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Brown adipose tissue (BAT) produces heat in response to cold exposure,

for which it relies on the coordination of aerobic and anaerobic metabo-

lism. However, how reaction intermediates connect these two essential

pathways is unclear. In this issue of The FEBS Journal, Veliova et al.,

report that the malate–aspartate shuttle (MAS) supports norepinephrine-

induced lipolysis in brown adipocytes. Disruption of MAS during adrener-

gic activation impairs lipolysis without reducing respiration. These findings

indicate that cytosolic redox balance influences thermogenic metabolism.

By linking NAD+ regeneration to lipid metabolism, the study highlights

the MAS as an important node coordinating metabolism, redox balance,

and thermogenesis.

Comment on: https://doi/10.1111/febs.70461

Non-shivering thermogenesis is the process by which

brown adipose tissue (BAT) dissipates chemical energy

as heat, which is linked to high oxygen consumption

and overall increased metabolism. The associated calo-

ric demand is met through the continuous supply of

BAT with fatty acids derived from intracellular and

vascular lipolysis, as well as from glucose [1–3]. While

non-esterified fatty acids (NEFA) directly activate

uncoupling protein 1 (UCP1) and serve as substrates

for mitochondrial oxidation, BAT also sustains glyco-

lytic flux. Even though BAT metabolism is predomi-

nantly lipid-driven, especially under adrenergic

conditions [4], restricting glycolysis directly impairs

respiration [5]. Glycolysis generates cytosolic NADH,

but this process requires the continuous regeneration

of NAD+. How glycolysis, the Krebs cycle, and oxida-

tive phosphorylation are coordinated during thermo-

genesis is still insufficiently understood.

Cytosolic redox equivalents need to be constantly

regenerated during thermogenesis. This is physiologi-

cally relevant, as BAT depends on effective glycolytic

and lipolytic flux geared towards mitochondrial oxida-

tion. Failure to maintain redox balance often results in

ferroptotic cell death [6]. The malate–aspartate shuttle
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(MAS) utilizes the metabolic intermediates malate,

oxaloacetate, and aspartate as shuttling substrates,

thus forming a regenerative cycle to balance the redox

equivalents NAD+ and NADH [7]. This allows MAS

to transfer electrons from cytosolic reactions to the

inner membrane of the mitochondria, which supports

oxidative phosphorylation. Previous studies have

linked MAS to the redox network during thermogene-

sis [8,9]: blocking mitochondrial pyruvate import

engages MAS in brown adipocytes and promotes lipid

cycling through re-esterification and mobilization of

NEFA [8]. As a result, cells increased their basal respi-

ration, which is predominantly dependent on lipid oxi-

dation. In addition, more recent work showed that

glutamic oxaloacetic transaminase (GOT1) is a

cold-inducible enzyme that activates MAS, favoring

NEFA over glucose usage in BAT [9].

Now, Veliova and colleagues extend the role of

MAS in brown adipocyte function to the regulation of

lipid metabolism [7]. Loss of the malate–alpha-
ketoglutarate (OGC) or the aspartate–glutamate car-

rier 1 (ARALAR1) resulted in an increased amount of

small lipid droplets (LD) and blunted lipid mobiliza-

tion after norepinephrine (NE) stimulation. Interest-

ingly, despite this observation, overall oxygen

consumption appeared largely preserved. The ability to

maintain respiration when lipid mobilization is limited

suggests that substrate accessibility and respiratory

capacity can be regulated as distinct layers of BAT

physiology. In vivo, BAT is a highly dynamic and com-

plex metabolic tissue, as it simultaneously supports

high catabolic metabolism as well as anabolic pro-

cesses such as de novo lipogenesis [10]. Thermogenesis

is also associated with the regulation of both coupled

and uncoupled respiration [11]. However, although

cells appear to employ alternative systems to maintain

their redox balance and buffer the broad physiological

function of the respiratory chain, thermogenesis can be

constrained by limiting fuel access. In that sense, this

new perspective moves the MAS further upstream in

the thermogenic hierarchy, from only coordinating fuel

preference to also dictating substrate availability.

During thermogenic activation, BAT likely relies on

multiple redox-buffering systems that operate in paral-

lel and support distinct aspects of thermogenic metab-

olism. The authors of the study primarily discuss the

glycerol-3-phosphate shuttle as the most plausible

compensatory route that preserves redox balance and

oxygen consumption when MAS is impaired [7]. While

this might result in rerouting of metabolism towards

re-esterification/lipid cycling, it may not fully capture

the underlying compensation of the preserved respira-

tory phenotype. Importantly, MAS-deficient brown

adipocytes seem to increase their mitochondrial area,

likely through mitochondrial biogenesis. Hence, once

respiration is normalized to mitochondrial content,

MAS-deficient cells have reduced oxygen consumption.

To assess whether this is due to impaired respiratory

chain efficiency or limited substrate availability, mea-

surements of isolated mitochondria respiration, altered

supercomplex composition, or membrane potential

would be informative. A broader BAT-related perspec-

tive might also include mechanisms such as elevated

apoptosis-inducing factor 2 (AIFM2) activity, a

ferroptosis-regulating NADH-oxidizing enzyme, which

has been shown to support glycolysis and oxygen con-

sumption during thermogenic activation of BAT [12].

Interestingly, AIFM2, also known as FSP1, is spatially

located at the lipid droplet and, upon cold stimulation,

relocates inside of mitochondria. This places it directly

at the intersection of lipid metabolism and oxidation,

perhaps compensating for the lack of MAS by buffer-

ing NAD+/NADH homeostasis. Recent work has also

highlighted mitochondrial NADP(H) as a parallel

layer of redox balance that sustains oxidative compe-

tence through mitochondrial fatty acid synthesis-

dependent lipoylation of key mitochondrial enzymes

[13]. This raises the possibility that preserved respira-

tion in MAS-deficient brown adipocytes may reflect

compensation not only by alternative cytosolic shuttles

but also by matrix-dependent pathways.

The physiological implications of the observed phe-

notype may not only depend on the overall rate of

thermogenesis but also on how efficiently NEFA are

translocated to mitochondria during adrenergic activa-

tion. Organelles in brown adipocytes form an inte-

grated metabolic network architecture in which

mitochondria physically and functionally associate

with lipid droplets. Impairment of MAS activity

appears to predominantly influence adrenergic lipid

droplet remodeling and blunt lipid mobilization. There

are several potential explanations for the observed

phenotype: First, a defect in NE-induced

lipase-mediated lipolysis. Second, changes in NEFA

re-esterification via diacylglycerol O-acyltransferases

and lipid cycling might lead to altered LD structure

and confer resistance to lipolytic stimuli. Thus, pertur-

bation of MAS may alter LD morphology by disrupt-

ing the balance between lipolysis and LD synthesis

[14]. This might result in impaired routing of NEFA

from LDs to mitochondria, implying that they are

instead retained in LDs or redirected between storage

and reesterification, possibly accumulating smaller

LDs. Lastly, particularly in BAT, a substantial frac-

tion of mitochondria physically interacts with LD,

forming LD-associated or peridroplet mitochondrial
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populations. These specialized mitochondria represent

a segregated population with unique structure and

function. It has been postulated that these support

triacylglyceride synthesis and LD expansion rather

than fueling maximal beta oxidation [15]. During ther-

mogenic activation, their oxidative capacity is compar-

atively low, as they depart from LDs. As the lipolytic

defect in MAS deficiency emerges only under NE stim-

ulation, this might indicate that MAS is also enriched

in these specialized mitochondria, which remains to be

determined. Taken together, the impairment resulting

from limited MAS activity might not merely be

reduced lipolysis, but rather a disturbance of the tria-

cylglyceride pool being assembled and mobilized dur-

ing the complex metabolic processes activated during

BAT thermogenesis (Fig. 1).

An important limitation of the current work is that

its central findings are derived primarily from

NE-stimulated cultured primary brown adipocytes,

which cannot fully capture the physiological complex-

ity of cold or acute adrenergic activation in vivo.

Whether MAS similarly constrains BAT function dur-

ing chronic cold exposure or fed/fasted conditions

remains unresolved, particularly as BAT fuel usage

may shift depending on nutrient availability [2,3]. In

vivo, thermogenesis depends on intracellular lipolysis,

sympathetic tone, substrate delivery from the circula-

tion, and compensatory mechanisms that may buffer

local defects in redox balance or fuel mobilization.

Future studies will be required to determine whether

MAS disruption via ARALAR1 and OGC alters cold

tolerance, whole-body energy expenditure, or substrate

handling in vivo.

In conclusion, MAS is critical for efficient

NE-stimulated lipid mobilization in brown adipocytes.

Disrupting MAS function alters LD morphology and

blunts lipolysis while leaving respiratory output largely

preserved. Future studies will be required to determine

how the MAS interacts with other redox-balancing

pathways and whether these mechanisms influence

thermogenic capacity in vivo, especially under cold or

nutrient stress. More broadly, the present findings sug-

gest that metabolic shuttle systems may influence ther-

mogenesis not only by supporting oxidation but by

shaping organelle communication and substrate

preference.
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Fig. 1. The malate–aspartate shuttle links cytosolic redox balance to lipid metabolism and thermogenic capacity in brown adipocytes. The

malate–aspartate shuttle (MAS) uses the intermediate substrates oxaloacetate, malate, and aspartate to effectively transfer reducing

equivalents from cytosolic NADH into mitochondria. Utilizing the mitochondrial transporters malate-alpha-ketoglutarate (OGC) and

aspartate–glutamate carrier 1 (ARALAR1), MAS supports continued cytosolic NAD+ regeneration during glycolysis and likely influences the

balance between lipolysis and re-esterification in BAT. By connecting cytosolic redox homeostasis to mitochondrial metabolism, MAS

appears to regulate thermogenic fuel availability upstream of substrate oxidation.
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