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Abstract

Changes in mitochondrial morphology are associated with nutrient
utilization, but the precise causalities and the underlying mecha-
nisms remain unknown. Here, using cellular models representing a
wide variety of mitochondrial shapes, we show a strong linear cor-
relation between mitochondrial fragmentation and increased fatty
acid oxidation (FAO) rates. Forced mitochondrial elongation follow-
ing MFN2 over-expression or DRP1 depletion diminishes FAO, while
forced fragmentation upon knockdown or knockout of MFN2 aug-
ments FAO as evident from respirometry and metabolic tracing.
Remarkably, the genetic induction of fragmentation phenocopies
distinct cell type-specific biological functions of enhanced FAO.
These include stimulation of gluconeogenesis in hepatocytes,
induction of insulin secretion in islet β-cells exposed to fatty
acids, and survival of FAO-dependent lymphoma subtypes. We find
that fragmentation increases long-chain but not short-chain
FAO, identifying carnitine O-palmitoyltransferase 1 (CPT1) as
the downstream effector of mitochondrial morphology in regula-
tion of FAO. Mechanistically, we determined that fragmentation
reduces malonyl-CoA inhibition of CPT1, while elongation
increases CPT1 sensitivity to malonyl-CoA inhibition. Overall, these
findings underscore a physiologic role for fragmentation as a

mechanism whereby cellular fuel preference and FAO capacity are
determined.
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Introduction

Mitochondria go through continuous cycles of fusion and fission, a

process termed mitochondrial dynamics (Sebasti�an et al, 2017;

Eisner et al, 2018; Sprenger & Langer, 2019; Giacomello et al, 2020;

Kraus et al, 2021). Fusion is mediated by the interaction of the two

mitochondrial outer membrane proteins, MFN1 and 2, and by the

mitochondrial inner membrane protein OPA1. Fission is mediated

by the recruitment and oligomerization of DRP1 on the mitochon-

drial outer membrane (Frank et al, 2001). Fission events produce

smaller mitochondria to allow for their removal by mitophagy, act-

ing as a quality control mechanism (Twig et al, 2008b). While each

mitochondrion within a cell goes through fusion and fission events,
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periodically, a cellular signal can mandate a global reduction in

fusion, fission, or both, causing a cellular change in mitochondrial

architecture. An overall shortening of mitochondria due to increased

fission, reduced fusion, or both is termed fragmentation. Fragmenta-

tion has been observed in numerous pathologic and stress condi-

tions, where damaged mitochondria may be more readily removed

following fragmentation (Liesa & Shirihai, 2013). However, frag-

mentation does not always result in increased mitophagy leaving

open a potential for mitochondrial fragmentation to have an adap-

tive role. Multiple studies have examined the potential role of mito-

chondrial dynamics in metabolic regulation in a variety of cell types

and tissues (Mahdaviani et al, 2017; Nagdas et al, 2019; Labb�e

et al, 2021; Valera-Alberni et al, 2021). However, whether metabolic

consequences resulting from alterations in mitochondrial architec-

ture are due to pleiotropic changes in mitochondrial bioenergetics or

stem from selective changes in fuel patterns is unclear. The observa-

tion that the balance of energy supply and demand correlates with

changes in mitochondrial architecture raises the possibility that spe-

cific alterations in mitochondrial architecture may be adaptive to

fuel preference and availability (Liesa & Shirihai, 2013). In particu-

lar, obesity has been shown to increase fission and reduce mito-

chondrial fusion, leading to mitochondrial fragmentation, while

mitophagy is not increased but is rather decreased (Frank et al,

2001; Bach et al, 2005; Molina et al, 2009; Herńandez-Alvarez

et al, 2010; Galloway et al, 2014). Nutrient-induced mitochondrial

fragmentation could be reproduced in culture models by exposure

to excess lipids in β-cells, muscle, liver, and endothelial cells

(Molina et al, 2009; Shenouda et al, 2011; Gao et al, 2014a; Gasier

et al, 2020). Altered mitochondrial architecture under these condi-

tions is associated with changes in the expression of mitochondrial

dynamics proteins, including downregulation of MFN2 and the

induction as well as posttranslational modification of DRP1 (Liesa

et al, 2009). Mitochondrial fragmentation under conditions of meta-

bolic stress has been previously thought to represent a maladaptive

destruction of normal mitochondrial function (Ngo et al, 2021).

However, physiological fragmentation during substantial increases

in fatty acid utilization, such as brown adipose tissue in response to

adrenergic stimulation, suggests fragmentation may have an adap-

tive role in the regulation of fuel utilization and preference (Liesa &

Shirihai, 2013; Mahdaviani et al, 2017).

The above observations link lipid utilization to mitochondrial

fragmentation, yet whether the degree of fragmentation is strongly

associated with the extent of lipid utilization in a causal way, as

well as the mechanism underlying the influence of fragmentation on

lipid utilization have not been elucidated. In this study, we exam-

ined if and how mitochondrial architecture controls lipid utilization.

We quantified the relationship between the extent of mitochondrial

elongation or fragmentation with mitochondrial capacity to con-

sume fatty acids in multiple independent cellular models. We show

that fragmentation increases both the lipid oxidation capacity and

preference for lipids as a fuel. We identify CPT1 as the main target

by which fragmentation regulates lipid utilization. We further dem-

onstrate that the effect of fragmentation on CPT1 sensitivity to its

allosteric inhibitor, malonyl-CoA, is a mechanism whereby mito-

chondrial architecture regulates fatty acid oxidation. The results of

this study indicate that mitochondrial architecture can have an

adaptive role in metabolism. The capacity of mitochondrial dynam-

ics to regulate cellular fuel preference or fuel decisions is also

intriguing given the changes in fuel utilization patterns that accom-

pany several pathologies beyond cardiometabolic disease, including

inflammation and cancer.

Results

Mitochondrial fatty acid oxidation capacity correlates with
mitochondrial architecture

To initially assess the relationship between mitochondrial architec-

ture and the capacity to utilize fatty acids, we determined the corre-

lation coefficient between mitochondrial aspect ratio as a measure

of mitochondrial morphology and FAO in HepG2 hepatocarcinoma

cells under multiple conditions (Fig 1A). These included genetic

manipulations that force mitochondrial fragmentation, as in

microRNA-mediated MFN2 knockdown (miMFN2) (Sebasti�an et al,

2012), or elongation, as in overexpression of a dominant negative

DRP1 K38A mutant (DN-DRP1). To further substantiate this correla-

tion, we also tested nutrient combinations previously shown to

increase FAO, as in excess glucose and fat, mimicking glucolipotoxi-

city in cardiometabolic diseases (25 mM glucose + 250 μM palmi-

tate), hereafter referred to as “excess nutrient” (Molina et al, 2009).

FAO was quantified as the etomoxir-sensitive component of oxygen

consumption rate (OCR) in respirometry assays. More specifically,

etomoxir-sensitive OCR was quantified as the difference between

▸Figure 1. Mitochondrial fragmentation drives FAO and gluconeogenesis in hepatocytes.

A Experimental design to assess the relationship between FAO and mitochondrial morphology in HepG2 cells.
B Quantification of correlation between mitochondrial length (aspect ratio, AR) and FAO. FAO was determined based on etomoxir-sensitive OCR stimulated by

palmitoyl-CoA and carnitine in permeabilized HepG2 cells in the presence of ADP. n = 3 biological replicates with 6 technical replicates. AR data are from n = 3
independent biological replicates. For each condition, the mean from 20 to 50 cells analyzed per experiment are indicated. Representative confocal TMRE images of
mitochondria and OCR traces are shown for cells cultured in excess nutrient conditions in the absence (Bi) or presence of DN-DRP1 (Bii). Vehicle denotes an
absence of substrates. Scale bar in (Bi, Bii): 10 μm. Data represent means � SEM.

C Mean values of mitochondrial AR and FAO capacity from independent biological replicates and aggregated values across the indicated experimental conditions
measured as in (B). Data represent means � SEM, n = 3, t-test.

D Schematic of stable isotope tracing analysis to measure FAO using [U-13C16] palmitate.
E–I Fractional abundance of m + 2 citrate from [U-13C16] palmitate following forced mitochondrial fragmentation in miMFN2 (E) and MFN1 KO HepG2 cells (F) or

following forced mitochondrial elongation via MFN1 OE (G), siDRP1 (H) or DN-DRP1 (I) in primary hepatocytes. Data represent means � SEM, n = 3 independent
biological replicates, t-test. *P < 0.05, **P < 0.01.

J–M Gluconeogenesis assessed by glucose production in response to lactate and pyruvate in primary mouse hepatocytes following DRP1 knockdown (J), expression of
DN-DRP1 (K), MFN1 OE (L), or MFN2 OE (M). Data represent means � SD, n = 3 independent biological replicates, t-test. **P < 0.01, ***P < 0.001.
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respiration induced by palmitoyl-CoA + Carnitine + ADP and that

induced by palmitoyl-CoA + Carnitine + Etomoxir + ADP, whereby

“vehicle” is void of saturating levels of fuel and consists only of

endogenous substrates. This allows for measuring the capacity to

only oxidize palmitoyl-CoA. Importantly, etomoxir was used at

3 μM, a concentration that blocks CPT1 without off-target effects on

the adenine nucleotide translocase or respiratory complex I (Fig 1B;

Divakaruni et al, 2018; Raud et al, 2018). To quantify mitochondrial

fragmentation and elongation, each experimental group was also

analyzed for Aspect Ratio (AR) by confocal imaging of mitochondria

stained with TMRE. AR is defined as the measurement of the long

axis over the short axis, where an AR value of 2 would indicate a

mitochondrion that is two times longer than it is wide. As such, a

higher AR value would indicate a more elongated mitochondrion,

while a smaller AR value is indicative of mitochondrial fragmenta-

tion (Molina et al, 2009). As expected, AR was reduced upon forced

fragmentation in miMFN2 cells compared to cells transduced with

control viruses, while AR was increased in cells expressing DN-

DRP1, consistent with hyper-elongated mitochondrial morphology

(Fig 1B). Remarkably, FAO was increased in miMFN2 cells but

reduced in cells expressing DN-DRP1 compared to controls,

suggesting a positive association between mitochondrial fragmenta-

tion and FAO capacity (Fig 1B). Importantly, these findings indicate

that acute manipulation of mitochondrial fragmentation and elonga-

tion changes FAO, pointing to FAO as a downstream effector of mito-

chondrial morphology. In parallel studies, we found that increased

FAO in HepG2 cultured under excess nutrient was accompanied by

reduced AR values (increased fragmentation) compared to control

cells (Fig 1Bi). Remarkably, inhibition of fragmentation or forced

elongation under excess nutrient conditions blunted FAO (Fig 1Bii,

DN-DRP1 + excess nutrient). We then integrated all the AR and FAO

data points obtained from cells with fragmented mitochondria and

those with elongated mitochondria across all tested conditions above

and found that the correlation between mitochondrial architecture

and the capacity to utilize fatty acids spans across a large spectrum of

architectural changes (R2 = 0.6513, Figs 1B and C, and EV1A,

Table EV1). FAO can be controlled at several levels, including fatty

acid import and metabolism, as well as oxidative phosphorylation. If

changes to mitochondrial architecture limit FAO by reducing oxida-

tive phosphorylation, we would expect that respiration fueled by suc-

cinate will be reduced to similar levels as respiration fueled by FAO.

However, in all conditions tested, we find that the OCR values under

succinate are at least twofold higher than under palmitate, indicating

that oxidative phosphorylation is not limiting FAO at any of the mito-

chondrial architectures tested (Fig EV1B).

To further corroborate the above findings, we undertook a sec-

ond independent approach to quantify FAO, namely metabolic trac-

ing using [U-13C16] palmitate in both HepG2 and primary

hepatocytes (Fig 1D). FAO was assessed by quantifying 13C enrich-

ment from palmitate-derived acetyl-CoA into citrate (m + 2 citrate,

Fig 1D). The abundance of m + 2 citrate was higher in miMFN2 and

MFN1 KO cells compared to controls, consistent with higher FAO

capacity upon increased mitochondrial fragmentation (Figs 1E and

F, and EV1C). Conversely, forced mitochondrial elongation via over-

expression of MFN1 (MFN1OE), siRNA-mediated knockdown of

DRP1 (siDRP1), or expression of DN-DRP1 resulted in diminished

m + 2 citrate, consistent with lower FAO capacity (Fig 1G–I).
Beyond corroborating the respirometry data in Fig 1B and C,

these results also confirm that the influence of mitochondrial frag-

mentation and elongation on FAO extends beyond HepG2 cells and

is preserved in primary hepatocytes (Fig 1G–I). In addition, the

observation that MFN1 OE and siDRP1 phenocopy the effects of DN-

DRP1 on FAO, further confirms that prevention of mitochondrial

fragmentation by inhibiting fission blunts FAO. Of note, changes in

FAO following the above alterations in mitochondrial morphology

occur in the absence of changes in expression levels of FAO enzymes

such as carnitine O-palmitoyltransferase 1 (CPT1) (Fig EV1D–F). Col-
lectively, these data indicate that mitochondrial fragmentation drives

FAO, potentially as a cause-and-effect relationship.

Mitochondrial fragmentation stimulates gluconeogenesis in
primary hepatocytes

FAO plays an important role in adaptive responses to fasting, where

the liver produces and secretes glucose as a fuel source for other tis-

sues (hepatic glucose production). Specifically, FAO stimulates gluco-

neogenesis during fasting via provision of carbon substrates,

reducing equivalents and ATP (McCune et al, 1981; Baron et al, 1989;

Lam et al, 2003a,b; Rui, 2014; Satapati et al, 2015). Accordingly, we

predicted that mitochondrial fragmentationmay be normally required

for glucose secretion in primary hepatocytes exposed to gluconeo-

genic substrates such as lactate and pyruvate. Forced mitochondrial

elongation in primary hepatocytes via siDRP1 or DN-DRP1 expression

resulted in 30–40% reduction of gluconeogenesis in response to lac-

tate and pyruvate compared to control hepatocytes (Fig 1J and K). To

independently corroborate these findings and further rule out the pos-

sibility that the effect on gluconeogenesis is limited only to reduced

fission, we also assessed the outcome of mitochondrial elongation in

similar assays. Primary hepatocytes subjected to MFN1 or 2 overex-

pression showed a significant diminution of the gluconeogenic

response to lactate and pyruvate (Fig 1L and M). This is consistent

with diminished FAO under conditions where mitochondrial architec-

ture is hyperelongated (Fig 1G–I and Table EV2).

Increased mitochondrial fragmentation in pancreatic β-cells
stimulates FAO and alters their insulin secretory response to
glucose and fatty acids

The above findings motivated further examination of the interplay

between mitochondrial fragmentation and cellular response to lipids

in additional contexts. To this end, we chose pancreatic islet β-cells
as a cellular system, where mitochondrial fragmentation has been

well documented to be the result of nutrient overload in prediabetic,

obese, and in diabetic models both in vitro and in vivo (Molina

et al, 2009; Herńandez-Alvarez et al, 2010; Supale et al, 2012;

Masini et al, 2017). β-cells secrete insulin in response to stimulatory

glucose concentrations (> 10 mM), thereby maintaining systemic

euglycemia. However, under chronic nutrient overload as in obesity

and metabolic syndrome, β-cells secrete insulin in response to fatty

acids, even at low glucose concentrations, contributing to elevated

insulin secretion at nonstimulatory conditions that is characteristic

of the obese prediabetic state (Nolan et al, 2006a; Merrins

et al, 2022). The development of high insulin secretion at nonstimu-

latory glucose levels, hereafter referred to as “hypersecretion,” is

associated with an increase in β-cell fatty acid utilization (Nolan

et al, 2006a; Fex et al, 2007). However, the mechanism underlying
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increased fatty acid utilization and the role of mitochondrial frag-

mentation in increased fatty acid utilization as well as in the devel-

opment of insulin hypersecretion is not clear.

To test if fragmentation alone can induce hypersecretion, we first

determined the molecular mechanism underlying diet-induced mito-

chondrial fragmentation in the β-cell. Previous studies by Molina

et al (2009) indicated that excess nutrient environment directly

affects mitochondrial fusion, suggesting the expression levels of

mitochondrial fusion proteins and/or function may be altered.

Reduction in MFN2 levels has been demonstrated in muscle and

liver of diet-induced obesity models (Gan et al, 2013; Gasier

et al, 2020), prompting us to examine β-cell MFN2 levels in islets

isolated from two obesity models: high-fat diet (HFD)-fed mice and

Zucker rats. In both models, we observed reduction in MFN2 com-

pared to control animals (Fig EV2A and B). Insulin hypersecretion

in these models is linked to lipid excess in obesity (Erion et al, 2015;

Taddeo et al, 2020). β-cells from obese animals also have increased

FAO and secrete insulin in response to fatty acids (Nolan et al, 2006a).

Additionally, diabetes and obesity induce mitochondrial fragmentation

in β-cells (Supale et al, 2012; Gao et al, 2014b; Masini et al, 2017).

However, whether these diet-driven changes in β-cells, namely mito-

chondrial fragmentation, insulin hypersecretion, increased FAO, and

insulin release in response to fatty acids are mechanistically and func-

tionally interrelated is not fully understood.

We have previously modeled the effect of obesity on mitochon-

drial architecture in β-cells by chronic exposure of a clonal β-cell
line (INS-1 cells) to high glucose and palmitate in vitro, and shown

that it involves inhibition of mitochondrial fusion and induction of

fragmentation (Molina et al, 2009; Stiles & Shirihai, 2012). This is

also evident from significant diminution of AR (Fig 2A and B) under

these conditions and is accompanied by increased FAO, as revealed

by etomoxir-sensitive respiration (Fig 2C), as well as diminished

MFN2 protein levels (Fig 2D). To determine if insulin hypersecretion

and the increase in FAO under excess nutrient conditions are a direct

consequence of mitochondrial fragmentation in primary β-cells, we

generated a β-cell-specific Mfn2 knockout mouse model (β-Mfn2KO)

(Fig EV2C). Mfn2 deletion is sufficient to cause a fragmented mito-

chondrial network in β-cells as assessed by confocal microscopy of

TMRE-stained β-Mfn2KO islets that were additionally engineered to

express mito-PAGFP under the control of an insulin promotor for spe-

cific identification of β-cells within islets (Fig 2E). We also found that

FAO in β-Mfn2KO islets is significantly higher compared to control

islets from LoxP mice, as revealed by 14CO2 production from 14C-

labeled palmitate (Fig 2F). Remarkably, Mfn2 deletion in β-cells also

leads to increased insulin secretion in islets cultured at nonstimulatory

glucose concentrations (3 mM) but did not alter insulin secretion in

response to stimulatory glucose concentrations (15 mM; Fig 2G).

When cultured in the presence of palmitate at nonstimulatory glucose

concentrations, β-Mfn2KO islets also mounted a larger insulin secretion

response compared to LoxP control islets (Fig 2H). These changes in β-
cell secretory function were not associated with alterations in islet

architecture and composition as evident from comparable total insulin

content and the ratio of β- to α-cells in β-Mfn2KO and LoxP control

islets (Fig EV2D and E). Moreover, a similar increase in basal insulin

secretion at 3 mM glucose was also observed in islet perifusion studies

of β-Mfn2KO islet (Fig EV2F).

The finding that Mfn2 deletion in β-cells is sufficient to recapitu-

late features that have been previously thought unique to islets from

obese animals (Nolan et al, 2006b; Fex et al, 2007), namely

increased FAO and insulin secretion in response to palmitate even

at nonstimulatory glucose concentrations, is both remarkable and

unexpected. Interestingly, these alterations occur in islets derived

from β-Mfn2KO mice on normal chow diet, suggesting that reduced

mitochondrial fusion or increased fragmentation itself could be an

underlying mechanism for increased β-cell sensitivity to fatty acids

and insulin hypersecretion. A critical test of this hypothesis is

▸Figure 2. Mitochondrial fragmentation upon Mfn2 deletion increases β-cell sensitivity to fatty acid.

A Representative confocal images of mitochondria in INS-1 cells cultured under control or excess nutrient conditions (20 mM glucose and 0.4 mM palmitate) and sub-
sequently stained with MitoTracker Green (green). Scale bar: 10 μm.

B Quantification of mitochondrial length by aspect ratio in INS-1 cells under control and excess nutrient conditions as in (A). Data represent means � SEM, n = 219
cells from control and n = 148 cells from excess nutrient condition were analyzed, t-test. ***P < 0.001.

C FAO assessed by OCR stimulated by palmitoyl-CoA and carnitine in permeabilized INS-1 in the presence of ADP. Data represent means � SEM, n = 4 independent
biological replicates (six technical replicates each n), t-test. ***P < 0.001.

D MFN2 protein levels in INS-1 cells cultured under control and excess nutrient conditions as in (A) assessed by western blotting. Vinculin serves as loading control. Pro-
tein lysates from n = 3 experiments were analyzed and quantified by ImageJ, data represent means � SEM, t-test. ***P < 0.001.

E Representative confocal images of β-cells (GFP positive) and non-β-cells (GFP negative) in dispersed islets from LoxP control and β-Mfn2KO mice. Mitochondria
are labeled with TMRE (red) and mito-PAGFP (green) driven by the insulin promoter. Mitochondrial fragmentation is only evident in the β-Mfn2KO samples. Scale bar:
10 μm.

F FAO (β-oxidation) in LoxP control and β-Mfn2KO islets assessed by 14C-CO2 production from 14C-U-labeled palmitate. Data represent means � SEM, n = 4 mice per
genotype with 100 islets analyzed per condition in each experiment. Data represent means � SEM, t-test. **P < 0.01.

G Averaged insulin secretion values at nonstimulatory (3 mM) and stimulatory (15 mM) glucose concentrations in LoxP control and β-Mfn2KO islets derived from n = 4
and n = 5 mice, respectively. Data represent means � SEM, t-test. *P < 0.05. n.s, nonsignificant.

H Fatty acid-stimulated insulin secretion in LoxP control and β-Mfn2KO islets derived from n = 4 and n = 5 mice and stimulated with 0.4 mM palmitate and 3 mM glu-
cose. Data represent means � SEM, t-test. *P < 0.05.

I Confocal images of mitochondria in dispersed islets from CHOW- or HFD-fed mice with or without the MFN2 agonist peptide MFN2-TAT-P374-384 (P374-384) to
increase mitochondrial fusion (connectivity). Mitochondria are stained with GPR75 and connectivity and length are presented as maximum projections. Scale bar:
10 μm.

J Quantification and distribution of mitochondrial length in response to vehicle or P374-384 treatment of all islets derived from n = 4 CHOW- or HFD-fed mice. Vehicle
data are from n = 39 CHOW islets and n = 55 HFD islets. P374-384 data are from n = 55 CHOW islets and n = 31 HFD islets. Data in the panel on the left represent
means � SEM, t-test. ***P < 0.001.

K Insulin secretion at nonstimulatory glucose concentrations in islets derived from n = 4 CHOW- or HFD-fed wild-type mice and subsequently treated with P374-384.
Data represent means � SEM with 2–3 islets analyzed per mouse in each treatment group, t-test. *P < 0.05.
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whether rescue of MFN2 function is sufficient to restore the normal

secretory behavior of islets under HFD, where MFN2 protein levels

are normally diminished (Fig EV2A). To this end, we utilized a cell-

permeable peptide agonist of MFN2 (MFN2-TAT P374-384). This

agonist acts on MFN2 Ser374 phosphorylation site to promote

MFN1:MFN2 or MFN2:MFN2 dimer–dimer interactions, thereby

producing mitochondrial tethering and evoking fusion (Rocha

et al, 2018). As predicted, MFN2-TAT P374-384 increased mitochon-

drial connectivity and AR values in dispersed islet cells from HFD-

fed mice consistent with increased mitochondrial fusion (Figs 2I

and J). To further control for peptide specificity and on-target activ-

ity, we tested its effect in Mfn2 knockout (MFN2 KO) and Mfn1/2

double-knockout cells (MFN1/2 DKO). Treatment with MFN2-TAT

P374-384 only increased mitochondrial length in MFN2 KO cells and

not in WT or MFN1/2 DKO cells as measured by increased mito-

chondrial AR values (Fig EV3A). To verify enhanced mitochondrial

length is due to stimulated fusion, we assessed for luminal continu-

ity of the mitochondrial matrix via photo-activation of GFP in MFN2

KO cells with and without MFN2-TAT P374-384 (Fig EV3B). We

found treatment with the peptide agonist leads to a right shift in

mitochondrial area (Fig EV3C). This suggests that MFN2-TAT P374-

384 requires an endogenous MFN1 or MFN2 and acts on MFN2

phosphorylation sites to promote mitochondrial fusion (Rocha

et al, 2018). Importantly, the MFN2 agonist peptide reversed insulin

hypersecretion at 3 mM glucose in islets from HFD-fed mice (Fig 2K;

HFD + P374-384 versus HFD).

Taken together, our complementary approaches to loss- and

gain-of-function modulation of MFN2 using genetic and peptide ago-

nist strategies link mitochondrial fragmentation in primary β-cells to
their insulin secretory function and their response to fatty acids.

These findings also provide yet another example where increased

FA utilization induced by fragmentation influences cell physiology.

Mitochondrial architecture determines fuel patterns in
metabolic subtypes of diffuse large B-Cell lymphomas (DLBCLs)

Numerous studies point to complex metabolic circuitries in tumors

beyond aerobic glycolysis, including capacities to utilize a variety of

fuel sources in tumor type- and context-specific manner. These fuel

patterns can impact tumor growth, invasiveness, as well as response

and/or resistance to therapy (Garcı́a-Ruiz et al, 2015; Vander Heiden

& DeBerardinis, 2017; Faubert et al, 2020; Broadfield et al, 2021).

The finding that fragmentation drives FAO raises the question

whether this connection is relevant to metabolic specialization and

fuel decisions in cancer cells, especially those prone to FAO. Within

this context, we chose to focus on metabolic subtypes of diffuse

large B-cell lymphomas (DLBCLs) with distinct fuel utilization pat-

terns, which we have previously characterized (Caro et al, 2012;

Norberg et al, 2017). Specifically, we showed that OxPhos-DLBCLs

display elevated FAO, while non-OxPhos B-cell receptor-dependent

DLBCLs (BCR-DLBCLs) have greater glycolytic flux (typical of

Warburg-type tumors) and are sensitive to inhibition of glycolysis.

In comparison, OxPhos-DLBCLs derive pro-proliferative and pro-

survival benefits from fatty acids and are resistant to inhibition of

BCR signaling or glycolysis (Caro et al, 2012; Chen et al, 2013;

Norberg et al, 2017).

Analysis of multiple independent patient-derived OxPhos- and

BCR-DLBCL indicated that, compared to BCR-DLBCLs, OxPhos-

DLBCLs have fragmented mitochondria, as revealed by the cross-

sectional area of individual mitochondria in cells stained with Mito-

Tracker Green, and quantification of mitochondria with a form fac-

tor (FF) < 2 (Figs 3A–C and EV4). Mitochondrial FF is a readout for

mitochondrial branching, where reduced FF would suggest the mito-

chondrion is more spherical, while greater FF values would suggest

highly interconnected mitochondria (Cribbs & Strack, 2009; Sisalli

et al, 2020). Mitochondria in DLBCL cells were classified into short

(FF ≤ 2), intermediate (2 ≤ FF ≤ 4), and long (FF > 4) morphol-

ogies. Based on these criteria, we found that OxPhos-DLBCLs have

significantly higher frequency of fragmented mitochondria com-

pared to BCR-DLBCLs, where elongated mitochondria are more

frequent (Fig 3C and D).

The differences in mitochondrial morphology in metabolic sub-

types of DLBCLs match their FAO capacity with higher fragmentation

in FAO prone OxPhos-DLBCLs (Figs 3A–E and EV4). Importantly,

mitochondrial fragmentation facilitates FAO in OxPhos-DLBCLs as

evident from metabolic tracing showing that forced mitochondrial

elongation in OxPhos-DLBCLs via MFN2 OE or DN-DRP1 significantly

diminishes m + 2 citrate from [U-13C16] palmitate relative to OxPhos-

▸Figure 3. Mitochondrial fragmentation is necessary and sufficient to enhance FAO in DLBCLs.

A Representative 3D reconstructed images of OxPhos-DLBCL (Toldeo and Pfeiffer) and BCR-DLBCL (DHL-6 and DHL-4) cell lines labeled with MitoTracker Green. Scale
bar: 10 μm.

B Average area of individual mitochondria in OxPhos- (red) and BCR-DLBCL (blue) cell lines labeled as in (A). Data represent means � SEM with n = 10–12 cells ana-
lyzed per cell line, unpaired t-test with Welch’s correction. ***P < 0.001.

C Frequency of fragmented mitochondria as defined by a form factor (FF) of < 2 in cells from the same experiments as in (A) and (B). Data represent means � SEM
with n = 10–12 cells analyzed per cell line, unpaired t-test with Welch’s correction. ***P < 0.001.

D Frequency of elongated mitochondria as defined by a form factor (FF) of > 4 in cells from the same experiments as above (A) and (B). Data represent
means � SEM with n = 10–12 cells analyzed per cell line, unpaired t-test with Welch’s correction. ***P < 0.001.

E Palmitate-induced OCR in DLBCL cell lines. Individual data points are from n = 5 and n = 3 independent cell lines per OxPhos- and BCR-DLBCL subtypes, respec-
tively. Data represent means � SEM, t-test. *P < 0.05.

F–H Fractional abundance of m + 2 citrate from [U-13C16] palmitate in OxPhos- and BCDR-DLBCL subtypes following forced mitochondrial elongation in response to
MFN2 OE (F) or DN-DRP1 (G) and following forced mitochondrial fragmentation by MFN2 knockdown (H). Data represent means � SEM and are cumulative data
points from multiple individual experiments using independent cell lines for each DLBCL subtype as follows: n = 6 independent biological replicates in (F) using
two independent cell lines per each DLBCL subtype, n = 21 independent biological replicates in (G) using five independent OxPhos- and four independent BCR-
DLBCL cell lines, n = 3–6 independent biological replicates in (H) using three independent OxPhos- and two independent BCR-DLBCL cell lines, t-test. *P < 0.05,
**P < 0.01, n.s, nonsignificant.

I, J Cell viability in OxPhos- and BCR-DLBCLs expressing DN-DRP1 (I) or MFN2 (J). Data represent means � SEM from four independent OxPhos-DLBCL cell lines in trip-
licate and 4–5 independent BCR-DLBCL cell lines in duplicate (I) or triplicate (J), t-test. ***P < 0.001, n.s, nonsignificant.

� 2023 The Authors The EMBO Journal e111901 | 2023 7 of 21

Jennifer Ngo et al The EMBO Journal

 14602075, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

bj.2022111901 by N
orthshore M

edical C
enter, W

iley O
nline L

ibrary on [30/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DLBCLs transduced with control viruses (Fig 3F and G and

Table EV2). In contrast, no differences in m + 2 citrate were observed

in BCR-DLBCLs treated with control, MFN2 or DN-DRP1 viruses

(Fig 3F and G). These observations indicate a specific requirement for

fragmentation to support a key metabolic feature of OxPhos-DLBCLs,

namely FAO. Conversely, forced mitochondrial fragmentation in

BCR-DLBCLs upon shRNA-mediated MFN2 knockdown (shMFN2)

stimulates enrichment of m + 2 citrate from [U-13C16] palmitate

Figure 3.
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relative to control-infected BCR-DLBCLs (Fig 3H). Thus, inducing

mitochondrial fragmentation is remarkably sufficient in rendering

BCR-DLBCLs prone to FAO. We further tested the functional connec-

tion between mitochondrial fragmentation and FAO using cell sur-

vival as an independent readout based on published observations

that FAO is selectively required for the survival of OxPhos-DLBCLs

(Caro et al, 2012). Accordingly, we predicted that inhibition of mito-

chondrial fission over time would selectively reduce OxPhos-DLBCL

survival as it blunts FAO. Indeed, longer term expression of DN-DRP1

or MFN2 selectively compromises the survival of OxPhos- but not

BCR-DLBCLs (Fig 3I and J). Overall, the finding that FAO can be

inhibited or triggered in metabolic subtypes of DLBCLs by acute

manipulation of mitochondrial fusion and fission provides novel

insights into mitochondrial architecture as an underlying mechanism

for fuel utilization in these cells.

The effect of mitochondrial architecture on FA utilization is
selective for long-chain fatty acids and involves regulation of
CPT1 activity

Changes in the FAO pathway in response to mitochondrial morpho-

logic alterations can result from alterations in one or more steps.

These can include FA activation upon conversion to fatty acyl-CoAs,

transesterification to fatty acyl-carnitines by CPT1 for transport into

the mitochondria, or successive removal of two-carbon units as

acetyl-CoA to fuel the TCA cycle. Unlike long-chain FAs (LCFAs),

short-chain FAs (SCFAs) cross the mitochondrial membranes inde-

pendent of CPT1 and are directly activated in the matrix to undergo

β-oxidation. To dissect which of the aforementioned steps in FAO

are affected by mitochondrial fragmentation, we compared the incor-

poration of carbons derived from the LCFA palmitate and the SCFA

hexanoate into citrate as a readout of LCFAO and SCFAO (Fig 4A).

We reasoned that this comparison could initially help rule in or out

steps that are common in oxidation of LCFAs and SCFAs. While

forced mitochondrial elongation in OxPhos-DLBCLs via MFN2 OE or

DN-DRP1 reduced palmitate oxidation relative to cells infected with

control viruses, it did not alter hexanoate oxidation (Fig 4B and C).

In BCR-DLBCLs, neither LCFAO nor SCFAO was affected by forced

mitochondrial elongation (Fig EV5A and B). The selective effect of

mitochondrial architecture on LCFAO versus SCFAO was also

observed in primary hepatocytes, where forced elongation via DN-

DRP1 or siDRP1 led to diminution of LCFAO without altering SCFAO

(Fig 4D and E and Table EV2). The finding that mitochondrial archi-

tecture selectively controls LCFAO but not SCFAO points to CPT1 as

a potential biochemical mechanism connecting mitochondrial mor-

phology to FAO since it is a key step distinguishing mitochondrial

handling of LCFAs from that of SCFAs (McGarry & Brown, 1997).

CPT1 activity is sensitive to allosteric inhibition by malonyl-CoA,

which lowers the affinity of the enzyme for its substrate carnitine

(L�opez-Vi~nas et al, 2007). In both primary hepatocytes and OxPhos-

DLBCLs, mitochondrial hyper-elongation via DN-DRP1 rendered

CPT1 more sensitive to malonyl-CoA inhibition (Fig 5A and B),

which is consistent with reduced FAO in the same setting (Figs 1I

and 3G). Of note, expression levels of CPT1 protein were not altered

in response to DN-DRP1 or increasing malonyl-CoA concentrations,

ruling out changes in CPT1 abundance as an explanation for altered

CPT1 activity in these studies (Fig EV6A and B and Table EV2).

Moreover, CoA produced in the presence of D-carnitine alone was

utilized for background subtraction in these assays, thus, the above

effects cannot be attributed to CoA produced independent of CPT1

(Fig EV6C and D). Conversely, reduced sensitivity to malonyl-CoA

inhibition in the context of higher frequency of mitochondrial frag-

mentation would be consistent with increased CPT1 activity and

FAO (Figs 1E and F, and 3H). Similarly, the connection between

mitochondrial fragmentation and reduced CPT1 malonyl-CoA sensi-

tivity is evident in INS-1 cells under excess nutrient conditions,

where stimulation of OCR by palmitoyl-CoA and carnitine was less

sensitive to malonyl-CoA inhibition (Fig 5C).

To further interrogate the hypothesis that the effect of mitochon-

drial architecture on CPT1 involves changes in CPT1 sensitivity to

malonyl-CoA, we determined if pharmacological agents that prevent

malonyl-CoA binding would reduce CPT1 sensitivity to mitochon-

drial architecture. To this end, we took advantage of C75 and

baicalin, two CPT1 activators with different mechanisms of action

(Fig 5D). C75 activates CPT1 by competing with malonyl-CoA for

the same binding sites, thereby reversing malonyl-CoA inhibition

(Thupari et al, 2002; Nicot et al, 2004). However, baicalin activates

CPT1 by binding to the catalytic site (Dai et al, 2018). As such,

baicalin cannot rescue CPT1 activity if malonyl-CoA is bound to the

enzyme (Dai et al, 2018). Based on these distinct mechanisms of

action, we predicted that C75 but not baicalin would reverse the

inhibitory effect of mitochondrial hyperelongation on CPT1 activity

and FAO. To this end, we first evaluated the capacity of C75 and

baicalin to enhance FAO using [U-13C16] palmitate tracing assays

and showed that these effects were abrogated in the presence of

etomoxir, confirming the specificity of these reagents for CPT1 as a

target (Fig EV6E). We also performed imaging studies to ensure

mitochondrial morphology or membrane potential was not altered

by C75 and baicalin (Fig EV6F and G). Consistent with the above

prediction, treatment of primary hepatocytes overexpressing MFN2

with C75 rescued FAO in [U-13C16] palmitate tracing studies,

whereas treatment with baicalin had no effect (Fig 5E and

Table EV2). Similar results were also obtained in the context of DN-

DRP1 (Fig 5F and Table EV2). Collectively, the combination of

▸Figure 4. Mitochondrial architecture specifically controls long-chain FAO.

A Schematic representation of an isotope tracing strategy to distinguish long-chain versus short-chain FAO [U-13C16] palmitate and [13C1] hexanoate, respectively.
B, C Fractional abundance of m + 2 citrate from [U-13C16] palmitate (LCFAO) compared with m + 1 citrate from [13C1] hexanoate (SCFAO) following forced mitochon-

drial elongation by MFN OE (B) or DN-DRP1 (C) in OxPhos-DLBCLs. Data represent means � SEM and are cumulative data points from multiple individual experi-
ments using independent cell lines as follows: n = 5–6 independent biological replicates in (B) using two independent OxPhos-DLBCL cell lines, n = 17–21
independent biological replicates in (C) using five independent OxPhos-DLBCL cell lines, t-test. **P < 0.01, n.s, nonsignificant. The [U-13C16] palmitate arm of these
experiments is the same as shown in Fig 3F and G.

D, E Fractional abundance of m + 2 citrate from [U-13C16] palmitate (LCFAO) compared with m + 1 citrate from [13C1] hexanoate (SCFAO) following forced mitochon-
drial elongation by DN-DRP1 (D) or DRP1 knockdown (E) in primary hepatocytes. Data represent means � SEM, n = 3 mice, t-test. **P < 0.01, n.s, nonsignificant.
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Figure 5.
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genetic manipulations, pharmacologic rescue studies, and FA trac-

ing studies provides evidence for a previously unappreciated regula-

tory role of mitochondrial architecture in fuel metabolism that

selectively converges on LCFAO via allosteric regulation of CPT1

(Fig 5G).

Discussion

Mitochondrial dynamics has been associated with bioenergetic

adaptation to energy demand and supply (Liesa & Shirihai, 2013). In

particular, mitochondrial fragmentation was reported in a variety of

cellular models as a common response to exposure to excess lipids.

However, whether fragmentation is an adaptive mechanism to lipid

exposure, or a mere maladaptive dysfunction of mitochondrial

dynamics has remained an open question. Here, we show in several

cellular models that mitochondrial fragmentation favors FAO while

mitochondrial elongation reduces FAO. Fragmentation-induced FAO

is not only seen in response to excess nutrients and lipids but also

upon acute genetic manipulation of mitochondrial fission and fusion

proteins. Remarkably, these acute alterations in mitochondrial

architecture only alter incorporation of LCFA-derived carbons into

the TCA cycle without changing SCFA utilization, leading us to

assess CPT1 activity as a downstream effector of mitochondrial mor-

phology. We show CPT1 sensitivity to malonyl-CoA is diminished

upon mitochondrial fragmentation, leading to increased LCFAO. In

contrast, malonyl-CoA inhibition of CPT1 is enhanced following

mitochondrial elongation, resulting in decreased LCFAO in a man-

ner that can be selectively reversed by the CPT1 activator C75 but

not baicalin. Taken together, these findings expand the role of mito-

chondrial dynamics beyond mitochondrial quality control by show-

ing its functional relevance as a mechanism that regulates

mitochondrial fuel preference for fatty acids, as well as adaptation

to metabolic demand.

Quantitative assessment of the relationship between
mitochondrial architecture and FAO

While specific perturbations in mitochondrial dynamics genes were

shown to affect lipid utilization (Mahdaviani et al, 2017), the extent

and range of morphologic states at which mitochondrial architecture

correlates with the degree of lipid utilization has not been

previously quantified. We initiated this study by quantifying mito-

chondrial FAO in a range of mitochondrial morphologies induced by

different culture models, including lipid exposure as well as genetic

perturbations of mitochondrial dynamic proteins. To directly evalu-

ate the mitochondrial FAO capacity in respirometry assays, we

permeabilized cells to control the levels of FA available to mitochon-

dria. We find a remarkably linear association between FAO capacity

and the extent of mitochondrial fragmentation. This relationship is

maintained in conditions of extreme fragmentation as well as

extreme elongation, supporting the conclusion that this is not lim-

ited to modulation of a single mitochondrial dynamic protein but

rather it is driven by the architecture itself. The use of etomoxir as

control in these assays enabled us to specifically focus on mitochon-

drial FAO and rule out contributions from peroxisomes, which also

plays an important role in FAO (Reddy & Hashimoto, 2001; Violante

et al, 2019). In addition, isotope tracing studies measuring incorpo-

ration of fatty acid-derived carbons into the TCA metabolite citrate

in cells with fragmented versus elongated mitochondria further cor-

roborate the conclusion that mitochondrial architecture influences

mitochondrial FA utilization.

Regulation of FAO by mitochondrial architecture is relevant for
cell type-specific biological functions

Our studies show that the relationship between mitochondrial archi-

tecture and FAO is not only conserved in multiple cell types from

diverse tissue origins (hepatocytes, β-cells and DLBCLs) but is also

functionally required for specific FAO-driven biologic responses rel-

evant to each cell type. Such biologic responses include gluconeo-

genesis in hepatocytes, adaptive increases in β-cell insulin secretion

in response to obesity and lipid excess, as well as survival of FAO-

dependent cancer cells such as OxPhos-DLBCLs. The finding that

these diverse cellular phenotypes are altered as a consequence of

the effect of mitochondrial morphology on fatty acid utilization sup-

ports a central role for mitochondrial morphology as a basic biologic

mechanism controlling FAO that was not fully appreciated.

We find that mitochondrial architecture specifically controls

LCFAO without altering SCFAO in the above cell types. Thus, the

metabolic phenotype associated with acute alterations of mitochon-

drial dynamics in these systems occurs in the absence of pleiotropic

changes in mitochondrial fuel handling and respiratory chain func-

tion. As such, these experimental models provided a more tractable

◀ Figure 5. Mitochondrial architecture controls LCFAO by regulating CPT1 sensitivity to Malonyl-CoA.

A CPT1 activity in the presence of increased malonyl-CoA (M-CoA) measured in mitochondria-enriched heavy membrane fractions isolated from control and DN-
DRP1-expressing primary mouse hepatocytes. Enzyme activity was normalized to CPT1 protein levels in individual experiments. Data represent means � SD, n = 3
independent biological replicates, t-test. *P < 0.05, **P < 0.01.

B CPT1 activity in the presence of 100 μM M-CoA measured in mitochondria-enriched heavy membrane fractions isolated from control and DN-DRP1-expressing
OxPhos-DLBCLs. Enzyme activity was normalized to CPT1 protein levels in individual experiments. Data represent means � SD, n = 3 individual experiments from
one OxPhos-DLBCL cell line, t-test. **P < 0.01.

C Inhibition of FA-dependent OCR in the presence of ADP and 0.5 μM M-CoA in permeabilized INS-1 cells cultured under control and excess nutrient conditions as in
Fig 2A. Data represent means � SEM, n = 3, t-test. ***P < 0.001.

D Schematic depicting two independent pharmacologic mechanisms of CPT1 activation; competition for M-CoA binding site by C75 and targeting the catalytic site by
baicalin.

E, F Differential capacity of C75 and baicalin to rescue FAO in primary hepatocytes following forced mitochondrial elongation by MFN2 OE (E) or DN-DRP1 (F). The effect
of these CPT1 activators on fractional abundance of m + 2 citrate was assessed in [U-13C16] palmitate tracing studies. Data represent means � SEM, n = 3 indepen-
dent biological replicates, one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, n.s, nonsignificant.

G Schematic representation of proposed mechanism, whereby mitochondrial morphology regulates FAO through modulating CPT1 sensitivity to malonyl-CoA.
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system to dissect the specific metabolic consequences of acute

changes in mitochondrial dynamics. In comparison, this has been

more challenging to tease apart in in vivo studies due to secondary

phenotypes perhaps resulting from chronic imbalances in mitochon-

drial fusion/fission and large spectrum alternations in mitochondrial

function (Sebasti�an et al, 2012; Wang et al, 2015; Kulkarni et al,

2016). For example, hepatic deletion of DRP1 in mice produces a

complex phenotype that includes what appears to be secondary

increases in FGF21 production (Wang et al, 2015). This is reminis-

cent of FGF21 induction upon activation of the integrated stress

response in the liver (Xu et al, 2018). Moreover, liver-specific MFN2

KO mice show exaggerated hepatic glucose production (HGP) from

pyruvate (Sebasti�an et al, 2012). This is consistent with our obser-

vations that mitochondrial fragmentation is required for proper reg-

ulation of gluconeogenesis in primary hepatocytes. However,

hepatic loss of MFN2 also leads to mitochondrial dysfunctions,

including reduced respiratory chain activity, diminished CoQ levels,

as well as increased ROS and ER stress (Sebasti�an et al, 2012, 2017).

It is also possible that changes in ER calcium homeostasis in the

absence of MFN2 may, in part, account for some of these observa-

tions. For these reasons, the precise cause of altered HGP in these

mice could not be definitively deduced. In comparison, liver-specific

MFN1 KO mice did not show evidence of hepatic ER stress and had

diminished whole body respiratory exchange ratio and reduced

acyl-carnitines, signifying preferential usage of lipids as an energy

source (Kulkarni et al, 2016). This is consistent with our data in

multiple different cell types that increased fragmentation/reduced

fusion enhances FAO.

We and others have shown that mitochondria fragment in

response to excess fat and nutrient overload, including HFD treatment

(Kuznetsov et al, 2004; Molina et al, 2009). Using the β-cell as a

model, we now provide multiple lines of evidence that mitochondrial

fragmentation is functionally required for adaptive responses to HFD

such as increased FAO and stimulation of insulin secretion in

response to fatty acids. Our data also suggest that diminished MFN2

expression in response to HFD is a mechanism linking dietary

changes to mitochondrial fragmentation. This provides another exam-

ple, where physiological mitochondrial fragmentation plays a specific

adaptive role by facilitating cellular responses to lipid accumulation.

Our findings further point to a surprisingly specific requirement

for mitochondrial fragmentation in the survival of certain cancer

cells and metabolic specialization distinct from Warburg-type glyco-

lytic metabolism. Changes in mitochondrial architecture have been

linked to tumor progression, metastasis, and therapeutic resistance

in different cancer types (Trotta & Chipuk, 2017; Boulton &

Caino, 2022). Indeed, oncogenic signaling pathways can alter the

expression and/or posttranslational modifications of mitochondrial

dynamics proteins (Serasinghe et al, 2015; Malhotra et al, 2016;

Nagdas et al, 2019; Chauhan et al, 2020). However, the specific

mechanistic roles of altered mitochondrial architecture in tumor

processes remain enigmatic and are likely to be context specific. In

some studies fragmentation was associated with a shift to glycolysis,

while in others, fragmentation was found to stimulate mitochondrial

FA utilization, but underlying mechanisms that directly and causally

explain these phenotypes were unclear (Nagdas et al, 2019; Liang

et al, 2020; Song et al, 2021). Notably, several mitochondrial

dynamics proteins have cellular roles beyond, or independent of,

regulation of mitochondrial architecture (Itoh et al, 2019; Casellas-

Dı́az et al, 2021). As such, whether mitochondrial architecture per

se regulates tumor processes and metabolic profiles requires investi-

gating the outcome of loss- and gain-of-function studies of both fis-

sion and fusion proteins coupled with detailed investigation

of specific fuel patterns. For this reason, we used independent

approaches to examine the relevance of mitochondrial morphology

by manipulating DRP1 or MFN2 in DLBCL subtypes. Furthermore,

our data not only show that fragmentation dictates preference for

fatty acids in OxPhos-DLBCLs, but that forced fragmentation in gly-

colytic BCR-DLBCLs is sufficient to endow these cells with FAO

capacity. The latter observation is especially intriguing because FAO

provides survival benefits to DLBCLs, independent of BCR (Caro

et al, 2012). As such, mitochondrial fragmentation and FAO may be

a potential mechanism of resistance to the inhibition of the BCR

pathway in BCR-DLBCL. If true, this will have translational implica-

tions given that small molecule inhibitors of the BCR signaling axis

are currently under clinical evaluation for DLBCL therapy. Regard-

less, our data link mitochondrial morphology not only to fuel pat-

terns but also to fuel flexibility in DLBCL subtypes.

The above observations do not exclude scenarios where mito-

chondria hyperfuse in response to cellular stress or cellular energy

deficit, and loss of fusion results in mitochondrial dysfunction (Chen

et al, 2005; Tondera et al, 2009; Gomes et al, 2011). Although at first

glance these results appear contradictory to ours, they rather reflect

mitochondrial morphologic flexibility and its participation in cellular

stress responses. For example, Tondera et al (2009) reported that

stress-induced mitochondrial hyperfusion promotes cell survival.

However, this can be explained by the need to maintain the long

form of the inner mitochondrial membrane fusion GTPase OPA1 (L-

OPA1) in this setting with concomitant reduction in the activity of

the OMA1 protease, which can cleave OPA1 and subsequently trig-

ger the mitochondrial integrated stress response (ISR). Another

study examined the effect of mitochondrial hyperfusion and ISR

hyperactivation in the context of nonalcoholic steatohepatitis

(NASH) and showed that steatosis worsens upon mitochondrial

elongation (Steffen et al, 2022). This was linked to impaired com-

plex I activity necessary for FAO and accumulation of nonesterified

fatty acids (Steffen et al, 2022). The studies by Tondera et al and

Steffen et al are but two examples in further support of our findings

that the dynamic adaptation of mitochondrial morphology, whether

hyperfusion or forced fragmentation, play an integral role in meta-

bolic flexibility and cell survival in a context-specific manner.

Mitochondrial architecture controls cellular fuel preference for
LCFAs by modulating CPT1 malonyl-CoA sensitivity

Our data indicate that acute manipulation of mitochondrial dynam-

ics proteins selectively alters LCFAO capacity that can be mechanis-

tically explained by changes in the sensitivity of CPT1 to malonyl-

CoA. Malonyl-CoA and carnitine bind to structurally distinct sites in

CPT1 with an inverse relationship between the IC50 for malonyl-CoA

inhibition and the binding affinity for carnitine (L�opez-Vi~nas

et al, 2007). How might mitochondrial membrane architecture modu-

late the effect of malonyl-CoA on CPT1? Previous NMR analyses of

the malonyl-CoA-sensitive N-terminal domain (NTD) of CPT1A

reconstituted in micellar membranes showed that this domain transi-

tions between two conformations depending on the micelle curvature

(Rao et al, 2011). The conformation supported by increased micellar
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curvature is less sensitive to malonyl-CoA and the ratio of the two

NTD conformers determines the overall malonyl-CoA sensitivity of

the enzyme (Rao et al, 2011). Consistent with this model, molecular

dynamics simulations suggested that a curved lipid bilayer supports

the interaction between the NTD and the C-terminal domain of CPT1

by changing the orientation of CPT1’s first transmembrane domain,

ultimately resulting in enzyme activation (Frigini et al, 2020). In con-

trast, in a planar (less curved) lipid bilayer, NTD adopts a different

conformation and contacts the outer membrane instead, leading to

enzyme inactivation (Frigini et al, 2020). Such a scenario would be

consistent with the published effect of DRP1 oligomerization in

curving and restricting artificial membrane tubules (Ugarte-

Uribe et al, 2018). Additional studies are required to assess how this

model extends to CPT1 regulation in native mitochondrial membrane

within cells. This model is especially attractive because it links the

capacity of CPT1 to sense malonyl-CoA to the membrane lipid com-

position/fluidity and the membrane microenvironment, which are

known to respond to metabolic and dietary states (Zammit et al,

1998; Faye et al, 2005; Aoun et al, 2012).

It is important to note that the above model does not rule out

additional mechanisms linking CPT1 activity to membrane morphol-

ogy. These include mitochondrial contact sites with other organelles

such as ER and lipid droplets. ER-mitochondrial contact sites have

been shown to mark the site of DRP1 recruitment and fission while

providing a microdomain rich in signaling (Friedman et al, 2011;

Herrera-Cruz & Simmen, 2017). Future studies are required to deter-

mine if and how CPT1 regulation by mitochondrial architecture is

coordinately influenced by ER contact sites. In addition, the broader

role of mitochondrial dynamics in lipid metabolism such as lipid uti-

lization and lipid storage, including lipid droplet homeostasis,

awaits further investigation (Mahdaviani et al, 2017; Song

et al, 2021). Within this context, we have previously shown differ-

ential fuel selectivity in mitochondria associated with lipid droplets

(peridroplet mitochondria) versus cytoplasmic mitochondria in

brown adipose tissue (Benador et al, 2018). Specifically, peridroplet

mitochondria tend to be more elongated with superior capacity to

oxidize pyruvate but reduced capacity for FAO. Peridroplet mito-

chondria also synthesize triglycerides, leading to expansion of lipid

droplets. In contrast, cytoplasmic mitochondria are more frag-

mented and have enhanced FAO capacity. In light of the findings in

this study, it is possible that differential CPT1 regulation in the two

types of mitochondria underlies the differences in fuel handling

between cytoplasmic and peridroplet mitochondria.

In summary, our studies provide evidence that mitochondrial

architecture can selectively affect mitochondrial fuel utilization and

metabolic processes associated with LCFAO through modulation of

CPT1 sensitivity to malonyl-CoA. These findings highlight a hitherto

unappreciated role for mitochondrial fragmentation in basic meta-

bolic regulation beyond its well-known relevance in clearance of

damaged mitochondria through mitophagy.

Materials and Methods

Animals

The generation of Mfn2-loxP mice has been previously described

(Chen et al, 2007). B6. Cg-Tg (Ins2-cre) 25 Mgn/J mice (RIP-Cre)

were obtained from Jackson Laboratory (Bar Harbor, ME) and

crossed to homozygous Mfn2-loxP to generate F1, double heterozy-

gous mice. F1 mice were then crossed to the original Mfn2-loxP

mice to generate the β-Mfn2KO mice.

For high-fat diet studies, 9-week-old C57BL/6J male mice were

fed a custom diet containing 40% fat, 20% fructose, and 2% choles-

terol (Research Diets [D09100310]) or a control chow diet (PicoLab

Rodent Diet 205053) for 14–19 weeks. All animal care was in accor-

dance with National Institutes of Health guidelines, University of

California, Los Angeles (UCLA), and Dana-Farber Cancer Institute

Institutional Animal Care and Use Committee.

Cell culture

Primary mouse hepatocytes were isolated and cultured as we have

previously reported (Gim�enez-Cassina et al, 2014; Lane et al, 2019).

Primary mouse islets were isolated from 11 to 16-week-old male

C57BL/6J mice (Jackson Labs, Bar Harbor, ME) and cultured as pre-

viously published (Wikstrom et al, 2012; Taddeo et al, 2018).

Clonal HepG2 cells were cultured in low glucose (5 mM)

Dulbecco’s Modified Eagle Medium (Ref#31600-026) supplemented

with 10% FBS, 50 U/ml penicillin, and 5 mM HEPES buffer. For

excess nutrient conditions, cells were incubated for 24 h in high glu-

cose (25 mM) Dulbecco’s Modified Eagle Medium (Ref#12100-038)

supplemented with 2% FBS, 50 U/ml penicillin, 5 mM HEPES

buffer, and 250 μM 4:1 palmitate: BSA. MFN1 KO HepG2 cells were

a generous gift from Dr. György Hajn�oczky.

Clonal INS-1 cells were cultured in RPMI-1640 media as

described previously (Molina et al, 2009; Wikstrom et al, 2012). For

excess nutrient conditions, cells were incubated for 24 h in 20 mM

glucose RPMI-1640 media supplemented with 300 μM 4:1 palmitate:

BSA as described previously (Molina et al, 2009; Taddeo et al,

2020).

DLBCL cell lines (Pfeiffer, Toledo, Ly4, K422, DHL2, DHL-4,

DHL-6, Ly1, U2932 and HBL-1) and their genetic classifications as

OxPhos- or BCR-DLBCLs have been described previously and were

cultured as we have previously reported (Caro et al, 2012; Norberg

et al, 2017).

Wild-type, Mfn1 null (CRL-2992), Mfn2 null (CRL-2993), and

Mfn1/Mfn2 double knockout MEFs (CRL-2994) were a generous gift

from Dr. Gerald Dorn W II (Chen et al, 2003; Franco et al, 2016).

MEFs were maintained in DMEM containing 4.5 g/l glucose supple-

mented with 10% fetal bovine serum, 1× nonessential amino acids,

2 mM L-glutamine, 100 U/ml penicillin and 100μg/ml streptomycin

and cultured as previously reported (Franco et al, 2016).

Viral- and siRNA-mediated genetic manipulations

Viruses and siRNAs used for genetic modifications include miMFN2

(Ad-miR2 encoding for 5 miRNAs against MFN2; Sebasti�an et al,

2012), DN-DRP1 (Adenovirus expressing DRP1 K38A; Welgen; gift

from the Van Der Bliek lab; Twig et al, 2008a), human DRP1 siRNA

(Ambion; AM51331; ID#19561; lot#ASO28I4C), mouse Drp1 siRNA

(Dharmacon; J-043277-09-0002), and MFN2 OE (Virovek; lot#17-

606). Lentiviral vectors for MFN2 knockdown (shMFN2-GFP-

pLKO.1), MFN2 OE (MFN2-CFP), and DN-DRP1 (pECFP-C1-DRP1-

K38E and Lego iG2 CFP-DRP1-K38E) were a generous gift from Dr.

Heidi McBride. Lentiviral particles for genetic manipulation of
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DLBCLs were generated as described previously (Norberg

et al, 2017).

HepG2 cells were infected with a MOI of 500 (Ad-miR2 control

and Ad-miR2-Mfn2; 5.3 × 1011 particles/ml) or a MOI of 900 (Ade-

novirus expressing DRP1 K38A; 1012 particles/ml) for 24 h in com-

plete culture media. Respirometry, metabolomics, and gene

expression were measured on day 3 after transduction (Sebasti�an

et al, 2012). Ad-miR2 control, Ad-miR2-Mfn2, and Ad-DN-DRP1

were commercially generated using the service of Welgen (Worces-

ter, MA).

For genetic manipulation of primary hepatocytes, 7 × 105 cells

were transfected with 25 nM of Drp1 siRNA using lipofectamine

RNAi max (ThermoFisher Scientific, 13778150), or infected with

adenoviral particles expressing DN-DRP1 and MFN2 with a MOI of

25 for 24 h, followed by subsequent analysis.

For genetic manipulation of DLBCL cell lines, 5 × 105 cells were

infected with lentiviral supernatants for 2 h at 460 g as previously

described (Caro et al, 2012; Norberg et al, 2017). The effect of the viral

infection on FAO and cell viability was assessed 3 and 5 days after

infection, respectively.

Respirometry assays

Respirometry in intact cells
Respirometry of whole murine islets and isolated INS-1 cell mito-

chondria were performed using the Seahorse Bioscience XF96

platform (Agilent Technologies, Santa Clara, CA) as previously

described (Ferrick et al, 2008; Wikstrom et al, 2012; Taddeo

et al, 2018). Wild-type islets, β-Mfn2 KO islets, and islets isolated

from chow-fed or HFD-fed islets were allowed to recover over-

night in culture after isolation prior to respirometry assays. Islets

(1–6 per well) were seeded in 1 μl/well Matrigel in a poly-d-

lysine–coated XF96 plate and size matched between conditions as

previously described (Taddeo et al, 2018). INS-1 cells were

seeded at 1 × 105 cell per microplate (Seahorse Bioscience) the

day prior to experiment as described previously (Wikstrom

et al, 2012).

Seahorse assays in DLBCL cell lines were performed as previ-

ously described (Caro et al, 2012).

Respirometry in permeabilized cells
HepG2 and INS-1 cells were permeabilized using 4-8 nM XF PMP

reagent (Agilent Technologies, Santa Clara, CA). Respirometry assay

was performed in MAS buffer and adapted from a previously

reported permeabilization protocol (Divakaruni et al, 2014; Yang

et al, 2021). The following substrates were used: 40 μM palmitoyl-

CoA, 0.5 mM carnitine, 40 μM palmitoyl-carnitine, 4 mM ADP,

0.5 μM malonyl-CoA, and 3 μM etomoxir (Sigma-Aldrich, St.

Louis, MO). The following compounds were injected: 6 μM oligo-

mycin (Calbiochem, San Diego, CA), 3 μM Carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP; Sigma-Aldrich, St.

Louis, MO), 4 μM antimycin A (Sigma-Aldrich, St. Louis, MO). The

capacity to oxidize fatty acids was measured as the maximal oxygen

consumption fueled by 40 μM palmitoyl-CoA + 5 mM carnitine

induced by ADP. All the OCR values were subtracted from the low-

est antimycin OCR. Cells were fixed with 4% paraformaldehyde

(Thermo Fisher Scientific, Roskilde, Denmark) and normalized by

cell count. Cells were stained with 1 μg/ml Hoechst 33342 (Thermo

Fisher Scientific, Roskilde, Denmark) then imaged using an Operetta

high-throughput imaging device (PerkinElmer, Waltham, MA) with

350/461 nm (EX/EM) under 2× or 10× objectives.

Etomoxir-sensitive respiration was measured by the following

equation:

Phosphorylating respiration on Palmitoyl�CoA
¼ Palmitoyl�CoAþ Carnitineþ ADP OCRð Þ

– Palmitoyl�CoAþ Carnitineþ Etomoxirþ ADP OCRð Þ:

Maximal respiration stimulated by a given substrate was mea-

sured by the following equation as referenced (Yang et al, 2021).

Maximal OCR on Palmitoyl�CoA
¼ MAX OCR FCCPð Þ�Antimycin A OCR:

Confocal microscopy

Confocal microscopy was performed on live cells in glass bottom

dishes (MatTek, Ashland, MA) using an inverted Leica TCS SP2 con-

focal microscope or a Zeiss LSM 710 DUO with a plan apochromat

100× (NA = 1.4) oil immersion objectives. Super-resolution live-cell

imaging was performed on a Zeiss LSM880 using a 63× Plan-

Apochromat oil-immersion lens and AiryScan super-resolution

detector with humidified 5% CO2 chamber on a temperature-

controlled stage (37°C). Mitochondria were stained with 15 nM

Tetramethylrhodamine Ethyl Ester Perchlorate (TMRE) (Invitrogen,

Eugene, OR.) or with 200 nM MitoTracker green (MTG) (Thermo

Fisher Scientific, Roskilde, Denmark) for 45 min prior to imaging.

Insulin promoter-mediated paGFP expression in the mitochondrial

matrix was induced by lentiviral transduction. The generation of

these constructs was previously described in detail (Molina & Shir-

ihai, 2009). MTG was excited with 488 nm laser and TMRE was

excited with a 561-nm laser.

Mitochondria of DLBCLs were stained with 100 nM MitoTracker

Red CMXRos for 15 min at 37°C. After a PBS wash, cells were

seeded on poly-l-lysine–coated coverslips for 30 min at 37°C and

fixed with 4% PFA for 30 min at room temperature. Confocal

images were collected with the Zeiss LSM 710 Confocal microscope.

Images were taken using the 100× oil object and 3.0× zoom. 36

slices at an interval of 0.25 microns were obtained to generate a 3D

reconstruction of mitochondrial structures.

Pa-GFP activation and imaging of mitochondria

Photoconversion of PA-GFPmt to its active (fluorescent) form was

achieved by using 2-photon laser (750 nm) to give a 375 nm

photon-equivalence at the focal plane. This allowed for selective

activation of regions that have submicron thickness and are

< 0.5 μm2. Using the multitrack scanning mode of the Zeiss LSM-

710 microscope and the Zeiss LSM-880, red-emitting TMRE was

excited with a 1 mW 543 nm helium/neon laser set at 0.3% and

emission was recorded through a BP 650–710 nm filter. Activated

PA-GFPmt protein was excited using a 25 mW 488 nm argon laser

set at 0.2%. Emission was recorded through a BP 500–550 nm filter.

Prior work from our laboratory has determined optimal
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concentrations of probes and laser power to avoid photobleaching

in our models (Twig et al, 2008b), which was utilized in this study

to avoid similar artifacts.

Analysis of mitochondrial morphology

At least 3 separate experiments and 30 cells per condition per experi-

ment were collected for HepG2, INS-1, and islet cells. For DLBCLmito-

chondrial quantification, between 9 and 13 cells of each lymphoma

subtype (Pfeiffer, Toledo, Ly4, K422, DHL-2, DHL-4, DHL-6, Ly1, and

U2932) were collected. The cells were individualized as areas of inter-

est using FIJI ImageJ software (https://fiji.sc/). Mitochondria within

areas of interest were individualized through the CellProfiler cell

image analysis software (https://cellprofiler.org/). To minimize

background, images were subjected to a median filter. Segmentation

of mitochondria was performed by utilizing a global, three-class,

otsu-thresholding method and minimizing the weighted-variance to

shape. Identified objects were then subjected to automated mitochon-

drial form factor (the degree of branching [FF; perimeter2/4π*area]),
eccentricity, and aspect ratios (the proportional relationship between

width and height) were measured. Data are presented as symbols that

represent average individual mitochondrion area, form factor, and

aspect ratio per cell. Representative images shown were adjusted in

brightness and contrast for better visualization.

Immunostaining and super-resolution microscopy of
primary β-cells

For immunostaining, primary islets were plated on poly-D-lysine–
coated coverslips 72 h prior to imaging. Cells were fixed at 4% vol/

vol paraformaldehyde (PFA) for 15 min at room temperature. After

washing two times in PBS, cells were incubated in 50 mM NH4Cl for

10 min followed by a 10 min 20 mM glycine incubation. Cells were

permeabilized (2 μl/ml Triton X-100 and 0.5 mg/ml sodium deoxy-

cholate in PBS, pH 7.4) for 15 min at room temperature. Subse-

quently, cells were blocked with 10% FBS for 1 h at room

temperature. Cells were incubated with 1:200 primary antibody of

GPR75/Mortalin (Abcam, ab110325) at 4°C overnight. The next

day, cells were washed in PBS and incubated with 1:200 primary

antibody of TOM20 (Santa Cruz, Tom20 FL-145) at 4°C for over-

night. On the last day, cells were incubated with 1:500 Anti-Rabbit

Alexa Fluor 488 (Thermo, A11008) or Anti-Mouse Alexa Fluor 568

antibodies (Thermo, A11004) for 1 h at room temperature, and sam-

ples were kept in PBS. A Zeiss LSM 880 confocal microscope in

Airyscan mode was used for super-resolution imaging, with a

488 nm Argon laser and Zeiss 63×/1.4NA oil immersion objective.

Representative images

Representative images were generated using FIJI (https://fiji.sc/).

Images were cropped for detail, separated into respective channels,

and the window and level parameters were adjusted identically per

channel in all images to emphasize the fluorescent structures in the

images without manipulation of raw pixel values. Images were then

inserted in PowerPoint software.

For super-resolution microscopy experiments assessing mito-

chondrial architecture, the aim was to show morphological changes.

In the MTG/TMRE, GPR75/Mortalin, and PAGFPmt experiments

photo-correction was used to enhance the brightness of all images

by increasing it by 40% and increasing the contrast by 40% for illus-

trative purposes.

Fatty acid tracing studies for assessment of FAO

HepG2 cells, primary hepatocytes, or DLBCLs subjected to the indi-

cated genetic manipulations or treatment with CPT1 activators (C75

or baicalin) were incubated in culture media supplemented with the

fatty acid tracers as detailed below. Treatment with CPT1 activators

were as follows: C75 (C5490, Sigma-Aldrich) at 80 μM for 3 h or

baicalin (572667, Sigma-Aldrich) at 100 μM for 3 h. Isotope tracers

were used at the following concentrations: 200 μM BSA-conjugated

U13C16-palmitate, 50 μM 13C1-hexanoate (all from Cambridge Iso-

tope Laboratories, Tewksbury, MA).

After 2 h incubation with tracers, metabolite extraction was carried

out as previously described (Mamer et al, 2013; Faubert et al, 2014;

Fu et al, 2020). Briefly, HepG2 and primary hepatocytes were gently

washed twice on the plates with 1 ml of ice-cold isotonic saline solu-

tion (0.9%NaCl), whereas DLBCLs were pelleted in 1.5 ml Eppendorf

tube, followed by two washes of ice-cold isotonic saline solution.

Metabolites were then extracted in 350 μl of ice-cold 80% methanol

solution supplemented with 2 μg/ml norvaline (as an internal con-

trol). Cells were sonicated at high intensity with a 10 s on/off cycle for

10 min at 4°C using a BioRuptor (UCD-200 TM, Diagenode). Samples

were then pelleted for 10 min at 16,400 rpm at 4°C. The supernatants
were transferred into new vials for drying overnight in a vacuum cen-

trifuge (Labconco, Kansas City, MO) at 4°C. Dried extracts were resus-

pended in 10 mg/ml methoxylamine in pyridine (Sigma Aldrich).

After the incubation for 30 min at 37°C, the samples were derivatized

with 70 μl of N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide

(MTBSTFA, Sigma) for 1 h at 70°C.
Metabolites were analyzed by GC–MS as previously described

(Mamer et al, 2013; McGuirk et al, 2013; Faubert et al, 2014; Fu

et al, 2020). Briefly, samples were run on an Agilent 5977B mass

selective detector coupled to a 7890B gas chromatograph (Agilent

Technologies, Santa Clara, CA) with a 7693 autosampler and a DB-

5MS + DG capillary column (30 m plus 10 m Duraguard® by

Agilent Technologies). Data collection was conducted in electron

ionization set at 70 eV. 1 μl of the derivatized sample was injected

in split less mode at 280°C (inlet temperature) using helium as a car-

rier gas with a flow rate of 1.5512 ml/min. The quadrupole was set

at 150°C with GC/MS interface at 285°C. The oven program for all

the metabolite analyses initiated at 60°C held for 1 min, then

increased at a rate of 10°C/min until 320°C. Data were mined in full

scan mode (1–600 m/z). All metabolites measured (Table EV2) in

this study were previously validated by standards with mass spectra

and retention times (Mamer et al, 2013). Peak area was integrated

using MassHunter Quantitative Analysis (Agilent Technologies).

Measurement of carbon flux was conducted using previously devel-

oped algorithms including natural isotope enrichment correction

and mass isotope distributions (MIDs) (Nanchen et al, 2007;

McGuirk et al, 2013; Fu et al, 2020).

Gluconeogenesis assays in primary hepatocytes

Gluconeogenesis assays were performed as previously described

(Gim�enez-Cassina et al, 2014). Briefly, primary mouse hepatocytes
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were seeded in six-well plates at 6.7 × 105 and maintained in M199

media supplemented with 1% BSA overnight. The medium was then

replaced with 1 ml of glucose-free DMEM without phenol red,

supplemented with 20 mM sodium lactate and 2 mM sodium pyru-

vate. After a 6-h incubation, 200 μl of the medium was collected

and pelleted at 3,000 rpm for 2 min to remove floating cells or cell

debris, then 30 μl of the supernatants was taken to measure glucose

using a colorimetric glucose assay kit (GAGO20-1KT, Sigma-

Aldrich). The readings were normalized to total protein concentra-

tion as measured by BCA (23227, Thermo Fisher Scientific,

Roskilde, Denmark).

Insulin secretion assays in primary islets

Insulin secretion and normalization was performed as previously

described (Taddeo et al, 2020). Palmitate-induced insulin secretion

was performed acutely. Islets were incubated in media containing

0.4 mM palmitate in addition to either 3 mM or 15 mM glucose for

30 min. Insulin was measured using the HTRF Insulin Assay (Cisbio

Bioassays, Bedford, MA). Total protein was measured using the Bio-

Rad Protein Assay (23225, Thermo Fisher Scientific, Rockford, IL,

USA). Insulin content is presented as nanograms of insulin per milli-

gram of total protein. Insulin concentration of the samples was cal-

culated from an insulin standard curve (0–20 or 0–100 ng/ml).

Survival assays

DLBCL cell viability was measured by flow cytometry using

Annexin V: FITC Apoptosis Detection Kit (BD Bioscience) as we

have previously reported (Caro et al, 2012; Norberg et al, 2017).

CPT1 activity assays in isolated mitochondria

DLBCL cells or primary hepatocytes were resuspended in mitochon-

dria isolation buffer (MIB; 200 mM mannitol, 70 mM sucrose; 1 mM

EGTA; 10 mM HEPES, pH 7.4) supplemented with protease inhibi-

tors, and homogenized with 20 strokes of a teflon-glass homoge-

nizer. The nuclei and cell debris were pelleted at 1,000 g for 5 min

and the supernatant containing crude mitochondria was washed

twice with MIB buffer. The resultant pellet including mitochondria-

enriched heavy membrane (HM) fraction was resuspended in MIB

for subsequent CPT1 enzyme activity assays.

CPT1 activity was measured using a colorimetric assay based

on published protocols with minor modifications (Bieber

et al, 1972; Shin et al, 2005; Kim et al, 2012). Briefly, 15 μg of

mitochondria-enriched heavy membrane fractions was loaded onto

96-well plates in 200 μl of reaction buffer (2 mM DTNB, 116 mM

Tris–HCl [pH 8.0], 2.5 mM EDTA, and 0.2% Triton-X 100). The

plates were incubated at room temperature for 20 min to eliminate

all pre-existing reactive thiol groups, and the reaction was initiated

by adding 100 mM palmitoyl-CoA (Sigma-Aldrich) and 1 mM car-

nitine (Sigma-Aldrich) as CPT1 substrate and cofactor, respec-

tively. After 20 min incubation, release of CoA-SH from palmitoyl-

CoA was spectrophotometrically determined as a readout of CPT1

activity at 412 nm using a Versa Max microplate reader (Molecular

Devices, USA) in kinetics mode with 10-s intervals for a total

assay time of 1 h. Results were normalized to CPT1 expression

levels by immunoblot. To exclude CoA-SH-produced independent

of CPT1, CoA-SH was calculated by subtracting CoA produced

from D-carnitine in the absence of palmitoyl-CoA (Bieber

et al, 1972).

Western blot analysis

Cell lysates were diluted in Laemmli sample buffer (100 mM Tris–
HCl, 2% SDS, 10% glycerol, 0.1% bromophenol blue) containing

5% β-mercaptoethanol. After heating at 95°C, proteins were sepa-

rated by SDS–PAGE and transferred onto PVDF membranes. Mem-

branes were blocked with 5% nonfat milk or 5% BSA and detection

of individual proteins was carried out by blotting with specific pri-

mary antibody against MFN2 (ab56889, AbCam, Cambridge, MA,

1:1,000), CPT1 (GTX114337, GeneTex, 1:1,000), VDAC (Abcam,

1:1,000), Phospho-DRP1 Ser637 (4867S, Cell Signaling, 1:1000), β-
actin (NB600-501, Novus Biologicals, Littleton, CO 1:1,000), porin

(ab61273, AbCam, Cambridge, MA, 1:1,000), and vinculin (V9131,

Sigma-Aldrich, 1:10,000). Proteins of interest were detected by

chemiluminescence using a secondary peroxidase-linked anti-rabbit

(1:10,000) or anti-mouse (1:10,000) and a detection system.

Histology

Whole pancreata were excised, placed in a tissue cassette, and sub-

merged in 4% paraformaldehyde for at least 24 h. Tissues were

embedded in paraffin, sectioned (5 μm), and stained with anti-

insulin Alexa Fluor 488 (β-cells), anti-glucagon antibody Alexa Fluor

568 (α-cells), and DAPI ex/em 358/461 (nuclei). Images were taken

using an inverted Olympus IX71 microscope equipped with a 40×
dry objective and color camera (Photometrics CoolSnap HQ).

Islet perifusion

Islets were perifused in a column as described (Cunningham et al,

1996). A collection of 50 islets was laid between 2 layers of Cytodex

microcarrier beads (Sigma). The column used was 0.4 cm in diame-

ter and 4 cm high and contained in a temperature-controlled envi-

ronment at 37°C. Perifusion reagents were pumped through the

column at 0.3 ml/min using an analog tubing pump (Ismatech

REGLO pump, type ISM 827, model 78016-30; Cole-Parmer Instru-

ment Co., Chicago, IL). Islets were perifused with Krebs–Ringer
Bicarbonate buffer with added 0.5% BSA for 30 min to allow for

equilibrium. Eluted samples were collected at 30-s intervals for

48 min. Basal levels of insulin were determined with 3 mM glucose

perifusion for 6 min, response to 15 mM glucose was measured for

32 min and 15 mM glucose with KCl was perifused for 10 min.

Statistical analysis

Data are expressed as means � SD or as means � SEM as indicated

in figure legends, and were derived from at least three independent

experiments or animals per group. Each independent experiment

consisted of at least three technical replicates per condition. P

values were calculated using GraphPad Prism software by unpaired

two-tailed t test, one-way ANOVA with Sidak or Dunnett multiple

comparisons test, two-way ANOVA with Tukey’s multiple compari-

sons test, or linear regression. Statistical significance was set at

P < 0.05.
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Data availability

No data amenable to database deposition were generated in this

study.

Expanded View for this article is available online.
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Expanded View Figures

▸Figure EV1. Genetic perturbation of mitochondrial morphology has selective effects on mitochondrial substrate oxidation.

A Quantification of phosphorylating ADP and maximal respiration induced by palmitoyl-CoA in permeabilized HepG2 cells. n = 5 independent biological replicates
for siCtrl and n = 3 independent biological replicates with six technical repeats for all other perturbations. Data represent means � SEM, t-test. *P < 0.05.

B Succinate-induced respiration in permeabilized HepG2 cells. n = 3 biological replicates with six technical repeats. Data represent means � SEM, t-test. *P < 0.05.
C Representative images of MFN1 KO HepG2 cells and quantification of mitochondrial length. Scale bar: 10 μm. Data represent means � SEM, n = 3, t-test.

*P < 0.05.
D–F Quantification of CPT1 protein expression in HepG2 cells following expression of DN-DRP1 (D), excess nutrient treatment (E), or miMFN2 (F).
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▸Figure EV2. Characterization of MFN2 expression in islets from obese rodent models and generation of β-Mfn2KO mice.

A Representative western blot showing MFN2 protein levels in islets derived from n = 4 male C57BL/6J mice fed on CHOW or HFD for 12 weeks. Porin serves as
loading control. Immunoblots were quantified by ImageJ. Data represent means � SEM t-test. *P < 0.05.

B MFN2 protein levels in islets derived from 8-week-old Zucker Lean (ZL), Zucker Fatty (ZF), Zucker Diabetic Lean (ZDL), and Zucker Diabetic Fatty (ZDF) rats. The ZF
rat is a model of human obesity displaying phenotypes of hyperlipidemia and hypertension. The ZDF rat models diabetes, displaying hyperglycemia, hyperlipidemia,
and hypertension although the ZDF rat strain are less obese than the ZF, they are more insulin resistant. The ZDL rat model is hyperglycemic but not hyperlipidemic.
Islet protein lysates were analyzed from n = 3 rats per group and immunoblots were quantified using ImageJ. Data represent means � SEM t-test. **P < 0.01. n.s,
nonsignificant.

C Validation of Mfn2 deletion in β-Mfn2KO islets by western blot analysis compared to control LoxP islets with β-actin serving as loading control. Any residual MFN2
protein in islet lysates is attributed to non-β-cell types in β-Mfn2KO islets.

D Representative images of immunohistochemical analyses of pancreatic sections from LoxP control and β-Mfn2KO mice, where β- and α-cells are stained with anti-
insulin (green) and anti-glucagon (red) antibodies, respectively. Nuclei are stained with DAPI (blue). A total of 45 sections (LoxP control n = 21 and β-Mfn2KO mice
n = 24) were similarly analyzed and images were subsequently quantified for ratios of β- to α-cells in the two genotypes, t-test. n.s, nonsignificant. Scale bar: 75 μm.

E Insulin content in LoxP control and β-Mfn2KO islets derived from n = 4 mice per group; technical replicates of six islets from each animal are shown. Data represent
means � SEM, t-test. n.s, nonsignificant.

F Quantification of dynamic insulin secretion in islet perifusion assays using LoxP control and β-Mfn2KO islets derived from n = 4 mice per group. β-Mfn2KO islets
show a slow rising first phase secretion that remains significantly higher during the exposure to high glucose, whereas the normal response of an islet at high glu-
cose is a sharp peak that eventually decreases to basal levels. Subsequent exposure to 40 mM KCl caused a similar excursion in insulin secretion in both genetic
groups, although β-Mfn2KO islets continued to secrete at a higher rate, overall confirming the changes in insulin secretory behavior seen in static incubation assays
in Fig 2G. Data represent means � SD, AUC denotes area under the curve.
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Figure EV3. Validation of the MFN2 agonist peptide MFN2-TAT-P374-384.

A Quantification of mitochondrial length in response to P374-384 treatment in mouse embryonic fibroblasts (MEFs) from the indicated genotypes. Data represent
means � SEM, n = 4 independent experiments with 30–50 cells analyzed per experiment, t-test. *P < 0.05, n.s, nonsignificant.

B Representative confocal images of mitochondria in MFN2 KO MEFs treated with vehicle or P374-384 and labeled with TMRE (red) and mito-PAGFP (green). Enhanced
fusion was identified by 2-photon-mediated photoconversion of PAGFP. Scale bar: 10 μm.

C Quantification of mitochondrial area in MFN2 KO MEFs treated with vehicle (gray) or P374-384 (red). Data are from n = 4 independent experiments with 30–50 cells
analyzed per experiment.

Figure EV4. Net increase in mitochondrial
fragmentation in FAO prone OxPhos-DLBCLs co-
mpared with BCR-DLBCLs.

Average area of individual mitochondria in an ex-
panded set of OxPhos- (red) and BCR-DLBCL (blue) cell
lines labeled as in Fig 3A. Data represent means �
SEM with n = 10 cells analyzed per cell line, unpaired
t-test with Welch’s correction. ***P < 0.001.
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Figure EV5. Forced mitochondrial elongation in BCR-DLBCLs does not alter FAO.

A, B Fractional abundance of m + 2 citrate from [U-13C16] palmitate (LCFAO) compared with m + 1 citrate from [13C1] hexanoate (SCFAO) following forced mitochon-
drial elongation by MFN OE (A) or DN-DRP1 (B) in BCR-DLBCLs. Data represent means � SEM and are cumulative data points from multiple individual experi-
ments using independent cell lines as follows: n = 3–4 individual experiments in (A) using two independent BCR-DLBCL cell lines, n = 5 individual experiments in
(B) using four independent BCR-DLBCL cell lines, t-test. n.s, nonsignificant. The [U-13C16] palmitate arm of these experiments is the same as shown in Fig 3F
and G.
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Figure EV6. Validation of CPT1 activity and expression.

A, B Quantification of CPT1 protein expression in primary hepatocytes (A) and the OxPhos-DLBCL cell line Pfeiffer (B) following expression of DN-DRP1 and varying
concentrations of malonyl-CoA.

C CPT1 activity in the absence or presence of 2 μM etomoxir, 0 μM palmitoyl-CoA, and 0 and 300 μM M-CoA measured in mitochondria-enriched heavy membrane
fractions isolated from control primary hepatocytes. Enzyme activity was normalized to CPT1 protein levels in individual experiments. Data represent means �
SD, n = 3 individual experiments from primary hepatocytes, t-test. ***P < 0.001.

D Full titration curve of CPT1 activity in the presence of increasing malonyl-CoA (M-CoA) concentrations measured in mitochondria-enriched heavy membrane frac-
tions isolated from control primary mouse hepatocytes. Enzyme activity was normalized to CPT1 protein levels in individual experiments. Data represent means �
SD, n = 3.

E Fractional abundance of m + 2 citrate from [U-13C16] palmitate in primary hepatocytes treated with C75 and baicalin in the absence or presence of 2 μM
etomoxir. Data represent means � SD, n = 3 individual experiments from primary hepatocytes, t-test. ***P < 0.001.

F, G Representative confocal images (F) and quantification (G) of mitochondrial morphology and membrane potential of mitochondria in HepG2 cells treated with
vehicle, C75, or baicalin and labeled with TMRE (red) and MitoTracker Green (green). Data represent means � SEM, n = 4 independent biological replicates, 20
cells imaged per independent experiment, t-test. Scale bar: 10 μm.
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