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Carbohydrates can be converted into fatty acids via de novo lipogenesis (DNL). Although DNL is considered
inefficient, these endogenous fatty acids contribute substantially to the esterification pathway in adipose tis-
sue, together with fatty acids of feeding. This article revisited the concepts of DNL and aimed to discuss the
clinical magnitude of carbohydrate overfeeding and fat mass accumulation. Although fat storage resulting
from fat intake is more favorable for fat mass accrual than carbohydrates due to molecule structure and

Key worcls': . metabolism (e.g., oxidation and thermic effect), carbohydrates can substantially participate in lipogenesis
de novo lipogenesis . . . . . . .
Fat mass and esterification under excess carbohydrate intake over time. Regarding only monosaccharide overfeeding,
Fructose glucose and fructose favor the subcutaneous and visceral adipose tissue, respectively. While fructose and
Glucose sucrose are considered villains in nonalcoholic fatty liver disease, energy surplus from carbohydrates, regard-
High-carbohydrate diet less of sources, can be considered an underlying cause of obesity. Interestingly, some degree of DNL in adipo-
Obesity cytes may be favorable to mitigate a high deposition of fatty acids in the liver, conferring a physiological role.
Although "fat burns in the flame of carbohydrate” is a praiseworthy phrase that has helped describe basic
concepts in biochemistry for many decades, it appears to be overvalued and extrapolated even nowadays.
DNL cannot be neglected. It is time to consider DNL an efficient biochemical process in health and disease.
© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
Introduction Despite the recognized pathophysiological role of DNL in the

De Novo lipogenesis (DNL) is the metabolic pathway synthesiz-
ing fatty acids from circulating carbohydrates (CHO) [1]. These
fatty acids are then esterified with glycerol hydroxyls, forming the
triacylglycerols (TG) molecules [2]. In humans, DNL occurs primar-
ily in the liver and is considered a poor contributor to the mainte-
nance of serum TG levels, but it also occurs in the adipose tissue
[2.3].

Clinical interest in DNL stemmed from studies with rodents
[4,5], but recent studies have analyzed its effect on the
human bloodstream, white adipose tissue, and liver [6-9], shed-
ding light on scientific updates in favor of not relying on old con-
cepts from books and still being mentioned in recent studies and
by experts.
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liver [10,11], new considerations are needed to understand its
effect on adipocytes, especially concerning the clinical magnitude
of CHO overfeeding and fat mass accumulation. Therefore, this
review article discusses the relevance of DNL induced by CHO
intake in human adipose tissue. Hepatic DNL was also discussed to
expand the metabolic difference of monosaccharides. Ultimately,
up-to-date information and perspectives on the physiological and
pathophysiological roles of DNL are brought to unify the transla-
tional and clinical aspects of nutrition, endocrinology, and metabo-
lism, thus encompassing specific dietary manipulations, exercise,
and pharmacological agents.

Mechanisms of DNL and fat storage

The DNL pathway occurs upon glucose uptake by its trans-
porters, GLUT2 in hepatocytes and mainly GLUT4 and, to a
lesser extent, GLUT1 in adipocytes, entering the glycolytic
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pathway and generating pyruvate in the cytosol [12]. Pyruvate
is then converted into acetyl-CoA in the mitochondria, feeding
the Krebs cycle [13]. Consecutively, as an intermediate of the
Krebs cycle that accumulates under energy excess, citrate goes
to the cytosol, where it is converted into oxaloacetate and ace-
tyl-CoA by the enzyme ATP-citrate-lyase [14]. Then, this cyto-
solic acetyl-CoA undergoes the action of the enzyme acetyl-CoA
carboxylase under the regulatory stimulus of insulin, originat-
ing malonyl-CoA, which is used as a substrate for producing
palmitate by the enzyme fatty acid synthase (Fig. 1) [2]. After
transportation to the endoplasmic reticulum, where elongases
and desaturases produce other fatty acids with larger chains
and the presence of unsaturation, palmitate, the main product
of DNL, and other fatty acids enter the esterification pathway,
forming TG molecules [2,15]. It is relevant to highlight that the
higher availability of glucose in the liver, which accelerates
DNL, also favors cholesterologenesis under the insulin stimulus
[16].

TG and esterified cholesterol molecules generated by the liver
are incorporated within the very low-density lipoprotein (VLDL)
for transport in the bloodstream to extrahepatic tissues. The
dynamics of this transport comprise the action of the enzyme lipo-
protein lipase, which promotes the hydrolysis of the TG molecules
present in the interior of that lipoprotein, releasing free fatty acids
(FFA) and glycerol in circulation [17]. FFA molecules that are not
used as a source of energy, mainly by muscle tissue, are incorpo-
rated into adipose tissue, where they are esterified with glycerol to
form energy reserve TG. Thus, substantial participation of hepatic
DNL in fat storage in white adipose tissue is conceivable. With the
loss of TG, VLDL originates the intermediate-density lipoprotein
(IDL) and the low-density lipoprotein (LDL) particles in the circula-
tory system [18]. Although LDL is considered a cholesterol trans-
porter to the extrahepatic tissues [18], it also contains some TG
(6% of the LDL particles) [19].

DNL is associated with esterification and fat storage in the adi-
pose tissue, which can alleviate the fat deposition in the liver, as
discussed below.
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The pathophysiological interplay between DNL and NAFLD

Dysregulated DNL can lead to metabolic consequences, result-
ing in increased accumulation in adipose tissue and inducing obe-
sity, nonalcoholic fatty liver disease (NAFLD), and metabolic
syndrome over time [20]. The development of NAFLD is more asso-
ciated with a sedentary lifestyle and unhealthy eating patterns
than other factors that lead to obesity and metabolic changes
[21,22].

Regarding dietary factors, a high intake of free sugars and
refined CHO is a cornerstone of NAFLD induction [23,24]. Excessive
intake of these CHO sources drives fatty liver upon enzymes
involved in hepatic DNL, which triggers insulin resistance, high TG
levels, and liver inflammation, chronically entailing several NAFLD
and associated clinical disorders [25—-29]. In light of this, there is
compelling evidence for clinicians to recommend restricting sugar
intake to prevent or even treat NAFLD [30—32]. Indeed, a low-free
sugar diet has gained current attention as a dietary eating pattern
to comply with this proposal [33].

The free or low-sugar diet also contrasts the fructose-specific
mechanisms promoting lipid disturbances, which are triggered by
the expression of lipogenic enzymes, for example, fatty acid syn-
thase and acetyl-CoA carboxylase upon DNL [34,35]. The harmful
pathway starts from the gut-liver axis, whose unifying biological
link has a significant role in postprandial DNL and cholesterologen-
esis, which chronically entail atherogenic dyslipidemia [36]. Thus,
the excess of fatty acids resulting from hepatic DNL, the subse-
quent esterification pathway, the concomitant exacerbation of
cholesterologenesis, and the subsequent esterification of choles-
terol leads to higher circulating levels of TG and cholesterol (VLDL)
[37]. In addition, hepatic overproduction of VLDL-apolipoprotein B
provides substrates for the ensuing production of LDL-cholesterol,
resulting in higher LDL-cholesterol and total cholesterol levels, as
LDL particles are the main responsible for transporting cholesterol
from the liver to extrahepatic cells [37-39].

Such a background is of great importance insofar as NAFLD-
associated cardiovascular diseases are a leading cause of mortality
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Fig. 1. De Novo Lipogenesis from glucose.
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in patients who suffer from this ailment, and dyslipidemia is con-
sidered a harbinger of the primary cardiovascular outcomes
[38,40—-42].

Physiological relevance of DNL in human adipose tissue

Despite the pathophysiological interplay between DNL and
NAFLD, the DNL in adipose tissue merits attention as an efficient
and non-harmful biochemical process.

Nearly two decades ago, Strawford et al. (2004) already showed
an average DNL contribution of 20% to TG deposited in the adipose
tissue of humans, with an inter-variability of greater than 50%
between individuals, suggesting that some individuals are more
susceptible to the process [6].

Roberts et al. [7] showed that less insulin-sensitive and larger
human adipocytes suppress the DNL pathway to minimize adipo-
cyte expansion. However, it is worth noting that individuals with
severe insulin resistance in the adipocytes have more outstanding
fat deposits in the liver.

Interestingly, in 2011, Lodhi et al. [43] used the term lipoexpe-
diency to refer to the ability of fatty acids to be directed toward
benefit even in the setting of lipid overload, in which DNL repre-
sents the putative benefits of endogenous fatty acids in metabolic
signals that could alter disease risk.

Considering this context, DNL portrays physiological relevance,
as adipocyte DNL is, in part, a pathway to alleviate the marked DNL
in the liver. Further research is nevertheless crucial to depict other
physiological roles of DNL within the clinical context.

Recent discovery: physiological role of DNL in platelets

Recently, DNL has gained importance in human platelet pro-
duction [44]. Notably, the DNL-driven acetyl-coA carboxylase-1
partially regulates the platelet lipidome, which is essential in both
platelet production and function [45]. However, further research is
warranted to differentiate the physiological and pathophysiologi-
cal extents, as thrombotic disorders are a common clinical concern
[46], and acetyl-CoA carboxylase inhibitors have been studied in
several metabolic diseases (NAFLD, metabolic syndrome, obesity,
and cancer, among others) [47-51].

DNL in patients with obesity vs. lean patients

After consumption of an isoenergetic high-fat, low-CHO diet for
five days, DNL was 5.3- and 3.7-fold higher in individuals with obe-
sity and hyperinsulinemia compared with those normoinsulinemic
lean or with obesity only, respectively [52].

Intriguingly, lean individuals have higher gene expression of
enzymes that participate in adipocyte DNL compared to patients
with obesity, who, in turn, have higher expression of hepatic
DNL-related enzymes [53]. In white adipose tissue samples from
patients who lost body mass induced by bariatric surgery (body
mass index from 46.2 to 36.5 kg/m?), Eissing et al. [53] found an
upregulated DNL as well as increased expressions of GLUT4 and
CHO-responsive element-binding protein — CHO signals lipo-
genic enzymes upon activation of this latter. Before the bariatric
surgery, the patients had DNL suppressed in the adipose tissue,
while it was reactivated after the surgical intervention, which
clearly shows a relevant metabolic action of DNL even under the
weight loss process.

Is DNL inefficient? What is the clinical magnitude of converting
carbohydrates into fats?

“Fat burns in the flame of carbohydrate” is a phrase repeatedly
evoked to explain the antiketogenic action of CHO since observa-
tions circa the 1920s revealing complete oxidation of fatty acids
via the ketone bodies and concurrent oxidation of CHO [54]. Bio-
chemically, there may be some caveats to stating that CHOs are
converted into fatty acids, whereas it would be more accurate to
say that glucose-derived molecules are converted into fatty acids.

In this sense, DNL is considered inefficient for storing extra CHO
intake as fat mass, seemingly due to high oxidation rates of CHO
and their thermic effect [55,56]. However, studies using CHO over-
feeding must be revisited to provide absolute values and clinical
magnitude, as explained in the topic below.

Metabolism upon carbohydrate overfeeding

Once glycogen stores are saturated, surplus CHO intake leads to
high CHO-oxidation rates but at the same time with substantial
DNL as well [57]. Approximately 475 g of straight glucose is
required to form 150 g of fat [57]; therefore, chronic saturation of
glycogen stores can favor the fat mass accrual. Considering this
rate in converting glucose into fatty acids, alongside the general
estimation of exceeding 7000 kcal intake to result in a fat mass
increase of 1 kg, approximately 2500 g (10,000 kcal) of CHO intake
upon glycogen store saturation would be needed to elicit the fat
mass increase of 1 kg. Although this is an estimate and appears to
be a result far from being achieved, the massive CHO intake,
together with physical inactivity, is a real-world concern that ren-
ders these numbers an attainable cause of overweight and obesity
[58-62].

In a seminal study, the CHO intake of seven healthy men was
increased from 220-265 g/d to 620—-770 g/d for 17 days, while
protein and fat intake remained constant [63]. CHO overfeeding
produced non-protein respiratory exchange ratios greater than
1.00, suggesting net fat synthesis from glucose [63].

Although CHO overfeeding produces a more significant total
energy expenditure than fat overfeeding, both macronutrients can
yield a similar increase in fat mass [64]. As observed in a crossover
study, 50% above energy requirements from fat or CHO consump-
tion for two weeks resulted in an increment of ~1.5 kg fat mass,
albeit CHO overfeeding increased the daily energy expenditure by
140 and 80 kcal in the first and the second weeks, respectively,
compared to fat overfeeding [64].

The types of CHO intake and their different rates in converting
to subcutaneous or visceral adipose tissue can be seen in the topic
below.

Glucose versus fructose

First, it is essential to understand how fructose is metabolized
in the liver, entering glycolysis reactions (Fig. 2). In the hepatocyte,
the metabolic use of fructose begins with the conversion of fruc-
tose to fructose 1-phosphate by the action of the enzyme fructoki-
nase (or ketohexokinase) [65]. Since fructose 1-phosphate is
converted into dihydroxyacetone-phosphate and glyceraldehyde,
which is subsequently converted into glyceraldehyde 3-phosphate,
in a process that bypasses the glycolysis regulatory step catalyzed
by phosphofructokinase-1, fructolysis increases the unrestricted
offer of three-carbon intermediates of glycolysis, which favors DNL
in a situation of high fructose uptake [G6]. Besides that, it turns out
that fructose 1-phosphate can activate the enzyme glucokinase,
independently of the insulin action, via a regulatory protein in the
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Fig. 2. Entrance of fructose (fructolysis) in the glycolysis reactions in the liver. Fructose is initially converted to fructose 1-phosphate (fructose 1-P) by the hepatic
enzyme fructokinase. Fructose 1-P contributes to increasing the glucokinase activity and, consequently, glucose uptake, and it also gives an unrestricted rise to
three-carbon glycolysis intermediaries. These actions and the contribution of fructose to the pyruvate kinase activity accelerate glycolysis and favor the de novo

lipogenesis from fructose and glucose.

liver [67,68], which contributes to an increase in the uptake and
metabolization of glucose by the hepatocytes [69]. Since fructose
can stimulate the transcription of the hepatic (L-type) pyruvate
kinase gene [67], exacerbating this enzyme action can accelerate
all glycolysis and favor the DNL from fructose and glucose. In this
sense, the combination of glucose and fructose, which is naturally
present in saccharose, brings together the influence of insulin on
glycolysis and DNL with the activating effects of fructose and fruc-
tose 1-phosphate on glycolysis, which seems to enhance the DNL,
especially in the liver. In other words, the monosaccharides fruc-
tose and glucose from saccharose can synergistically exacerbate
the de novo lipogenesis in the liver.

In a randomized clinical trial (RCT) of patients with over-
weight and obese patients randomized to glucose- or fructose-
sweetened beverages (25% of energy requirements) for ten
weeks, both groups gained ~3 kg of fat mass. However, visceral
adipose volume was significantly increased only in fructose
groups, whereas the subjects consuming glucose had a preva-
lence of increasing subcutaneous adipose tissue [70]. No wonder
hepatic DNL and postprandial TG were increased specifically
during fructose consumption.

In a real-life scenario, free fructose intake is uncommon, as its
main intake is intrinsic to sucrose (glucose and fructose together,
e.g., white sugar and high-fructose corn syrup) and fruits and their
derivatives, such as juice [71,72]. While fructose intake from fruits
is accompanied by a matrix of nutrients and functional elements
such as fibers and antioxidants (vitamins, minerals, and phyto-
chemicals) [73-75], added sucrose or sugar across hyper-palatable
foods is the main primary source of fructose intake that can elicit
metabolic disturbances [76,77]. Like fructose intake, sucrose intake

also increases DNL, as supported by an RCT that observed the
effects of 80 g/d sucrose (or free fructose or glucose) in addition to
the usual diet of healthy patients for 7 weeks [9]. In terms of practi-
cal examples, 80 g sucrose can be obtained from 700 mL soda,
150 g milk chocolate, or 300-400 g ice cream [78], and therefore
are easily ingested throughout the day by many individuals.

In a well-controlled human experiment, the low-fat, high-CHO
signal lipogenic enzymes upon activation of this latter diet (68% of
energy from CHO, of which 54% was as simple sugars and 46% as
complex CHO) increased DNL compared to a high-fat, low-CHO
diet in an isoenergetic fashion [52]. Although this is a study of 5-
day diet protocols, patients were monitored at the hospital. Inter-
estingly, the food items used to compose the diet were chosen
based on each subject’s diet and preferences, mimicking the real
scenario rather than the tests using free CHO intake.

Overfeeding with CHO intake drives fat mass increase, suggest-
ing a substantial role of DNL in adiposity, even in athletes (e.g.,
bodybuilders) [79]. Regarding monosaccharides, excess glucose
and fructose favor subcutaneous and visceral adipose tissue; none-
theless, the abuse of sugar intake remains a critical factor in trig-
gering obesity and NAFLD in clinical and epidemiology settings
[80,81]. So much so that Americans still consume more than 300%
of the recommended amount of added sugar (36 g/day for men
and 20 g/d for women, or 9 and 5 teaspoons, respectively) [82].

Finally, excessive sugar intake is a public health issue in child-
hood since it can disturb the metabolism from an early age and be
a triggering factor for ensuing diseases [8,83]. Recent studies show
that sugar restriction is fundamental to reducing DNL markers
in children and adolescents, thus improving fat liver content and
cardiometabolism [84,85].
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Understanding metabolism on low-CHO diets

Low-CHO diets transiently reduce total energy expenditure,
with a more considerable increase after ~2.5 weeks, according to a
meta-analysis by Ludwig et al. [86], which included 29 controlled-
feeding studies ranging from 1 to 140 days, 50 kcal/d reduced total
energy expenditure among 23 shorter trials, whereas it increased
by 135 kcal/d among six long trials. Such a result partially can be
supported by the CHO-insulin model, which predicts a more signif-
icant increase in total energy expenditure at the low-CHO intake
among individuals with the highest insulin secretion response to
CHO — measurement of insulin levels after 30 min of a standard
oral-glucose-tolerance test [87]. The high insulin-to-glucagon ratio
on a diet high in glycemic load shifts the "partitioning" of calories
from oxidation in lean tissue to storage in adipose tissue, so fewer
calories remain in circulation to supply other organs [88].

Despite the striking data from the meta-analysis by Ludwig et
al. [86], some inherent limitations occur due to the lack of hetero-
geneous macronutrient distribution, such that low-CHO diets are
accompanied by high-protein intake in general. With this in mind,
the metabolism of protein intake cannot be ruled out, as high-pro-
tein meals have 17% higher thermic effects than high-CHO and
high-fat meals under isocaloric conditions [89].

A recent study supports the acute metabolic benefits of a low-
CHO diet versus a high-CHO diet upon isocaloric conditions [90]. In
normoglycemic males with overweight or obesity, a 4-d eucaloric
low-CHO, high-fat (11% CHO, 102 g/d; 70% fat) reduced DNL bio-
markers, fasting plasma TG, and insulin levels, with a concomitant
decrease in liver TG content by 35%. Such improvements, however,
were not observed when the individuals underwent a high-CHO
diet (65% CHO, 537 g/d; 16% fat).

Is a high protein intake metabolically less harmful than a high
CHO intake?

In an RCT planned to maintain body weight in lean individuals
for three months, a high-protein, low-CHO diet (30/35/35% kcal
from protein/CHO/fat) sustained total energy expenditure while
clinically decreasing fat mass by 400 g and increasing fat-free mass
by 500 g [91]. A high-CHO and low-protein diet resulted in a posi-
tive energy balance due to a decline in total energy expenditure by
~127 kcal that was clinically accompanied by a 400 g fat mass
accrual and a 600 g fat-free mass decrease [91]. Moreover, diet-
induced thermogenesis increased by 24 kcal/d (from 212 to 236
kcal/d) in the high-protein, low-CHO diet, whereas the high-CHO,
low-protein diet decreased by 60 kcal/d (from 222 to 162 kcal/d)
[91]. Although diet-induced thermogenesis comprises only
10-15% of total energy expenditure because of the energy
required to digest, absorb, and store food [92], it cannot be
neglected as a contributor to weight loss.

Notwithstanding the protein potential in increasing energy
expenditure, protein overfeeding can accumulate fat mass. In a
metabolic chamber study, an overfeeding of ~1000 kcal (40% kcal
excess) primarily from protein intake (3.01 g/kg/body weight/d;
228 g/d) raised 24-energy expenditure by 130 kcal at one week
and 259 kcal at two weeks, the latter of which remained at the end
of the 12-week intervention [93]. There was an accrual in skeletal
muscle and adipose tissue of 2.1 kg and 6 kg, accompanied by a
low-to-modest increase of 28 kcal and 30 kcal for the tissue energy
expenditure, respectively. Most energy expenditure increases
were due to residual mass (liver, skin, viscera, among others),
accounting for a delta value of 150 kcal.

There are, however, data reporting that a very-high-protein
diet (4.4 g/kg/d) for two months, leading to an increased intake of

~800 kcal mainly from protein (from 162 to 307 g/d), did not aug-
ment fat mass in healthy resistance-trained individuals [94]. In
addition, a recent study showed that a very high-protein diet
(3.2g/kg/d) for 4 weeks did not increase fat mass in resistance-
trained males who performed resistance training alone or com-
bined with endurance training. In contrast, a traditional high-pro-
tein diet (1.6 g/kg/d) and combined training decreased total fat
mass and visceral fat, reinforcing the importance of avoiding extra
energy intake and increasing physical activity as the cornerstone
of fat loss. Interestingly, both very high-protein interventions did
not increase lean mass more than a traditional high-protein diet
focused on hypertrophy [94,95].

Considering this context, although protein intake induces
greater thermogenesis than CHO, protein overfeeding can also
result in fat mass gain and does not necessarily favor more sub-
stantial muscle hypertrophy despite the neutral effects of very
high protein diets on fat mass in some studies.

Is there an interplay between DNL and FGF-21 in energy
expenditure?

A substantial rise in fibroblast growth factor (FGF)-21 levels
upon CHO overfeeding is a central tenet in underpinning some
increase in energy expenditure [96—-99]. Although FGF-21
increases energy expenditure and has multifaceted metabolic
actions (i.e., enhancing glucose and lipid pathways), high circulat-
ing levels are evidenced in rodents and humans with obesity and
are closely related to DNL [100].

In an acute metabolic study of healthy men, overfeeding of
75% energy intake on a high-CHO diet (80% CHO) for three
days increased plasma FGF-21 levels 8-fold compared with a
eucaloric control diet (329 4+ 99 versus 39 + 9 pg/mL), but
overfeeding of 75% energy intake on the high-unsaturated fatty
diet did not change FGF-21 levels [99]. In addition to elevated
FGF-21 levels, a 146% increase in the plasma marker of hepatic
DNL and a 101% increase in plasma TG levels were observed
after CHO overfeeding, such that a metabolic shift into lipogen-
esis occurred due to a reduction in plasma fatty acid levels by
68%, affecting adipose tissue proteins vital for lipolysis (hor-
mone-sensitive lipase SER®%° phosphorylation and perilipin-1
protein content). That said, the CHO-mediated FGF-21 increase
cannot be considered in isolation as an effect of a pharmacolog-
ical agent, as higher endogenous FGF-21 levels induced by CHO
overfeeding coexist with lipogenesis.

Are there interactions between DNL and thyroid in energy
expenditure?

Mechanistically, a physiological interplay between DNL and
thermogenesis has been proposed in animal studies, in which cold
exposure and thyroid hormones can upregulate DNL in subcutane-
ous white adipose tissue [101—-103].

A high physiological triiodothyronine (T3) level induced by CHO
intake can partially support increased energy expenditure upon
CHO overfeeding. T3 depends on the amount of dietary CHO, so
high-CHO diets are associated with significantly higher serum T3
concentrations than very low-CHO diets [104]. It must be noted,
however, that the clinical magnitude of decreased T3 levels on
well-planned low-CHO diets is low and does not result in hypothy-
roidism [35]. Overfeeding any macronutrient increases T3 levels in
the short term, while CHO or proteins, but not fats, can decrease
reverse T3 levels [105].
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Diet quality versus macronutrient manipulation

Instead of focusing only on macronutrient manipulation, overall
diet quality is the central tenet of resulting metabolic benefits
related to synergic actions. In patients with type 2 diabetes, an
8-week isocaloric multifactorial diet (high amounts of fiber, unsat-
urated fatty acids, polyphenols, and vitamins D, E, and C) reduced
liver fat by 40% compared to a diet low in polyphenols and fiber, in
which results were observed upon isocaloric conditions and DNL
index (palmitic acid/linoleic acid) decreased only after the multi-
factorial diet (2.2 versus 1.5) [106,107]. This change in DNL was
the mainstay in reducing fat liver decrease, as the groups did not
differ in body weight reduction and circulating levels of glycated
hemoglobin, insulin, glucose, lipids, and liver enzymes.

Omega-3 polyunsaturated fatty acid supplementation and
improvement in DNL

Attention must be paid to supplementing omega-3 polyunsatu-
rated fatty acids (n-3 PUFAs) as they have well-known effects on
lessening DNL and partitioning fatty acids from TG synthesis
toward [(3-oxidation [108]. Furthermore, optimal intake of n-3
PUFAs remains a concern worldwide [109-111].

In a randomized clinical trial, four g/d of omega-3 polyunsatu-
rated fatty acids (n-3 PUFAs) for 2 months, but not four g/d of olive
oil, reduced fasting plasma TG levels by 44 mg/dL in men with an
average baseline of 195 mg/dL, in which decreases in fasting and
postprandial hepatic DNL levels, as well as in the intrahepatic con-
tent, occurred in the n-3 PUFA intervention [112]. Not surprisingly,
some meta-analyses support the benefits of n-3 PUFA supplemen-
tation for improving NAFLD [113,114].

Physical exercise and improvement in DNL

Compelling evidence suggests that exercise training (aerobic or
progressive resistance training) decreases fat liver content in
patients with NAFLD, even with minimal or no weight loss [113].
Both aerobic and resistance training increase AMP-activated pro-
tein kinase (AMPK) activation in human skeletal muscle [115,116].
In a mouse model of obesity, aerobic training activates the liver
AMPK-PPAR-a signaling pathway and confers improvements in
NAFLD markers and insulin resistance [117]. To the best of our
knowledge, the effects of exercise training on DNL have not been
studied yet in humans. At best, in rats, exercise training reduces
DNL activity while improving hepatic fat storage and glycemic pro-
file [118,119]. One must be noted that, albeit exercise increases
AMPK activity, its effects may differ from pharmacological AMPK
activators (e.g., metformin), as exercise has miscellaneous benefits
involving the crosstalk between myokines and metabolic media-
tors from different organs [120—122].

Can metformin improve DNL?

Metformin is used as first-line pharmacotherapy in the treat-
ment of type 2 diabetes [123], whose pathophysiology is sharply
associated with NAFLD [124]. Metformin activates AMPK in myo-
cytes and hepatocytes, thereby reducing fat liver, which could be
expected since AMPK is a central regulator of lipid and glucose
metabolism [125,126]. Intriguingly, although metformin indisput-
ably improves insulin sensitivity and can even promote weight
loss — despite controversies —, it can increase hepatic DNL in
humans, as proven by a recent clinical study involving patients
with NAFLD who were treatment naive before and after three
months of metformin (initiated at 500 mg/d and increased weekly,

as tolerated, by 500 mg/d up to maximum dose of 1 g 2x/d) [127].
This increase in hepatic DNL supports the neutral effects of
metformin on fat liver content observed in this recent study
and a previous meta-analysis of randomized clinical trials
[128].

Can statin increase DNL and cause metabolic-related diseases?

Statin-induced HMG-CoA reductase inhibition has been impli-
cated as a stimulator of DNL by increasing acetyl-CoA availability
[129], which could be a concern in the progression of NAFLD and
diabetes [51,130,131]. From a dataset involving total RNA from
liver samples of 910 patients suffering from severe obesity, 157
patients on statins had a higher diabetes prevalence (OR = 2.67;
95%Cl, 1.60—4.45) and impairment of glucose homeostasis com-
pared with 157 non-statin treated, matched controls [132]. The
phenotype of the statin-treated group was associated with molec-
ular signatures of increased DNL via activation of sterol regulatory
element-binding protein-1 and upregulation of the expression of
critical genes in fatty acid and TG metabolism.

In a meta-analysis of 13 randomized clinical trials with low het-
erogeneity, patients on statins (n = 2226) had a slight likelihood
(OR = 1.09; 95% CI 1.02—1.17) of developing diabetes over a mean
of 4 years compared with controls (n = 2052) that do not outweigh
their benefits in reducing cardiovascular events [133]. Moreover,
pooled results from recent meta-analyses show that statin may
improve liver enzymes in patients with NAFLD and decrease the
prevalence of NAFLD and nonalcoholic steatohepatitis [134,135].

If the putative increased DNL activity were a caveat due to
statin-induced HMG-CoA reductase inhibition, perhaps a therapeu-
tic combination with n-3 PUFA supplementation would be feasible,
as n-3 PUFAs can decrease DNL and help the management of the
fat liver content and glycemic profile [113,114,136]. At the same
time, recent data suggests synergistic actions between statin and
n-3 PUFAs in anti-inflammatory actions [137] and, more impor-
tantly, in the atherosclerosis regression and reduction of some sig-
nificant cardiovascular events [138—-140].

Overall novelty: DNL is an efficient biochemical process

Our article and other reviews allow for both pathophysiological
and physiological roles of the DNL pathway in humans [20,141], in
which its degree of importance varies according to several factors
already known and others that deserve further elucidation. How-
ever, as a novelty, our review brings a detailed discussion between
older and most recent concepts, thereby paving the way for future
therapeutic targets.

Instead of older citations claiming that DNL is inefficient
[55,56], DNL has a pivotal contribution to the TG deposited in the
adipose tissue of humans and is a mainstay of NAFLD. Interestingly,
some degree of DNL in adipocytes can be favorable to mitigate a
high deposition of fat in the liver. In addition, recent studies por-
tray a physiological relationship between DNL with FGF-21 and
thyroid hormones in enhancing energy expenditure [99,103], with
arole in platelet lipidome [45].

DNL as an efficient biochemical pathway is crucial to under-
standing the metabolic benefits of low-CHO diets, especially
improving insulin sensitivity, lipid profile, and hepatic steatosis in
patients with obesity, diabetes, and non-alcoholic fatty liver dis-
ease [142—145). Compared to control diets that elicited similar
weight loss, many benefits can be observed.

In addition, considering DNL as an efficient pathway can pro-
vide better insights to explain longitudinal data, for example, a



H.O. Santos and N. Penha-Silva / Nutrition 130 (2025) 112617 7

100 g/d increase in starch or added sugar was associated with
1.5 kg and 0.9 kg weight gain over four years [146].

Finally, DNL has been considered a pharmacological target in
obesity, diabetes, NAFLD, and kidney diseases [147—149]. Regard-
ing traditional pharmacological agents, paradoxically, some
increases in DNL are suggested on metformin and statin therapies
[127,129], but this does not override their positive associations in
managing diseases and medical events [150-152]. Further
research is warranted not only in pharmacological agents but also
concerning supplements, since the main promises using the RCT
design focus on n-3 PUFAs [112], while other supplementations
seem incipient.

Take-home messages

Indeed, fat intake is more favorable to elicit fat mass accrual
than CHO because of the molecule structure and metabolism (e.g.,
oxidation and thermic effect). However, CHO can participate in
lipogenesis in a relevant way upon saturated glycogen stores and
energy surplus over time, in a process whose magnitude also
depends on individual variability (type of CHO intake, obesity,
insulin sensitivity, physical exercise, and genetics).

As for the overfeeding monosaccharides alone, glucose and
fructose mostly favor the subcutaneous and visceral adipose tissue,
respectively. That said, fructose and sucrose are considered villains
in NAFLD; nevertheless, energy surplus from CHO, regardless of
sources, can be considered an underlying cause of obesity. Not sur-
prisingly, concerns about CHO overfeeding worldwide are due to
the easy access to added sugar across hyper-palatable foods.

DNL has physiological effects, foe rxample, some degree of DNL
in adipocytes may be an advantage to avert excessive storage of
fatty acids in the liver. At the same time, recent data shed light on
the potential interaction of DNL with FGF-21 and thyroid hor-
mones in increasing energy expenditure and some importance
in platelet metabolism. Although the pathophysiological role of
DNL remains imperative in obesity and its associated diseases (e.g.,
NAFLD and diabetes), the aforementioned physiological aspects
cannot be ruled out.

“Fat burns in the flame of carbohydrate” is a praiseworthy
phrase that has helped describe basic concepts in biochemistry for
many decades. Conversely, biochemical and clinical results
through well-controlled RCTs indirectly show that this phrase
seems overvalued and extrapolated even nowadays. Thus, it is
time to consider DNL an efficient biochemical process in health
and disease.
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