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Fatty acid (FA) uptake is coordinated across tissues to maintain metabolic homeostasis, yet the mechanisms
underlying tissue-specific regulation remain incompletely understood. NRAC has emerged as a nutrient-
responsive, tissue-restricted factor enriched in adipose tissue and heart in both mice and humans. Mouse
studies show that Nrac is dynamically regulated by feeding, fasting, and obesity in a tissue-specific manner.

Recent work further shows that NRAC interacts with CD36 to regulate CD36-dependent FA uptake in adipocytes.
Physiological studies support a role for NRAC in adipose lipid handling and systemic FA homeostasis, while
human data link adipose NRAC expression to body fat distribution and circulating lipid traits. Together, current
evidence identifies NRAC as an emerging regulator of tissue-specific FA metabolism and cardiometabolic health.

1. Introduction: fatty acid metabolism in health and disease

Metabolic diseases such as obesity, insulin resistance, type 2 dia-
betes, fatty liver disease, and cardiovascular disease represent major
global health challenges [1,2]. Fatty acids (FAs) are closely linked to
these disorders because they serve as primary substrates for both energy
metabolism and lipid storage [3-5]. In adipose tissue, FAs are esterified
into triglycerides (TGs) for storage, and excessive accumulation of this
stored lipid contributes to obesity. Conversely, dysregulated FA release
from adipose tissue or aberrant uptake in non-adipose organs can drive
ectopic lipid deposition, insulin resistance, and organ dysfunction [6].
To preserve metabolic homeostasis, the mobilization, uptake, storage,
and utilization of FAs must therefore be tightly coordinated across
different tissues and physiological states. Disruption of this inter-tissue
coordination is a central feature of cardiometabolic disease pathogen-
esis [7,8].

Among the tissues central to systemic FA metabolism, white adipose
tissue (WAT) and the heart play particularly important yet contrasting
roles. WAT is the principal site of lipid storage and releases FAs during
fasting, whereas the heart is a highly oxidative organ that relies heavily
on FAs to meet its continuous energy demand. During fasting, adipose
tissue mobilizes stored TGs and releases FAs into the circulation, while
the heart increases FA uptake and oxidation. During feeding, by
contrast, adipose tissue serves as a major site for FA uptake and TG
storage, while other tissues also take up and metabolize FAs according to
their energetic and physiological demands [9,10]. These contrasting
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roles highlight the need for tissue-specific regulation of FA flux across
organs with distinct metabolic functions. In this context, understanding
how FA uptake is coordinated between storage tissues such as adipose
tissue and oxidative tissues such as the heart remains an important
question in metabolic biology.

A major component of cellular long-chain fatty acid (LCFA) uptake is
CD36, a multifunctional scavenger receptor [8,11]. CD36 is expressed in
a broad range of metabolically relevant cell types and tissues, including
adipose tissue, heart, skeletal muscle, intestine, and liver, and has
emerged as a key facilitator of LCFA uptake [12,13]. Importantly, CD36
function depends not only on total abundance but also on its localization
within the cell. CD36 cycles between intracellular compartments and the
plasma membrane, and its translocation to the cell surface is a major
determinant of FA uptake capacity [14]. Although this dynamic traf-
ficking has become increasingly appreciated, the factors that confer
tissue-specific regulation of CD36-mediated FA uptake remain incom-
pletely understood.

NRAC has emerged as a nutrient-responsive membrane protein with
restricted expression in adipose tissue and heart, and recent studies have
linked it to CD36-dependent FA uptake and membrane trafficking [15].
This review summarizes current knowledge of NRAC, with emphasis on
its discovery, tissue specificity, nutritional regulation, functional and
structural relationship with CD36, physiological and metabolic roles,
and relevance to human health and disease.
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2. Discovery of NRAC and its tissue specificity

The advent of RNA sequencing in the late 2000s substantially
expanded the capacity to identify nutritionally regulated genes in
metabolic tissues [16]. Compared with microarray-based approaches,
RNA-seq offered greater sensitivity and enabled the detection of previ-
ously uncharacterized transcripts, creating new opportunities to un-
cover regulators of adipose and systemic metabolism. In 2010, we
applied RNA-seq to mouse adipose and liver tissues under nutritional
stimulation to identify nutritionally regulated genes. This early tran-
scriptomic effort led to the discovery of MNADK (now known as NADK2)
[17,18], lipasin (now known as ANGPTL8) [9,19], and NRAC [20],
providing an example of how nutritionally perturbed transcriptomics
can identify previously unrecognized regulators of systemic metabolism.

At the time of its discovery, the gene was annotated as
A530016L24Rik, a previously uncharacterized gene. A notable feature
of this gene was its highly restricted yet relatively abundant expression
in mouse adipose tissue and heart. This dual enrichment was particu-
larly intriguing because adipose tissue and heart play distinct, and in
some contexts opposing, roles in systemic FA metabolism. The study
further showed that this gene was strongly regulated by nutritional cues,
including fasting, refeeding, and high-fat diet feeding. Based on these
two defining features, nutritional responsiveness and enrichment in
adipose and cardiac tissues, the gene was named NRAC, for nutritionally
regulated adipose and cardiac-enriched. These observations suggested
that NRAC may have a specialized role in metabolic tissues. Early
sequence analysis further indicated that NRAC encodes a small trans-
membrane protein, consistent with a function at the cell surface or
within membrane-associated regulatory complexes [20].

Because the original study was performed in 2010, before large-scale
human transcriptomic resources became widely available, the initial
characterization of NRAC was based primarily on mouse tissues. More
recent analyses using GTEx have now shown that this tissue specificity is
conserved in humans. Bulk RNA-seq data indicate that human NRAC is
highly enriched in adipose and heart tissues, with robust expression in
subcutaneous and visceral adipose tissue as well as cardiac tissues, but
minimal expression in most other organs. Because bulk tissue expression
reflects the aggregate signal from multiple cell types, GTEx single-cell
RNA-seq data provide an important opportunity to define the cellular
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specificity of NRAC expression [21]. Adipose and heart tissues contain
diverse cell populations, including immune cells, endothelial cells, fi-
broblasts, stromal cells, adipocytes, and myocytes. Analysis of single-cell
GTEx data using both the percentage of cells expressing NRAC and
normalized expression levels revealed that NRAC expression is highly
restricted to adipocytes and myocytes/cardiomyocytes. Ranking cell
types by either the percentage of NRAC-positive cells or normalized
expression produced the same top-ranked populations, all correspond-
ing to adipocytes or myocytes (Fig. 1A).

This cell-type specificity was further supported by independent
Single Cell Portal datasets, in which NRAC expression was enriched in
adipocytes in adipose tissue (SCP1376 [22]) and cardiomyocytes in
heart (SCP498 [23]) (Fig. 1B and C).

Together, these findings establish NRAC as a highly tissue- and cell-
type-restricted gene enriched in adipose tissue and heart in both mice
and humans. This evolutionarily conserved expression pattern across
species supports its designation as a bona fide adipocyte- and myocyte-
enriched gene and provides an important foundation for understand-
ing its roles in nutrient responsiveness and tissue-specific FA
metabolism.

3. Nutritional regulation of NRAC

Mouse studies have shown that Nrac is dynamically regulated by
nutritional cues in a tissue-specific manner. Rather than exhibiting
uniform changes across organs, Nrac expression responds differently in
metabolically distinct tissues, consistent with their specialized roles in
systemic fuel handling. Gonadal WAT (gWAT) provides a clear example
of this regulation, as Nrac expression is strongly influenced by feeding
status and metabolic stress.

In mice, Nrac expression in gWAT is suppressed by fasting and
restored by feeding or refeeding. This pattern suggests that Nrac is
associated with the nutritionally replete, lipid-storing state of WAT. In
addition to acute nutritional regulation, Nrac expression in gWAT is also
reduced by chronic metabolic challenge, including high-fat diet (HFD)
feeding and genetic obesity in ob/ob mice [20]. Together, these findings
suggest that Nrac expression in gWAT is reduced during fasting and
obesity-associated lipid stress, consistent with sensitivity to metabolic
states with altered FA availability.
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Fig. 1. Human NRAC expression is specific to adipocytes and myocytes in adipose and heart tissues. A) Single-cell RNA-seq analysis reveals NRAC expression is
specific to adipocytes and cardiomyocytes. Bar plots summarize the six cell types that rank highest for both the percentage of NRAC-expressing cells (prevalence) and
expression intensity (CP10K) based on GTEx v10 single-cell RNA-sequencing datasets. The left panel shows the percentage of cells expressing NRAC within each
indicated cell type, and the right panel shows the average expression level among expressing cells. For CP10K-based ranking, cell types with fewer than 1% of NRAC-
expressing cells were excluded to reduce sampling noise. CP10K = counts per 10,000. B) UMAP of human white adipose tissue from Single Cell Portal (SCP1376)
showing NRAC expression enriched in adipocytes. C) UMAP of human heart from Single Cell Portal (SCP498) showing NRAC expression enriched in cardiomyocytes.
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In contrast to gWAT, the heart exhibits reciprocal regulation of
NRAC expression in response to feeding and fasting [15]. Whereas Nrac
expression in gWAT is higher in the fed state and lower during fasting,
the opposite pattern is observed in the heart (Fig. 2). This reciprocal
regulation is notable in light of the distinct metabolic functions of these
tissues. WAT primarily stores lipid during nutrient excess, whereas the
heart is a highly oxidative organ that depends heavily on FA utilization,
particularly during fasting. Thus, the opposite regulation of Nrac in
gWAT and heart is physiologically coherent and supports the idea that
Nrac expression is aligned with tissue-specific fuel demands.

Taken together, these findings show that, in mice, Nrac is regulated
by feeding, fasting, obesity, and HFD in a tissue-specific manner. In
response to feeding and fasting, gWAT and heart exhibit reciprocal
regulation of Nrac, consistent with their distinct roles in lipid storage
and FA utilization. Notably, NRAC regulation is not limited to gene
expression. Recent work suggests that increased extracellular FA levels
reduce NRAC cell-surface localization in adipocytes, pointing to an
additional post-translational layer of nutrient-dependent regulation
[24]. Overall, these data support the view that NRAC is a
nutrient-responsive gene whose expression and localization are tightly
coupled to tissue-specific metabolic state.

4. NRAC and CD36-dependent fatty acid uptake: functional and
structural insights

Recent work has established a direct mechanistic link between NRAC
and CD36-dependent FA uptake in adipocytes [24]. CD36 is a major
facilitator of LCFA uptake, and in adipocytes this process is closely
coupled to CD36 membrane localization, endocytic routing, and inter-
nalization of FA-CD36 complexes. In this context, NRAC emerges as an
adipocyte-enriched regulator of CD36 trafficking rather than as a FA
transporter itself. Loss of NRAC increased FA uptake in white adipo-
cytes, whereas NRAC overexpression reduced FA uptake in adipocyte
models, supporting a role for NRAC as a negative regulator of adipocyte
FA uptake.

Mechanistically, NRAC interacts with CD36 and modulates its
membrane trafficking behavior. In wild-type adipocytes, NRAC, CD36,
and caveolin-1 localized at the plasma membrane. In NRAC-deficient
adipocytes, however, CD36 was no longer retained at the cell surface
and instead accumulated in intracellular clusters around lipid droplets,
whereas caveolin-1 remained at the plasma membrane. In parallel, the
interaction between CD36 and caveolin-1 was markedly reduced in
NRAC-deficient adipocytes and adipose tissues. These findings indicate
that NRAC helps maintain CD36 in a caveolin-associated membrane
state [24].

Loss of NRAC was further associated with altered CD36 endocytic
routing. Because CD36-mediated FA wuptake in adipocytes is
internalization-dependent, dissociation of CD36 from caveolin-1 sug-
gested a shift away from caveolin-associated localization toward an
alternative endocytic route. Consistent with this interpretation,
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Fig. 2. Tissue-specific regulation of Nrac expression in mice. Gonadal white
adipose tissue (§WAT) and heart exhibit reciprocal regulation of Nrac expres-
sion in response to feeding and fasting. In gWAT, Nrac expression is decreased
by obesity and high-fat diet feeding.
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inhibition of clathrin-mediated endocytosis with chlorpromazine
restored CD36 cell-surface localization in NRAC-deficient adipocytes.
Thus, NRAC appears to regulate adipocyte FA uptake by modulating
CD36 localization and endocytic routing: NRAC maintains caveolin-
associated membrane localization, whereas loss of NRAC shifts CD36
toward clathrin-mediated internalization, resulting in increased FA up-
take [24].

Structural analyses further support this model. NRAC is a small two-
pass transmembrane protein, and deletion mapping showed that its first
transmembrane domain (TM1) is required for interaction with CD36.
TM1 was also necessary for NRAC-mediated suppression of CD36-
dependent FA uptake, linking structural interaction directly to func-
tion. Molecular modeling further supported a transmembrane interface
between NRAC and CD36 [24], consistent with a mechanism in which
NRAC physically associates with CD36 within the membrane to regulate
its trafficking and associated FA uptake (Fig. 3).

5. Physiological and metabolic functions of NRAC

The physiological and metabolic functions of NRAC are still being
defined, but current evidence points to a context- and tissue-dependent
role in adipose lipid handling and systemic FA homeostasis. Available
data do not support a single uniform effect of NRAC across all experi-
mental models. Loss of NRAC increased FA uptake in primary subcu-
taneous and perigonadal adipocytes, increased adipocyte size, and
increased fat mass in mice. Conversely, NRAC overexpression reduced
FA uptake in adipocytes. NRAC knockout mice also showed reduced
serum TG levels and enhanced lipid clearance, consistent with increased
partitioning of circulating lipid into adipose tissue [24]. Together, these
findings support a role for NRAC in restraining adipocyte FA uptake and
limiting lipid storage. These phenotypes are consistent with the pro-
posed mechanism whereby NRAC modulates CD36 trafficking and FA
uptake.

Additional evidence supports a more complex and context-
dependent role for NRAC. In an earlier in vitro study using human
adipose-derived mesenchymal stem cells (hMSCs), knockdown of NRAC
(C140rf180) inhibited lipid accumulation and downregulated key adi-
pogenic genes, including PPARG and CEBPA [25]. Thus, in this differ-
entiating precursor-cell model, reduced NRAC impaired adipogenic and
lipid-storage programs rather than enhancing lipid accumulation. This
difference likely reflects the distinct experimental contexts being
examined, namely NRAC perturbation during adipocyte differentiation
in vitro versus NRAC deficiency in mature adipose tissue in vivo.

Consistent with a broader role in systemic FA regulation, NRAC has
also been linked to circulating free fatty acids (FFAs). In one mouse
study, NRAC expression in WAT was inversely associated with circu-
lating FFAs, whereas NRAC expression in heart was positively associated
with FFAs, consistent with the distinct metabolic functions of these tis-
sues. In the same study, whole-body NRAC knockout mice exhibited
increased circulating FFAs, further supporting a role for NRAC in sys-
temic FA homeostasis [15]. Taken together, current evidence suggests
that NRAC contributes to FA handling and metabolic regulation in a
tissue-specific and context-dependent manner, rather than exerting a
single uniform effect across tissues or experimental systems.

6. Adipose NRAC expression is associated with human metabolic
traits in a depot- and context-dependent manner

The relevance of NRAC to human health and disease is supported by
association studies linking adipose NRAC expression to multiple car-
diometabolic traits. A key theme emerging from these analyses is that
the relationship between NRAC and metabolic phenotypes is strongly
influenced by adipose depot context.

In the TwinsUK cohort, associations were examined using subcu-
taneous (SC) adipose tissue expression [26]. Higher NRAC expression in
SC adipose tissue was strongly associated with a more favorable pattern
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Fig. 3. Model of the NRAC-CD36 interaction. A) Schematic diagram of the NRAC-CD36 membrane interface. NRAC is shown as a two-pass membrane protein with
TM1 and TM2, and CD36 as a two-pass membrane protein with an extracellular domain. Experimental data indicate that NRAC TM1 is required for binding to CD36
[24]. Figure not drawn to scale. (B) Surface and (C) cartoon views of the NRAC-CD36 complex embedded in the membrane. NRAC, green; CD36, pink; membrane,
gray. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of fat distribution, including lower visceral and central adiposity,
reduced trunk and android fat, and a lower visceral-to-gynoid fat ratio.
In contrast, higher SC adipose NRAC expression was positively associ-
ated with gynoid and lower-body fat depots. Importantly, these traits
were derived from DXA-based body composition measurements,
providing objective and anatomically resolved assessment of fat distri-
bution [26]. SC adipose NRAC expression was also associated with a
more favorable circulating lipid profile, including lower TGs and
apolipoprotein B and higher HDL levels (Fig. 4A). Together, these
findings suggest that higher NRAC expression in SC adipose tissue is
positively associated with protective metabolic traits and inversely
associated with detrimental cardiometabolic traits.

Additional support comes from the Leipzig Obesity Biobank, in
which NRAC expression was analyzed separately in subcutaneous (SC)
and visceral (VIS) adipose tissues [24]. These analyses showed that
NRAC expression was associated with metabolic traits in both depots,
but the association patterns differed between SC and VIS adipose tissue
(Fig. 4B). Thus, the relationship between NRAC and metabolic pheno-
types is not uniform across adipose depots, but instead appears to be
depot-dependent. This observation is notable because it aligns with the
broader concept that NRAC biology is highly tissue- and
context-dependent.

Taken together, the available human data support the relevance of
NRAC to cardiometabolic health and disease. Adipose NRAC expression
is associated with fat distribution, circulating lipids, and metabolic
phenotypes, and these associations vary according to adipose depot.
Overall, current evidence suggests that NRAC is linked to human
metabolic health in a depot- and context-dependent manner.

7. Future directions

Although recent studies have established NRAC as a nutrient-
responsive, tissue-restricted regulator of FA metabolism, many impor-
tant questions remain. Current work has defined its expression speci-
ficity, nutritional regulation, and an initial adipocyte-centered
mechanism involving CD36-dependent FA uptake. Future studies should
now determine how NRAC functions across heart, brown adipose tissue,
white adipose depots, and distinct metabolic states, and how these
context-dependent actions influence systemic lipid handling.

7.1. Tissue-specific functions in heart, brown adipose tissue, and adipose
depots

A major priority is to define the tissue-specific functions of NRAC in
vivo, especially in the heart. Although NRAC was originally identified as

highly enriched in both adipose tissue and heart, current mechanistic
work has focused mainly on adipocytes, leaving the physiological role of
NRAC in the heart largely unexplored. This is an important gap because
the heart is a highly oxidative organ that depends heavily on FA uptake
and utilization. Future studies should determine whether NRAC regu-
lates cardiac FA handling, substrate selection, and cardiac function
across nutritional and metabolic states. Brown adipose tissue (BAT)
should also be examined directly, because NRAC is abundant in BAT and
may influence FA uptake, thermogenic activation, and lipid utilization.
In parallel, adipocyte-specific models will be needed to define depot-
specific functions in subcutaneous, gonadal, visceral, and mesenteric
white adipose tissues. Together, these studies will help clarify how
NRAC activity in heart, BAT, and WAT contributes to systemic FA par-
titioning and metabolic homeostasis.

7.2. Organism-level control of fatty acid flux

Another important direction is to define how NRAC influences FA
flux at the organismal level. In addition to static phenotypes such as fat
mass, adipocyte size, or circulating lipid levels, future studies should
directly measure FA uptake, release, oxidation, storage, and redistri-
bution across adipose tissue, heart, liver, and brown adipose tissue
under different physiological and pathological conditions. Such analyses
will help determine whether NRAC primarily regulates local FA uptake
within individual tissues or instead contributes more broadly to systemic
lipid partitioning and inter-organ fuel allocation.

7.3. Mechanistic control of CD36 trafficking and function

Further mechanistic work is needed to clarify how NRAC regulates
CD36 in a tissue-specific manner. Current evidence, derived largely from
adipocytes, supports a role for NRAC in CD36 membrane trafficking,
caveolin-associated localization, and endocytic routing. However,
several questions remain unresolved, including whether NRAC primarily
controls CD36 surface retention, caveolar partitioning, endocytosis,
recycling, or internalization of FA-CD36 complexes, and whether it acts
exclusively through CD36 or also has additional binding partners and
CD36-independent functions. By contrast, the mechanism of NRAC ac-
tion in cardiomyocytes remains entirely unknown. Given the reciprocal
nutritional regulation of NRAC in adipose tissue and heart, its function
in the heart may differ from, or even oppose, its role in adipocytes.
Defining these tissue-specific mechanisms will be essential for under-
standing how NRAC regulates FA handling across distinct metabolic
organs.



R. Zhang

>

B Detrimental
= Protective

B (regression coefficient)

mVIS mSC

0.03 4

-0.02 -

-0.07 A *

r(Spearman correlations)

-0.12 - *

0.08 4 *

SAIC )
& & 9

Biochemical and Biophysical Research Communications 827 (2026) 154057

*%k%*

*% *kk k%

**
* k%

o ‘?\e éb «0 Qo\b ‘bg) o\r ‘b'_‘go

& Q@ ) ¥
& S8 & & Q

S

* k%

**

Fig. 4. Associations of adipose NRAC expression with metabolic traits. A) Associations between NRAC expression in SC adipose tissue and cardiometabolic traits in
the TwinsUK cohort. Bar plot of regression coefficients () showing inverse associations of NRAC expression with detrimental traits and positive associations with
protective traits. B) Correlations of NRAC expression in SC and VIS adipose tissues with metabolic traits in the Leipzig Obesity Biobank (LOBB). Bar plot showing
Spearman correlation coefficients (r) between NRAC expression and selected metabolic traits, highlighting distinct correlation patterns in SC and VIS adipose tissue.
Significance: *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: SC, subcutaneous; VIS, visceral; CSA, cross-sectional area; Gyn, gynoid; ApoB, apolipoprotein B; TG,
triglycerides; HDL, high-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HOMA-IR, ho-
meostatic model assessment for insulin resistance; HbAlc, glycated hemoglobin; Chol, total cholesterol; P-axis, electrocardiographic P-wave axis.

7.4. Upstream regulation of NRAC

The upstream regulation of NRAC remains poorly understood and
likely occurs at multiple levels. At the transcriptional level, future
studies should identify the transcription factors and signaling pathways
responsible for nutrient-dependent regulation of NRAC expression in
different tissues, particularly adipose tissue and heart, where NRAC
shows reciprocal responses to metabolic state. At the protein level, it will
be important to determine how NRAC abundance is controlled by
translational and post-translational mechanisms under different meta-
bolic conditions. In parallel, additional work is needed to define how
NRAC subcellular localization and membrane trafficking are regulated.
Recent evidence suggests that elevated extracellular FAs reduce NRAC
surface localization, but the mechanisms governing these changes in
obesity, high-fat diet feeding, and fasting remain unclear. Clarifying
these regulatory layers will be essential for placing NRAC within broader
nutrient-sensing and lipid-response pathways.

7.5. Human relevance and translational potential

Additional work will be needed to define the relevance of NRAC to
human disease and its translational potential. Existing cohort studies
support depot- and context-dependent associations between adipose
NRAC expression and metabolic traits, but longitudinal studies, causal
inference approaches, and protein-level analyses will be needed to
strengthen these links. Human genetic studies will also be important for
determining whether NRAC variation contributes to adipose distribu-
tion, circulating lipid traits, and metabolic disease risk. Although recent
work linked NRAC and the intronic SNP rs12878589 to body fat distri-
bution and obesity [24], broader genetic studies will be needed to
determine whether NRAC variants contribute causally to metabolic
disease. In particular, rare coding and loss-of-function variants may
provide especially valuable insight into NRAC function in humans. It
will also be important to determine whether NRAC can serve as a
biomarker or therapeutic target in cardiometabolic disease. Because
NRAC expression is relatively restricted, it may offer opportunities for
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more tissue-selective intervention than more broadly expressed regula-
tors of FA uptake.

8. Concluding perspective

Overall, NRAC sits at the intersection of nutrient sensing, tissue-
specific FA handling, and adipose-heart metabolic crosstalk. Although
the field remains at an early stage, the available evidence already points
to substantial opportunities for discovery. Current studies have estab-
lished NRAC as a nutrient-responsive and tissue-restricted regulator
linked to CD36-dependent FA uptake, while also revealing important
context dependence in its expression, function, and physiological ef-
fects. These findings raise important questions regarding its tissue-
specific roles, upstream regulation, molecular mechanisms, and rele-
vance to human disease. Addressing these questions will be essential for
defining how NRAC contributes to adipose biology, cardiac metabolism,
and systemic lipid homeostasis. A deeper understanding of NRAC may
not only clarify the biology of this novel factor, including its role in
CD36 regulation and the basis of its tissue-specific functions, but also
reveal broader fundamental principles governing lipid metabolism in
health and disease.

Funding

This work was supported in part by the National Institutes of Health
grant DK132065 to R.Z.

Declaration of competing interest
The author declares no competing interests.

References

[1] P.L. Valenzuela, P. Carrera-Bastos, A. Castillo-Garcia, D.E. Lieberman, A. Santos-
Lozano, A. Lucia, Obesity and the risk of cardiometabolic diseases, Nat. Rev.
Cardiol. 20 (2023) 475-494, https://doi.org/10.1038/s41569-023-00847-5.

[2] N.W. Chew, C.H. Ng, D.J.H. Tan, G. Kong, C. Lin, Y.H. Chin, W.H. Lim, D.Q. Huang,
J. Quek, C.E. Fu, The global burden of metabolic disease: data from 2000 to 2019,
Cell Metab. 35 (2023) 414-428, e413.

[3] N. Turner, G.J. Cooney, E.W. Kraegen, C.R. Bruce, Fatty acid metabolism, energy
expenditure and insulin resistance in muscle, J. Endocrinol. 220 (2014), https://
doi.org/10.1530/JOE-13-0397. T61-79.

[4] X. Yan, A.L. Roberts, J.S. El-Sayed Moustafa, S. Villicana, M. Al-Hilal,

M. Tomlinson, C. Menni, T.A.B. Sanders, M.B. Freidin, J.T. Bell, K.S. Small, Genetic
regulation of fatty acid content in adipose tissue, Am. J. Hum. Genet. 113 (2026)
291-308, https://doi.org/10.1016/j.ajhg.2025.12.008.

[5] G.D. Lopaschuk, J.R. Ussher, C.D. Folmes, J.S. Jaswal, W.C. Stanley, Myocardial
fatty acid metabolism in health and disease, Physiol. Rev. 90 (2010) 207-258.

[6] E.K.Oikonomou, C. Antoniades, The role of adipose tissue in cardiovascular health
and disease, Nat. Rev. Cardiol. 16 (2019) 83-99, https://doi.org/10.1038/541569-
018-0097-6.

[7] R.L. Smith, M.R. Soeters, R.C.I. Wust, R.H. Houtkooper, Metabolic flexibility as an
adaptation to energy resources and requirements in health and disease, Endocr.
Rev. 39 (2018) 489-517, https://doi.org/10.1210/er.2017-00211.

[8] D. Samovski, M. Jacome-Sosa, N.A. Abumrad, Fatty acid transport and signaling:
mechanisms and physiological implications, Annu. Rev. Physiol. 85 (2023)
317-337.

[91

[10]

[11]

[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Biochemical and Biophysical Research Communications 827 (2026) 154057

R. Zhang, K. Zhang, An updated ANGPTL3-4-8 model as a mechanism of
triglyceride partitioning between fat and oxidative tissues, Prog. Lipid Res. 85
(2022) 101140.

R. Zhang, K. Zhang, A unified model for regulating lipoprotein lipase activity,
Trends Endocrinol. Metabol. 35 (2024) 490-504, https://doi.org/10.1016/].
tem.2024.02.016.

K. Hoebe, P. Georgel, S. Rutschmann, X. Du, S. Mudd, K. Crozat, S. Sovath,

L. Shamel, T. Hartung, U. Zahringer, CD36 is a sensor of diacylglycerides, Nature
433 (2005) 523-527.

J.F.C. Glatz, L.C. Heather, J. Luiken, CD36 as a gatekeeper of myocardial lipid
metabolism and therapeutic target for metabolic disease, Physiol. Rev. 104 (2024)
727-764, https://doi.org/10.1152/physrev.00011.2023.

H. Shu, Y. Peng, W. Hang, J. Nie, N. Zhou, D.W. Wang, The role of CD36 in
cardiovascular disease, Cardiovasc. Res. 118 (2022) 115-129.

J.W. Hao, J. Wang, H. Guo, Y.Y. Zhao, H.H. Sun, Y.F. Li, X.Y. Lai, N. Zhao,

X. Wang, C. Xie, L. Hong, X. Huang, H.R. Wang, C.B. Li, B. Liang, S. Chen, T.

J. Zhao, CD36 facilitates fatty acid uptake by dynamic palmitoylation-regulated
endocytosis, Nat. Commun. 11 (2020) 4765, https://doi.org/10.1038/541467-020-
18565-8.

Z. Fu, C. Zhang, R. Zhang, Reciprocal adipose-heart regulation of NRAC, Acta
Physiol. 242 (2026) €70197, https://doi.org/10.1111/apha.70197.

Z. Wang, M. Gerstein, M. Snyder, RNA-Seq: a revolutionary tool for
transcriptomics, Nat. Rev. Genet. 10 (2009) 57-63.

R. Zhang, MNADK, a novel liver-enriched mitochondrion-localized NAD kinase,
Biol Open 2 (2013) 432-438, https://doi.org/10.1242/bi0.20134259.

R. Zhang, K. Zhang, Mitochondrial NAD kinase in health and disease, Redox Biol.
60 (2023) 102613, https://doi.org/10.1016/j.redox.2023.102613.

R. Zhang, Lipasin, a novel nutritionally-regulated liver-enriched factor that
regulates serum triglyceride levels, Biochem. Biophys. Res. Commun. 424 (2012)
786-792.

R. Zhang, F. Yao, F. Gao, A.B. Abou-Samra, Nrac, a novel nutritionally-regulated
adipose and cardiac-enriched gene, PLoS One 7 (2012) e46254, https://doi.org/
10.1371/journal.pone.0046254.

GTEx Consortium, The GTEx consortium atlas of genetic regulatory effects across
human tissues, Science 369 (2020) 1318-1330, https://doi.org/10.1126/science.
aazl776.

M.P. Emont, C. Jacobs, A.L. Essene, D. Pant, D. Tenen, G. Colleluori, A. Di
Vincenzo, A.M. Jorgensen, H. Dashti, A. Stefek, E. McGonagle, S. Strobel, S. Laber,
S. Agrawal, G.P. Westcott, A. Kar, M.L. Veregge, A. Gulko, H. Srinivasan,

Z. Kramer, E. De Filippis, E. Merkel, J. Ducie, C.G. Boyd, W. Gourash,

A. Courcoulas, S.J. Lin, B.T. Lee, D. Morris, A. Tobias, A.V. Khera, M. Claussnitzer,
T.H. Pers, A. Giordano, O. Ashenberg, A. Regev, L.T. Tsai, E.D. Rosen, A single-cell
atlas of human and mouse white adipose tissue, Nature 603 (2022) 926-933,
https://doi.org/10.1038/541586-022-04518-2.

N.R. Tucker, M. Chaffin, S.J. Fleming, A.W. Hall, V.A. Parsons, K.C. Bedi Jr., A.
D. Akkad, C.N. Herndon, A. Arduini, I. Papangeli, C. Roselli, F. Aguet, S.H. Choi, K.
G. Ardlie, M. Babadi, K.B. Margulies, C.M. Stegmann, P.T. Ellinor, Transcriptional
and cellular diversity of the human heart, Circulation 142 (2020) 466-482,
https://doi.org/10.1161/CIRCULATIONAHA.119.045401.

1. Singh, Y. Onogi, F. Menezes, D. Khasanova, L. Kang, C. Wang, J. Ruiz-Trave,
S. Sharma, A. Khalil, V.K. Reichenbach, Y. Shi, A. Flatley, X. Yan, A. Israel, N.R.
V. Dragano, J.A. Aguilar-Pimentel, A. Hoffmann, A. Ghosh, F. Noe, C. Wolfrum,
S. Cucuruz, A.C. Konig, I. Burtscher, S.M. Hauck, H. Lickert, S.M. Hofmann,

R. Feederle, S.C. Schriever, R. Hernandez-Bautista, G. Sancar, A. Cebrian-Serrano,
1. Tetko, H. Fuchs, V. Gailus-Durner, M. Bluher, M. Hrabe de Angelis, S. Ussar,
NRAC controls CD36-mediated fatty acid uptake in adipocytes and lipid clearance
in vivo, EMBO J. 44 (2025) 5037-5065, https://doi.org/10.1038/s44318-025-
00520-2.

A.G. Kerr, 1. Sinha, S. Dadvar, P. Arner, I. Dahlman, Epigenetic regulation of
diabetogenic adipose morphology, Mol. Metabol. 25 (2019) 159-167, https://doi.
org/10.1016/j.molmet.2019.04.009.

M. Tomlinson, J.S. El-Sayed Moustafa, X. Zhang, Y. Raza, D. Wang, A. Hodgkinson,
K.S. Small, Adipose tissue gene expression and longitudinal clinical phenotypes are
early biomarkers of lipid-regulating drug usage, Sci. Rep. 15 (2025) 31861,
https://doi.org/10.1038/541598-025-13693-x.


https://doi.org/10.1038/s41569-023-00847-5
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref2
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref2
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref2
https://doi.org/10.1530/JOE-13-0397
https://doi.org/10.1530/JOE-13-0397
https://doi.org/10.1016/j.ajhg.2025.12.008
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref5
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref5
https://doi.org/10.1038/s41569-018-0097-6
https://doi.org/10.1038/s41569-018-0097-6
https://doi.org/10.1210/er.2017-00211
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref8
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref8
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref8
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref9
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref9
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref9
https://doi.org/10.1016/j.tem.2024.02.016
https://doi.org/10.1016/j.tem.2024.02.016
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref11
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref11
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref11
https://doi.org/10.1152/physrev.00011.2023
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref13
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref13
https://doi.org/10.1038/s41467-020-18565-8
https://doi.org/10.1038/s41467-020-18565-8
https://doi.org/10.1111/apha.70197
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref16
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref16
https://doi.org/10.1242/bio.20134259
https://doi.org/10.1016/j.redox.2023.102613
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref19
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref19
http://refhub.elsevier.com/S0006-291X(26)00821-1/sref19
https://doi.org/10.1371/journal.pone.0046254
https://doi.org/10.1371/journal.pone.0046254
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1038/s41586-022-04518-2
https://doi.org/10.1161/CIRCULATIONAHA.119.045401
https://doi.org/10.1038/s44318-025-00520-2
https://doi.org/10.1038/s44318-025-00520-2
https://doi.org/10.1016/j.molmet.2019.04.009
https://doi.org/10.1016/j.molmet.2019.04.009
https://doi.org/10.1038/s41598-025-13693-x

	NRAC: an emerging nutrient-responsive regulator of tissue-specific fatty acid metabolism
	1 Introduction: fatty acid metabolism in health and disease
	2 Discovery of NRAC and its tissue specificity
	3 Nutritional regulation of NRAC
	4 NRAC and CD36-dependent fatty acid uptake: functional and structural insights
	5 Physiological and metabolic functions of NRAC
	6 Adipose NRAC expression is associated with human metabolic traits in a depot- and context-dependent manner
	7 Future directions
	7.1 Tissue-specific functions in heart, brown adipose tissue, and adipose depots
	7.2 Organism-level control of fatty acid flux
	7.3 Mechanistic control of CD36 trafficking and function
	7.4 Upstream regulation of NRAC
	7.5 Human relevance and translational potential

	8 Concluding perspective
	Funding
	Declaration of competing interest
	References


