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A B S T R A C T

Background: Nonalcoholic fatty liver disease (NAFLD) prevalence is rapidly growing, and fatty liver has been found in a quarter of the US
population. Increased liver lipids, particularly those derived from the pathway of de novo lipogenesis (DNL), have been identified as a
hallmark feature in individuals with high liver fat. This has led to much activity in basic science and drug development in this area. No
studies to date have investigated the contribution of DNL across a spectrum of disease, although it is clear that inhibition of DNL has been
shown to reduce liver fat.
Objectives: The purpose of this study was to determine whether liver lipid synthesis increases across the continuum of liver injury.
Methods: Individuals (n ¼ 49) consumed deuterated water for 10 d before their scheduled bariatric surgeries to label DNL; blood and liver
tissue samples were obtained on the day of the surgery. Liver lipid concentrations were quantitated, and levels of protein and gene
expression assessed.
Results: Increased liver DNL, measured isotopically, was significantly associated with liver fatty acid synthase protein content (R ¼ 0.470, P
¼ 0.003), total steatosis assessed by histology (R ¼ 0.526, P ¼ 0.0008), and the fraction of DNL fatty acids in plasma very low-density
lipoprotein-triacylglycerol (R ¼ 0.747, P < 0.001). Regression analysis revealed a parabolic relationship between fractional liver DNL
(percent) and NAFLD activity score (R ¼ 0.538, P ¼ 0.0004).
Conclusion: These data demonstrate that higher DNL is associated with early to mid stages of liver disease, and this pathway may be an
effective target for the treatment of NAFLD and nonalcoholic steatohepatitis.
This study was registered at clinicaltrials.gov as NCT03683589.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) includes a spectrum
of conditions ranging from the accumulation of lipids in the liver
(steatosis) to inflammation and ballooning, which occurs in a
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of end-stage liver disease, andNASH is now recognized as amajor
reason for hepatocellular carcinoma-related liver transplantation
in the United States [1,3]. A wide range of metabolic abnormal-
ities have been associated with NAFLD [4, 5] that are related to
increased adipose fatty acid (FA) flux to the liver [6], decreased
VLDL secretion [7], andwithin the liver, synthesis of newly-made
FAs from the pathway of de novo lipogenesis (DNL) [8–10]. Data
from an original publication suggested that the extent of liver
lipogenesis can be assessed by measuring the amount of
newly-made FAs found in plasma VLDL-triacylglycerol
(VLDL-TAG), which are secreted from the liver [10]. Since then,
in individuals with high levels of liver fat, approximately 26% to
50%of plasmaVLDL-TAGpalmitate has been shown to be derived
from DNL [10,11]. Insulin resistance is an important feature of
NAFLD development [11–13], and the sources of carbon used for
FA synthesis primarily originate from carbohydrates including
fructose and glucose [12,14,15]. In a detailed comparison be-
tween patients with NAFLD and equally insulin-resistant,
weight-matched subjects with low liver fat, of the 20 metabolic
variables tested (features of glucose and fat metabolism, hor-
mones, age, body composition), hepatic DNL was the key dis-
tinguishing characteristic between those with and without fatty
liver, i.e., DNL was significantly (3-fold) higher in the individuals
with fatty liver compared with those without fatty liver [8].

Although the incidence of NAFLD is rising rapidly, no
currently approved drug treatments exist, and numerous phar-
maceutical strategies are under active investigation [16–22].
Within the stages of NAFLD development, steatosis appears to be
an essential early step in the evolution of the disease [23]. We,
and others, have shown that inhibiting DNL pharmacologically
reduces liver fat and blood lipid levels, including blood choles-
terol levels and liver enzymes, and some studies have demon-
strated improvements in markers of insulin resistance [17–22].
However, no study to date has compared DNL levels between
groups with progressively worsening categories of liver health
measured by liver biopsy. Since synthesis pathways for FAs,
TAG, and cholesterol are coordinated in a molecular fashion [24,
25], we developed 3 hypotheses for this study. First, elevated FA
synthesis would increase the presence of newly-made FAs in liver
TAG and cholesterol ester (CE) in concert. Second, lipogenesis
levels would be higher in patients with greater levels of liver
injury as assessed by histologic evaluation of liver tissue. Third,
levels of lipogenesis measured directly in liver tissue would be
accurately reflected in plasma VLDL-TAG. To study individuals
whose liver health spanned the range from no indications of liver
disease to those with potentially advanced levels of liver injury,
patients scheduled for bariatric surgery were recruited for the
present study. One benefit of this population is that individuals
in this cohort have conditions that encompass a spectrum of liver
health, varying from normal to cirrhosis [26]. These findings
provide the first evidence that across a group of patients with
worsening liver histology, DNL levels are increased. These re-
sults may aid in expanding our understanding of the role DNL
plays in the different stages of NAFLD.

Material and Methods

All methods and procedures were approved by the University
of Missouri Institutional Review Board (MU-IRB# 2012544), and
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the study was registered at clinicaltrials.gov (NCT03683589).
This investigation does not meet the definition of a clinical trial.
To describe the process of study activities, a study flow diagram
is shown in Supplementary Figure S1. From a total of 142 pa-
tients undergoing bariatric surgery, 127 patients were identified
to be introduced to the study during their presurgery orientation
at the University of Missouri Bariatric Clinic. We excluded 71
patients for several reasons (outlined in Supplementary
Figure S1). Therefore, we consented remaining 56 participants,
and of them, 49 received the intervention and completed the
study with data used for analyses.

Study design and visits
Before surgery, subjects were encouraged to consume a high-

protein, liquid diet low in carbohydrates as per established
presurgery guidelines [27]. This diet was prescribed to be
consumed for 1 wk if the subject’s BMI was <50 kg/m2 (n ¼ 34)
and for 2 wk their BMI was >50 kg/m2 (n ¼ 15). To maintain
consistency among all groups, only participants who adhered to
the diet (as indicated by modest levels of presurgery weight loss)
were included in the study. As shown in Supplementary
Figure S2, once the patient signed the consent form, they were
provided with deuterated water (D2O) for 10 d prior to their
surgery. The patient consumed 150 mL of D2O (50 mL doses
consumed orally 3 times) on day 1 to increase the D2O enrich-
ment in the plasma, then from days 2 to 10, 50 mL per day. On
day 11, 2 h prior to the surgery, a fasting sample of the blood was
obtained prior to anesthesia for all the measurements, and the
FibroScan 530 Compact (Echosen North America) was per-
formed to measure liver steatosis, assessed using the controlled
attenuation parameter (CAP). A score of 238 to 260 dB/m rep-
resents 11% to 33% liver fat, 260 to 290 dB/m represents 34% to
66% liver fat, and >290 dB/m represents >67% liver fat. For
liver stiffness, assessed using vibration-controlled transient
elastography (VCTE), a score of 2 to 7 kPa represents F0 to F1,
7.5 to 10 kPa represents F2, 10 to 14 kPa represents F3, and >14
kPa represents F4 [28]. During surgery, a liver tissue sample
(200–300 mg) was collected by the surgeon 30 min after in-
duction of anesthesia using a standard wedge biopsy technique
[29].

Blood sample processing and biochemical
measurements

Blood samples were immediately processed. An aliquot was
sent to an external laboratory for a complete metabolic panel,
and the remaining plasma was stored in a �80oC freezer. Plasma
concentrations of total cholesterol, TAG, LDL cholesterol, HDL
cholesterol, hemoglobin A1c, aspartate aminotransferase (AST),
and alanine aminotransferase (ALT) were measured by a CLIA-
standardized laboratory (#26D0652092, Quest Diagnostics).
The measurements of lipids were performed via autoanalyzer
(Roche Cobas 8000 System, coefficient of variance [CV]
0.6–0.9%) using electrochemiluminescent immunoassay. Liver
enzymes were measured using ultraviolet absorbance (Roche
Cobas 8000 System, CV 0.5–3.2% for AST and 0.5–3.1% for
ALT). Assay kits were used to measure the concentrations of
plasma glucose (#439-90901, CV 6.6%, Wako), and plasma in-
sulin was measured by enzyme-linked immunosorbent assay
(#EZHI-14K, Human Insulin, CV 7.2%, EMD Millipore).

http://clinicaltrials.gov
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Liver histological scoring, western blotting, and
qRT-PCR

Once liver tissue was obtained, the sample was immediately
transferred to the research laboratory on ice and was weighed
instantly in a 0.9% sterile sodium chloride solution (#306546, BD
PosiFlush). Tissue (50 mg) was fixed to prepare for histology per-
formed by an experienced hepatopathologist (AD-A) according to
the Brunt scoring scale for NAFLD activity score (NAS) and fibrosis
score [30,31]. For western blotting, liver tissue was washed with
ice-cold phosphate-buffered saline (PBS) and lysed with a buffer
solution, processed, and probed as described previously [32,33].
Blots were normalized to total protein staining. For RNA extrac-
tion, samples were washed with ice-cold PBS and lysed in the
buffer, and RNA was isolated using the RNeasy mini kit (#74104,
Qiagen GmbH) per the manufacturer’s instructions. A cDNA li-
brary was synthesized, and a Nanodrop spectrometer was used to
measure cDNA and RNA purity and assess quality. A list of primers
is presented in Supplementary Table S1. Data are presented rela-
tive to GAPDH using the 2�ΔΔCT method [32]. All analyses were
performed without the knowledge of the histologic score.

Liver-TAG and -CE content and FA composition
For liver-TAG, approximately 30 mg of tissue was extracted

using the Folch method [34] and processed for biochemical
analysis, mass spectrometry, and chromatography. Lipogenesis
was measured as described previously [10] with minor modifi-
cations detailed in the Supplementary Methods. The fractional
DNL (expressed as a percentage) reflects intrahepatic assembly
of lipid and is a read-out of whether one lipid source is preferred
over another (nonDNL derived from the diet or adipose free FA)
for intrahepatic TAG (IHTAG) synthesis. By contrast, the total
liver FA synthesis is presented in units of mg/g liver and referred
to as absolute DNL (absDNL). AbsDNL is calculated by multi-
plying the percent DNL (14:0, 16:0, and 18:0) by total lipid
concentration (e.g., percent DNL in 16:0 FA from liver-TAG is
multiplied by total liver-TAG 16:0 concentration) [35]. In VLDL,
the absDNL has units of mg/dL and represents the total quantity
of 14:0, 16:0, and 18:0 FAs made de novo that are carried in the
VLDL particles in plasma. Additional details pertaining to liver
tissue processing, histological scoring, western blotting, and
lipid and DNL quantification are presented in Supplementary
Methods (Appendices A1.1–A1.4).

Data and statistical analysis and calculations
Once the liver histologic scoring was obtained from the his-

topathologist, patients were separated into 4 groups, as
described previously [36], based on the NAS [31]. Using the NAS
includes a recording of the absence of characteristics; for
example, histologic steatosis of <5% of the liver surface area
(under low or medium power) gives a steatosis score of 0. Here,
the No-NAFLD category shown in Table 1 is defined as con-
taining structural zeros for steatosis, inflammation, and cellular
ballooning, as described previously [37]. Data are presented as
mean � SD. HOMA-IR was calculated using the formula
[Ins(U/L)�glu(mg/dL)]/405. One-factor analysis of variance
(ANOVA) was performed using the IBM Statistical Package for
the Social Sciences (SPSS, v26, 2019) to test differences between
groups for anthropometric and biochemical variables where NAS
group classification was used as a between-subject variable. For
anthropometric and biochemical measurements, Bonferroni post
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hoc analysis was performed if P < 0.10 to identify differences
between individual groups. However, for ANOVA, only P � 0.05
were considered significant. For all other variables, Krus-
kal–Wallis ANOVAwas performed using GraphPad Prism (v9.3.1
GraphPad Software) to test for the overall difference. If signifi-
cant, Dunn’s multiple comparisons test was performed. Regres-
sion analysis was performed using SPSS to test the relationship
between 2 variables. A polynomial regression analysis was per-
formed to test the relationship between liver-TAG fxn DNL and
NAS (Figure 1C). Pearson correlation analysis was used to test
relationships between variables as presented in Figure 2A, B, F, G
and Figure 4C, D.
Results

As described in the Supplementary Materials, 49 subjects
scheduled for bariatric surgery consumed D2O to label DNL, their
anthropometrics and blood biochemistries were assessed, and
liver samples were taken during surgery and graded by a single
pathologist using the NAS system [31]. Based on histologic
assessment, liver histology was used a priori to group individuals
into 4 categories [37]. Categories included No-NAFLD (healthy
liver); those with nonalcoholic fatty liver (NAFL), which
included all subjects with steatosis only (grades of 1, 2, or 3);
Borderline NASH, which was indicated by the presence of stea-
tosis and either inflammation or ballooning; and the category of
NASH, which was indicated by the presence of steatosis,
inflammation, and ballooning. Considering the way total NAS is
calculated, it was anticipated, but not guaranteed, that the NAS
would be different between the groups. This was found to be the
case, as shown in Table 1 and Figure 1. For the subscores, stea-
tosis increased progressively with the severity of the disease, as
expected (Table 1). Inflammation was similar between Border-
line NASH and NASH; however, ballooning was greater in NASH
compared with Borderline NASH. The mean fibrosis score (a
characteristic not used in the NAS calculation) was similar be-
tween Borderline NASH and NASH. With regard to the other
characteristics of these groups, the proportion of White ethnicity
was higher in all groups (Table 1), as was the proportion of fe-
males in the No-NAFLD group. The groups were matched for age,
BMI, and body weight. Results from the FibroScan revealed no
differences between the groups in the CAP and VCTE scores
(Table 1) or differences in glucose concentrations or HbA1c.
Insulin concentrations were significantly higher in the group
with the most severe disease (NASH, P ¼ 0.035), as was
HOMA-IR (P ¼ 0.047). AST and ALT tended to rise progressively
across the groups, but this did not reach significance, suggesting
that these blood markers are poor indicators of liver fat con-
tent/function. Plasma lipids (Table 1) were not different be-
tween the groups; although, as a cohort, TAGs tended to be
higher and HDLc concentrations lower than levels observed in
non-NAFLD populations.
Comparison of liver lipids across groups with
worsening NAS

As shown in Figure 1C, the proportion of TAG palmitate
(16:0) derived from DNL (referred to as fractional [fxn] DNL)
increased as NAS increased until a NAS of 4 and as the disease
progressed to severe form (fibrosis, fxnDNL then started to



TABLE 1
Characteristics of subjects by histologic grouping

Subject characteristics No-NAFLD (n ¼ 8) NAFL (n ¼ 11) Borderline NASH (n ¼ 14) NASH (n ¼ 16) ANOVA P

NAS 0.0 � 0.0 1.6 � 0.8 a 2.9 � 0.8 a 4.8 � 0.8 b <.00011

Steatosis (0–3) 0.0 � 0.0 1.6 � 0.8 a 1.9 � 0.7 a 2.4 � 0.5 b .00981

Inflammation (0–3) 0.0 � 0.0 0.0 � 0.0 1.1 � 0.5 a 1.3 � 0.5 a <.00012

Ballooning (0–2) 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 a 1.1 � 0.3 b <.00012

Fibrosis 0.0 � 0.0 a,b 0.0 � 0.0 a 0.6 � 1.3 a,b 0.8 � 1.0 b .01111

Female/male (n/n) 8/0 9/2 11/3 11/5
Ethnicity (%)
White 100 82 86 88
African American 0 18 7 6
Others 0 0 7 6

Hispanic/Latino (%) 0 0 0 0
Age (y) 46.9 � 12.4 47.1 � 7.7 46.0 � 12.8 54.8 � 10.5 .122
BMI (kg/m2) 43.5 � 10.8 48.0 � 8.6 45.0 � 7.1 46.5 � 8.5 .500
Body weight (kg) 121.3 � 23.2 137.2 � 34.1 128.6 � 25.9 136.0 � 20.9 .503
FibroScan
CAP (dB/m) 323 � 51 325 � 64 313 � 32 350 � 54 .475
VCTE (kPa) 5.2 � 1.6 9.7 � 6.2 7.2 � 3.7 12.0 � 9.0 .181

Plasma glucose (mg/dL) 109 � 43 123 � 60 106 � 49 120 � 39 .774
Hemoglobin A1c (%) 6.2 � 1.3 6.6 � 1.6 6.1 � 1.4 6.8 � 1.9 .602
Insulin (U/L) 6.2 � 2.6 a 6.6 � 3.3 a 9.9 � 3.8 a,b 15.6 � 14.5 b .037
HOMA-IR {[Ins(U/L)�glu(mg/dL)]/405} 1.82 � 1.37 a 1.81 � 0.80 a 2.68 � 1.76 a,b 4.51 � 4.31 b .047
AST (U/L) 20.1 � 5.8 a 29.8 � 20.3 a 22.7 � 9.8 a 37.3 � 20.1 b .053
ALT (U/L) 23.6 � 8.8 a 33.2 � 25.9 a 29.4 � 20.6 a 45.9 � 26.0 b .099
Triacylglycerols (mg/dL) 124 � 35 145 � 79 129 � 58 161 � 61 .434
Total cholesterol (mg/dL) 150 � 19 163 � 42 172 � 28 155 � 37 .406
LDLc (mg/dL) 86 � 19 98 � 35 110 � 23 95 � 32 .266
HDLc (mg/dL) 41 � 15 40 � 9 39 � 10 37 � 9 .760

Data are mean � SD. From the subject liver histological analysis, a NAFLD activity score (NAS) was calculated, and the components of NAS were
used a priori to categorize individuals into 4 groups as follows. No-NAFLD: healthy liver, NAS¼0. Nonalcoholic fatty liver (NAFL): All subjects with
steatosis only (steatosis grades of 1, 2, or 3; inflammation and ballooning scores ¼ 0). Borderline NASH: The presence of steatosis at any level and
either inflammation or ballooning scores greater than 0. NASH: The presence of steatosis, inflammation, and ballooning scores, each greater than 0.
For anthropometric and biochemical measurements, 1-way ANOVAwas performed, and if significance was achieved (P< 0.10), Bonferroni post hoc
tests were performed.
Within a row, superscript lowercase letters that are not shared represent values that are significantly different from one another.
FibroScan CAP score represents liver fat (n ¼ 32), and the FibroScan VCTE score represents a measure of stiffness (n ¼ 35).
Abbreviations: ANOVA, analysis of variance; AST, aspartate transaminase; ALT, alanine aminotransferases; BMI, body mass index; CAP, controlled
attenuation parameter from the FibroScan; LDLc, low-density lipoprotein cholesterol; HDLc, high-density lipoprotein cholesterol; HOMA-IR, ho-
meostasis model assessment of insulin resistance; NAFL, nonalcoholic fatty live; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score;
VCTE, vibration-controlled transient elastography.
1 Kruskal–Wallis ANOVA was used to determine whether any of the 4 groups’ means for a given outcome were different from another. If sig-

nificant, Dunn’s multiple comparisons test was performed.
2 Student t-test was used to test for significance between Borderline NASH and NASH groups only.
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decline (R ¼ 0.538, P ¼ 0.004). Liver-TAG fxnDNL was signifi-
cantly associated with steatosis by histology (Figure 2A, R ¼
0.526, P ¼ 0.008), and it significantly correlated with total liver-
TAG concentrations measured biochemically (Figure 2B, P ¼
0.005). As shown in Figure 2C, fxnDNL was significantly
different between the groups even when controlling for differ-
ences in liver fat in these groups (P ¼ 0.009, data not shown);
Borderline NASH subjects demonstrated higher fxnDNL
compared with subjects with no NAFLD. Concentrations of total
liver-TAG (P < 0.0001, Supplementary Figure S3A) and total
liver-CE (P ¼ 0.0006, Supplementary Figure S3B) increased
across the groups. The product of fxnDNL and the content of
liver-TAG 16:0 is a quantitative measurement of the absolute
liver-TAG 16:0 derived from the DNL pathway (Supplementary
Figure S3C). This was significantly different by ANOVA, with the
NASH subjects demonstrating greater levels of absDNL
compared with all other groups. This was due to both a greater
proportion of newly-made FAs in the liver (Supplementary
3421
Figure S2C) and greater amounts of total lipid present (Supple-
mentary Figure S3A). Thus, both excess stimulation of FA syn-
thase (FASN) and greater esterification and storage result in
expanded liver-TAG pools. Further, when stimulated, lipogenesis
could also lead to greater quantities of CE [38]. However, the
fxnDNL in CE 16:0 was not greater with more advanced liver
injury (P ¼ 0.304, Figure 2D). By contrast, for absDNL in CE,
NASH subjects demonstrated greater levels compared with all
other groups (P ¼ 0.0005, Supplementary Figure S3D). This
greater absDNL in CE should not be simply interpreted as a
mathematical result of great liver lipid present. Rather, the
combined fxn and abs data suggest that stimulation of DNL is
contributing to the excess total CE in a similar manner as other
nonDNL sources are. As described previously [10] and shown in
Figure 2E, the DNL contribution to hepatic lipid is less than that
from nonDNL sources (adipose free FA and diet). Moreover, the
content of the 2 liver lipids, TAG and CE, correlated tightly with
each other (R ¼ 0.789, P < 0.001, Figure 2F), and fxnDNL



FIGURE 1. NAS and fibrosis score by subject group. Data are mean � SD (total n ¼ 49, No-NAFLD n ¼ 8, NAFL n ¼ 11, Borderline NASH n ¼ 14,
NASH n ¼ 16). Subject liver histologies were used a priori to categorize individuals into 4 groups based on NAS. (A) Kruskal–Wallis ANOVA was
performed for the NAS between the 3 groups that had scores greater than zero. Dunn’s multiple comparisons test was performed to reveal dif-
ferences between groups. Lowercase letters that are not shared represent values that are significantly different from one another. (B) Although
fibrosis scores were not used to categorize subjects into groups, Kruskal–Wallis ANOVA revealed a significant difference between groups, and
Dunn’s multiple comparisons test revealed no significant difference in fibrosis between Borderline NASH and NASH. (C) Relationship between
liver-TAG Fxn DNL and NAS. Polynomial regression analysis was performed, and a significant relationship was found between liver-TAG Fxn DNL
and NAS (total n ¼ 49, No-NAFLD n ¼8, NAFL n ¼ 11, Borderline NASH n ¼ 14, NASH n ¼ 16, R ¼ 0.538, P ¼ 0.0004). Abbreviations: ANOVA,
analysis of variance; DNL, de novo lipogenesis; Fxn, fractional; NAFL, nonalcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NAS,
NAFLD activity score; NASH, nonalcoholic steatohepatitis; SD, standard deviation; TAG, triacylglycerol.
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palmitate present in each of the lipid species was weakly related
(R ¼ 0.352, P ¼ 0.013, Figure 2G). Since directly measured
lipogenesis has not been previously compared to liver histology,
for the reader’s consideration, the level of DNL is presented in
one other way—by grouping subjects demonstrating
3422
successively greater numbers of components of liver disease,
including fibrosis. This analysis, shown in Figure 3, demon-
strated a higher level of DNL across progressive indications of
liver pathology (ANOVA P ¼ 0.039), which occurred until
fibrosis was found, and lipogenesis was then lower (discussed
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below) indicating that the DNL contributes not only during
steatosis but perhaps during inflammation and ballooning, a
finding consistent with data presented in Figure 1C.
Lipogenic gene expression, liver protein content,
and relationships with isotopic DNL

Shown in Figure 4A are the mRNA expression of genes asso-
ciated with lipid synthesis. While no changes were observed for
acetyl-CoA carboxylase (ACC) mRNA expression, FASN and
stearoyl-CoA desaturase (SCD) mRNA increased with the
severity of the disease—with the expression of FASN in the
NASH group being higher than in those with NAFL (Figure 4A).
HOMA-IR was significantly associated with liver-TAG absDNL (n
¼ 44, R ¼ 0.341, P ¼ 0.023). Liver sterol regulatory binding
protein-1c (SREBP1c) protein content was weakly associated
with liver-TAG absDNL (n ¼ 38, R ¼ 0.296, P ¼ 0.071). Diac-
ylglycerol O-acyltransferases 1 and 2 (DGAT1 and DGAT2) ten-
ded to increase across the groups, while significance was
achieved for CD36 and sterol O-acyltransferase 2 (SOAT2, a
cholesterol esterification enzyme) by ANOVA. In the No-NAFLD
group, neutral cholesterol ester hydrolase (NCEH) expression
was significantly higher compared with that of all other groups
(P ¼ 0.009) indicating CE hydrolase activity was reduced as the
disease progressed, contributing to increased liver-CE content.

Figure 4B displays the levels of protein, and no significant
differences were found for total ACC, phospho-ACC (pACC), or
the pACC/ACC ratio, an indicator of ACC activation. FASN pro-
tein was significantly different between the groups with the
highest expression in the Borderline NASH and NASH groups
compared with the No-NAFLD group (P � 0.05 posthoc com-
parison). No changes were observed for SCD1, DGAT1, and
DGAT2; whereas CD36 protein tended to be lower in all groups
compared with that of No-NAFLD. For the group as a whole,
protein levels of SREBP1c 120 kDa were significantly and posi-
tively associated with pACC (R ¼ 0.522, P ¼ 0.001), SCD (R ¼
0.454, P ¼ 0.005), and FASN (R ¼ 0.493, P ¼ 0.003, data not
shown for all 3), but SREBP1c was not related to the total NAS
(data not shown). Figure 4C demonstrates a significant positive
relationship between FASN protein expression and direct iso-
topic evidence of newly-made FAs in human liver-TAG. Further,
the liver-TAG DNL pool size was significantly and strongly
related to the level of DNL found in plasma VLDL-TAG
(Figure 4D). This has only been shown once before, by us, in a
smaller study [39].
Discussion

NAFLD is a spectrum of diseases that initiates with the
accumulation of lipids, primarily TAG, in hepatocytes. Past
human studies have used isotopic labeling to measure liver lipid
derived from various DNL and nonDNL sources of FAs derived
from the diet, the adipose, and stored lipid. This labeling method
was first developed in healthy subjects [9,35,40] to assess the
origin of FAs in VLDL-TAG, and we demonstrated a natural
circadian rhythm of DNL starting from a nadir in the early
morning. Following this work, labeling was combined with
direct analysis of TAG from liver biopsies from a small group of
NAFLD patients [10] showing significantly higher levels of DNL
in liver-TAG that correlated with the levels found in plasma
3423
VLDL-TAG. Since that time, DNL has been estimated using FA
biomarkers [41], and isotopic labeling in the plasma VLDL-TAG
pool demonstrated that, compared with lean healthy subjects, it
is elevated in obesity, insulin resistance [14], NAFLD [11, 42]
and genetic conditions associated with elevated liver fat [43,
44]. In the present study, DNL was quantified, only for the sec-
ond time, directly in the liver-TAG and CE pools along with
concurrent assessment of liver histology. Compared to in-
dividuals with histologically-identified normal liver tissue, DNL
was found to be elevated in individuals whose liver histology
classified them as having Borderline NASH and NASH. These
data provide direct evidence that liver-TAG from DNL is higher
in patients with more liver injury. These findings serve as the
basis for consideration of the development of therapies that may
inhibit FA and TAG synthesis.

Lipogenic gene expression and protein contents
Consistent with a previous lipidomic analysis by Puri et al.

[45], the content of liver-TAG was increased in subjects with
greater disease severity, with liver-TAG being significantly
higher in patients with NAFLD and NASH compared to healthy
individuals. In the present study, this observation has been
extended by analysis of expression of genes associated with lipid
synthesis and their proteins, which echoed the biochemical
findings. SCD1 and CD36 mRNA increased significantly with the
severity of the disease, suggesting both increased liver FA uptake
and desaturation in NAFLD. Elevated liver-CE was observed in
NASH compared with the other groups, which was consistent
with increased activity of SOAT2 and decreased activity of NCEH
(Figure 4A). Puri et al. [45] and Min et al. [46] did not find in-
creases in liver-CE content across disease groups, which may
have been because of the lower BMI of their subjects (35 kg/m2

compared with 46 kg/m2 in the present cohort). Puri et al. [45]
did find increased liver free cholesterol, which was not assessed
here due to a limitation in sample. We observed a decreased
NCEH activity with increased severity whereas Min et al. [46]
reported the opposite (i.e., higher in NASH patients). Both FASN
mRNA and protein were elevated as disease severity increased,
similar to previous findings in human liver biopsy sample anal-
ysis by Mitsuyoshi et al. [47]. These findings were strengthened
by a significant association between protein levels of SREBP1c
and FASN (P ¼ 0.003), which is in line with the known regula-
tory mechanism [48].

Elevated lipogenesis in greater levels of disease
Although excess liver lipid may be an important early feature

of NAFLD, some believe a threshold may exist for steatosis to
exert its negative effects and thus, this feature is sometimes
referred to as ‘benign steatosis.’ The absDNL measure is a way to
consider the total quantity of these FAs that are present in the
liver. By contrast, the observed fxnDNL is independent of the
total quantity of lipids and reflects the extent to which this
biochemical pathway, stimulated within the liver, results in
lipids that are stored. The significant relationship between
fxnDNL and increasing clusters of liver component scores
(Figure 3) supports the concept that lipogenesis is present during
inflammation and ballooning and may not be just a source of
inert lipids—a key concept in need of confirmation. The present
results suggested that once fibrosis occurred, the FA synthetic
machinery may become impaired (Figure 1C). Recently, in a
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FIGURE 2. Liver fractional lipogenesis, lipid contents, and interrelationships. Total n ¼ 49, No-NAFLD n ¼ 8, NAFL n ¼ 11, Borderline NASH n ¼
14, NASH n ¼ 16, unless otherwise noted.
All liver lipid was presented in units of mg lipid per g liver tissue wet weight. (A, B) Pearson correlation analysis was performed in patients without
fibrosis (total n ¼ 37, No-NAFLD n ¼ 8, NAFL n ¼ 11, Borderline NASH n ¼ 10, NASH n ¼ 8), and a significant relation was observed between
liver-TAG Fxn DNL and (A) steatosis grade by histology and (B) liver-TAG (mg/g).
(C, D) Data are reported as median with confidence interval. Kruskal–Wallis ANOVA was performed between the groups, and the P value is
presented above each bar graph. If significant, Dunn’s multiple comparisons test was performed to test the significance of each group. For
comparisons that were significant, lowercase letters that are not shared represent values that are significantly different from one another. (C) Fxn
DNL in liver-TAG palmitate (16:0). Total n ¼ 46, No-NAFLD n ¼ 7, NAFL n ¼ 10, Borderline NASH n ¼ 14, NASH n ¼ 15; and (D) Fxn DNL in liver-
CE 16:0. (E) DNL and non-DNL sources of liver-TAG and liver-CE. Data are reported in mean � SD. On the left axis, the top of the columns
represents the sum of DNL-fatty acids found in liver-TAG myristate (14:0), palmitate (16:0), and stearate (18:0), and the bottom of these columns
represent the content of these fatty acids from other unlabeled sources such as the diet, plasma NEFA pool, or stored TAG that did not turn over
during the 2 wk of labeling. Similarly, for liver-CE (right axis) the sum of 14:0, 16:0, and 18:0 made from DNL is at the top of the column, and non-
DNL sources of these fatty acids are shown at the bottom of the columns. Absolute DNL was calculated by multiplying the percent DNL of each
fatty acid (14:0, 16:0, and 18:0) with the concentration of the specific fatty acids in these lipids (14:0, 16:0, and 18:0). No statistical analysis was
performed for this figure. (F, G) Bivariate Pearson correlation analysis with 2-tailed significance was performed to test the correlation between (F)
liver-CE and liver-TAG content and (G) the fractional DNL of the 2 lipids. Abbreviations: CE, cholesterol ester; DNL, de novo lipogenesis; Fxn,
fractional; NAFL, nonalcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score; NASH, nonalcoholic steatohepatitis;
NEFA, nonesterified fatty acid; TAG, triacylglycerol.

M.M. Syed-Abdul et al. The Journal of Nutrition 153 (2023) 3418–3429
comprehensive study by Lawitz et al. [49], no difference in he-
patic fxnDNL was observed between NAFLD patients with and
without cirrhosis. Those patients had BMIs 30 to 36 kg/m2,
whereas in our study, liver tissue from bariatric patients was
studied, and no patients with cirrhosis were included in the
present cohort.

With regard to the role of DNL in adding FAs to the total liver
lipid pool, higher absDNL levels correlated with a greater stea-
tosis grade by histology (Figure 2B) and worsening of liver dis-
ease (Figure 2C). This occurs even though DNL levels were
quantitatively small compared with that of nonDNL sources
(Figure 3E). The mechanism for this effect is supported by
FIGURE 3. Liver DNL in relation to NAS components, including
fibrosis, as determined by histology, an alternate approach to compare
DNL based on the number of NAFLD characteristics present. For
example, 11 subjects were found to have steatosis only but no
inflammation, ballooning, or fibrosis, whereas 10 subjects were found
to have steatosis and inflammation but no ballooning or fibrosis. One-
way ANOVA was performed for Liver-TAG amount, as progressive
histologic factors were detected in subjects. Four participants that did
not fall into any of these categories (had mixed characteristics) were
excluded from this analysis. The Liver-TAG 16:0 Fxn DNL for the 4 was
8 � 4%. Abbreviations: ANOVA, analysis of variance; DNL, de novo
lipogenesis; Fxn, fractional; NAFLD, nonalcoholic fatty liver disease;
NAS, NAFLD activity score; TAG, triacylglycerol.
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numerous studies that have shown activation of the DNL
pathway stimulates the esterification of FAs coming into the liver
from both the DNL and nonDNL sources [10,50,51]. In the pre-
sent study, stimulation of DNL was also associated with choles-
terol (Supplementary Figure S3D). Elevated cholesterol (free and
esterified) has been postulated to increase liver injury [52].
Stimulation of lipogenesis also leads to several other biochemical
pathways implicated in oxidative damage and injury. The pri-
mary product of this pathway is the saturated FA palmitate, and
human hepatic lipidomic studies have found increased liver
saturated fat content in patients with NAFLD/NASH compared to
patients without the disease [53]. The present data suggest these
associations are related to the production of saturated FAs. Pal-
mitic acid added to cells in culture substantially contributes to
oxidative stress and inflammation [54], and rodent data show
that upregulation of DNL through dietary supplementation of
sucrose and fructose exacerbates the hepatotoxic effects of excess
dietary FAs [55, 56]. Further, a byproduct of DNL, malonyl-CoA,
reduces the activity of the carnitine-palmitoyl transferase-1 [57,
58], which would reduce mitochondrial uptake of long-chain
FAs and increase oxidative stress [59]. We have shown that,
compared to subjects without liver injury, liver mitochondria
from subjects with Borderline NASH and NASH exhibited mito-
chondrial toxicity evidenced by reductions in complete FA
oxidation to CO2 and increased ROS production [37]. Thus, even
though DNL FAs may be in small number, when production is up,
this can increase the lipid burden and inflammatory milleu of the
liver.

The biochemical analysis of liver tissue provides direct mea-
surement of DNL in liver TAG. Two recent technical de-
velopments suggest that such measurements may be able to be
made noninvasively in the future. First, Roumans et al. [60] have
developed an elegant method to measure SFAs, PUFAs, and
MUFAs using a 1H-magnetic resonance spectroscopy (MRS)
postprocessing tool. They combined these measurements with
MRS measures of total IHTAG along with D2O administration to
measure VLDL-TAG DNL in healthy, overweight, obese and type
2 diabetic (T2D) subjects. The percentage of SFA in liver
measured by MRS was positively correlated with VLDL-TAG DNL
(r ¼ 0.52, P ¼ 0.047), which is very similar to the current find-
ings using isolated lipid from liver tissue. Liver SFA percentage
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FIGURE 4. Liver mRNA expression and protein content and relationships to liver-TAG DNL and VLDL-TAG DNL. Data are reported as median with
confidence interval, with sample sizes below. Kruskal–Wallis ANOVA was performed between the groups, and the P value is presented above each
bar graph. If significant, Dunn’s multiple comparisons test was performed to test the significance of each group. (A) Liver mRNA expression of key
enzymes involved in the DNL and TAG synthesis pathways (n ¼ 32–44 per gene). In the NAFL, Borderline NASH, and NASH groups, the data
suggested that excess liver-CE (Figure 2) was due to decreased hydrolase activity, whereas in the NASH group, the data suggest an additional effect
of increased esterification by SOAT2 and decreased nCEH activity. (B) Liver protein contents of enzymes for TAG and fatty acid synthesis and fatty
acid transport (n ¼ 37–40 per protein).
Pearson correlation analysis was performed, and a significant relation was observed between (C) liver FASN protein level and fractional DNL in
liver-TAG (total n ¼ 37, No-NAFLD n ¼ 7, NAFL n ¼ 5, Borderline NASH n ¼ 12, NASH n ¼ 12, R ¼ 0.470, P ¼ 0.003), and (D) fractional DNL in
VLDL-TAG and fractional DNL in liver-TAG (total n ¼ 49, No-NAFLD n ¼ 8, NAFL n ¼ 11, Borderline NASH n ¼ 14, NASH n ¼ 16; R ¼ 0.747, P <

0.001). Abbreviations: ANOVA, analysis of variance; AU, arbitrary unit; CE, cholesterol ester; DNL, de novo lipogenesis; Fxn, fractional; NAFL,
noalcoholic fatty liver; NAFLD, nonalcholic fatty liver disease; NASH, nonalcoholic steatohepatitis; RQ, fold change relative to GAPDH; TAG,
triacylglycerol; VLDL, very low-density lipoprotein.

M.M. Syed-Abdul et al. The Journal of Nutrition 153 (2023) 3418–3429
was significantly higher in patients with fatty liver and T2D
compared with healthy controls. Second, a new method devel-
oped by Burgess and colleagues [61] uses high-resolution Orbi-
trap GC-MS analysis of blood TAG after D2O administration,
which has the advantage of greater sensitivity and lack of
convolution with 13C-labeled molecules. With the availability of
these new tools, noninvasive methods can be used to facilitate
testing in the future in larger numbers of patients without and
with the use of heavy isotopes. Importantly, these methods will
allow for repeated assessments of DNL during intervention
studies.

Limitations of the study
The strengths of this study included isotopic labeling and

mass spectrometry to directly assess DNL in concert with mea-
surement of phenotypic, biochemical, and molecular parameters
in humans. The key limitation relates to the nature of samples
obtained from subjects preparing for bariatric surgery [19, 49] in
which body weight would be higher than may be found in a
NAFLD clinic, and our cohort contained more females. Further,
patients preparing for surgery are typically encouraged to lose
weight before the procedure [27]. No differences between the 4
groups were found in presurgery weight loss (3 � 4% of body
weight, P ¼ 0.815 by ANOVA). We have found no evidence that
this effect would be different across the groups studied; however,
the levels of DNL would be lower than other reports of patients
with NAFLD. When compared with data from a review by
Machado et al. [26] of 12 studies that assessed liver histology in
patients undergoing bariatric surgeries, the present cohort had a
similar prevalence of steatosis (84% in the present study
compared with 91% on average across the 12 studies) and
similar inflammation (59% compared with 50%). Second,
although our sample size was sufficient to detect significant
differences in DNL measurements and mRNA and protein of
several enzymes, other transcripts and proteins may not have
had adequate numbers to detect differences by ANOVA. Last, the
liver tissue sample was obtained at a single time point, and
repeated liver sampling over time is not medically warranted, yet
the identification of the contribution of DNL to NAFLD pro-
gression, within a single individual, is of interest. The data pre-
sented here strongly support the use of DNL measured in
VLDL-TAG as an efficient marker of liver steatosis and thus,
future studies can monitor liver fat over time using MRS while
simultaneously assessing lipogenesis in plasma lipids.
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Conclusions

Using isotopic labeling, we found that DNL increases across
groups of individuals with progressive indications of NAFLD/
NASH. Beyond the direct production of FAs, activation of lipo-
genesis is part of a coordinated stimulation of biochemical
pathways leading to increased lipid storage and inflammation.
Therapies designed to lower lipogenesis may reduce inflamma-
tion and cell death. Since the level of newly-made FAs in plasma
VLDL particles showed strong agreement with that found in the
liver-TAG, future studies may continue to assess lipogenesis in
VLDL-TAG palmitate as an objective biomarker for liver FA
synthesis and one that reflects liver mRNA and protein levels of
FASN. Such studies will support investigations of the role of DNL
in liver toxicity and injury as treatments for this devastating
disease emerge.
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