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Abstract Background and aims: Nonalcoholic fatty liver disease (NAFLD) is characterized by
excessive hepatic fat accumulation. Increased hepatic saturated fats and decreased hepatic poly-
unsaturated fats may be particularly lipotoxic, contributing to metabolic dysfunction. We
compared hepatic lipid subspecies in adults with and without NAFLD, and examined links with
hallmark metabolic and clinical characteristics of NAFLD.
Methods and results: Nineteen adults with NAFLD (total hepatic fat:18.8 � 0.1%) were compared
to sixteen adults without NAFLD (total hepatic fat: 2.1 � 0.01%). 1H-MRS was used to assess he-
patic lipid subspecies. Methyl, allylic, methylene, and diallylic proton peaks were measured.
Saturation, unsaturation, and polyunsaturation indices were calculated. Whole-body phenotyp-
ing in a subset of participants included insulin sensitivity (40 mU/m2 hyperinsulinemic-
euglycemic clamps), CT-measured abdominal adipose tissue depots, exercise capacity, and serum
lipid profiles. Participants with NAFLD exhibited more saturated and less unsaturated hepatic fat,
accompanied by increased insulin resistance, total and visceral adiposity, triglycerides, and
reduced exercise capacity compared to controls (all P < 0.05). All proton lipid peaks were related
to insulin resistance and hypertriglyceridemia (P < 0.05).
Conclusion: Participants with NAFLD preferentially stored excess hepatic lipids as saturated fat, at
the expense of unsaturated fat, compared to controls. This hepatic lipid profile was accompanied
by an unhealthy metabolic phenotype.
ª 2019 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Feder-
ico II University. Published by Elsevier B.V. All rights reserved.
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general population in the industrialized world [1]. Meta-
bolic dysfunction is a concerning consequence, as NAFLD
and type 2 diabetes often develop simultaneously [2]. Even
more alarming, NAFLD can have fatal consequences by
progressing to nonalcoholic steatohepatitis (NASH), which
is a condition characterized by hepatic inflammation and
apoptosis. For 20% of patients, NASH may progress to liver
cirrhosis, eventually leading to liver-related fatality [3].

There is considerable variation in the impact of hepatic
fat accumulation on health; some cases of NAFLD remain
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benign, while others progress to more advanced liver
disease. One source of disease variation may be related to
differences in hepatic lipid storage type [4,5]. Hepatic
lipids can differ by the degree of saturation, or the amount
of double or single bonds present in various fatty acid
functional groups. Increased hepatic saturated fats
measured by gas-liquid chromatography have been pre-
viously linked to NAFLD and NASH [6,7]. Conversely,
reduced levels of dietary polyunsaturated fats may trigger
hepatic fat accumulation processes [8]. Furthermore, di-
etary supplementation with polyunsaturated fat has been
shown to improve biochemical, ultrasonographic, and
hemodynamic features of hepatic steatosis [9]. These
findings are suggestive of a lipotoxic profile that is char-
acterized by increased saturated fats and reduced poly-
unsaturated fats.

Recent methodological advances have created new op-
portunities for addressing questions related to storage
forms of hepatic lipids. Experiments using proton magnetic
resonance spectroscopy (1H-MRS) are now being utilized
for measurement of in vivo hepatic lipids [10]. Hepatic fatty
acids can be quantified by measurement of proton peaks
representative of various proton functional groups. The
main contributors to the hepatic proton signal include
methylene (eCH2) and methyl (eCH3) functional groups,
albeit not exclusively, representative of saturated fatty acids.
The smallest contributor to the proton signal comes from
the diallylic peak, which is exclusively representative of
polyunsaturated fatty acids. When expressed as ratios of
total hepatic fat, these proton peaks can be used to describe
preferential lipid storage forms, or subspecies, as indices of
saturated, unsaturated, and polyunsaturated fats.

It has been suggested that high levels of saturated fats
and low levels of polyunsaturated fats promote the pro-
gression of liver disease. The purpose of this study was to
apply novel methods of 1H-MRS-based hepatic lipid as-
sessments to adults with and without NAFLD. It was hy-
pothesized that hepatic saturated fats would be elevated in
participants with NAFLD, while polyunsaturated fats
would be reduced. In addition, we explored relationships
between hepatic lipids and hallmark characteristics of
NAFLD including insulin resistance, abdominal adiposity,
low exercise capacity, and dyslipidemia.
Methods

Study population

This was a cross-sectional study in which hepatic lipid
subspecies were measured using 1H-MRS in 35 adults with
suspected NAFLD (55 � 13.4 yrs). Nineteen participants
Hepatic Total Lipid Index ðHTGCÞZ MethlyeneþMethylþAlly
WaterþMethyleneþMethylþ
met the diagnostic criteria for NAFLD (total hepatic tri-
glyceride content � 5.56%) [11], and 16 participants were
below the diagnostic threshold. Participants were required
to be weight stable (<2 kg of weight change) for at least 6
months prior to testing. All participants gave informed
consent prior to study involvement. This study was
approved by the Cleveland Clinic Institutional Review
Board. A subset of study participants was included in a
previously published study10.

Testing occurred over 2 consecutive days. Day 1
involved collection of anthropometric data (height,
weight) and a DXA (body composition, GE Healthcare,
Madison, Wisconsin) scan. Abdominal adipose tissue de-
pots were quantified using computerized tomography (CT)
scans. For the purpose of metabolic control, participants
stayed overnight in the Clinical Research Unit and were
given a standardized evening meal (55% carbohydrate, 30%
fat, and 15% protein). On the following morning (Day 2),
participants underwent hepatic 1H-MRS scans, and
hyperinsulinemic-euglycemic clamp testing. After
completion of these procedures, participants were given
lunch and discharged.
Hepatic lipid subspecies

1H-magnetic resonance spectroscopy (1H-MRS) scans were
performed on the liver, as previously described [10,12] in
35 participants. Proton spectra were used to measure he-
patic lipid subspecies including total hepatic triglyceride
content, as well as saturation, unsaturation, and poly-
unsaturation indices.

All scans were completed using a Siemens Verio 3T MRI.
Participants were fasted during scans. It should be noted,
however, that hepatic lipids are not sensitive to changes in
short-term feeding [10]. Participants were scanned in a
prone position. A spine array coil and a body surface array
coil were used to acquire the MRS datasets. Following
localization scans, an 8-cm3 voxel was positioned within
the right posterior lobe of the liver. Manual shimming was
performed at w40 Hz to obtain spectra delineating water
and lipid subspecies. Spectra with and without water
suppression were acquired using a long repetition time
(TR Z 5000 ms) and a short echo time (TE Z 30 ms).
Thirty-two averages were acquired to obtain sufficient
signal for assessment of lipid components. Scan time was
approximately 30 min. Data were Fourier-transformed,
filtered, baseline corrected, and phase modulated to
obtain high quality spectra. Peak height was used to assess
the relative proton density of each species.

Indices of hepatic lipid subspecies were calculated as
[10,12]:
licþ aMethyleneþDiallylic
Allylicþ aMethyleneþDiallylic



Saturation Index ðSIÞZ MethlyeneþMethylþ aMethylene
MethyleneþMethylþAllylicþ aMethyleneþDiallylic

Unsaturation Index ðUIÞZ DiallylicþAllylic
MethyleneþMethylþAllylicþ aMethyleneþDiallylic

Polyunsaturation Index ðPUIÞZ Diallylic
MethyleneþMethylþAllylicþ aMethyleneþDiallylic
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Insulin resistance

The hyperinsulinemic-euglycemic clamp technique was
used to assess peripheral insulin resistance in 30 partic-

ipants. In brief, a continuous infusion of insulin (40 mU/
m2/min�1) was administered via catheter placed in an
antecubital vein. Glucose (20% dextrose) was subse-
quently infused for 120 min at variable rates in order to
maintain plasma glucose concentrations at 90 mg/dL. The
opposite hand was warmed to 60 �C for the purpose of
arterializing blood. Plasma glucose was analyzed using
YSI 2300 STAT Plus analyzer (Yellow Springs, OH). Blood
samples for plasma insulin were obtained in 10-min in-
crements at baseline (�30, �20, �10 min), and in 15-min
increments throughout the clamp procedure (from 0 to
180 min), and were analyzed using a radioimmunoassay
(Millipore, Billerica, MA). Data are reported as glucose
metabolized “M”, which is the glucose disposal rate after
space correction [13].

Blood analysis

Fasting blood lipids were assessed using enzymatic anal-
ysis (Roche Modular Diagnostics) and included tri-
glycerides, total cholesterol, HDL, LDL, and VLDL in 30
participants.

Fasting serum liver enzymes aspartate transaminase
(AST) and alanine transaminase (ALT), were assessed using
Cobra Integra Alanine Aminotransferase (ALTL) and
Aspartate Aminotransferase (ASTL) tests (Roche Di-
agnostics, Indianapolis, IN), as previously described [14].

Adipose tissue distribution

DXA scans were performed for assessment of whole-body
adiposity distribution, in which fat mass and fat-free mass
percentages were determined in 29 participants. Gynoid
and android adipose distribution were also evaluated.
Abdominal adipose depots were assessed using CT
scans (Somotom Sensation 16 scanner; Siemens Medical
Solutions, Malvern Pennsylvania), in which 5-mm slices
were obtained at the L4 region, as described previously
[15,16] in 26 participants. Regions of interest were iden-
tified from each scan, including abdominal perimeter,
subcutaneous fascia, outer abdominal musculature mem-
brane, and inner abdominal musculature. From these re-
gions, the following fat depots were calculated: total
abdominal adipose tissue (AT), total subcutaneous AT, su-
perficial subcutaneous AT, deep subcutaneous AT, and
visceral AT.
Exercise capacity

Maximal oxygen consumption (VO2max) was measured
using an incremental, graded treadmill exercise test in 25
participants. Criteria for determination of a maximal test
were as follows: 1) oxygen consumption plateau (<150 ml/
min), 2) heart rate within 15 beats of age-predicted max,
3) respiratory exchange ratio > 1.15, and/or 4) volitional
fatigue. Participants were required to achieve 3 of 4
criteria in order for the test to be considered maximal [17].
Statistical analysis

Data are expressed as mean � SD, unless otherwise noted.
Data were analyzed using GraphPad Prism v7. Data were
tested for normality using the ShapiroeWilk test. Stu-
dent’s unpaired t-test was used for between group differ-
ences for normally distributed data. ManneWhitney U
tests were used when data were not normally distributed.
Pearson’s correlation was used to test relationships be-
tween hepatic lipid subspecies and outcome variables.
Data were log transformed when non-normally distrib-
uted for correlation analyses. Significance was accepted at
P < 0.05.
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Results

Nineteen of the 35 participants recruited for the study met
the diagnostic criteria for NAFLD. Three participants within
the NAFLD group had a fasting plasma glucose � 126 mg/
dL. Participant characteristics are shown in Table 1.
Hepatic lipid subspecies

Total hepatic lipid content in NAFLD versus controls is
displayed in Fig. 1; Panel A, (P < 0.005). Saturation index
was higher in the NAFLD group compared to controls
(Fig. 1; Panel B; P Z 0.01). Conversely, the unsaturation
index was lower in the NAFLD group compared to controls
(Fig. 1; Panel C, P Z 0.01). No group differences were
observed in the polyunsaturation index (Fig. 1; Panel D,
P Z 0.362).

All proton peaks were significantly elevated in the
NAFLD group compared to controls, as shown in Fig. 2,
including methylene (Panel A, P Z 1.0 � 10�7), methyl
(Panel A, P Z 5.0 � 10�6), allyl (Panel B, P Z 1.1 � 10�5)
a-methylene (Panel B, P Z 6.0 � 10�6), and diallylic (Panel
B, P Z 5.0 � 10�6) peaks.
Table 1 Participant physical and biochemical characteristics.

Control NAFLD P-value

N 16 19 e

Age 51 � 15 59 � 12 0.11
Height (cm) 167 � 12 168 � 8 0.89
Sex (M/F) 6/10 7/12 e

Weight (kg) 78 � 19 97 � 14 0.004
BMI (kg/m2) 27 � 5 34 � 4 0.0003
Body Fat (%) 39 � 9% 46 � 6% 0.01
Fasting Glucose (mg/dL) 95 � 13 115 � 20 0.003
Fasting Insulin (mU/mL) 17 � 6 26 � 22 0.22
Aspartate Aminotransferase (U/I) 22 � 7 34 � 22 0.07
Alanine Aminotransferase (U/I) 23 � 16 37 � 24 0.07
Cholesterol (mg/dL) 182 � 6 185 � 35 0.82
LDL (mg/dL) 108 � 36 105 � 32 0.83
HDL (mg/dL) 55 � 19 47 � 10 0.14
VLDL (mg/dL) 19 � 6 32 � 14 0.002
VO2max (ml/kg/min) 33 � 8 21 � 5 0.0004

Values are presented as mean � SD.

Figure 1 Panel A: Participants categorized into either control (n Z 19
(NAFLD � 5.56%). Panel B: Increased saturation index in NAFLD compared
compared to controls. Panel D: No significant differences in polyunsaturatio
Abdominal fat depots

Abdominal perimeter was higher in the NAFLD group
(Control: 104 � 10 vs. NAFLD: 119 � 8 cm; P Z 0.0005). In
addition, participants with NAFLD had increased total
abdominal adipose tissue (Control: 436 � 107 vs. NAFLD:
571 � 118 cm2; P Z 0.01), as well as visceral fat (Control:
68� 32 vs. NAFLD: 119 � 53 cm2; PZ 0.01). No differences
were observed in total subcutaneous fat (Control:
368 � 85 vs. NAFLD: 452 � 120 cm2; P Z 0.08), or when
separated by deep (Control: 168 � 48 vs. NAFLD:
195 � 50 cm2; P Z 0.2) and superficial (Control: 200 � 60
vs. NAFLD: 257 � 87 cm2; P Z 0.09) depots. Among all
participants, total hepatic triglyceride content was posi-
tively related to total adipose tissue (r Z 0.48, P Z 0.012),
deep subcutaneous adipose tissue (r Z 0.43, P Z 0.29),
visceral adipose tissue (r Z 0.54, P Z 0.007), and
abdominal perimeter (r Z 0.54, P Z 0.004).
Peripheral insulin resistance

Participants with NAFLD had increased peripheral insulin
resistance compared to controls (Fig. 3, Panel A,
P Z 5.0 � 10�5). In addition, increased insulin resistance
was significantly related to methylene, methyl, a-methy-
lene, allylic, and diallylic proton peaks (Fig. 3, Panels BeF,
all P > 0.05).
Lipid profile

Triglycerides were elevated in the NAFLD group compared
to controls (Fig. 4, Panel A, P Z 0.002). In addition, tri-
glycerides were positively related to methylene, methyl,
a-methylene, allylic, and diallylic proton peaks (Fig. 4,
Panels BeF, all P > 0.05). Analogously, VLDL was positively
related to methylene, methyl, a-methylene, allylic, and
diallylic proton peaks (all P > 0.05).
Additional correlations

Absolute VO2 (L/min) was significantly correlated with
polyunsaturation index (r Z 0.49, P Z 0.02).
) or NAFLD (n Z 16) groups based on total hepatic lipid content
to a control group. Panel C: Decreased unsaturation index in NAFLD
n index. Data shown as mean � SD. * indicates P � 0.05.



Figure 2 Panel A: Average methylene and methyl peak heights in NAFLD group (n Z 16) compared to a control group (n Z 19). Panel B: Average
allylic, a-methylene, and diallylic peak heights in NAFLD compared to controls. Data shown as mean � SD. * indicates P � 0.05.
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Discussion

We found that participants with NAFLD had more hepatic
lipids stored as saturated fats, and inversely, less lipids
stored as unsaturated fats when assessed non-invasively
by 1H-MRS, compared to control participants. These find-
ings are in agreement with reports of direct assessment of
human hepatic tissue. For example, lipidomic comparisons
of hepatic biopsies from patients with liver disease versus
controls consistently report increased saturated and
Figure 3 Panel A: Average glucose metabolized (M) during 150e180 min o
by closed circles, and controls (n Z 13) represented by open circles. Panel B
Panel C: Correlation between log transformed methyl peak height and M. P
and M. Panel E: Correlation between log transformed allyic peak height and
and M.
monounsaturated fatty acid species, along with reduced
polyunsaturated fatty acid species, when measured with
gas liquid chromatography [7,18], capillary gas chroma-
tography [6], and mass spectrometry lipidomics [19].
While a low abundance of hepatic lipids creates some
measurement difficulties for in vivo non-invasive assess-
ment, consistent findings between invasive and non-
invasive methodologies supports the application of 1H-
MRS scans for the study of human liver disease. Further-
more, we found that this hepatic lipid profile was
f a euglycemic-hyperinsulinemic clamp in NAFLD (n Z 17) represented
: Correlation between log transformed methylene peak height and M.
anel D: Correlation between log transformed a-methylene peak height
M. Panel F: Correlation between log transformed diallylic peak height



Figure 4 Panel A: Average serum triglycerides in NAFLD group (nZ 17) represented by closed circles compared to controls (nZ 13) represented by
open circles. Panel B: Correlation between log transformed methylene peak height and triglycerides. Panel C: Correlation between log transformed
methyl peak height and triglycerides. Panel D: Correlation between log transformed a-methylene peak height and triglycerides. Panel E: Correlation
between log transformed allylic peak height and triglycerides. Panel F: Correlation between log transformed diallylic peak height and triglycerides.
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accompanied by hallmark characteristics of NAFLD
including greater insulin resistance, low exercise capacity,
increased total and visceral adipose tissue depots, and
increased systemic triglycerides compared to controls. Our
study extends previous work [10] by applying hepatic lipid
subspecies assessments to a larger cohort of subjects with
elevated body fat (46% vs. 36%) and hepatic fat (19% vs.
15%). In addition, we demonstrate that this potentially
lipotoxic profile characterized by elevated saturated fats
and low polyunsaturated fats, occurs in the presence of
more dysfunctional whole-body metabolism.

Datashowingmoresaturated lipids inNAFLDcompared to
controls is consistent with the view that NAFLD is a highly
lipotoxic clinical condition. For example, saturated free fatty
acids in circulation have been shown to play a causal role in
hepatic lipotoxicity [20], and in vitro experiments demon-
strate that saturated free fatty acids are toxic to hepatocytes,
promoting apoptosis through ER stress [21]. These events
clinically manifest as NASH, which is characterized by hepa-
tocyte inflammation, cell death, and eventual liver failure
[22]. The exact mechanisms regulating disease progression
from NAFLD to NASH remain unknown, but given the role of
saturated fats in promoting hepatic apoptosis, it is plausible
that a higher degree of saturated fats increases patient sus-
ceptibility for NAFLD to NASH progression. Such findings
would amplify the clinical relevant of hepatic saturated lipid
assessments, as its non-invasive nature allows for repeat
measurements with low participant burden. Thus, the 1H-
MRStechnique formeasuringhepatic lipid subspecieshas the
potential to fulfill anunmet needbyproviding anon-invasive
biomarker to track hepatic disease progression from NAFLD
to NASH.

NAFLD is characterized by insulin resistance in both the
liver and skeletal muscle, often contributing to the
simultaneous development of type 2 diabetes [2]. While
the exact mechanisms of insulin resistance are still being
uncovered, there is evidence supporting a link between
fatty acid saturation of various bodily tissues and whole-
body insulin action [23]. The large amount of saturated
hepatic lipids in the NAFLD group, was accompanied by
increased peripheral insulin resistance, measured with the
gold-standard hyperinsulinemic-euglycemic clamp tech-
nique. In addition, we found significant relationships be-
tween insulin resistance and all proton peaks, with the
strongest correlation observed with the methylene peak,
which is primarily reflective of saturated fatty acids
(r Z �0.67, P Z 4.5 � 10�5). Although the 1H-MRS mea-
surements used in this study do not distinguish specific
fatty acid composition, these data corroborate the
intriguing pattern that lipid saturation in bodily tissues is
related to whole-body insulin action.

In addition to insulin resistance, another detrimental
consequence of NAFLD is the ‘spillover’ of hepatic lipids into
systemic circulation, i.e., dyslipidemia [24]. This is con-
cerning because dyslipidemia further increases risk for
developing cardiovascular disease in patients with NAFLD
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[25]. It has been hypothesized that high levels of saturated
fat and low levels of hepatic polyunsaturated fat lead to
reduced hepatic fatty acid oxidation and triacylglycerol
export and increased triglyceride synthesis [26]. In support
of this hypothesis, the increased levels of hepatic saturated
fats observed in the NAFLD group occurred in the presence
of significantly elevated levels of circulating triglycerides. In
addition, we observed significant associations between
circulating triglycerides and all proton peaks. Thus, these
data support the notion that a hepatic lipid profile charac-
terizedbyelevatedsaturated lipids is related todownstream
metabolic consequences, including hypertriglyceridemia.

In conclusion, we found that participants with NAFLD
preferentially store hepatic lipid in the form of saturated
fat, at the expense of unsaturated fat, compared to adults
who were age-matched, healthy, and leaner. This hepatic
lipid profile is consistent with direct assessments of
human liver tissue. These data extend our previous work
by linking a lipotoxic profile characterized by high levels of
saturated fats and low levels of polyunsaturated fats with
whole-body metabolic dysfunction. Most notably, we
observed a significant relationship between all proton
peaks and insulin resistance, as well as hyper-
triglyceridemia. These findings support the hypothesis
that saturated lipid plays a role in the pathogenesis of
NAFLD and related co-morbidities. Whether the saturation
index can be used as a non-invasive biomarker for tracking
liver disease progression remains to be determined, but
further research is warranted given the irreversible and
potentially fatal health consequences of NAFLD.
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