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Fuel oxidation under the control of
mitochondrial shape and dynamics
Erin L Seifert* & György Hajn�oczky**

How mitochondrial shape and substrate-
specific metabolism are related has been a
difficult question to address. Here, new
work by Ngo et al (2023) reports that
mitochondrial shape—long versus frag-
mented—determines the activity of
b-oxidation of long-chain fatty acids,
supporting a novel role for mitochondrial
fission products as b-oxidation hubs.
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See also: J Ngo et al (June 2023)

T hat mitochondria generate a tremen-

dous amount of ATP and can adopt a

variety of shapes, including a diversity

of intra-mitochondrial organization, have long

been known. But how mitochondrial metabo-

lism and shape are related has been difficult

to investigate. New opportunities to study this

relationship were created by the discovery of

the mitochondrial shaping proteins, the mito-

fusins (MFN1/2) and Drp1 that, respectively,

drive outer mitochondrial membrane (OMM)

fusion and fission to dictate overall mitochon-

drial architecture, and OPA1 that shapes the

inner mitochondrial membrane (IMM;

Quintana-Cabrera & Scorrano, 2023). Further-

more, OPA1 assists MICOS to bridge apposed

IMMs to physically protect the cristae com-

partment, that is, from diffusional losses. ATP

synthase dimers also create membrane curva-

ture and are enriched in the cristae together

with the oxidative phosphorylation complexes

and supercomplexes to provide for ATP gener-

ation (Cogliati et al, 2016; Kondadi et al,

2020).

Genetic perturbation of any of the three

major fusion/fission proteins revealed a bio-

energetics deficit (Mishra & Chan, 2016).

However, the relationship between mito-

chondrial shape and substrate-specific

metabolism has remained an unanswered

question. In the context of mitochondrial b-
oxidation (hereafter referred to as “b-
oxidation”) of long-chain fatty acids, CPT1

activity was less sensitive to its major allo-

steric inhibitor, malonyl-CoA, when CPT1

localized to OMM-IMM contact regions ver-

sus to the bulk OMM (Fraser et al, 2001). A

similar outcome was obtained from simula-

tion studies that compared curved vs. planar

lipid bilayers (Frigini et al, 2020). Whether

membrane curvature influences CPT1 activ-

ity in this way in a cellular context, and has

any relationship with b-oxidation flux,

remained unclear, however. Using intact

systems, substrate type and abundance have

been linked to mitochondrial shape and the

expression of fusion/fission proteins (Mishra

& Chan, 2016 and references in Ngo et al,

2023). Furthermore, scattered evidence from

MFN1/2 or Drp1 genetic models has

suggested that fragmented mitochondria

more capably perform b-oxidation compared

to elongated mitochondria (Wikstrom

et al, 2014; Kulkarni et al, 2016). However,

complexities in data interpretation can arise

from manipulating the expression of the

fusion/fission proteins. In particular,

their genetic perturbation leads to multiple

organism-, organ-, and cellular-level

changes, such as stress responses and

mtDNA depletion, which can confound

attempts to test the basic question of how

mitochondrial metabolism and shape are

related. Another complication is that the

shaping proteins might have additional roles

such as a role of MFN2 in mitochondria-ER

tethering. Separating the relevance of shape

and dynamics from other factors in

substrate-specific mitochondrial metabolism,

and the cell-type specific from generalizable

impacts, also remains difficult.

A cleverly designed new study by Ngo

et al (2023) adopts an approach that con-

fronts many of these complexities to test

for a causal relationship between mitochon-

drial shape and b-oxidation. First, a

striking reverse correlation was demon-

strated between mitochondrial elongation

and palmitoyl-CoA oxidation rate, measured

as etomoxir-sensitive O2 consumption (JO2),

using four genetic perturbations and/or

excess nutrient supply in cell culture

models. Etomoxir was used at a low concen-

tration (3 lM) to ensure specificity for CPT1

inhibition, and use of permeabilized cells

restricted the substrate catabolic pathways

to those associated with mitochondria. To

complement this approach, TCA cycle activ-

ity, measured as citrate labeled by U-13C-

palmitate or as 14CO2 from U-14C-palmitate,

was greater in cells with fragmented mito-

chondria as investigated using genetic/nutri-

ent models in four cell types including

primary hepatocytes and islets that normally

have a high b-oxidation capacity. Further-

more, in naturally occurring subtypes of

lymphoma cells that differ in their ability to

oxidize fatty acids, a more fragmented popu-

lation of mitochondria was correlated with a

higher b-oxidation rate, and this was despite

the wider variation of mitochondrial length

in these cells compared to the genetic

models.

Having established that b-oxidation is

higher when mitochondria are less elon-

gated, the next series of studies by Ngo

et al (2023) aimed for mechanistic insight.

First, oxidation of a long-chain fatty acid

(palmitate), which requires CPT1 for
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transport into mitochondria, was compared

to oxidation of a medium-chain fatty acid

(hexanoate) which does not. Genetic per-

turbations of mitochondrial length affected

b-oxidation only when palmitate was used.

This raised the possibility that CPT1 could

integrate information about mitochondrial

shape. Building on previous studies show-

ing a lower sensitivity of CPT1 to its

endogenous inhibitor, malonyl-CoA, in a

curved versus a planar lipid bilayer (Frigini

et al, 2020), Ngo et al (2023) reasoned that

mitochondrial elongation results in fewer

regions of high curvature within the mito-

chondrial network. Testing the sensitivity

of malonyl-CoA inhibition of CPT1, they

found that genetic approaches or excess

nutrients that elongate or fragment mito-

chondria, respectively, increased or less-

ened malonyl-CoA’s inhibition of b-
oxidation. Collectively, these results sug-

gest that mitochondrial length and dynam-

ics alterations can affect the CPT1 activity

to control b-oxidation. It remains possible

that mitochondrial fusion–fission and shape

are integrated with b-oxidation beyond

CPT1’s sensitivity to membrane curvature.

An example of such integration could be

from the direct regulation of fusion/fission

proteins by fatty acids or their derivatives;

to this end, the recent development of a

discovery pipeline for metabolite–protein

interactions (Hicks et al, 2023) could be

useful.

Testing the physiological relevance of

mitochondrial shape, Ngo et al observed

lower gluconeogenesis in hepatocytes with

elongated mitochondria, and greater insulin

secretion in primary b-cells with fragmented

mitochondria. Both outcomes are consistent

with established roles for b-oxidation in

those processes, but also raise the question

of how mitochondrial shape would influence

metabolism under long-term lipid over-

supply, often accompanied by insulin resis-

tance and eventually diabetes. A fragmented

mitochondrial network in the liver would be

expected to counter insulin resistance, as

shown in mice with hepatocyte-specific

MFN1 knockdown (Kulkarni et al, 2016). On

the other hand, prolonged fragmentation

of b-cell mitochondria that enhances b-
oxidation of long-chain fatty acids might

lead to uncontrolled insulin secretion,

unrestricted insulin signaling, and deleteri-

ous outcomes. Hence, any benefit of mito-

chondrial fission-induced b-oxidation for

insulin signaling is expected to be tissue-

specific, and with an impact on the whole

organism that depends on which tissues are

most affected. Similarly, if fragmentation of

liver mitochondria were to increase ketosis

in the setting of lipid overload, the impact to

the organism would be context-dependent:

beneficial in the case of therapeutic ketosis

(e.g., with ketogenic diet), but harmful in

the setting of insulin resistance (e.g., in type

2 diabetes).

Fission has commonly been understood

as a mechanism to segregate damaged mito-

chondrial components and enable their

removal by mitophagy (Twig et al, 2008),

but increased fission does not always result

in increased mitophagy (references in Ngo

et al, 2023). The present data from Ngo

et al (2023) advocate for a new role for mito-

chondrial fission products: as b-oxidation
specialists. These assignments seem to be

mutually exclusive and so at least two differ-

ent populations of fission products likely co-

exist in each cell. Discriminating between

these populations of fragmented mitochon-

dria seems to be important but might not be

trivial with current mitochondrial activity

reporters. Mitophagy candidate fission prod-

ucts were described to have a relatively low

IMM potential (Twig et al, 2008), whereas b-
oxidation specialists might have either com-

paratively lower or higher IMM potential

depending on their ATP synthase activity.

However, etomoxir likely causes depolariza-

tion only in the b-oxidation specialists.

Additional distinction between mitophagy
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Figure 1. Dynamics of mitochondria specialized for b-oxidation.

Red spotlight puts emphasis on the findings of Ngo et al. “?”, to be investigated.
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candidate and b-oxidation specialist mito-

chondria might come from reporters of

redox homeostasis (NAD(P)H/NAD(P), reac-

tive oxygen species) or ATP/ADP. As to

transitions between the different fragmented

mitochondria, it is unlikely that mitochon-

dria assigned to recycle would convert to b-
oxidation specialists but direct transition in

the opposite direction might be envisioned.

Furthermore, in the context of maintaining

b-oxidation specialist mitochondria, rapid

fusion–fission cycles (kiss-and-run) that

allow renewal of some mitochondrial com-

ponents without altering the overall shape

(Liu et al, 2009) might be of special rele-

vance. What we can speculate on the

dynamics of b-oxidation specialist mitochon-

dria is depicted in a scheme (Fig 1) but

advances to measure metabolism at single

mitochondrial resolution will be needed to

sort out many important questions of the

mitochondrial shape–metabolism

relationship.
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