent with its proximity to the TCA cycle and the indirect pathway. It is notable that PEP

labeling retained anM+3 toM+2 ratio higher than 1, consistent with the flux of glycerol to PEP and the flux of pyruvate back to PEP via the TCA

cycle. Nevertheless, glucose labeling was a mixture of G3P and PEP labeling patterns (Figure 3E).

To more closely examine the conversion of [U-13C3]glycerol to glucose by the indirect pathway, we used the mass isotopologues of aspar-

tate1234, aspartate234, and aspartate12 fragments to mathematically reconstruct positional isotopomers of oxaloacetate carbons 1, 2, and 3,

which are specifically destined to become trioses and one-half of glucose during gluconeogenesis (Figures S2F and S2G). This virtual OAA123

fragment will have an M+3 that originates from pyruvate carboxylation and an M+2 that originates from either backwards scrambling (i.e.,

[2,3-13C]OAA) or forward turnover of the TCA cycle (i.e., [1,2-13C]OAA). Regardless of the source, M+2 can only be produced in the TCA cycle.

Thus, the M+3 to M+2 ratio found in OAA123 should remain constant for gluconeogenic intermediates to the extent that they were derived

from the indirect pathway. To the extent that gluconeogenic intermediates are derived from the direct pathway, their M+3 toM+2 ratio would

be skewed higher compared to OAA123. As expected, the M+3 to M+2 ratio was much lower in the virtual OAA123 fragment compared to the

analogous carbon positions of gluconeogenic/glycolytic intermediates (Figure 3E). This information was used to estimate the direct and in-

direct contributions of glycerol to gluconeogenic/glycolytic intermediates (Figure 3D). The direct pathway was the primary route for the gen-

eration of gluconeogenic/glycolytic intermediates, accounting for 75 to 95% of the label (Figure 3F), with intermediates proximal to oxaloac-

etate showing the highest indirect contribution. LS-Mpc2�/�mice had a lower contribution from the indirect pathway to these intermediates

(Figure 3F) and to newly synthesized glucose (Figure 3G), consistent with impaired pyruvate metabolism. These data indicate increased

reliance on direct glycerol incorporation into glucose, which may help compensate for limited anaplerosis and TCA cycle gluconeogenesis

in LS-Mpc2�/�mice. However, since the indirect pathway was relatively minor and incompletely ablated by loss of MPC, other mechanisms

are likely essential for compensation in LS-Mpc2�/� mice.

Overexpression of glycerol-3-phosphate phosphatase does not cause hypoglycemia in LS-Mpc2�/� mice in vivo

We attempted suppress glycerol-mediated gluconeogenesis by overexpressing the glycerol-3-phosphate phosphatase (G3PP; also known as

phosphoglycolate phosphatase). G3PP catalyzes the formation of glycerol from G3P and thus counteracts the effects of glycerol kinase (Fig-

ure 3D).23 Recent work has suggested that overexpression of G3PP in hepatocytes suppresses gluconeogenesis from glycerol by suppressing

the entry of this substrate into the gluconeogenic pathway.24 We overexpressed G3PP in C57BL6/J mice by administering adenovirus driving

expression of this enzyme in liver (Figure 4A). We then isolated hepatocytes and assessed glycerol-mediated glucose production in the pres-

ence or absence of the MPC inhibitor UK5099 and found that glycerol-induced glucose production was suppressed by G3PP overexpression

with concomitant MPC inhibition with UK5099 (Figure 4B). Furthermore, the incorporation of [U- 13C3]glycerol into G3P was reduced in iso-

lated hepatocytes (Figure 4C). Lastly, G3PP overexpression suppressed the incorporation of 13C into newly synthesized intracellular glucose-

6-phosphate (Figure 4D) demonstrating the effectiveness of the genetic intervention in hepatocytes in vitro.

We then overexpressed G3PP in fl/fl or LS-Mpc2�/� mice and assessed fasting glucose concentrations and glycerol tolerance five days

later. Hepatic G3PP overexpression did not affect fasting blood glucose or glycerol concentrations in mice of either genotype (Figures 4E and

4F). However, G3PP overexpression significantly reduced the blood glucose excursion during a glycerol tolerance test in LS-Mpc2/- mice (Fig-

ure 4G), demonstrating the effectiveness of the intervention. These data collectively suggest that impairing flux through both glycerol- and

pyruvate-mediated gluconeogenic pathways in the liver is not sufficient to cause hypoglycemia.

Suppression of glycerol kinase impairs glycerol-mediated gluconeogenesis in vitro

To examine the impact of glycerol-mediated gluconeogenesis on glucose concentrations in MPC deficiency using an orthogonal

approach, we suppressed the expression of glycerol kinase (GYK) in the livers of WT mice with adenoviral-mediated shRNA delivery.

We then isolated hepatocytes from these mice and assessed glycerol-mediated glucose production in the presence or absence of

UK5099. As expected, the abundance of GYK protein was significantly diminished by Gyk shRNA (Figure 5A). In addition, glucose pro-

duction from glycerol was significantly reduced by Gyk shRNA, but not UK5099 by itself (Figure 5B). In a subsequent experiment, we

traced the incorporation of [U-13C3]-glycerol into glucose and other intermediates in isolated hepatocytes. As a confirmation of reduced

GYK activity, we found that the 13C enrichment of the product of GYK (G3P) and another downstream intermediate (DHAP; Figure 3D),
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were significantly reduced by Gyk shRNA, but not UK5099 (Figures 5C and 5D). We also found that both Gyk shRNA and UK5099

reduced 13C enrichment in the TCA cycle intermediate citrate (Figure 5E). Finally, Gyk shRNA suppressed the incorporation of
13C into intracellular glucose-6-phosphate (Figure 5F). This suggests that Gyk shRNA is effective in inhibiting glycerol-mediated gluco-

neogenesis in hepatocytes in vitro.

Suppression of glycerol kinase does not cause hypoglycemia in LS-Mpc2�/� mice in vivo

We next sought to determine whether suppressingGyk expression in mouse liver in vivo would lead to hypoglycemia during fasting. Interest-

ingly, although hepaticGyk expression wasmarkedly suppressed by the shRNA (Figure 5G), blood glucose and lactate concentrations after an

16 h fast were not affectedbyGyk knockdown in eitherWTor LS-Mpc2�/�mice (Figures 5H and 5I), while lactate concentrations were higher in

Figure 4. Overexpression of G3PP impairs glycerol-mediated gluconeogenesis in vitro but does not cause hypoglycemia in LS-Mpc2�/� mice

(A–F) Following infection with adenovirus expressing the human G3P phosphatase (G3PP) transgene or an empty control vector (1.53 109 PFU/mouse), primary

hepatocytes fromWTmice were isolated and plated. (A) RepresentativeWestern blot image forG3PP and vinculin protein in isolated hepatocytes. (B–F) Cultured

hepatocytes administered [U-13C3] glycerol in the presence or absence of UK5099 (5 mM). (B) Glucose concentrations in the media of cultured hepatocytes (C–H)
13C3 enrichment in cellular (C) glycerol-3-phosphate and (D) glucose-6-phosphate measured by mass spectrometry. Data are from a single experiment, triplicate

per group.

(E–G) Male and female LS-Mpc2�/� and fl/fl mice (9-15-week-old) were injected with adenoviral vector expressing the human G3PP or an empty control

vector. (E) Fasting blood glucose concentrations 4 days after adenoviral infection. (F) Plasma glycerol levels after a 5 h fast in the daytime. (G) Blood

glucose concentrations after overnight fast and throughout an i.p. glycerol tolerance test. Glucose AUC, area under curve. Data are presented as mean G

SEM. * indicates p value <0.05. p values were calculated using two-way ANOVA with post hoc Tukey’s multiple comparisons test. For panel 4E-4G, fl/fl

Null female: n = 1, male: n = 7; LS-Mpc2�/� Null female: n = 2, male: n = 5; fl/fl hG3PP female: n = 1, male: n = 7; LS-Mpc2�/� hG3PP female: n = 1,

male: n = 6.
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LS-Mpc2�/� mice compared to WT controls (Figure 5I). Furthermore, plasma glycerol concentrations were not affected by Gyk shRNA or

genotype (Figure 5J). However, as confirmation that knockdown of Gyk had its intended effect, liver glycerol content was increased by Gyk

shRNA (Figure 5K). This suggests that loss of MPC activity and suppression of GYK in the liver is not sufficient to cause hypoglycemia in mice.

Figure 5. Suppression of glycerol kinase impairs glycerol-mediated gluconeogenesis in vitro but does not cause hypoglycemia in LS-Mpc2�/� mice

(A–F) Following infection with adenoviral vector carrying theGyk shRNA or scrambled shRNA (1.5–2.5 x 109 PFU/mouse), primary hepatocytes fromWTmice were

isolated and plated. (A) Representative Western blot images for glycerol kinase and vinculin using lysates from isolated hepatocytes. (B) Glucose concentrations

in the media of cultured hepatocytes after treatment with unlabeled glycerol in the presence or absence of the MPC inhibitor, UK5099 (5 mM). (C–H) Cell extracts

from hepatocytes given [U-13C3]glycerol in the presence or absence of UK5099 were subjected tomass spectrometry analysis. [U-13C3] Labeled incorporation into

cellular (C) glycerol-3-phosphate, (D) DHAP, (E) citrate, and (F) glucose-6-phosphate. Data are from two experiments done in triplicate.

(G–L) Male and female LS-Mpc2�/� and fl/fl mice (11-17-week-old) were injected with adenoviral vector expressingGyk or scrambled shRNA. (G) Representative

Western blot showing protein abundance of glycerol kinase, MPC2, and vinculin. (H) Fasting blood glucose and (I) blood lactate concentrations. (J) Plasma and

(K) liver glycerol content after a 5 h fast. (L) Blood glucose concentrations after overnight fast and throughout an i.p. glycerol tolerance test. Glucose AUC, area

under curve.

Data are presented asmeanG SEM. *p value <0.05. p values were determined using two-way ANOVAwith post hoc Tukey’s multiple comparisons test. For panel

5H-5L, fl/fl scrambled female: n = 6, male: n = 3; LS-Mpc2�/� scrambled female: n = 8, male: n = 1; fl/flGyk shRNA female: n = 5, male: n = 3; LS-Mpc2�/�Gyk

shRNA female: n = 7, male: n = 2.
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We also examined the response of mice treated with Gyk shRNA to a GlyTT. As before, LS-Mpc2�/�mice exhibited a similar increase in

blood glucose after a glycerol bolus compared to WT mice (Figure 5L). Furthermore, suppression of Gyk expression did not affect glycerol

tolerance in either genotype ofmice. Gluconeogenesis fromglycerol in other organs, e.g., the kidneys,may compensate for defects in hepatic

gluconeogenesis and renal Gyk expression was not affected by the shRNA (Figure S3A).

Suppression of hepatic gluconeogenesis from pyruvate, alanine, and glycerol does not cause hypoglycemia

Finally, our prior work has suggested that pyruvate-alanine cycling via the alanine transaminase enzymes could circumvent the effects of MPC

deficiency in hepatocytes (Figure 6A).5 We therefore generated mice that were doubly deficient for Mpc2 and Gpt2 (which encodes ALT2

Figure 6. Preserved glycemic control in LS-DKO mice with suppressed glycerol metabolism

(A) Schematic depicting potential effect of MPC2, ALT2, and glycerol kinase inhibition on gluconeogenesis in the liver. Created with BioRender.com.

(B–I) Male and female LS-DKO and fl/fl mice (12-17-week-old) were injected with adenoviral vector expressing Gyk or scrambled shRNA (1.5–2.5 3 109 PFU/

mouse). (B) Representative Western blot images to validate knockdown efficiency of MPC2, ALT2, and glycerol kinase. (C) Body weight. (D) Fasting blood

glucose and (E) blood lactate concentrations after 16 h overnight fast. (F) Plasma and (G) liver glycerol content measured after a 5 h fast. (H) Blood glucose

concentrations after 16 h overnight fast and throughout an i.p. glycerol tolerance test. Glucose AUC, area under curve. DKO, double knockout; Scr,

scrambled shRNA; Gyk, glycerol kinase shRNA.

Data are presented as mean G SEM. *p value <0.05. p values were determined using two-way ANOVA with post hoc Tukey’s multiple comparisons test. fl/fl

scrambled female: n = 4, male: n = 2; LS-DKO scrambled female: n = 3, male: n = 4; fl/fl Gyk shRNA female: n = 2, male: n = 2; LS-DKO Gyk shRNA female:

n = 4, male: n = 4.
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protein) in a liver-specific manner (LS-DKO mice; Figure 6B). These mice were viable and exhibited normal body weights and blood glucose

concentrations after an overnight fast (Figures 6C and 6D). LS-DKO mice exhibited marked elevations in blood lactate concentrations (Fig-

ure 6E), but blood and liver glycerol content was not affected by the deletion ofMpc2 andGpt2 (Figures 6F and 6G). Treatment of thesemice

withGyk shRNA adenovirus did not affect any of the parametersmeasured except liver glycerol content, which was increased by shRNA treat-

ment (Figures 6C–6G). However, blood glucose area under the curve in a GlyTT was not affected by genotype or suppression of Gyk (Fig-

ure 6H). These data suggest that the knockdown of hepatic Gyk is insufficient to impair the glycerol-mediated glycemic response in vivo

even in the context of suppressed pyruvate-alanine cycling.

DISCUSSION

Mammals undergo regular fasting and feeding cycles, and the capacity of metabolic organs to efficiently adapt to these conditions is crucial

to survival. The liver plays a central role in these responses by regulating systemic glucose and lipid metabolism. The present study examines

the roles of the mammalian MPC, an emerging therapeutic target for MASH and type 2 diabetes, in hepatic de novo lipogenesis and gluco-

neogenesis during fasting and refeeding, respectively.

De novo lipogenesis is the biochemical process that synthesizes fatty acids from other substrates including glucose and amino acids and is

vital for long-term energy storage, which can be used when other substrates are less abundant. However, the dysregulation of lipogenesis

plays a role in cardiovascular disease, certain cancers, and steatotic liver disease.25–30 In steatotic liver disease, the accumulation of excess

lipid (R5% of lean liver tissue) is largely attributed to excessive DNL.31,32 In a clinical study, an insulin sensitizing agent that inhibits the

MPC, MSDC-0602K, significantly reduced liver steatosis in patients with MASH compared to placebo treatment.33 Similarly, MSDC-0602K

also reduced liver triglycerides in mouse or rat models of obesity, but the mechanisms by which this occurred are unclear.34,35 In theory, in-

hibiting theMPCwould limit mitochondrial pyruvatemetabolism, its conversion into the TCA cycle intermediate citrate, and diminish hepatic

DNL. Indeed, we observed reduced hepatic DNL flux in LS-Mpc2�/�mice, which is consistent with diminished pyruvate-mediated DNL and

intrahepatic lipid in global MPC1-deficient neonate mice.14 However, despite reduced rates of DNL, the total hepatic lipid content of LS-

Mpc2�/�mice was not reduced and actually tended to increase in the present study. There are several factors to consider when comparing

among these studies. First, LS-Mpc2�/�mice used herein were lean and did not have steatosis or other metabolic factors relevant to MASH.

Nevertheless, liver-specific MPC deletion does not affect hepatic lipid abundance in mice rendered obese by feeding high fat diets.11,36 Sec-

ondly, although elevated DNL may account for excess lipid in steatotic liver disease, intrahepatic lipid content is the net result of complex

interactions among various metabolic pathways including NEFA uptake and delivery, fatty acid oxidation, and lipoprotein secretion from

the liver. However, we found that LS-Mpc2�/�mice exhibited no differences in hepatic NEFA uptake, plasma ketone bodies concentrations

(indirect measure of fatty acid oxidation), or hepatic lipoprotein secretion (Figures 2I–2K), nor were body weights or adipose tissue lipolysis

(Figures S1C and S1D) affected by MPC liver knockout. It has been shown that mice lacking fatty acid synthase (FAS) in hepatocytes, which

have a complete loss of hepatic DNL, exhibit marked hepatic steatosis on a zero fat diet due to the mobilization of adipose tissue fat stores,37

which is further evidence that DNL is not a primary determining factor of intrahepatic lipid content in lean mice. Finally, MPC inhibition in our

mouse model is specific to hepatocytes, whereas MSDC-0602K treatment in people or global MPC1 deletion affects many tissues. Thus, the

beneficial reduction in steatosis seenwithMSDC-0602K in preclinical models and people withMASHmay be a cumulative systemic effect due

to altered fatty acid metabolism in multiple metabolic pathways.

The liver plays a critical role in regulating glucose homeostasis by storing glucose as glycogen during feeding and by providing glucose by

activating glycogenolysis and gluconeogenesis to prevent hypoglycemia during periods of nutrient deprivation. We and others have previ-

ously shown that loss of hepaticMPC proteins during a 24 h fast leads to reduced fasting blood glucose, compared toWT controls, due to the

requirement for the MPC in pyruvate-mediated gluconeogenesis.5,6 Interestingly, in this present study, loss of MPC did not affect fasting

blood glucose levels after 16–18 h of fasting. A possible explanation for the differential effect of MPC on blood glucose concentrations

may be related to differences in the fasting duration. In the longer fasting paradigm, the ability of other organs or mechanisms to maintain

normoglycemia in LS-Mpc2�/�micemay wane. Prior work and the present study point to compensatory use of amino acids byMPC-deficient

liver to produce glucose under fasting conditions.5,6,17,38 However, herein, we generated liver-specific double knockout mice for MPC and

ALT2 (Gpt2), which prevents the compensatory use of alanine by disrupting liver pyruvate-alanine cycling. These DKO mice were also not

hypoglycemic after an overnight fast suggesting that other mechanisms are at play.

We show that the ability of MPC-deficient liver to produce glucose from glycerol remains partially intact. LS-Mpc2�/� mice retained a

normal rise in glucose during a glycerol tolerance test, but the accumulation of lactate during the test suggests an abnormal response. Glyc-

erol can contribute to gluconeogenesis in two ways. First, glycerol can directly enter the gluconeogenic pathway following its conversion to

DHAP. This pathway leaves all three carbons of glycerol intact as it is converted into one-half of a glucose molecule. Secondly, DHAP pro-

duced from glycerol can be converted to pyruvate through glycolytic reactions before entering mitochondria by the MPC and undergoing

full gluconeogenesis (Figure 3D). This indirect mitochondrial pathway replaces a portion of glycerol carbons by carboxylation (PC) and decar-

boxylation (PEPCK1) reactions, and further dilutes a glycerol tracer by exchange with TCA cycle intermediates. Thus, the direct and indirect

pathways can be estimated by using [U-13C3]glycerol and the appearance of M+3 glucose (direct and indirect) or M+2 glucose (indirect).

About 90% of the [U-13C3]glycerol bolus was converted to glucose through the direct pathway, consistent with our in vitro data and similar

experiments in humans.39 Nevertheless, the importance of the indirect pathway is highlighted by a rise in lactate after the glycerol bolus,

which was exaggerated by loss of the MPC. More rigorous modeling approaches in the future may help to further define the role of the in-

direct pathway of glycerol metabolism.
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In LS-Mpc2�/�mice undergoing a prolonged fast, we observed an increase in the fraction of glucose produced from the direct pathway

and a decrease in the fraction of glucose produced from the indirect pathway. An increased reliance on the direct cytosolic pathway could be

a possible compensatory mechanism to prevent hypoglycemia when pyruvate-mediated gluconeogenesis is defective. Thus, studies utilizing

shRNA-mediated suppression of glycerol kinase, the rate-limiting enzyme required in glycerol GNG, or overexpression of G3PP, which coun-

teracts GYK action were carried out to test the mechanisms. Both interventions markedly reduced glycerol-mediated gluconeogenesis and

glucose production from hepatocytes, but neither decreased glucose concentrations in fasted mice in vivo. Overexpressing G3PP in liver,

reduced the glycemic response to a glycerol tolerance test in LS-Mpc2�/�mice, whereasGyk shRNA did not, potentially due to more com-

plete inhibition of glycerol conversion to glycerol-3-phosphate by marked overexpression.

In addition to the liver, the intestine and kidney play major roles in modulating glucose homeostasis through processes of gluconeo-

genesis. Indeed, prior work has shown that mice completely deficient in hepatic glucose production, including from glycogenolysis and

gluconeogenesis from all substrates due to loss of glucose-6-phosphatase in liver, did not become severely hypoglycemic; likely due

to extrahepatic gluconeogenesis in kidney and intestine.18 Consistent with those findings, we found in the current and previous studies

that key gluconeogenic enzymes, including PEPCK1, are significantly elevated in the kidney of mice with hepatocyte-specific deficiency

in pyruvate-mediated GNG, consistent with the activation of renal GNG activity.5,16 However, we detected no changes in the renal expres-

sion of other enzymes involved in gluconeogenesis or glycerol metabolism after a short 5 h fast (Figure S3B). Taken together, these

data suggest that while hepatic pyruvate and glycerol-mediated gluconeogenesis are important components of glycemic control, impair-

ing flux through hepatic pathways alone is not sufficient to cause hypoglycemia suggesting multiple layers of redundancy in glycemic

control.

In conclusion, our findings provide new insight into the effects of hepatic MPC deficiency on hepatic glucose production and DNL under

fasting and refeeding conditions in mice. Using tracer approaches, we determined that loss of the MPC in hepatocytes impairs DNL during

refeeding, but somewhat unexpectedly does not affect intrahepatic or plasma lipid content. In contrast, MPC deficiency does not attenuate

the flux of glycerol into new glucose during a glycerol challenge but causes an increased reliance on the direct cytosolic pathway of gluco-

neogenesis from glycerol. Finally, despite increased reliance on the direct pathway, the use of two complimentary approaches to suppress

glycerol metabolism in the liver suggests gluconeogenesis from glycerol is not necessary to maintain normal blood glucose concentrations.

Limitations of the study

Apotential limitation in the study is theGyk shRNA-mediated knockdownmodel in whichGykwas incompletely knockdown and residual GYK

activitymay be sufficient tomaintain normal glycerol-mediatedGNG.However, the observed increase in hepatic glycerol content and orthog-

onal approach (marked G3PP overexpression), suggest that glycerol metabolism was suppressed. Nonetheless, this was not sufficient to

impact plasma glycerol concentrations or cause hypoglycemia. While we hypothesize that glucose concentrations are maintained in hepa-

tocyte MPC deficient and LS-DKO mice by gluconeogenesis in the kidney and/or small intestine, this was not directly tested by generating

additional tissue-specific knockouts. We also cannot exclude that other factors, such as diminished glucose uptake and disposal in peripheral

organs, might also play a role in the observed phenotypes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

alpha-tubulin Millipore Sigma Cat# T5168; RRID:AB_477579

GAPDH Invitrogen Cat# AM4300; RRID:AB_2536381

MPC1 Cell Signaling Technology Cat# 14462; RRID:AB_2773729

MPC2 Cell Signaling Technology Cat# 46141; RRID:AB_2799295

Glycerol-3-phosphate phosphatase (G3PP or PGP) (E�10) Santa Cruz Cat# sc-390883

Glycerol kinase Abcam Cat# ab126599; RRID:AB_11129767

Vinculin Cell Signaling Technology Cat# 13901; RRID:AB_2728768

ATP-citrate lyase Cell Signaling Technology Cat# 4332; RRID:AB_2223744

ATP citrate lyase phosphorylated at serine 455 Cell Signaling Technology Cat# 4331; RRID:AB_2257987

Fatty acid synthase Cell Signaling Technology Cat# 3180P; RRID:AB_2100796

Acetyl CoA carboxylase Millipore Sigma Cat# 05–1098; RRID:AB_10807015

Acetyl CoA carboxylase phosphorylated at serine 79 Millipore Sigma Cat# 07–303; RRID:AB_310504

IRDye� 680RD Donkey anti-rabbit IgG Secondary Antibody LI-COR Cat# 926–68073; RRID:AB_10954442

IRDye� 800CW Goat anti-mouse IgG secondary antibody LI-COR Cat# 926–32210; RRID:AB_621842

IRDye� 680RD Goat anti-mouse IgG secondary antibody LI-COR Cat# 926–68070; RRID:AB_10956588

IRDye� 800CW Goat anti-Rabbit IgG secondary antibody LI-COR Cat# 926–32211; RRID:AB_621843

Bacterial and virus strains

AAV8-TBG-eGFP Vector Biolabs Cat# VB1743

AAV8-TBG-Cre Vector Biolabs Cat# VB1724

Mouse GYK shRNA silencing adenovirus (with GFP) Vector Biolabs Cat# shADV-257626

Scrambled shRNA with GFP adenovirus Vector Biolabs Cat# 1122N

Human PGP adenovirus (or G3PP) Vector Biolabs Cat# ADV-218767

Adeno CMV null adenovirus Vector Biolabs Cat# 1300

Chemicals, peptides, and recombinant proteins

DMEM - Dulbecco’s Modified Eagle Medium ThermoFisher (Gibco) Cat# 11965-084

Collagenase from clostridium histolyticum Millipore Sigma Cat# C5138

Glycerol (13C3, 99%) Cambridge Isotope Laboratories Inc. Cat# CLM-1510-PK

Glycerol Millipore Sigma Cat# G2025

DPBS (1X) ThermoFisher (Gibco) Cat# 14190-136

Collagen I Fisher Cat# CB354249

Glycogen, molecular biology grade ThermoFisher Cat# R0561

Amyloglucosidase from Aspergillus niger Millipore Sigma Cat# 10115-1G-F

4–15% Criterion� TGX� Precast Midi Protein Gel Biorad Cat# 5671084

3–8% Criterion� XT Tris-Acetate Protein Gel, 18 well Biorad Cat# 3450130

XT Tricine Kit Biorad Cat# 1610797

RIPA 10x Cell Signaling Technology Cat# 9806S

Poloxamer 407 Sigma Cat# 16758-250G

Oleic acid [9,10-3H(N)] America Radiolabeled Chemicals Cat# ART 0198

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Brian N. Finck

(bfinck@wustl.edu).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

High-capacity cDNA reverse transcription kit Thermo Fisher (Applied Biosystems) Cat# 4368814

Power SYBR green master mix ThermoFisher (Applied Biosystems) Cat# 4367659

Triglyceride reagents Thermo Fisher Cat# TR22421

Free glycerol reagent Millipore Sigma Cat# F6428

Glucose oxidase activity assay kit Millipore Sigma Cat# MAK097

HR Series NEFA-HR(2) Color Reagent A FUJIFILM Wako Diagnostics Cat# 999-34691

HR Series NEFA-HR(2) Solvent A FUJIFILM Wako Diagnostics Cat# 995-34791

HR Series NEFA-HR(2) Color Reagent B FUJIFILM Wako Diagnostics Cat# 991-34891

HR Series NEFA-HR(2) Solvent B FUJIFILM Wako Diagnostics Cat# 993-35191

Glucose (GO) assay kit Millipore Sigma Cat# GAGO20

Autokit Ketone Bodies R1 Set FUJIFILM Wako Diagnostics Cat# 415-73301

Autokit Total Ketone Bodies R2 Set FUJIFILM Wako Diagnostics Cat# 411-73401

Ketone Body Calibrator 300 FUJIFILM Wako Diagnostics Cat# 412-73791

Experimental models: Organisms/strains

C57/Bl6 Mpc2flox/flox EUCOMM (IKMC Project: 89918) Stock# MAE-1900

B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J Jackson Laboratory Stock# 003574

Gpt2tm1a(KOMP)Wtsi Knockout Mouse Project Repository Project ID# CSD24977

Mouse LS-Mpc2�/� generated by crossing Mpc2flox/flox

with Alb-Cre

This paper N/A

Mouse LS-Mpc2/Gpt2�/� (LS-DKO) generated by crossing

Mpc2flox/flox with Gpt2flox/flox and Alb-Cre

This paper N/A

Oligonucleotides

Gene Forward 50-30 Reverse 50-30

Rplp0 (36B4) gca gac aac gtg ggc tcc aag cag at ggt cct cct tgg tga aca cga agc cc

Mpc2 acc tac cac cga ctc atg gat tgt aaa gcg gcc tca att tct

Pepck1 tgg atg tcg gaa gag gac tt tgc agg cac ttg atg aac tc

Fbp1 cgg atg gtt cag ccc cct at ggg ctt ttc ttg ttg gcg gg

G6pc caa tct cct ctg ggt ggc agt cac caa tac ggg cgt tgt cc

Pcx gat gac ctc aca gcc aag ca ggg tac ctc tgt gtc caa agg a

Gyk tgg cct cct gac aac cgt ag cag cgg att aca gca cca gc

Gpd1 gca gac acc caa ctt tcg cat ggt gtt gtc acc gaa gcc aag

Aqp3 tgg gga ccc tca tcc ttg tg tga cag cga agc caa aag cc

Aqp7 ccc agg tct gtg ctg gag ac cca cgg aac caa ggc caa ac

Software and algorithms

Prism version 9.4.1 GraphPad Software https://www.graphpad.com/features

Other

PicoLab Rodent Diet 20 LabDiet Cat# 5053

Lactate meter Nova Biomedical Cat# 40828

One-Touch Ultra glucometer LifeScan N/A
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Materials availability

This study did not generate unique reagents.

Data and code availability

� Data. All data reported in this paper will be shared by the lead contact upon request.
� Code. This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of hepatocyte-specific Mpc2 knockout mice

The generation ofMpc2 floxed mice and mice with hepatocyte-specificMpc2 knockout by interbreeding with mice expressing Cre recombi-

nase under the control of the albumin promoter has been previously described.5 The generation of mice with liver specific deletion of Gpt2

has also recently been reported.40 Mice doubly deficient forMpc2 and Gpt2 in a liver-specific manner (LS-DKO mice) were generated by in-

tercrossing LS-Mpc2 andGpt2 floxedmice. Littermate mice not expressing Cre (Mpc2 fl/fl mice orMpc2 Gpt2 double fl/fl mice) were used as

controls for studies using albumin-driven knockouts.

In other experiments, 2 X 1011 particles of adeno-associated virus serotype 8 (AAV8) expressing Cre recombinase under the control of the

hepatocyte-specific thyroxine binding globulin (TBG) promoter (AAV8-TBG-Cre; Vector Biolabs; VB1724) was administered intravenously to

Mpc2 floxed mice to create LS-Mpc2�/� mice. Littermate floxed mice receiving 2 3 1011 particles of AAV8-TBG-eGFP (Vector Biolabs;

VB1743) were studied as controls. Mice were studied 3–5 weeks post-injection of AAV8.

Animal studies

All experiments were conducted using 8- to 17-week-old mice of both sexes. Mice were kept on a 12 h light–dark cycle (lights on at 0600) and

received standard chow diet (PicoLab Rodent Diets 20) and water ad libitum unless otherwise indicated. All mice used in these studies were

fromaC57BL6/J background. Unless specifically noted, all experimentswere performedwith amixture ofmale and female littermatemice. All

animal experiments were approved by the Institutional Animal Care and Use Committee of Washington University in Saint Louis.

METHOD DETAILS

Adenoviral-mediated shRNA knockdown of glycerol kinase

Adenovirus expressing a validated shRNA targetingmurine glycerol kinase (Gyk) under the control of a U6promoter and aGFP reporter under

control of a CMV promoter was obtained from Vector Biolabs (shADV-257626). An adenovirus expressing a scramble shRNA, with GFP co-

expression (Vector Biolabs, 1122N), was used as a vector control. LS-Mpc2�/�, LS-DKO, and fl/fl mice were administered adenovirus (1.5–

2.5 x 109 PFU/mouse) by retroorbital injection and experiments were performed 5 to 8 days post-infection.

Adenoviral-mediated overexpression of glycerol 3-phosphate phosphatase (G3PP)

Adenovirus expressing humanG3P phosphatase (G3PP or PGP) was obtained fromVector Biolabs (ADV-218767). An adenovirus containing an

empty vector and the CMV promoter (Vector Biolabs, 1300) was used as a vector control. Mice were infected with 1.5 3 109 PFU/mouse by

intravenous retro-orbital injection. Glycerol tolerance tests and tissue collection occurred 4 and 10 days post-infection, respectively.

Fasting and refeeding studies

LS-Mpc2�/� and fl/fl mice were fasted overnight on aspen chip bedding and then subjected to refeeding with PicoLab Rodent Diets 20

(#5053) or continual fasting for 4 h. Then, blood glucose and lactate concentrations were measured followed by plasma and liver tissue

collection.

In vivo measurement of hepatic lipogenesis by D2O labeling

To test whether DNL rates were altered byMPCdeficiency in the liver, we used a fasting and refeedingmodel. A bolus of D2O (99%D2O, 0.9%

saline) was administered via intraperitoneal injection (20 mL/g), and mice were provided with 3% D2O enriched drinking water for the rest of

the experiment.Micewere fasted overnight followedby ad libitum refeeding for 4 h. Finally, liver tissues fromeuthanizedmicewere harvested

and flash frozen in liquid nitrogen via the freeze-clamp technique. Then, plasma and freeze-clamped tissues were analyzed by Orbitrap gas

chromatography-mass spectrometry for enrichment of deuterium in fatty acid (palmitate) to determine rates of de novo lipogenesis in vivo.

To perform orbitrap gas chromatography-mass spectrometry, approximately 20 mg of tissue was weighed and homogenized with 1 mL of

MeOH/DCM (1:1, v/v) in 2.0 mL pre-filled Bead Ruptor Tubes. Tubes were washed twice with 1 mL MeOH/DCM and all solutions were com-

bined. Samples were vortexed and then centrifuged for 5 min at 1635 3g. A known amount of [U-13C16] palmitate was added to 1 mg of su-

pernatant and dried under N2. Dried extracts were saponifiedwith 1mL 0.5M KOH inMeOHat 80�C for 1 h. Lipids were extractedwith DCM/

water before evaporation to dryness. The dried lipid extract was resuspended in 50 mL of 1% triethylamine/acetone and reacted with 50 mL of
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1% Pentafluorobenzyl bromide/acetone for 30 min at room temperature. To this solution, 1 mL of iso-octane was added before MS analysis.

The 2H-enrichment of palmitate was determined using HR-Orbitrap-GCMS as previously described.41

Hepatic fatty acid uptake

LS-Mpc2�/� and fl/fl mice were fasted overnight (18 h) on aspen chip bedding and then subjected to refeeding for 4 h. Then, the mice were

injected retro-orbitally with 100 mL mL of 2 mCi [3H]-oleic acid (America Radiolabeled Chemicals) in PBS. Blood was collected at 0, 20s, 2 min,

5 min after injection for radioactivity measurements. Following anesthesia, the portal vein was cannulated and the liver was perfused with PBS

to remove blood residual from the organ. Then, the liver was excised and snapped frozen in liquid nitrogen. Excised liver tissues were ho-

mogenized in PBS (30 mg tissue/500 mL) and 100 mL homogenate was added to 5 mL scintillation fluid (Sigma) for radioactivity measurement.

Mouse plasma volume was estimated as 55% of average total blood volume of a mouse (78 mL/g body weight) and total plasma radioactivity

was calculated.42,43 Tissue FA uptake was adjusted by body weight, tissue weight, and plasma radioactivity at 20s after injection.

Hepatic triglyceride secretion

LS-Mpc2�/� and fl/fl mice were fasted for 5 h. Then, mice were administered lipase inhibitor Poloxamer 407 via i.p. injection at 1 g/kg body

weight followed by blood collection at time 0, 1 h, 2 h, 4 h after injection. Then, plasma triglycerides were measured using triglycerides

reagent (Thermo) per manufacturer’s instructions.

Plasma ketones

Plasma ketone concentrations were measured using an enzymatic assay per manufacturer’s instructions (FUJIFILM Wako Diagnostics).

Metabolic tolerance tests

Glycerol tolerance tests were performed after an overnight (16 h) fast on aspen chip bedding. Blood glucose and lactate were assessed from

the tail vein at 0, 15, 30, 60, 90, and 120 min after intraperitoneal injection of 2 g/kg body weight glycerol dissolved in sterile saline.

[U-13C3] glycerol tolerance test

Mice were fasted overnight (16 h) and fasting blood glucose and lactate were measured. Then, mice were administered with stable isotope

tracer 50% [U-13C3] glycerol: 50% unlabeled glycerol mix for a total of 2 g glycerol/kg body weight via intraperitoneal injection. 30 min post-

injection, blood glucose and lactate were measured from a drop of tail blood. Then, mice were deeply anesthetized (isoflurane). Blood was

collected from the inferior vena cava and liver tissue immediately freeze-clamped in liquid nitrogen and stored at �80�C. Then, plasma and

freeze-clamped livers were analyzed by gas chromatography-mass spectrometry (GC-MS).

GC-MS analysis

For blood glucose enrichment analysis, 25 mL of blood plasma was deproteinized using an excess of cold acetone (12:1 v/v), vortexed and

centrifuged (4�C, 210003g, 10 min) and supernatant decanted. The procedure was repeated with 25 mL of miliQ H2O and the supernatant

was then dried under air. Glucose was next converted to aldonitrile pentapropionate (ALDO, glucose derivative which provides useful iso-

topologue fragments for relative flux analysis) by adding 50 mL of 2% hydroxylamine hydrochloride incubating at 90�C for 60 min. Next,

100 mL of propionic anhydridewas added, and samples were incubated at 60�C for 30min. Sampleswere then evaporated under air, dissolved

in 100 mL of ethyl acetate, centrifuged (4�C, 210003g, 10 min) and transferred into GC vials containing a glass insert.

Tissue samples (�40mg) were homogenizedwith 600 mL of ice-cold 80%MeOHand 20 mL of norleucine standard. Samples were incubated

for 10min on ice and then centrifuged (4�C, 210003 g, 15min). The supernatant was transferred and dried down under constant streamof N2.

Next, 50 mL of 1%metoxylamine hydrochloride in pyridine was added to samples and incubated for 90 min at 37�C. Then, 80 mL of MTBSTFA

as silylation reagent was added and samples were kept at 60�C for 60 min. The derivatives were transferred into GC vials containing a glass

insert and analyzed in a SIM mode.

Metabolite analysis was performed using an Agilent 7890-A GC-MS system equipped with an HP-5 ms column (30 m 3 0.25 mm I.D.,

0.25 mmfilm thickness; Agilent J&W) combined with an Agilent 5975-Cmass spectrometer (70 eV, electron ionization source). For all samples,

a 1 mL injection volume was used and split mode was adjusted for optimal signal-to-noise ratio. For ALDO derivative analysis, the following

temperature gradient was used: 80�C for 1 min, ramped at 20�C/min to 280�C, held for 4 min and ramped at 40�C/min to 325�C. After a 5 min

solvent delay, MS data collection was initiated, and scan range was set to 170–380 m/z. For analysis of organic acid enrichment, the following

temperature gradient was used: 120�C for 2 min, ramped at 6 �C/min to 210�C, next ramped at 25 �C/min to 250�C, held for 1 min, next

ramped at 25 �C/min to 275�Cand held for 7min. After a 3.9min solvent delay,MSdata collectionwas initiated. SIM rangewas set to: pyruvate

174.1–178.1 m/z, lactate 261.1–265.1 m/z, alanine 260.1–264.1 m/z, norleucine 200.1 m/z, succinate 289.1–294.1 m/z, fumarate 287.2–292.2

m/z, malate 419.2–424.2 m/z, three fragments of aspartate: Asp12 302.1–305.1, Asp234 390.2–394.2 and Asp1234 418.2–423.2 m/z, PEP

453.3–458.3 m/z, G3P 571.4–576.4 m/z, citrate 459.2–466.2 m/z, 3PG 585.4–590.4 m/z.

Metabolite signal areas were integrated using MassHunter software. For semi quantitative analysis, metabolite signal areas (consisting of

the sum of all isotopologue abundances), were normalized to the area of internal standard (norleucine) divided by tissue weight used for
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analysis. All mass isotopomer distributions (MIDs) were corrected for natural abundance in INCA software,44 based on the theoretical isotopic

distributions of individual chemical fragment formulas.

Calculation of positional isotopomers and isotopologues of oxaloacetate

Three fragments of aspartate provide positional useful information that can be used as a proxy of oxaloacetate labeling.45,46 Assuming no

PDH flux and negligible single labeling of carbon 1, we mathematically estimated positional isotopomers of oxaloacetate (Oac; 0 denotes

unlabeled position, while 1 denotes labeled position):

Oac0111 = Asp234ðM + 3Þ

Oac1110 = Asp1234ðM + 3Þ � Asp234ðM + 3Þ

Oac1100 = Asp12ðM + 2Þ � Oac1110

Oac0110 = Asp12ðM + 1Þ � Oac0111

where

Asp234 (M+3) = M+3 abundance of Asp390 fragment ion (derived from carbons 2–4 of oxaloacetate)

Asp1234 (M+3) = M+3 abundance of Asp418 fragment ion (derived from carbons 1–4 of oxaloacetate)

Asp12 (M+2) = M+2 abundance of Asp302 fragment ion (derived from carbons 1–2 of oxaloacetate)

Asp12 (M+1) = M+1 abundance of Asp302 fragment ion (derived from carbons 1–2 of oxaloacetate)

Using these positional isotopomers, we calculated isotopologues at carbons 1,2,3 of oxaloacetate (Oac123):

Oac123ðM + 3Þ = Oac1110

Oac123ðM + 2Þ = Oac1100 +Oac0110 +Oac0111

where

Oac123 (M+3) = calculated M+3 abundance derived from carbons 1–3 of oxaloacetate.

Oac123 (M+2) = calculated M+2 abundance derived from carbons 1–3 of oxaloacetate.

Direct and indirect pathway contribution

The direct pathway maintains all carbons of glycerol and generate M+3 isotopologues in glucose and glycolytic intermediates.39 Indirect

pathway decreases M+3 and generates M+2 in Oac123, which is precursor for PEP and gluconeogenesis. In order to calculate contribution

of direct and indirect pathway, one must know the fraction of M+3 isotopologue originated from the TCA cycle. Based on known ratio be-

tweenM+3 andM+2 in oxaloacetate (calculated using positional isotopomers), the fraction ofM+3 in individual metabolites (Met) originating

from direct [Dir] and indirect [Ind] pathway was estimated:

Ratio TCA =
Oac123ðM+3Þ½Ind�
Oac123ðM+2Þ½Ind�

Met123ðM+3Þ½Ind� = Met123ðM + 2Þ3Ratio TCA

Met123ðM+3Þ½Dir� = Met123ðM + 3Þ � Met123ðM+3Þ½Ind�
This allows calculation of the percent contribution of direct and indirect pathway to labeling of individual metabolites (note that in case of

glucose, the back half consisting of carbons 4,5,6 was used).

Direct % =
Met123ðM+3Þ½Dir �

Met123ðM+3Þ½Dir�+Met123ðM+3Þ½Ind�+Met123ðM+2Þ½Ind�
3 100%

Indirect % =
Met123ðM+3Þ½Ind�+Met123ðM+2Þ½Ind�

Met123ðM+3Þ½Dir �+Met123ðM+3Þ½Ind�+Met123ðM+2Þ½Ind�
3 100%

Plasma glycerol and lipids measurements

Plasma glycerol and non-esterified fatty acid concentrations were measured using a free glycerol reagent (Sigma) and assay kit (WAKO),

respectively, per the manufacturer’s instructions.
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Quantitative RT PCR

Total RNA from cells or tissues was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen). Real-time quantification of mRNA levels was

performed using the PowerSYBRGreen PCRmaster mix (Applied Biosystems) per themanufacturer’s instructions. Normalized Ct values were

subjected to statistical analysis, and fold difference was calculated by the DDCt method.

Immunoblotting

Cellular proteins were extracted using radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific) containing protease inhibitor and

phosphatase inhibitor cocktail (Sigma). Proteins (20–50 mg) were separated on an SDS-polyacrylamide gel, transferred to nitrocellulose or

PVDF membranes, probed with appropriate antibodies, and blots were subsequently developed using the fluorescence imaging system

(LI-COR). The following primary antibodies were used: MPC1 (Cell Signaling, 14462), MPC2 (Cell Signaling, 46141), glycerol kinase (Abcam,

ab126599), vinculin (Cell Signaling, 13901), ATP-citrate lyase (Cell Signaling, 4332S), ATP citrate lyase phosphorylated at serine 455 (Cell

Signaling, 4331), fatty acid synthase (Cell Signaling, 3180), acetyl CoA carboxylase (Millipore, 05–1098), acetyl CoA carboxylase phosphory-

lated at serine 79 (Millipore, 07–303), alpha-tubulin (Sigma, T5168), GAPDH (Invitrogen, AM4300), G3PP (or PGP; Santa Cruz, sc-390883).

Liver glycogen measurements

Liver tissue (30–90 mg) was hydrolyzed in 0.3 mL 30% KOH on a heat block at 100�C for 30 min. Then, samples were cooled to room temper-

ature followed by the addition of 0.1 mL 2%Na2SO4 and 0.8 mL 100% ethanol. Samples were heated on a heat block at 90�C–100�C for 5 min

to facilitate precipitation of glycogen followed by centrifugation at 16,000 g for 5 min. After centrifugation, the supernatant layer was aspi-

rated, and the pellet was dissolved in 0.2 mL water and 0.8 mL 100% ethanol. Heating and ethanol precipitation steps were repeated twice

(three in total). Next, pellets were resuspended in 0.2 mL of 0.3 mg/mL amyloglucosidase. Oyster glycogen (Thermo) standards were pre-

pared in amyloglucosidase and both glycogen standards and samples were incubated for 3 h on a 40�C heat block followed by liver glycogen

measurements using a colorimetric assay (Sigma).

Lipidomics analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Frozen liver samples were submitted to the Metabolomics Facility at Washington University in Saint Louis for the measurement of free fatty

acids (FFA), MAG, DAG, and TAG. All samples were weighed (100–300 mg) and placed into homogenization tubes. Tissues were homoge-

nized followed by lipid extraction process. The FFA were derivatized with 4-aminomethylpheenylpyridium to improve the sensitivity. Liquid

chromatography-tandem mass spectrometry (LC-MS/MS) analytical techniques were used to analyze the different lipid species. Relative

values are based on the peak area ratio of the analyte to the internal standard will be reported. All results were normalized to liver wet tissue

weight.

In some studies, liver triglyceride was measured by colorimetric assay (Thermo Fisher Scientific) after disrupting 80–100 mg liver tissue in

saline and solubilizing lipid with 1% sodium deoxycholate.

Primary hepatocyte isolation

To isolate mouse hepatocytes, the portal vein of each mouse was cannulated under anesthesia, and the liver was perfused with Ca2+- and

Mg2+-free Hank’s balanced saline solution (HBSS, Gibco) followed by perfusion of DMEMmedia containing 1 mg/mL collagenase from Clos-

tridium histolyticum (Millipore Sigma). After perfusion, the liver was removed and submerged into ice-coldDMEMmedia containing 10% fetal

bovine serum (FBS), and the cells were released gently. The resultant cell suspension was then filtered through a 100mMor 70 mM nylon mesh

and centrifuged at 503g for 2 min. The cell pellets were resuspended in ice-cold DMEM containing 10% FBS and recentrifuged. After three

wash cycles, cell viability was determined using Trypan blue staining followed by cell-counting. Then, cells were plated onto six-well plates

(0.753 106 cells/well) or 12-well plates (0.253 106 cells/well) coated with Type I collagen in 10% FBS/DMEM and incubated at 37�C under 5%

CO2. After 4 h or overnight incubation, cells were washed with PBS and incubated in 10% FBS/DMEM until use. All experiments involving

cultured hepatocytes were completed within 24 h after the cells were cultured.

13C-labeled glycerol hepatocyte studies

Primary adult hepatocytes were isolated and cultured as described above. Briefly, primary hepatocytes were isolated and cultured in 6-well

plates overnight. Then, hepatocytes were washed twice with PBS and incubated for 2 h in homemade glucose-free Hank’s balanced salt so-

lution (HBSS, containing 127 mMNaCl, 3.5 mM KCl, 0.44 mM KH2PO4, 4.2 mMNaHCO3, 0.33 mMNa2HPO4, 1 mMCaCl2, 20 mMHEPES, pH

7.4). After the 2 h incubation, cells were washed with fresh HBSS and then treated for 4 h in HBSS containing glucagon (100 ng/mL) alone or

with 2.5 mM [U-13C]-glycerol (Cambridge Isotope Lab) plus 2.5 mM unlabeled glycerol or 5 mM unlabeled glycerol (to correct for background

enrichment) in combination with 5 mM UK5099 (Millipore Sigma) or vehicle control. When indicated, cells were also supplemented with py-

ruvate and lactate. Cell culture medium was removed and frozen and cells were washed twice with ice-cold PBS, quenched immediately in

cold�80%methanol, scraped from the dishes, transferred into Eppendorf tubes, frozen, and subjected tometabolite sample preparation for

GC-MS (below).

To extract metabolites for GC-MS analysis, samples were dried in a SpeedVac for 2–6 h. Dried samples were reconstituted in 1 mL of cold

methanol:acetonitrile:water (2:2:1) and subjected to three cycles of vortexing, freezing in liquid nitrogen, and 10 min of bath sonication at
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25�C. Then, samples were stored at �20�C for 1–2 h or overnight. Next, samples were centrifuged at 14,000 RPM at 4�C for 10 min. After

centrifugation, the protein content of pellets wasmeasured by BCA assay (ThermoFisher), and the supernatants were transferred to new tubes

and dried by SpeedVac for 2–5 h. After drying, 1 mL water:acetonitrile (1:2) per 2.5 mg of protein was added to the residue. Samples were

subjected to two cycles of bath sonication for 5 min at 25�C and 1 min of vortexing. Then, samples were stored at 4C overnight followed

by centrifugation at 14,000 RPM at 4�C for 10 min. After centrifugation, supernatants were transferred to LC vials and stored at �80�C until

MS analysis.

Next, metabolites were analyzed using ultra-high performance LC (UHPLC)/MS was performed with a Thermo Scientific Vanquish Horizon

UHPLC system interfaced with a Thermo Scientific Orbitrap ID-X Tribrid Mass Spectrometer (Waltham, MA). Hydrophilic interaction liquid

chromatography (HILIC) separation was accomplished by using a HILICON iHILIC-(P) Classic column (Tvistevagen, Umea, Sweden) with

the following specifications: 100 mm 3 2.1 mm, 5 mm. Mobile-phase solvents were composed of A = 20 mM ammonium bicarbonate,

0.1% ammonium hydroxide (adjusted to pH 9.2), and 2.5 mM medronic acid in water:acetonitrile (95:5) and B = 95:5 acetonitrile:water.

The column compartment was maintained at 45�C for all experiments. The following linear gradient was applied at a flow rate of 250 mL

min�1: 0–1 min: 90% B, 1–12 min: 90-35% B, 12–12.5 min: 35-25% B, 12.5–14.5 min: 25% B. The column was re-equilibrated with 20 column

volumes of 90% B. The injection volume was 2 mL for all experiments.

Data were collected with the following settings: spray voltage, �3.5 kV; sheath gas, 35; auxiliary gas, 10; sweep gas, 1; ion transfer tube

temperature, 250�C; vaporizer temperature, 300�C; mass range, 67–1500 Da, resolution, 120,000 (MS1), 30,000 (MS/MS); maximum injection

time, 100 ms; isolation window, 1.6 Da. LC/MS data were processed and analyzed with the open-source Skyline software.47 Natural-abun-

dance correction of 13C for tracer experiments was performed with AccuCor.48

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures were generated using GraphPad Prism Software 9.4.1. Data are presented as mean G SEM. Statistical significance was calculated

using an unpaired Student’s t test or two-way ANOVAwith Tukey’s multiple comparisons test, with a statistically significant difference defined

as p value <0.05.
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