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SUMMARY

Innovative non-pharmacological lifestyle strategies to treat non-alcoholic fatty liver disease
(NAFLD) are critically needed. This study compared the effects of alternate day fasting (ADF)
combined with exercise, to fasting alone, or exercise alone, on intrahepatic triglyceride (IHTG)
content. Adults with obesity and NAFLD (n = 80, 81% female, age 23-65 y) were randomized

to 1 of 4 groups for 3 months: combination of ADF (600 kcal/2500 kJ “fast day” alternated with
an ad libitum intake “feast day”) and moderate-intensity aerobic exercise (5 session per week, 60
min/session); ADF alone; exercise alone; or a no-intervention control group. By month 3, IHTG
content was significantly reduced in the combination group (-5.48%; 95% ClI, —=7.77 to -3.18),
compared to the exercise group (-1.30%; 95% CI, —3.80 to 1.20; P = 0.02) and the control group
(-0.17%; 95% CI, —2.17 to 1.83; P < 0.01), but was not significantly different versus the ADF
group (=2.25%; 95% CI, —4.46 to —0.04; P = 0.05). Body weight, fat mass, waist circumference,
and ALT levels significantly decreased, while insulin sensitivity significantly increased, in the
combination group compared to the control group. Lean mass, AST, HbAlc, blood pressure,
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plasma lipids, liver fibrosis score, and hepatokines (fetuin-A, FGF-21, selenoprotein P) did not
differ between groups. Combining intermittent fasting with exercise is effective for reducing
hepatic steatosis in patients with NAFLD but may offer no additional benefit versus fasting alone.

Trial registration: Clinicaltrials.gov, NCT04004403.
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IN BRIEF

Ezpeleta et al. examined the effect of alternate day fasting combined with aerobic exercise on
hepatic steatosis in adults with non-alcoholic fatty liver disease (NAFLD). After 3 months, the
combination therapy produced significant decreases in hepatic steatosis, body weight, fat mass,
waist circumference, and ALT levels, and increases in insulin sensitivity.

INTRODUCTION

The prevalence of non-alcoholic fatty liver disease (NAFLD) has reached epidemic
proportions worldwide. 1 NAFLD is characterized by an accumulation of fat in the liver

not resulting from excessive alcohol consumption. Approximately 65% of adults with
obesity have NAFLD, 2 and this condition is strongly related to the development of insulin
resistance and type 2 diabetes. 34 While certain pharmacological agents have been shown

to reduce hepatic steatosis, i.e. thiazolidinediones, there is mounting concern regarding the
safety and weight-gaining effects of these compounds. > In light of this, recent research has
focused on non-pharmacological interventions to reduce hepatic steatosis.
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Physical activity is a powerful lifestyle therapy that can improve several parameters of
NAFLD. 7 Data from a recent systematic review of 24 exercise-only trials in patients
with NAFLD, show that structured exercise (moderate to vigorous intensity, 3-5 days per
week) produces a 20-30% relative reduction in hepatic steatosis. & Physical activity also
decreases pro-inflammatory and oxidative stress markers, which in turn, improves liver
enzyme profile. ? In addition, exercise enhances hepatic and peripheral insulin sensitivity,
10 which can slow NAFLD progression and reduce cardiovascular disease risk. Physical
activity can also improve quality of life, mood, and mental health in individuals with obesity
and NAFLD. 1 Although exercise alone has several benefits, current NAFLD treatment
guidelines 1213 suggest that physical activity combined with a weight reducing diet is the
most effective non-pharmacological therapy to treat this condition.

Recently, it has been shown that alternate day fasting (ADF) may be an effective dietary
weight loss therapy for patients with NAFLD. 1415 ADF has greatly increased in popularity
over the past decade and is currently one of the most researched diets on the internet.16 This
diet involves a “fast day” where individuals consume approximately 600 kcal (2500 kJ),
alternated with a “feast day” where individuals are permitted to consume food ad /ibitum.
17 Evidence from two randomized controlled trials show that ADF is effective for reducing
liver steatosis score, circulating levels of alanine transaminase (ALT), and body weight in
patients with NAFLD.1415 While these studies show promise for the use of ADF in treating
this condition, they are limited in that changes in intrahepatic triglyceride (IHTG) content
were not quantified. Moreover, these studies did not include an exercise intervention in their
design. Thus, they were not able to assess whether exercise combined with ADF, would
yield superior improvements in NAFLD activity markers, versus diet or exercise alone.

Accordingly, the current study aimed to compare the effects of ADF combined with

aerobic exercise, to ADF alone, or exercise alone, on IHTG content and metabolic risk
factors in patients with NAFLD. We hypothesized that the combination intervention would
produce superior reductions in IHTG content when compared to each intervention alone and
compared to control.

RESULTS

We conducted a 3-month randomized parallel-arm trial to compare the effects of ADF
combined with aerobic exercise, to ADF alone, exercise alone, and a control group, on
IHTG content in adults with obesity and NAFLD. Participants were randomized by a
stratified random sample (based on age, sex, BMI, and IHTG content) into 1 of 4 groups:
combination, ADF, exercise, or a no-intervention control group. Participants randomized to
the combination group and ADF group were instructed to consume 600 kcal (2500 kJ) as a
dinner (between 5:00 pm and 8:00 pm) on fast days and eat food as desired on alternating
feast days. Subjects randomized to the combination group and exercise group participated
in a moderate-intensity aerobic exercise program five times per week for 3 months. Control
participants were instructed to maintain their body weight throughout the trial, and not to
change their eating or physical activity habits. Controls did not receive any dietary advice,
but they visited the research center at the same frequency as the intervention groups for
clinical measurements. The primary outcome measure was change in IHTG content from
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baseline to month 3 (measured by MRI-PDFF). Secondary outcome measures were body
weight, body composition, liver enzymes, glucoregulatory factors, blood pressure, plasma
lipids, hepatokines, adherence, dietary intake, and habitual activity.

Participants

As shown in Figure 1, 132 individuals expressed interest in the study. Of these participants,
52 were excluded as they did not meet one or more inclusion criteria. Inclusion and
exclusion criteria are listed in the STAR Methods section. A total of 80 participants were
randomized to the combination group (n = 20), ADF group (n = 20), exercise group (n =
20), or the control group (n = 20). At the conclusion of the 3-month trial, there were 20
completers in the combination group, 19 completers in the ADF group, 15 completers in
the exercise group, and 20 completers in the control group. On average, 93% of participants
randomized to the interventions completed the trial. Participants withdrew from the study
due to schedule conflicts, inability to contact, personal reasons, or a car accident. Notably,
no one dropped out of the study due to dislike of the ADF diet or the exercise intervention.
Table 1 displays the baseline characteristics of the completers, dropouts, and a pooled
analysis of all participants. At baseline, there were no significant differences between groups
for the primary outcome measure (IHTG content) or any secondary outcome measure.
Participants were primarily middle-aged, Hispanic and Black females with obesity and
NAFLD.

The combination intervention produces superior reductions in intrahepatic triglyceride
(IHTG) content versus exercise alone, but not fasting alone

By month 3, IHTG content (expressed as absolute percent change) was significantly reduced
in the combination group (-5.48%; 95% ClI, —7.77 to —3.18%), compared to the exercise
group (—1.30%; 95% CI, —3.80 to 1.20%; P = 0.02), and the control group (—0.17%; 95%
Cl, -2.17 to 1.83%; P < 0.01) (Figure 2A, Table 2). However, the reduction in IHTG
content in the combination group was not significantly different compared to the ADF group
(-2.25%; 95% Cl, —4.46 to —0.04%; P = 0.05). Change in serum ALT by month 3 in the
combination group (=5.97 U/L; 95% Cl, —10.66 to —1.28 U/L) was significantly different
compared to the control group (0.65 U/L; 95% CI, —=1.90 to 3.20 U/L; P = 0.01), but not
significantly different compared to the ADF group (-11.24 U/L; 95% CI, -26.12 to 3.64
U/L; P = 0.48) or exercise group (—0.70 U/L; 95% CI, -5.03 to 3.64 U/L; P = 0.09) (Figure
2B, Table 2). Change in serum AST by month 3 did not significantly differ among the four
groups (Figure 2B, Table 2). Changes in hepatic fibrosis score (estimated using the FIB-4
index) did not significantly differ between groups by month 3 (Table 2).

The combination intervention produces superior reductions in body weight and fat mass
versus exercise alone, but not fasting alone

During the 3-month intervention, weight loss was significantly greater in the combination
group (-4.58%; 95% CI, —5.62 to —3.55%), compared to the exercise group (—2.11%; 95%
Cl, —-3.41 to —0.80%; P < 0.01) and the control group (-0.60%; 95% CI, —2.04 to 0.83%;

P < 0.01) (Figure 2C, Table 2). However, weight loss did not significantly differ in the
combination group compared to the ADF group (—5.06%; 95% CI, —6.81 to —3.32%; P =
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0.62). Likewise, fat mass loss was significantly greater in the combination group (-3.24 kg;
95% CI, —4.31 to —2.16 kg), compared to the exercise group (-1.34 kg; 95% CI, —-2.52 to
-0.16 kg; P = 0.02) and the control group (-0.62 kg; 95% CI, —1.69 to 0.46 kg; P < 0.01)
but not the ADF group (-3.32 kg; 95% CI, —4.39 to -2.24 kg; P = 0.92) (Figure 3A, Table
2). Change in waist circumference by month 3 in the combination group (-5.02 cm; 95%
Cl, -6.85 to —3.19 cm) was significantly different compared to the control group (-0.52 cm;
95% Cl, —2.30 to —1.26 cm; P < 0.01), but not significantly different compared to the ADF
group (=4.59 cm; 95% CI, —6.37 to —2.80 cm; P = 0.73) or exercise group (=3.24 cm; 95%
Cl, -5.25 to —1.24 cm; P = 0.20) (Figure 3D, Table 2). Change in lean mass, visceral fat
mass, and body mass index (BMI) did not significantly differ among the four groups (Figure
3, Table 2).

The combination intervention improved insulin resistance and insulin sensitivity versus
controls, but not versus exercise alone or fasting alone

By month 3, fasting insulin was significantly reduced in the combination group (-9.59
ulU/mL; 95% CI, —15.16 to —4.02 plU/mL) compared to the control group (1.22 plU/mL;
95% CI, —2.48 to 4.92 plU/mL; P < 0.01), but was not significantly different compared

to the ADF group (=7.41 ulU/mL; 95% CI, —=13.58 to —1.24 plU/mL; P = 0.58) or the
exercise group (—=3.93 ulU/mL; 95% CI, -8.87 to 1.01 plU/mL; P = 0.11) (Figure 3F, Table
2). Likewise, insulin resistance (absolute change in HOMA-IR) was significantly reduced
in the combination group (=2.55; 95% CI, —4.03 to —1.08) compared to the control group
(0.49; 95% CI, —-0.83 to 1.80; P < 0.01), but was not significantly different compared to

the ADF group (-1.80; 95% CI, —3.07 to —0.54; P = 0.41) or the exercise group (-1.25;
95% ClI, -2.76 to 0.27; P = 0.19) (Figure 3G, Table 2). Insulin sensitivity (absolute change
in QUICKI) was significantly increased in the combination group (0.04; 95% CI, 0.02 to
0.05) compared to the control group (0.00; 95% ClI, —0.02 to 0.01; P < 0.01), but was not
significantly different compared to the ADF group (0.02; 95% CI, 0.00 to 0.03; P = 0.05) or
the exercise group (0.02; 95% CI, 0.00 to 0.03; P = 0.07) (Figure 3H, Table 2). Change in
fasting glucose and HbA1c did not significantly differ among the four groups by the end of
the trial (Figure 3, Table 2).

The combination intervention does not affect blood pressure, heart rate, LDL cholesterol,
HDL cholesterol, or triglycerides

As shown in Table 2, changes in blood pressure and heart rate did not significantly

differ when the combination group was compared to the ADF group, exercise group, or
control group. Likewise, change in total cholesterol, LDL cholesterol, HDL cholesterol and
triglyceride concentrations did not significantly differ among the four groups by the end of
the study.

Adherence to the interventions was high

Actual energy intake on the fast day in the combination group (673 + 234 kcal; 2815 + 979
kJ) and ADF group (581 + 168 kcal; 2430 + 702 kJ) was not significantly different from that
of the prescribed fast day energy goal (600 kcal; 2500 kJ) (Figure 4A). Thus, participants
were adherent with the intermittent fasting protocol during the 3-month trial. Adherence to
the exercise program, defined as participating in 80% or more of the supervised exercise
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sessions, was very good. Participants in the combination group attended 80 + 18% of the
exercise sessions (Figure 4B). Likewise, participants in the exercise group attended 81 +
18% of the exercise sessions. Willingness to continue with the diet intervention was assessed
via survey on the last day of the trial. Results reveal that 95% of combination subjects
(19/20) and 85% of ADF subjects (17/20) were interested in continuing the ADF diet on
their own at home. Unfortunately, we did not collect data on whether the exercise group was
willing to continue with their intervention after the study was over.

The combination intervention produces similar reductions in energy intake compared to
fasting alone

As shown in Table 3, energy, fiber, cholesterol, and macronutrient intake at baseline was
similar when the combination group was compared to the ADF group, exercise group, and
control group. Energy and fiber intake significantly decreased (P < 0.05) in the combination
group and ADF group by month 3, on the fast day and feast day, versus baseline. In addition,
cholesterol intake significantly decreased (P < 0.05) in the combination and ADF groups at
month 3, on the fast day, versus baseline. In contrast, energy, fiber, and cholesterol intake did
not change from baseline to month 3 in the exercise group or control group. Percent intake
of macronutrients was not significantly different by month 3 in any of the groups, versus
baseline. At baseline, regular physical activity measured as steps/d was not significantly
different between the four groups. By month 3, regular physical activity (excluding the
exercise intervention program) did not change in any of the groups, when compared to
baseline.

The combination intervention does not affect hepatokine concentrations

Changes in hepatokines from baseline to month 3 are reported in Figure S2. Change in
fetuin-A, FGF-21, and selenoprotein P did not significantly differ among the four groups by
the end of the study. Correlations between hepatokines and metabolic disease risk factors are
displayed in Table S1. A positive correlation was observed between change in Fetuin-A and
fasting glucose concentrations (r = 0.465, P = 0.006). Similarly, a positive correlation was
noted between change in Fetuin-A and HbAlc (r = 0.432, P = 0.012). No correlations were
observed for FGF-21 or selenoprotein P and any metabolic outcome.

DISCUSSION

The results of this randomized clinical trial demonstrate that 3-months of ADF combined
with aerobic exercise is an effective lifestyle therapy to reduce IHTG content versus exercise
alone or a no-intervention control group. However, further research will be required to
elucidate whether the combination intervention produces greater reductions in IHTG content
versus fasting alone. Our findings also indicate that the combination intervention was
effective for reducing body weight, fat mass, waist circumference, ALT, fasting insulin,
insulin resistance, and increasing insulin sensitivity, among patients with obesity and
NAFLD, versus controls.

This is the first study to examine the effect of intermittent fasting combined with exercise
on NAFLD outcomes. After 3 months, significant reductions in hepatic steatosis (5.5%)
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were observed in the combination group. These beneficial changes in IHTG content were
significantly different compared to the exercise group (1.3%, P = 0.02), but not compared

to the ADF group (2.3%, P = 0.05). Since the latter comparison was marginally significant
(P = 0.05), more research will be needed to inform whether the combination intervention
produces greater reductions in IHTG content versus fasting alone. The changes noted for
IHTG content are on par with what has been observed in previous lifestyle intervention
trials. 18-20 For instance, Cheng and colleagues 18 observed a 5.5% absolute reduction

from baseline in IHTG content after 8 months of calorie restriction combined with aerobic
exercise (150 min per week) in adults with NAFLD and prediabetes. Likewise, Kantartzis et
al 20 demonstrated a 4.6% absolute decrease from baseline in IHTG content when patients
with NAFLD followed a low calorie diet combined with exercise (180 min per week) for

9 months. Improvements in liver fat content and fibrosis scores have also been observed
with intermittent fasting alone. 141521 Moreover, Holmer et al 21 showed that fasting two
days per week produced comparable reductions from baseline in absolute IHTG content
(6.1%) when compared to daily calorie restriction (7.2%) after 3 months. In view of these
findings, it is possible that intermittent fasting may be a suitable alternative to daily energy
restriction for patients with NAFLD who struggle with calorie counting. More studies that
directly compare the effects of intermittent fasting versus daily calorie restriction on NAFLD
outcomes are well warranted.

We also examined the effect of these interventions on hepatic fibrosis scores and liver
enzymes. Degree of liver fibrosis was estimated by the fibrosis-4 (FIB-4) index. A FIB-4
score below 1.30 is considered as low risk for advanced fibrosis, while a score over 2.67

is considered as high risk for advanced fibrosis. At baseline, the mean FIB-4 score for all
participants was 0.87, indicated low risk for advanced fibrosis. By the end of the study,
changes in liver fibrosis score did not differ significantly between the groups. As for liver
enzymes, ALT decreased by 6 U/L in the combination group versus controls. However,
AST was not significantly different between groups by the end of the trial. Our findings for
liver enzymes are consistent with other fasting studies conducted in patients with NAFLD.
Holmer et al 21 observed decreases in ALT (-17 U/L) but no change in AST, despite a
6.1% decrease in absolute IHTG content, after 12 weeks of fasting on two days per week.
Similarly, Johari et al 15 reported reductions in ALT (-25 U/L) without any change in AST,
after 8 weeks of ADF, even though liver fat and fibrosis scores were improved (measured
by ultrasound). While our findings are in line with previous reports, the general relevance
of liver enzymes as diagnostic tests for NAFLD has been debated. 22 In particular, ALT
has been highly scrutinized since there is no clear link between ALT levels and degree of
hepatic steatosis. For instance, in large cohort studies conducted in the US and Italy, 55-79%
of adults with fatty liver had normal ALT levels. 2324 Moreover, another study in patients
with NAFLD showed no relationship between ALT concentrations and changes in steatosis,
inflammation, hepatocyte ballooning or degree of fibrosis over time. 25 Contrary to these
findings, others have shown that elevated ALT concentrations are significantly correlated
with incidence of steatohepatitis and fibrosis in patients, with obesity, NAFLD, and type 2
diabetes. 2628 |n view of these equivocal findings, it remains unknown if ALT has enough
sensitivity and specificity to reliably diagnose fatty liver disease.

Cell Metab. Author manuscript; available in PMC 2024 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ezpeleta et al.

Page 8

Body weight decreased in the combination group (=4.6%) versus the exercise group (-2.1%)
and controls (—0.6%) but was not significantly different compared to the ADF group
(-5.1%). The degree of weight loss noted with ADF (~5%) is on par with what has

been reported in other short-term trials conducted in people with obesity 1729 and those
with NAFLD. 1415 nterestingly, the combination group did not lose more weight than
the ADF group. This is somewhat surprising since these subjects were expending more
energy than the ADF group by exercising 5 times per week but eating approximately the
same number of calories. Thus, it would be expected that the net energy deficit by the
combination group would be greater than that of the ADF group, which would in turn,
produce greater weight loss. It is unclear why this did not occur. However, it is possible
that our participants were underreporting energy intake and that our food record data is
inaccurate. For instance, the average daily caloric deficit reported by the combination and
ADF groups was approximately 50%, based on food record data. If the study participants
were truly restricting energy intake by 50% per day, their weight loss would have been
much greater (10-15% from baseline). Since weight loss was closer to 5% by month 3, it
is quite likely that our subjects were underreporting food intake, which is common in diet
intervention trials. 3031 It is also interesting that our participants did not compensate for
the lack of food on the fast day, by eating more on the feast day. This phenomenon has
been reported in several other ADF trials. 32-35 More specifically, it has been shown that
participants eat either marginally less on the feast day, 3° or just slightly more, 17 relative
to baseline intake. Future trials in this area should use gold-standard methods, such as the
doubly-labeled water technique, 36 to assess changes in energy expenditure. This will help to
elucidate how these interventions truly impact energy balance and weight regulation.

Whether these beneficial changes in hepatic steatosis are mediated by fasting or merely just
weight loss, remains unclear. Body weight reductions of 5-10% have been shown to reduce,
and even resolve, fatty liver disease. 338 Since the combination group achieved ~5% weight
loss after 3 months, it can be speculated that these changes in weight played a role in

the benefits observed. However, these subjects were also fasting for approximately 17-22
hours on the fast day (i.e., midnight to 5:00-8:00 pm). Fasting diets induce the metabolic
switch from glucose to fatty acid-derived ketone bodies for energy. 3% Ketones regulate the
expression of many proteins that optimize physiological function, thereby slowing aging

and disease processes. 3% However, in NAFLD, the role of ketones is less clear. It has been
hypothesized that the combination of elevated liver fat and insulin resistance may predispose
patients with NAFLD to increased ketogenesis by providing more substrate for ketone body
production. But increased levels of ketones may pose risk, as noted in a recent cohort
study,?® which shows that augmented ketones were independently associated with higher
all-cause mortality in NAFLD. While these findings are concerning, it is unknown if ketones
are the culprit in this association, or merely a reflection of an underlying mechanism. 40
Moreover, how higher levels of ketones impact degree of hepatic steatosis is still unclear,
with some studies showing increases in liver fat, 4142 decreases in liver fat, 4344 or no effect.
45 Unfortunately, we did not measure circulating ketone bodies in the present trial, so we
were not able to further explore these relationships.

Changes in body composition were also assessed. By the end of the trial, the combination
group lost significantly more fat mass than the exercise group or control group. However,
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no change in lean mass was observed in the combination group relative to the other groups.
Our findings are complementary to previous intermittent fasting studies. When fasting is
applied alone, lean mass typically decreases by 10-30% from baseline. 17:29 However,
when fasting is combined with endurance or resistance exercise, lean mass is maintained
46,47 or increased. 4849 The maintenance or accretion of lean mass, or more specifically,
skeletal muscle mass, has important implications for NAFLD. In a recent cohort study

of approximately 13,000 subjects, skeletal muscle mass was negatively associated with
NAFLD incidence and positively associated with NAFLD resolution. 50 Skeletal muscle

is also independently associated with the severity of hepatic steatosis and fibrosis in a
dose-dependent manner in patients with NAFLD. 51-53 Taken together, the lack of significant
lean mass loss by the combination group likely played a role in the improvements noted in
IHTG content. However, our study is limited in that it measured lean mass by DXA, instead
of skeletal muscle mass by MRI or computed tomography. %4

The type, intensity, and duration of exercise necessary to elicit beneficials changes in
NAFLD parameters is still uncertain. Both endurance and resistance exercise reduce
hepatic steatosis by 20-40% from baseline, independent of weight loss. 5%:56 At present,
no definitive exercise guidelines have been established for NAFLD. However, general
recommendations include a structured exercise program, involving >150 min/week of
moderate-intensity aerobic exercise, or >75 min/week of high-intensity exercise training
for at least 3 months. 7 Higher exercise intensity may be more effective for reducing
liver fat, 58-60 put findings are not consistent. 81-63 Moreover, it is currently unknown

if adding resistance training to aerobic exercise would be more effective for improving
NAFLD parameters, versus aerobic exercise alone. 5-57 In the absence of clear guidelines,
clinicians should emphasize the importance of exercise, but leave type and intensity of
the training regimen to the patient. Allowing patients with NAFLD to individualize their
exercise programs may help increase long-term adherence to these lifestyle therapies.

Our findings also show the combination intervention improved glycemic control by lowering
fasting insulin, insulin resistance, and increasing insulin sensitivity. The insulin-sensitizing
effects of intermittent fasting have been well documented. For instance, Gabel and
colleagues 84 showed that fasting insulin and insulin resistance decreased by 52% and 53%
from baseline, respectively, after 6 months of ADF in adults with insulin resistance and
obesity. Likewise, Paravesh et al 6% reported 22% reductions in insulin resistance after 2
months of ADF in people with metabolic syndrome, relative to baseline. Aerobic exercise
also has profound impacts on glycemic control. In a meta-analysis of 54 studies, aerobic
exercise was shown to significantly reduce insulin resistance (measured by HOMA-IR)

by 0.33 units in adults with obesity. 56 Exercise also helps improve insulin sensitivity in
patients with NAFLD. 6769 HbA1c, on the other hand, was not different between groups

in the present study. These findings are somewhat surprising considering the improvements
in insulin sensitivity. However, it is likely that our intervention period was too short to see
significant modifications, as HbA1c generally takes 3 months to change. 70

Blood pressure was not significantly altered by the interventions in this 3-month trial. These
findings are unexpected as blood pressure generally improves by both intermittent fasting 7
and aerobic exercise. 7} However, it is possible that the degree of weight loss experienced
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by the combination group (4.6%), ADF group (5.1%), and exercise group (2.1%), was
not sufficient to observe a significant change in blood pressure. Body weight reductions
of 7-10% from baseline are usually necessary to see significant improvements in blood
pressure with diet and exercise interventions. 7273

Plasma lipids were also not significantly different between groups by the end of the study.
Intermittent fasting generally has little effect on in LDL cholesterol, HDL cholesterol,

or triglyceride concentrations in individuals with obesity 17 or those with NAFLD, 1415

so our findings are in line with previous reports. On the other hand, aerobic exercise
(>120 min/week) generally increases HDL cholesterol concentrations in individuals with
obesity 747> and NAFLD, 76.77 so our findings are not in accordance with those studies.
The lack of improvement in HDL cholesterol may be partly explained by baseline lipid
levels. Improvements in HDL cholesterol with exercise are more likely to occur when HDL
cholesterol is low (<36 mg/dl) at baseline. 78 None of the groups had low HDL cholesterol
at the onset of treatment (range 50-55 mg/dl), which may explain why no change in HDL
cholesterol was observed.

We also examined the underlying role of hepatokines in mediating the effects observed.
Hepatokines are proteins secreted by the liver that are known to directly affect glucose

and insulin metabolism. 7 In individuals with NAFLD, hepatokine secretion is altered,
which adversely affects glucoregulatory systems and exacerbates hepatic steatosis. 7° Fetuin-
A, fibroblast growth factor-21 (FGF-21), and selenoprotein P have recently emerged as
hepatokines of interest due to their effects on insulin sensitivity. Fetuin-A is a glycoprotein
secreted by the liver that is positively correlated with hepatic steatosis, NAFLD severity, and
insulin resistance. 89 This hepatokine disrupts tyrosine kinase receptor activity leading to
impaired insulin signaling. 80 FGF-21, on the other hand, has been shown to improve insulin
sensitivity and glycemic control due to augmented basal glucose disposal and increased

Akt phosphorylation (a key step in hepatic insulin and FGF-21 signaling). 81 Considering
these effects, FGF-21 analogs have recently emerged as potential therapeutic agents to treat
hyperglycemia. 82 Lastly, Selenoprotein P is a hepatokine that disrupts glucose sensing in
the beta-cell of the pancreas, inhibiting the secretion of insulin. In animal studies, inhibiting
selenoprotein P expression was shown to improve insulin sensitivity and augment glucose
tolerance. 83.84

In the present study, hepatokines did not change in any group after 3 months of intervention.
These findings are somewhat surprising as the combination group experienced favorable
reductions in hepatic steatosis, insulin resistance, and body weight. Nonetheless, it is
possible that the degree of weight loss and liver fat reduction was not great enough to

see changes in these hepatokines. Indeed, recent evidence suggests that a minimum of
7-10% weight loss may be required. 886 However, a positive correlation was observed
between fetuin-A and HbAlc, and fetuin-A and fasting glucose levels. These results are

in accordance with previous reports. For instance, in a sample of 3790 men, fetuin A was
higher (309 ng/ml) in men with HbA1c greater than 7%, compared with those who had an
HbAZ1c lower than 6.5% (290 ng/ml). 87 Results from other trials, demonstrate that fetuin A
is positively correlated with fasting blood glucose in adults with new onset type 2 diabetes,
88 and those with NAFLD. 89 Results from our study and others, further highlight the
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relationship between increased fetuin A levels and the risk for developing type 2 diabetes
and NAFLD. Future well powered RCTs that examine how lifestyle interventions impact
hepatokines, are warranted.

Adherence to the ADF diet and exercise interventions was very good. Fast day energy intake
in the combination group was 673 kcal/d (2815 kJ), on average, which was 73 kcal (305 kJ)
more than that prescribed. Likewise, fast day energy intake in the ADF group was 581 kcal/d
(2430 kJ/d), on average, which was 19 kcal (79 kJ) less than that prescribed. Our findings
are complementary to what has been reported previously for short-term adherence to ADF.
17.29.32 |y addition, a high percent of subjects in the combination group (95%) and ADF
group (85%) said that they would like to continue with the fasting protocol after the study
was over. This bodes well for the longer-term feasibility of ADF in patients with NAFLD,
but a >6-month RCT would be needed to confirm these assumptions. As for exercise
adherence, attendance at the supervised sessions was consistently high, with participants
attending 4 out of 5 sessions on average, over 3 months. Taken together, these findings
suggest that patients with NAFLD may not find it difficult to follow a lifestyle intervention
that combines ADF with exercise for short durations (up to 3 months). However, previous
trials have shown that adherence to both intermittent fasting 32:90 and aerobic exercise 91
wanes after 6 months. Thus, it will be important to examine if the high level of adherence
can be sustained for longer periods of time in this population group.

Dropout rates in the combination group (0%) and ADF group (5%) were minimal, but

the dropout rate in the exercise group was moderately high (25%). This dropout rate may
have induced selection bias. 92 Upon closer examination of the exercise dropouts, these
individuals tended to be heavier (BMI 41 kg/m?) than the rest of the sample (BMI 36
kg/m?). This excess body weight may have made it more difficult for these participants

to perform the exercise, which could have contributed to them dropping out. It is also
possible that some participants in the exercise group may have wanted to participate in the
intermittent fasting intervention. After finding out that they were not randomized to the
fasting protocol, they may have lost motivation to participate in the study, which may have
led them to drop out. However, since no formal exit survey was performed in our trial,

the precise reason for the greater dropouts in the exercise group remains unknown. This
highlights the need for future studies to perform a comprehensive exit interview in dropout
subjects to see what led them to terminate their participation.

In conclusion, the results of this randomized controlled trial demonstrate that ADF
combined with aerobic exercise is an effective lifestyle therapy to reduce IHTG content
versus exercise alone and controls. However, more research will be required to inform
whether the combination intervention produces greater reductions in IHTG content versus
fasting alone. The combination therapy also produced significant decreases in body weight,
fat mass, waist circumference, ALT levels, fasting insulin, insulin resistance, and significant
increases in insulin sensitivity, versus controls. Compliance to the ADF and exercise
protocols was shown to be very good and 93% of subjects randomized completed the full
protocol. While these preliminary findings offer promise for the use of ADF combined
with aerobic exercise to improve NAFLD outcomes, future trials will be needed to examine
whether these benefits can be sustained over longer durations of time.
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Our study has several limitations. First, the combination intervention produced beneficial
changes in key NAFLD parameters, but it did not achieve a reduction in IHTG content and
ALT levels into the normal range. Second, the intervention period was short (3 months).
The long-term effects of intermittent fasting alone or combined with exercise on NAFLD
outcomes warrants investigation. Third, we did not follow up with the participants to

see if they were still following the interventions after the study was over. Fourth, the
generalizability of our findings is questionable. Based on baseline IHTG content (range:
16-18%, where 5-33% is considered mild steatosis 93:94), and liver fibrosis score, it would
appear as though our sample was at an early stage of NAFLD development. Thus, it

is unclear if our findings can be extrapolated to patients with a more severe form of

the disease. Our participants were also highly adherent to both the diet and exercise
interventions. This suggests that our subjects were perhaps a highly motivated subgroup of
patients with NAFLD. Whether or not individuals with a more advanced stage of the disease
would be just as compliant with this intensive lifestyle therapy, remains unknown. Fifth,
baseline values for certain secondary outcomes were numerically different between groups.
More specifically, energy intake, ALT and insulin resistance were all higher numerically
(but not statistically) at the beginning of the study in the combination group compared

to controls. This could have increased the likelihood for observing larger mean absolute
differences in the combination group. Thus, these findings should be interpreted with
caution, as regression to the mean could be a possible cause of this observed change. 9

Lastly, since our study began in January 2020, it was impacted by the COVID pandemic. It
is likely that the regular activity level of our participants decreased since they had to stay at
home for several months. Based on the pedometer data, there were no significant changes
in steps per day in any group from the beginning to the end of the trial. However, our

study is limited in that the pedometer was only worn at baseline and month 3, so we failed
to capture weekly changes in activity levels. In addition, our supervised exercise program
changed considerably because of the pandemic. At the beginning of the study (early 2020),
the exercise sessions were conducted at the research center and supervised by the study
coordinator. However, when the pandemic began, we had to shift all the exercise sessions to
home-based programs where subjects used their own exercise equipment or watched online
exercise videos. Even though the sessions were still supervised via video conference, using
different modalities of exercise may have introduced some variability into the intervention.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Krista Varady (varady@uic.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability

. All other data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Materials, see Data S1.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects—Participants were recruited from the Hepatology Clinic at the
University of Illinois Chicago Medical Center. Subjects (mean age 44 + 13 y; 81%

female, 19% male) were enrolled in the study between January 2020 and March 2022.
Participants were recruited in four nonoverlapping rounds (approximately 20 subjects per
round). Individuals between the ages of 18 and 65 years with obesity (body mass index
(BMI) between 30 and 60 kg/m?2) were screened via a questionnaire and ALT blood test.
Women who had an ALT greater than 17 U/L %6 and men who had an ALT greater than 25
U/L % were invited to have their IHTG content quantified by magnetic resonance imaging
proton density fat fraction (MRI-PDFF). 97 Those who had ultra-sonography or biopsy
diagnosed NAFLD were also invited to confirm their diagnosis by MRI-PDFF. Participants
were included in the study if the MRI-PDFF exam revealed that IHTG content was at least
5% of liver weight. 12 Participants were excluded if they had a history of acute or chronic
viral hepatitis, drug-induced liver diseases, or autoimmune hepatitis. Women who consumed
more than a mean of 70 g of ethanol (5 alcoholic drinks per week) and men who consumed
more than 140 g of ethanol (10 drinks per week) in the past 6 months were also excluded. In
addition, patients were excluded if they had a history of diabetes, cardiovascular disease, or
chronic kidney disease. Patients who were weight unstable, i.e., more than 4 kg weight loss
or gain in the past 3 months, or who had a medical condition that would preclude them from
participating in an exercise program, were also excluded. The protocol was approved by the
Office for the Protection of Research Subjects at the University of Illinois at Chicago, and
informed consent was obtained from all participants.

Experimental design—The study was a 3-month randomized, controlled, parallel-arm
trial designed to compare the effects of ADF combined with aerobic exercise, to each
intervention alone, on IHTG content and metabolic disease risk factors in patients with
NAFLD. Participants were randomized in a 1:1:1:1 ratio to one of four intervention groups:
ADF combined with exercise, ADF alone, exercise alone, or no-intervention control group
(Figure S1 in the Supplementary Appendix).

ADF protocol—~Participants assigned to the combination group and ADF group were
instructed to consume 600 calories as a dinner (between 5:00 pm and 8:00 pm) on fast

days and eat food as desired on alternating feast days. The feast and fast days began at
midnight each day. As such, on fast days, subjects fasted for approximately 17-20 hours
(from midnight to 5:00 pm or 8:00 pm). During the fasting period on fast days, participants
were encouraged to drink plenty of water and were permitted to consume calorie free drinks
such as black coffee, tea, and diet soda in moderation. These participants were provided
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with fast day meals during the first month of the trial and received dietary counseling
thereafter. The provided fast day meals were in accordance with the American Diabetes
Association guidelines % for macronutrient intake, with 30%, 55%, and 15% of energy as
fat, carbohydrate and protein, respectively. The exercise group and control group participants
were asked to maintain their regular eating habits and were not provided with any food or
dietary counseling.

Exercise protocol—~Participants assigned to the combination group and exercise group
participated in a moderate-intensity aerobic exercise program five times per week for 3
months. All exercise sessions were supervised by study staff. Exercise was performed using
treadmills, stationary bikes, or elliptical machines at the research center. The maximum
predicted heart rate was calculated as 210/min (220/min for men) minus the participant’s
age. 99 Heart rates were monitored by an activity monitor worn on the wrist. Training
intensity gradually increased over the first four weeks of the study from 65 to 80% of
their maximum predicted heart rate (equivalent to 8.0 to 10.0 metabolic equivalents). The
participants were instructed to exercise at this intensity for 60 minutes per session. During
the peak of the COVID-19 pandemic, participants transitioned to an at-home exercise
program using their own treadmills, stationary bikes, elliptical machines, or by watching
online aerobic exercise videos. These at-home sessions were supervised by study staff via
video conference. Participants in the ADF and control groups did not participate in the
exercise intervention and were instructed to not change their physical activity habits.

Control group protocol—Control participants were instructed to maintain their body
weight throughout the trial, and not to change their eating or physical activity habits.
Controls received no food or dietary counseling but visited the research center at the same
frequency as the intervention participants to provide outcome measurements. Controls who
completed the 3-month trial received free weight loss counseling at the end of the study.

METHOD DETAILS

Intrahepatic triglyceride (IHTG) content by MRI-PDFF—The primary outcome of
the study was absolute percent change in IHTG content from baseline to month 3. The IHTG
content was measured using MRI-PDFF. ¥ MRI scans were performed at the Center for
Magnetic Resonance Research at the University of Illinois Medical Center. MRI-PDFF was
utilized with a 3.0-Tesla MRI scanner (SIEMENS) for the baseline and follow-up liver fat
estimations. Fat-water separation images of the liver were acquired using a T1volumetric
interpolated breath-hold examination (VIBE) Dixon sequence with the following parameter
settings: TE1 2.5ms; TE2 3.7ms; repetition time 5.47ms; 5° flip angle; £504.0kHz per

pixel receiver bandwidth; and a slice thickness of 3.0 mm. The fat content was calculated

in an irregular-shaped ROI covering the entire liver in 21 consecutive slices (max-area
centered) of each participant placed by a trained radiologist manually. MRI-PDFF maps for
all segments were generated by placing circular ROIs with diameter of 20mm centrally in
each of the eight liver segments. The average fat content values were calculated for the entire
liver. The technician performing the MRI-PDFF measurements was blinded to participant
group assignment.
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Body weight and body composition—Body weight measurements were taken with
subjects wearing light clothing and without shoes using a digital scale at home each week.
Body weight was also measured at the research center at baseline and month 3. Height was
assessed using a wall-mounted stadiometer at baseline. BMI will be assessed as kg/m2. Dual
energy X-ray absorptiometry (DXA) was performed on all subjects at baseline and month 3
to assess fat mass, fat free mass, and visceral fat mass (iDXA, GE Inc).

Metabolic disease risk factors: Twelve-hour fasting blood samples were collected

at baseline and month 3. Blood was centrifuged for 15 min at 520 x g and 4°C to
separate plasma from red cells and was stored at —80°C. Plasma metabolic disease risk
factors were assessed at baseline and month 3. Plasma total cholesterol, LDL cholesterol,
HDL cholesterol, triglyceride, fasting glucose, fasting insulin, HbAlc, ALT, and AST
concentrations were measured by a commercial lab (Medstar, IL). Insulin resistance (IR)
was calculated by the HOMA (Homeostasis Model Assessment) method: [HOMA-IR

= Fasting insulin (uIU/mI) x Fasting glucose (mg/dL) / 405].190 Insulin sensitivity was
measured by the Quantitative insulin sensitivity check index (QUICKI) and calculated as:
1 /[log [Insulin (IU/mI)] + log [Glucose (mg/dl)].101 Blood pressure and heart rate was
assessed after a 10-minute rest at baseline and month 3 using a blood pressure cuff. Degree
of liver fibrosis was estimated using the Fibrosis-4 (FIB-4) index: Age (years) x AST
(IU/L)/(VALT (IU/L) x Platelet count (10%/L)).102

Hepatokines—Plasma levels of fetuin-A, FGF-21, and selenoprotein P were measured by
ELISA (Invitrogen, Frederick, MD; RayBio Tech, Norcross, GA, and MyBioSource Inc.,
San Diego, CA) on a Bio Rad Microplate reader (Bio-Rad Laboratories; Hercules, CA) in
duplicate.

Adherence to the intervention and dietary intake—Adherence with the diet
intervention and dietary intake was assessed at baseline and month 3 using the NIH web-
based system, Automated Self-administered 24-hour Dietary Assessment Tool (ASA24).103
Participants following the ADF diet were considered “adherent” when actual energy intake
on the fast day, determined via food records, was not significantly different from the
prescribed energy goal for that day (600 kcal; 2500 kJ). Participants following the exercise
program were considered adherent if they attended 80% or more of the supervised exercise
sessions (a mean of 4 of 5 per week). All participants were required to wear a pedometer
(Fitbit Alta) for 7 days to record their regular physical activity (excluding the exercise
intervention program) at baseline and at month 3. On the last of the study, the combination
and ADF group were asked if they would be willing to continue with the ADF diet after
the study was over. The percent of subjects willing to continue the fasting intervention was
calculated based on these survey findings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Power and sample size—For the sample size calculation, we estimated that IHTG
content would be reduced by 5.0% in the combination group, 2.5% in the ADF group, 2.5%
in the exercise group, and 0% in the control group, by month 3. These estimations were
derived from a pilot trial conducted by our lab. We calculated that 17 participants per group
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would provide 90% power to detect a significant difference in IHTG content between the
combination group and the three other groups using one-way ANOVA with a = 0.05. We
anticipated a dropout rate of 15%. Thus, we aimed to recruit 80 participants (20 per group)
assuming that 68 participants (17 per group) would complete the trial.

Randomization—Participants were randomized in a 1:1:1:1 ratio to one of four
intervention groups: ADF combined with exercise, ADF alone, exercise alone, or no-
intervention control group (Figure S1 in the Supplementary Appendix). Randomization was
performed by a stratified random sampling procedure by sex, age (18-42 y/ 43-65 y), BMI
(30.0-45.0 kg/m?/45.1-60.0 kg/m?), and IHTG content (5.0-17.5%/ 17.6-30.0%). Due to the
nature of the interventions, the study could not be blinded. However, study staff involved in
outcome ascertainment were blinded as to the subjects’ group assignments.

Statistical analyses—Data are shown as mean (95% CI) unless otherwise noted. A
two-tailed P value of less than 0.05 was considered statistically significant. We conducted

an intention-to-treat analysis, which included data from all 80 participants who underwent
randomization. Results are reported by intention-to-treat analysis unless indicated otherwise.

A linear mixed model was used to assess time, group, and time*group effects for each
outcome. Linear mixed models for longitudinal data analysis account for missing outcome
data using maximum likelihood principles. Thus, these models provide unbiased estimates
of time and treatment effects under a missing at random assumption. Group is included in
the model to account for baseline differences in the outcome variable between treatment
groups. The inclusion of time in the model allows for changes in the outcome over time
that are unrelated to the intervention (e.g., regression to the mean, Hawthorne effect). In
models for body weight, which was measured at 12 time points, time was modeled with
cubic splines. This strategy allowed for estimation of time and group effects (and their
interaction) without imposing a linear time trend. The decision to model time with splines
was based on a priorirationale for possibly non-linear intervention effects over time (e.g.,
weight plateau effect, declining compliance) rather than empirical evidence of non-linearity.
The interaction terms provide estimates of the 12-week intervention effects, here defined as
the effect of assignment to the ADF, exercise, or control compared to the combination group.
Estimated changes from baseline and P values for intervention effects based on the linear
mixed models are shown in Table 2.

For each outcome variable, linear modelling assumptions were assessed with residual
diagnostics. To account for the potential for non-uniform variances (heteroskedasticity)
between treatment groups due to random chance, Cls and P values (i.e., body weight
percent, ALT, and HOMA-IR) were calculated using robust variance estimators (sandwich
estimators) as needed. 194-106 The analyses were performed using R software (version 4.3.1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Adults with NAFLD followed an intermittent fasting plus exercise protocol
for 3 months

Hepatic steatosis was significantly reduced by 5.5% versus controls

Body weight, fat mass, and waist circumference also decreased versus
controls

ALT was reduced, while insulin sensitivity increased, versus controls, by
month 3
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| 132 Persons were screened |

Page 25

52 Excluded

52 Did not meet 1 or more inclusion criteria

0 Declined to participate

80 Underwent randomization

: ] 1 i
20 Randomized to 20 Randomized to 20 Randomized to 20 Randomized to
Combintaion Alternate day fasting Exercise Control
1 Withdrew 5 Withdrew
1 Scheduling conflicts 3 Unable to contact
- |} | ] 1Personal reasons 0 Withdrew
1 Car accident
20 Completed 3 months 19 Completed 3 months 15 Completed 3 months 20 Completed 3 months

of intervention

of intervention

of intervention

of intervention

Figure 1. Subject flow chart
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Figure 2. Intrahepatic triglyceride content, liver enzymes and body weight
4P < 0.01 vs Control group; P P < 0.05 vs Exercise group. Data were included for 80

participants; means were estimated using an intention-to-treat analysis using a linear mixed
model.

A. Error bars indicate 95% confidence intervals for intrahepatic triglyceride content from
baseline by diet group.

B. Error bars indicate 95% confidence intervals for alanine transaminase (ALT) and
aspartate transaminase (AST) concentrations from baseline by diet group.

C. Error bars indicate 95% confidence intervals for weight loss from baseline by diet group.
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Figure 3. Body composition and glucoregulatory factors
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Visceral fat

RTT

COMB ADF EXC CON

Fasting insulin

| 1
4l

COMB ADF EXC CON

HbA1c

COMB ADF EXC CON

ap < 0.01 vs Control group; P P < 0.05 vs Exercise group. Data were included for 80
participants; means were estimated using an intention-to-treat analysis using a linear mixed
model. Error bars indicate 95% confidence intervals for each parameter from baseline by
diet group. Insulin resistance measured by HOMA-IR (Homeostasis model assessment of
insulin resistance). Insulin sensitivity measured by QUICKI (Quantitative insulin sensitivity

check index).
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A B
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Study week

Figure 4. Adherence to the alternate fasting diet and exercise program
Data are expressed as mean (SD); only observed values included.

A. Actual energy intake on the fast day in the combination (Comb) and alternate day fasting
(ADF) groups was not significantly different from that of the prescribed fast day energy goal
(600 kcal).

B. Adherence to the exercise program was defined as participating in 80% or more the
supervised exercise sessions (a mean of 4 of 5 each week). Participants in the combination
group attended 80 + 18% of the exercise sessions. Participants in the exercise group attended
81 £ 18% of the exercise sessions.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Fetuin A Human ELISA Kit Thermofisher-Invitrogen EHAHSG
FGF-21 Human ELISA Kit Ray Biotech ELH-FGF21-1
Selenoprotein P Human ELISA Kit | MyBioSource MBS760712

Software and algorithms

R software

R Foundation for Statistical Computing

https://www.r-project.org
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