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Background: Fatty liver, a major health problem worldwide, is the earliest pathological
change in the progression of alcohol-associated (AFL) and non-alcoholic fatty liver
disease (NAFL). Though the causes of AFL and NAFL differ, both share similar
histological and some common pathophysiological characteristics. In this study, we
sought to examine mechanisms responsible for lipid dynamics in liver and adipose tissue
in the setting of AFL and NAFL in response to 48 h of fasting.

Methods: Male rats were fed Lieber-DeCarli liquid control or alcohol-containing diet
(AFL model), chow or high-fat pellet diet (NAFL model). After 6–8 weeks of feeding,
half of the rats from each group were fasted for 48 h while the other half remained on
their respective diets. Following sacrifice, blood, adipose, and the liver were collected
for analysis.

Results: Though rats fed AFL and NAFL diets both showed fatty liver, the physiological
mechanisms involved in the development of each was different. Here, we show that
increased hepatic de novo fatty acid synthesis, increased uptake of adipose-derived
free fatty acids, and impaired triglyceride breakdown contribute to the development of
AFL. In the case of NAFL, however, increased dietary fatty acid uptake is the major
contributor to hepatic steatosis. Likewise, the response to starvation in the two fatty
liver disease models also varied. While there was a decrease in hepatic steatosis after
fasting in ethanol-fed rats, the control, chow and high-fat diet-fed rats showed higher
levels of hepatic steatosis than pair-fed counterparts. This diverse response was a result
of increased adipose lipolysis in all experimental groups except fasted ethanol-fed rats.

Conclusion: Even though AFL and NAFL are nearly histologically indistinguishable, the
physiological mechanisms that cause hepatic fat accumulation are different as are their
responses to starvation.

Keywords: alcohol-associated fatty liver disease, non-alcoholic fatty liver disease, starvation, hepatic lipid
metabolism, adipose lipolysis, liver-adipose crosstalk
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INTRODUCTION

Fatty liver is a major health problem both in the United States
and around the globe. It is the earliest and most common
response to excessive ethanol consumption or over-consumption
of a high-fat/high-sugar diet (Singal and Anand, 2013; Li et al.,
2019; Wong et al., 2019; Mitra et al., 2020). It is characterized
by the accumulation of fats, chiefly as triglycerides (TG), in
the liver (Kharbanda et al., 2007a, 2012; Rasineni et al., 2016).
Upon excessive lipid accumulation, the liver is susceptible to
inflammatory mediators and toxic agents which cause progressive
liver injury (Lieber, 2004; Gao et al., 2019). About 100 million
individuals in the United States are estimated to have non-
alcoholic fatty liver disease as a result of consumption of a
high-fat/high-sugar diet, known as a Western diet (Cotter and
Rinella, 2020; Cotter et al., 2020). It is estimated that 90–100% of
alcohol consumers develop fatty liver (Singal et al., 2013; Tapper
and Parikh, 2018). Fatty liver development after heavy alcohol
consumption (AFL, alcohol-associated fatty liver) or that after
high caloric-intake (NAFL, non-alcoholic fatty liver) have similar
phenotypes, showing excessive hepatocellular lipid accumulation
in the form of larger lipid droplets (Rasineni et al., 2016).

In the body, liver and adipose tissue play prominent roles
in maintaining energy homeostasis in both fed and fasting
states. Specifically, hepatocytes play an important role in glucose
homeostasis by storing or producing glucose in response to a fed
or fasted state (Klover and Mooney, 2004). Adipose tissue serves
as a storage site for fat derived from excess food consumption.
Fat is utilized to fulfill subsequent metabolic requirements to
other tissues, including the liver. During times of little or no food
consumption, adipose tissue releases non-esterified fatty acids
(NEFA) into circulation (Tang et al., 2017). In the liver, NEFA
can be oxidized by mitochondria or re-esterified to form TG
within the endoplasmic reticulum to be stored in lipid droplets
or secreted/exported into the blood as a component of very-low-
density lipoprotein (VLDL) (Kawano and Cohen, 2013). Unlike
adipose tissue, the liver is not intended as a storage site for excess
lipids. However, ethanol misuse or the over-consumption of a
high-fat/high-sugar diet increases hepatocyte TG accumulation,
which leads to the development of fatty liver disease. Many
mechanisms have been reported to play a role in the development
of AFL, including increased flow of fatty acids to the liver from
enhanced adipose tissue lipolysis (Wei et al., 2013), impaired fat
transport out of the liver via reduced VLDL secretion (Kharbanda
et al., 2009), increased lipogenesis and decreased fatty acid
oxidation (Rasineni and Casey, 2012; Osna et al., 2017; You and
Arteel, 2019). Similarly, several mechanisms have been proposed
to contribute to the development of high-fat/high-sugar diet
induced non-alcoholic hepatic steatosis, including carbohydrate
and fatty acid substrate overload and/or impairment of fatty
acid disposal pathways (Chao et al., 2019). Although the causes
of AFL and NAFL are different, both share some common
pathophysiological mechanism(s) for fat accumulation and are
histologically similar (Rasineni et al., 2016).

Extensive studies conducted in our laboratory as well as others
have shown that multiple pathways in adipose-liver crosstalk
contribute to the development and progression of liver disease

in both AFL and NAFL (Lomonaco et al., 2012; Rasineni et al.,
2019b). It is also known that nutrient deprivation or fasting
activates many tissue-specific metabolic pathways to provide
energy to the body by coordination of organ-organ interactions.
It is mainly liver and adipose tissue that act as a metabolic
buffering system for adipose-released NEFA and its utilization
by the liver to produce glucose for survival (Klover and Mooney,
2004; Tang et al., 2017). But how this liver-adipose axis is affected
by fasting against a backdrop of hepatic fat accumulation remains
unknown. Here, we sought to examine mechanisms involved in
both AFL and NAFL to reveal similarities and differences between
shared physiological pathways. Specifically, our study was aimed
at deciphering the mechanism(s) responsible for lipid dynamics
in liver and adipose tissue in the settings of AFL and NAFL and
the response of each to a 48 h fast.

MATERIALS AND METHODS

Reagents
Antibodies and reagents were purchased from the following
companies: Ethanol was purchased from Pharmaco-AAPER
(Brookfield, CT, United States). IRDye infrared secondary
antibodies (Abs) and blocking buffer were from LI-COR
Biosciences (Lincoln, NE, United States). Antibodies for adipose
triacylglycerol lipase (ATGL), hormone sensitive lipase (HSL),
and phosphorylated HSL (pHSL) were purchased from Cell
Signaling (Danvers, MA, United States), phosphorylated pATGL
was obtained from Abcam (Cambridge, MA, United States),
and perilipin 2 (PLIN2) antibody was from Fitzgerald (Acton,
MA, United States). All other chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO, United States) unless
stated otherwise.

Animal Maintenance and Tissue
Collection
Male Wistar rats (175–200 g) were purchased from Charles
River Laboratories (Portage, MI, United States). For the AFL
model, rats were weight-matched and pair-fed Lieber-DeCarli
ethanol liquid diet (Dyets Inc., Bethlehem, PA, United States;
Cat# 710260; 18% of total energy as protein, 35% as fat, 11%
as carbohydrates, and 36% as ethanol) or control diet (Cat#
710027; ethanol replaced isocalorically with maltodextrin) for
6–8 weeks as described previously (Rasineni et al., 2016). Rats
were housed singly for the ethanol feeding experiments, as it
is necessary to pair their feeding with control rats for proper
experimental protocol. In addition, the rats in the AFL group
were housed in wire-bottom cages so that the rats don’t eat their
feces, a necessary component to control nutritional equivalence.
This type of single caging has been utilized at the Omaha
VAMC for alcohol feeding protocols and does not appear to
add significant stress to the animals. For the NAFL model,
rats were fed ad libitum either high-fat pellet diet (Research
Diets #D08060104; 60% of calories derived from fat, 20% from
carbohydrates, and 20% from protein) or maintained on standard
chow pellet diet (Research Diets #D12450K; 10% of total calories
from fat, 20% from protein, and 70% from carbohydrates as
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mainly corn starch, maltodextrin). NAFL and chow groups
were allowed ad libitum access to their pellet diets and water
(Rasineni et al., 2016). Rats in the NAFL model groups were
housed in standard cages with bedding and a PVC pipe for
enrichment. Forty-eight hours prior to termination of feeding,
half of the rats in each of the four groups had their liquid
or pellet diets removed. These rats were considered to be in
fasting condition at the end of the 48 h time period (Cuervo
et al., 1995; Schneider et al., 2014; Kaushik and Cuervo, 2015).
These rats had ad libitum access to water during the fasting
period. Note that chronic ethanol-fed rats did not exhibit any
sudden alcohol withdrawal effects such as delirium tremens,
hyperreactivity, psychological discomfort or death following
the removal of alcohol diet during fasting. At the termination
of the experimental period, all rats were anesthetized with
isoflurane and blood was collected from the vena cava. Livers
and epididymal adipose tissue were collected, rinsed in TE buffer
(10 mM Tris–HCL, 1 mM EDTA) and weighed. Tissue sections
were placed in 10% formalin for sectioning and remaining
tissue was frozen in liquid nitrogen and stored at −80◦C until
further use. All animals received humane care in accordance
with the guidelines established by the American Association for
the Accreditation of Laboratory Animal Care. All protocols were
approved by the Institutional Animal Care and Use Committee at
the VA NWIHCS Research Service.

Histology by H&E Staining
Paraffin-embedded liver and epididymal white adipose tissue
was deparaffinized and stained with hematoxylin followed by
counter-staining with eosin.

Serum Analysis
Serum levels of alanine aminotransferase (ALT), alkaline
phosphatase (ALP), and cholesterol were measured by a Vetscan
chemistry analyzer (Abaxis, Union City, CA, United States)
using a Mammalian Liver Profile reagent rotor (#89126-004).
Serum non-esterified fatty acids (NEFA) were measured in an
enzymatic colorimetric assay using a HR Series NEFA-HR2
kit (Wako Chemicals, Richmond, VA, United States). Serum
triglycerides (TG) were quantified using a colorimetric diagnostic
kit (#TR22421) from Thermo Fisher Scientific (Middletown,
VA, United States).

Hepatic TG
Measurement of liver TG were performed by lipid extraction
of frozen liver pieces by the Folch procedure (Folch et al.,
1957). Aliquots of the lipid extract were saponified to quantify
the triglyceride mass using the triglyceride diagnostics kit
(#TR22421) from Thermo Fisher Scientific (Middletown, VA,
United States). Triglyceride levels were normalized to grams
of liver tissue.

Immunohistochemistry
Immunohistochemical staining for PLIN2, a lipid droplet
protein, was conducted as described previously (Rasineni et al.,
2014). Paraffin-embedded liver sections were deparaffinized,

rehydrated and treated with 10 mM sodium citrate buffer (pH
6) for 20 min for antigen retrieval. Liver sections were incubated
with a PLIN2 antibody (Fitzgerald#10R-A117ax) overnight
followed by the appropriate Alexa Fluor secondary antibody for
1 h. Vectashield mounting medium with DAPI was used for
mounting sections. Images were visualized and captured using a
Keyence BZ-X series fluorescence microscope.

Western Blot Analysis
Liver homogenates were prepared in TE buffer containing
protease inhibitor cocktail (#P2714, Sigma, St. Louis, MO,
United States). Liver samples were subjected to SDS-PAGE,
followed by blotting of proteins to nitrocellulose membranes.
The proteins were detected with specific primary antibodies
and fluorescently labeled secondary antibodies. The proteins
were visualized and quantified using the Odyssey Infrared
Imager and associated software (LI-COR Biosciences, Lincoln,
NE, United States).

Messenger RNA Quantification
RNA was isolated from liver and epididymal adipose tissue
using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA,
United States) and reverse-transcribed using the High Capacity
cDNA Transcription Kit (Applied Biosystems, Carlsbad,
CA, United States). Messenger RNAs were measured using
iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA, United States) and primers from Integrated DNA
Technologies (Coralville, IA, United States). PPARγ: Sense
5′- GAGATCCTCCTGTTGACCCAG-3′; Antisense 5′-CC
ACAGAGCTGATTCCGAAGT-3′, PPARα: Sense 5′-GTCCT
CTGGTTGTCCCCTTG-3′; Antisense 5′- GTCAGTTCACAGG
GAAGGCA-3′, FAS: Sense 5′- TCCCAGGTCTTGCCGTGC-3′;
Antisense 5′-GCGGATGCCTAGGATGTGTGC-3′, FATP2:
Sense 5′- AGTACATCG GTGAACTGCTTCGGT-3′; Antisense
5′-TGCCTTCAGTGGAAGCGTAGAACT-3′, CD36: Sense
5′-AACCCAGAGGAAGTGGCAAAG-3′; Antisense 5′-GACAG
TGAAGGCTCAAAGATGG-3′. Samples were analyzed using
the 7500 Real Time PCR System (Applied Biosystems, Carlsbad,
CA, United States). We used rat-specific primers from Applied
Biosystems for mRNA analysis of monocyte chemoattractant
protein-1 (MCP-1/CCL2; catalog #Rn00580555) and interleukin
1 beta (IL-1β; catalog #Rn00580432). The 11Ct method was
used to determine the fold change of each transcript using
β-actin or 36B4 mRNA for normalization.

Statistical Analysis
Results are expressed as mean values ± SEM. Comparison
between fed and fasted animals in AFL and NAFL groups
were analyzed using the Student’s t-test. p-values of <0.05 were
considered significant. For statistical analyses, data from ethanol-
fed rats and their fasted cohorts were compared with pair-fed
control rats. In the NAFL group, HFD-fed rats and their fasted
cohorts were compared with chow-fed rats.
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RESULTS

Liver and Adipose Weight in Fed and
Fasted Rats
As shown in Figure 1A, with pair-feeding, we observed similar
body weights in the ethanol-fed and pair-fed control rats.
While we did not observe any difference in the average
caloric intake per day in the NAFL model groups (chow-fed
rats:100.6± 6.93 Kcal/day; HFD-fed rats:114.1± 10.94 Kcal/day;
n = 8; data expressed as mean ± SEM), we did see significantly
higher body weights in HFD-fed rats compared to chow-fed rats
(Figure 1B). Forty-eight hours of fasting significantly reduced
the body weights of rats in all experimental groups compared
with their respective fed-counterparts, except for the HFD group.
Furthermore, consistent with our previous study (Rasineni et al.,
2019b), liver weights were significantly higher and adipose
weights lower in ethanol-fed rats, resulting in an increased
liver/body weight ratio (Figure 1C) and decreased adipose/body
weight ratio (Figure 1E) as compared to their respective controls.
Interestingly, in HFD-fed rats, both liver and body weights were

increased, resulting in no change in the liver/body weight ratio
when compared to the chow-fed rats (Figure 1D). However,
we did observe significantly higher epididymal adipose weight
and consequently higher epididymal/body weight ratios in HFD-
fed rats compared with chow-fed rats (Figure 1F). As shown in
Figures 1C,D, 48 h fasting decreased liver weight, resulting in
a decline in liver/body weight ratio in all experimental groups.
In addition, we observed a significant decrease in adipose weight
with 48 h fasting in all experimental groups except ethanol-fed
rats (Figures 1E,F).

Activity of Hepatic Injury Marker
Enzymes and Lipid Concentrations in
Serum
Since studies from our group and others have reported that
the activity of serum hepatic injury markers increases during
the development of both AFL and NAFL, we measured serum
alanine aminotransferase (ALT) and alkaline phosphatase (ALP)
to investigate the effect of 48 h fasting on hepatic injury.
As expected, activity of serum ALT and ALP increased in

FIGURE 1 | Body, liver, and adipose weight in fed and fasting AFL and NAFL experimental animals. Body weights of (A) Lieber-DeCarli pair-fed control and
ethanol-fed rats (AFL) and their respective fasted counterparts, (B) chow or high-fat diet (HFD) fed rats (NAFL) and their respective fasted groups. Liver weights of
(C) AFL group and (D) NAFL group. Adipose weights of (E) AFL group and (F) NAFL group. Values are means ± SEM (n = 8). Values not sharing a common letter in
each group are statistically different, p < 0.05.
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both ethanol and HFD-fed rats compared with pair-fed control
and chow-fed rats, respectively (Figure 2). Whereas 48 h
fasting caused a significant ALT decrease in only the HFD-
fed group (Figures 2A,B), serum ALP levels decreased in
all experimental groups compared to their respective fed-
counterparts (Figures 2C,D).

We also measured serum lipid content in all experimental
groups. Serum NEFA, TG, and total cholesterol levels were
higher in ethanol and HFD-fed rats compared with their
respective controls (Figures 3A–F). As expected, 48 h fasting
increased circulating NEFA levels in all experimental groups,
except the ethanol group, relative to corresponding fed groups
(Figures 3A,B). In contrast to serum NEFA levels, fasting
significantly decreased serum TG and cholesterol levels in all
experimental groups compared with fed groups (Figures 3C–F).

Morphology of Liver Tissue and Hepatic
TG Levels in Fed and Fasted AFL and
NAFL Rats
We collected livers from fed and fasted rats to examine fat
content by both histological and biochemical assessments.
The histopathological evaluations of the formalin-fixed
H&E stained liver sections were consistent with previous
reports in that both alcohol and HFD-fed rats showed higher
hepatic fat accumulation with evidence of both micro and
macrovesicular steatosis as compared with their respective
controls (Figures 4A,B). Since we observed decreased liver/body
weight ratios, we expected lower hepatic lipid accumulation
in fasted rats compared with respective fed animals. However,
all except ethanol-fed rats showed higher hepatic fat with
predominantly microvesicular steatosis compared with

respective fed groups after 48 h fasting (Figures 4A,B).
Interestingly in ethanol-fed rats, 48 h fasting decreased hepatic
lipid accumulation, showing mostly microvesicular steatosis.
These histological findings were corroborated by quantification
of hepatic TG levels (Figures 5A,B) showing, in most cases,
that fasting increased TG levels in the liver. Further, we
stained hepatic sections for lipid droplet associated protein,
perilipin2 (PLIN2). Perilipins are one of the most abundant
lipid droplet proteins (Sztalryd and Brasaemle, 2017). Among
them, perilipin2 is ubiquitously expressed and exclusively
associated with lipid droplets (LDs) as reported previously
(Rasineni et al., 2014, 2016). As shown in Figures 6A–D,
with quantitative analysis, we observed a marked increase
in PLIN2 staining of ethanol and HFD-fed rat LDs. Apart
from the ethanol-fed rats, all groups showed increased PLIN2
staining following 48 h fasting. The area of PLIN2 staining was
concurrent with the histology (Figures 4A,B) and hepatic TG
levels (Figures 5A,B).

Hepatic Fatty Acid Synthesis, Break
Down and β-Oxidation in Fed and Fasted
States
We measured mRNA that encodes fatty acid synthase (FAS),
which catalyzes fatty acid synthesis. Because we observed elevated
TG in the livers of alcohol and HFD-fed rats, we expected higher
levels of FAS mRNA. While ethanol-fed rats showed higher
FAS mRNA expression than their pair-fed controls, HFD-fed
rats showed lower FAS mRNA levels than respective controls,
suggesting that lipogenic pathways are upregulated during the
development of AFL (Figures 7A,B), but not NAFL. Fasting

FIGURE 2 | Liver injury markers in serum of AFL and NAFL experimental groups. Hepatic injury markers ALT in (A) Lieber-DeCarli pair-fed control and ethanol-fed
rats (AFL) and their respective fasted counterparts, (B) chow or high-fat diet (HFD) fed rats (NAFL) and their respective fasted groups. ALP in (C) AFL group and
(D) NAFL group. Values are means ± SEM (n = 8). Values not sharing a common letter in each group are statistically different, p < 0.05.
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FIGURE 3 | Serum lipid content in fed and fasting states of AFL and NAFL model animals. Serum NEFA in (A) Lieber-DeCarli pair-fed control and ethanol-fed rats
(AFL) and their respective fasted counterparts, (B) chow or high-fat diet (HFD) fed rats (NAFL) and their respective fasted groups. Serum TG in (C) AFL group and
(D) NAFL group. Serum cholesterol in (E) AFL group and (F) NAFL group. Values are means ± SEM (n = 8). Values not sharing a common letter in each group are
statistically different, p < 0.05.

significantly decreased FAS mRNA in all experimental groups
(Figures 7A,B).

Since fat accumulation represents either increased fat
synthesis and/or lower fat catabolism, we measured the activities
of two main lipases, adipose triacylglycerol lipase (ATGL) and
hormone sensitive lipase (HSL), which catalyzes triglyceride
breakdown. Western blot analysis (Figures 8A–J) revealed no
significant change in either total ATGL (Figures 8C,D) or HSL
(Figures 8G,H) protein content in the livers of ethanol or
HFD-fed rats. However, we did observe a significant decrease
in the active forms of ATGL (pATGL) and HSL (pHSL)
in ethanol-fed rats compared with their pair-fed controls
(Figures 8E,I). Notably, we observed no significant changes in

either pATGL or pHSL in HFD-fed rats compared to chow-
fed rats (Figures 8F,J). Fasting significantly decreased pATGL
in rats fed the Lieber-DeCarli control diet and HFD, but
not in the ethanol or chow-fed rats. However, active HSL
was significantly decreased in all fasted animals compared to
respective fed groups. Further, we measured hepatic peroxisome
proliferator-activated receptor alpha, PPARα, a ligand-activated
transcription factor involved in fatty acid oxidation. As expected,
PPARα in ethanol-fed rats was lower than in pair-fed controls
(Figure 9A). In HFD-fed rats, however, we observed no
significant change in PPARα expression when compared to
chow-fed rats (Figure 9B). Since fatty acids are a major
source of energy during starvation, 48 h fasting increased
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FIGURE 4 | Morphology of liver tissue. Hematoxylin and eosin staining was performed on paraffin sections of fed and fasted ethanol- and high-fat diet (HFD)-fed rats
and their respective controls. Images are representative of each group (n = 8). Magnification, 200X. (A) shows Lieber-DeCarli pair-fed control and ethanol-fed rats
(AFL) and their respective fasted counterparts. (B) shows chow or high-fat diet (HFD)-fed rats (NAFL) and their respective fasted groups. Macrovesicular steatosis is
denoted by arrowhead while arrow depict microvesicular steatosis.

FIGURE 5 | Quantification of lipid content in liver. Hepatic TG in (A) pair-fed control and ethanol Lieber-DeCarli liquid diet-fed rats (AFL) and their respective fasted
counterparts, (B) chow or high-fat diet (HFD) fed rats (NAFL) and their respective fasted groups. Values are means ± SEM (n = 8). Values not sharing a common
letter in each group are statistically different, p < 0.05.

PPARα expression in all experimental groups, as expected
(Figures 9A,B).

Hepatic Fatty Acid Uptake
Several studies have reported that adipose-derived free fatty acids
are taken up by the liver and esterified to form TG, which
can be utilized either for energy production, gluconeogenesis or
stored in lipid droplets during fatty liver development. Several
proteins are responsible for hepatic fatty acid uptake/transport,
including fatty acid transport protein 2 (FATP2, a member of
the FATP family of fatty acid uptake mediators) and cluster of
differentiation 36 (CD36, a long-chain fatty acid-translocase). As
expected, we observed increased expression of hepatic FATP2
and CD36 in ethanol and HFD-fed rats compared with pair-fed
control and chow-fed rats, respectively (Figures 10A–D). Except
for ethanol-fed rats, 48 h fasting increased circulating NEFA in
parallel with a significant elevation of CD36 expression compared
with respective fed-counterparts, indicating that fasting increases
both adipose lipolysis and hepatic uptake of circulating fatty acids
(Figures 10A–D). Similar increases in FATP2 were observed in all
groups except for ethanol-fed animals following 48 h fasting.

Hepatic Inflammation
Since it has been reported that fatty liver can promote
inflammation (Mandrekar et al., 2011), which is a key player in
progression of both alcoholic and non-alcoholic liver diseases
(Gao and Tsukamoto, 2016), we examined the expression of
inflammatory markers, monocyte chemoattractant protein 1
(MCP-1), and interleukin 1 beta (IL-1β). As shown in Figure 11,
we observed increased MCP-1 in alcohol and HFD-fed rats
compared to respective controls. Fasting for 48 h increased
MCP1 in all experimental groups relative to respective controls,
except for the ethanol-fed group (Figures 11A,B). No significant
elevation of IL-1β was observed in either the ethanol or HFD-fed
rats compared to respective controls nor did 48 h fasting induce
IL-1β expression in any experimental groups.

Fatty Acid Storage and Fatty Acid
Breakdown in Adipose Tissue
We collected the epididymal white adipose tissue (eWAT) from
fed and fasted animals to examine adipocyte size, which is
representative of fat content. The histological evaluations of the
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FIGURE 6 | Immunohistochemical staining for lipid droplet-associated protein PLIN2. Liver sections from animals were stained with perilipin 2 (PLIN2) antibody.
(A) Lieber-DeCarli pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts. (B) chow or high-fat diet-fed rats (NAFL) and their respective
fasted groups. Images are representative of each group of n = 8. Magnification, 400×. The histogram represents the area of PLIN 2 staining in (C) AFL group and
(D) NAFL group. Values are means ± SEM (n = 8). Values not sharing a common letter in each group are statistically different, p < 0.05.

FIGURE 7 | Hepatic fatty acid synthesis in AFL and NAFL animals during fed and fasting conditions. Hepatic expression of fatty acid synthase (FAS), an enzyme
which regulates fatty acid synthesis. FAS in (A) Lieber-DeCarli pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts, (B) chow or
high-fat diet (HFD) fed rats (NAFL) and their respective fasted groups. Values are means ± SEM (n = 8). Values not sharing a common letter in each group are
statistically different, p < 0.05.

formalin-fixed H&E stained eWAT revealed a decrease in the
adipocyte size of ethanol-fed rats compared with controls, which
is consistent with previous reports (Zhong et al., 2012). HFD-fed
rats showed larger adipocyte size compared to chow-fed controls

as previously reported (Li et al., 2016; Figures 12A–D). All fasted
rats showed decreased adipocyte size compared with respective
fed groups (Figures 12C,D). Further, we measured PPARγ (a
transcription factor that induces adipose differentiation and
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FIGURE 8 | Estimation of hepatic enzymes involved in the regulation of hepatic triglyceride breakdown. Representative Western Blot from AFL and NAFL groups for
(A) adipose triglyceride lipase (ATGL) and (B) hormone-sensitive lipase (HSL). (C–F) Panels of densitometric values of total and active (phosphorylated) content of
ATGL in AFL and NAFL groups. (G–J) Panels of densitometric values of total and active HSL in AFL and NAFL groups. Values are means ± SEM (n = 6). Values not
sharing a common letter in each group are statistically different, p < 0.05. Con, control; F-Con, fasted control; EtOH, ethanol; F-EtOH, fasted ethanol; Chow, chow
fed; F-Chow, fasted chow; HF, high-fat-fed; F-HF, fasted high-fat-fed group.

FIGURE 9 | Expression of peroxisome proliferator-activated receptor α (PPARα). qPCR analysis of hepatic gene expression related to fatty acid oxidation, PPARα.
(A) PPARα in Lieber-DeCarli pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts, (B) chow or high-fat diet (HFD) fed rats (NAFL) and
their respective fasted cohorts. Values are means ± SEM (n = 8). Values not sharing a common letter in each group are statistically different, p < 0.05.

increases fat storage capacity) and HSL (an enzyme that catalyzes
triglyceride breakdown). As reported previously, in ethanol-
fed rats we observed lower adipose PPARγ (Figure 13A)
and higher active HSL levels compared with pair-fed controls
(Figures 13C,D,F). In HFD-fed rats, parallel to increased eWAT
weight, we observed higher adipose PPARγ (Figure 13B) and
HSL expression compared with chow-fed rats (Figures 13E,G).
PPARγ expression declined in all groups after 48 h fasting.
Whereas fasting significantly increased adipose HSL activity in
rats fed the Lieber-DeCarli control, chow or high-fat diet, this
same increase was not observed in adipose tissue of ethanol-fed
rats (Figures 13F,G).

DISCUSSION

Fatty liver arising from either excessive alcohol consumption
or over-consumption of a high-fat/high-sugar diet have
similar phenotypes of hepatic lipid accumulation In our
previous studies, we reported that despite showing similar
phenotypic characteristics of accumulation of hepatic lipids
and increased oxidative stress in livers of rats with AFL or
NAFL, though there are mechanistic differences including
impairment in membrane trafficking, which is observed only
in AFL development (Rasineni et al., 2016). Here, we sought to
evaluate the effect of fasting on lipid dynamics and metabolism
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FIGURE 10 | Quantitative analysis of hepatic fatty acid uptake. Hepatic gene expression related to fatty acid uptake. Fatty acid transport protein 2 (FATP2) in
(A) Lieber-DeCarli pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts, (B) in chow or high-fat diet (HFD) fed rats (NAFL) and their
respective fasted cohorts. Fatty acid translocase CD36 in (C) AFL group and (D) NAFL group. Values are means ± SEM (n = 8). Values not sharing a common letter
in each group are statistically different, p < 0.05.

FIGURE 11 | Expression of hepatic inflammatory markers. qPCR analysis of hepatic gene expression related to inflammation and steatosis. Monocyte
chemoattractant protein-1 (MCP-1/CCL2) in (A) Lieber-DeCarli pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts, (B) chow or
high-fat diet-fed rats (NAFL) and their respective fasted cohorts. Interleukin 1 beta (IL-1β) in (C) AFL group and (D) NAFL group. Values are means ± SEM (n = 8).
Values not sharing a common letter in each group are statistically different, p < 0.05.

by focusing on the adipose-liver axis in both models of
fatty liver disease.

As expected, HFD-fed rats exhibited increased body weight
and adipose/body weight ratios but had no change in liver/body
weight ratio compared to the chow-fed group. In the case
of HFD-fed rats, excessive nutrient/caloric intake results in
additional energy being stored in adipose tissue in the form

of lipids. This results in an increased adipose, body weight,
and adipose/body weight ratio compared with the chow group.
Further, when adipose tissue exceeds its ability to store lipids,
NEFA flow to other organs increases, especially to the liver,
leading to increased fat deposition and liver weight (Langin,
2011). Since there was an increase in both the liver and body
weight of rats fed the HFD, the liver/body weight ratio in these
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FIGURE 12 | Morphology of epididymal adipose tissue. Hematoxylin and Eosin staining was performed on paraffin sections. Images are representative of each group
of n = 8. Magnification 200X. (A) Lieber-DeCarli pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts. (B) chow or high-fat diet (HFD)
fed rats (NAFL) and their respective fasted groups. Average adipocyte size in (C) AFL group and (D) NAFL group. ImageJ software (National Institutes of Health,
Bethesda, MD, United States) was used to measure average adipocyte size. Values are means ± SEM of four randomly selected fields from each section, and data
pooled from sections obtained from four animals from each experimental group. Values not sharing a common letter in each group are statistically different, p < 0.05.

rats did not differ from the chow-fed controls. However, despite
weighing∼100 g less than HFD-fed rats, ethanol-fed rats showed
similar body weights to pair-fed controls, but markedly decreased
adipose/body weight ratios as adipose lipolysis increased. As a
result, the ethanol-fed rats exhibited increased liver/body weight
ratios partly due to protein (Kharbanda et al., 2007b) and fat
accumulation in the liver compared with respective controls
(Rasineni et al., 2014). The latter occurred as a result of the
combined effect of alcohol-induced de novo lipogenesis and
adipose-derived fatty acid uptake and esterification as well as
decreased fatty acid oxidation and VLDL secretion (Kharbanda
et al., 2009; Rasineni et al., 2019a). Fasting for 48 h caused a
significant decrease in body weights of all experimental animals
except HFD-fed rats, which is consistent with reports in the
literature (Li and Wassner, 1984). It has been shown that the
extent of weight gain and body fat accumulation in older rats
can regulate body weight loss following food deprivation. Hence,
percentage of body weight loss is greater in younger rats than in
older rats after 24 h of starvation (Li and Wassner, 1984). Our
results were more consistent with liver weights which decreased
in all experimental groups after the 48 h fast. This fasting-
induced decrease in liver weights is likely due to breakdown
and utilization of glycogen, which is an immediate and effective
energy source to maintain blood glucose during the early stages of

fasting (Ohama et al., 1994; Klover and Mooney, 2004), combined
with the considerable amount of glycogen-associated water loss
(Sharma et al., 1985). While glycogen is utilized during early
periods of starvation, 48 h fasting results in the breakdown of
adipose-stored TG for energy. Indeed, adipose/body weight ratios
significantly decreased following fasting, indicating increased
adipose lipolysis in all experimental groups except ethanol-fed
rats. This was also indicated by increased circulating NEFA levels
in all fasted groups except ethanol-fed rats. This discrepancy with
the ethanol-fed rats is likely due to already accelerated lipolysis
and perhaps the inability of adipose tissue to respond adequately
to the fasting stimulus and release NEFA to the extent observed
in control, chow, and HFD-fed rats.

Serum aminotransferase increase is an index of hepatocyte
injury. Consistent with our previous studies and others, we
saw elevated serum ALT and ALP in animals with fatty livers
(Toshikuni et al., 2013; Echeverria et al., 2018). Elevated ALT is
also an indicator of insulin resistance. Fasting reduced serum ALT
levels in HFD-fed rats. Such observations were reported in several
studies showing improvement in liver enzymes (transaminase)
after exercise and restricted diets (Vajro et al., 1994; Ueno
et al., 1997). Except in HFD-fed rats, other experimental
groups showed no decline in ALT levels with fasting, which
is consistent with earlier reports (Krahenbuhl et al., 1991;
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FIGURE 13 | Quantitative analysis of the adipose fatty acid breakdown. qPCR analysis of peroxisome proliferator-activated receptor γ (PPARγ) in (A) Lieber-DeCarli
pair-fed control and ethanol-fed rats (AFL) and their respective fasted counterparts, (B) in chow or high-fat diet (HFD) fed rats (NAFL) and their respective fasted
cohorts. For quantitative analysis of adipose lipid breakdown, we estimated total and phosphorylated hormone-sensitive lipase (HSL). (C) Representative Western
Blot. (D,E) Panel of densitometric values of total HSL in AFL and NAFL groups. (F,G) Panel of densitometric values of active (phosphorylated) HSL in AFL and NAFL
groups. Values are means ± SEM (n = 6). Values not sharing a common letter in each group are statistically different, p < 0.05. Con, control-fed; F-Con, fasted
control; EtOH, ethanol-fed; F-EtOH, fasted ethanol; Chow, chow-fed; F-Chow, fasted chow; HFD, high-fat diet-fed; F-HFD, fasted high-fat diet group.

Browning et al., 2012). Fasting for 48 h reduced ALP levels in all
experimental animals, as has been reported in chow-fed control
and CCl4-induced cirrhotic rats (Abraira et al., 1980; Krahenbuhl
et al., 1991; Restellini et al., 2013; Fazeli et al., 2015).

Histological assessment of the H&E stained liver sections
showed lipid accumulation after excessive alcohol intake or HFD
consumption with the two models of fatty liver disease being

essentially indistinguishable. This assessment was corroborated
by biochemical quantitation which revealed a nearly 2.5-fold
increase in hepatic TG in both models compared with pair-fed
control or chow-fed rats.

Pathomechanisms that underlie the development of hepatic
steatosis include increased de novo lipogenesis, increased
circulating fatty acid uptake by the liver coupled with decreased
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fatty acid oxidation and reduced fat export as VLDL (Kharbanda
et al., 2009; Wei et al., 2013; Osna et al., 2017; You and
Arteel, 2019). For de novo lipogenesis, fatty acid synthesis is
regulated by the enzyme fatty acid synthase (FAS). We observed
increased expression of FAS mRNA in the livers of ethanol-fed
rats compared with pair-fed controls, suggesting that increased de
novo fatty acid synthesis contributes to ethanol-induced hepatic
fat accumulation. Further, alcohol metabolism-induced increases
in the NADH/NAD ratio could promote de novo fatty acid
synthesis (Rasineni and Casey, 2012) and contribute to increased
fat accumulation. Besides de novo fatty acid synthesis, a major
physiological mechanism that contributes to fat accumulation
in the liver is increased circulating NEFA uptake by the liver
and its esterification with glycerol-3-phosphate to form TG
(Alves-Bezerra and Cohen, 2017). Here, we observed increased
serum NEFA in conjunction with an increased expression of
hepatic fatty acid transporters FATP2 and CD36, indicating
that increased hepatic uptake of circulating NEFA contributes
to fat accumulation in ethanol-fed rats. Ethanol consumption
also resulted in impaired triglyceride hydrolysis and fatty acid
oxidation as indicated by a decline in the activation of the
two major lipases (HSL and ATGL) as well as a decrease in
PPARα, which regulates fatty acid oxidation. Collectively, it is
the upregulation of lipogenic pathways, increased NEFA uptake,
decreased hydrolysis and impaired fatty acid oxidation that all
contribute to the ethanol-induced hepatic steatosis.

We observed that FAS mRNA expression is decreased in
HFD-fed rats compared with chow-fed rats, indicating that
de novo lipogenesis does not contribute significantly to HFD-
induced hepatic steatosis. Several studies with dietary fat
challenge in human subjects or experimental animals have
similarly reported that the source of TG in hepatic tissue
is mainly dietary lipids and that very little is from de
novo lipogenesis (Donnelly et al., 2005; Delgado et al., 2009;
Oosterveer et al., 2009; Duarte et al., 2014). Furthermore,
HSL and ATGL activity were similar in both chow and
HFD-fed animals and instead of an expected decrease, a
moderate increase in PPARα expression was seen after HFD
consumption. These results suggest that neither increased
lipogenesis, impaired triglyceride hydrolysis nor decreased fatty
acid oxidation contribute to the development of hepatic steatosis
in HFD-fed rats. Rather, hepatic steatosis occurs through
increased NEFA flow from the diet or adipose tissue and
heightened uptake by the liver, facilitated by the elevated levels
of fatty acid transporters CD36 and FABP4, as shown here.
Other factors that may contribute to hepatic steatosis after HFD
consumption are direct elongation and subsequent desaturation
of dietary fatty acids in the liver (Oosterveer et al., 2009;
Duarte et al., 2014).

Fasting for 48 h also revealed a differential effect on hepatic
steatosis induced by ethanol or HFD consumption. While
rats fed Lieber-DeCarli control, chow or high-fat diet showed
accumulation of liver TG after 48 h of fasting, ethanol-fed
rats showed a decrease compared with their fed counterparts.
The fasting-induced change in hepatic lipids followed the same
pattern as serum NEFA, which increased in all experimental
groups compared to respective fed-groups except the 48 h

fasted ethanol rats. Fasting reduced FAS expression while
it increased PPARα expression in all experimental groups
compared to respective fed groups. These findings corroborate
previous studies, showing that fasting-induced glucocorticoid
secretion promotes PPARα activation to utilize fat as energy
source during fasting (Lemberger et al., 1994; Steineger et al.,
1994). We also observed a decline in the activation of hepatic
lipases, ATGL and HSL, in fasted control and HFD-fed rats
whereas fasted chow-fed rats showed a decrease in only HSL
activation. These results reveal that increases in lipogenic
or decreases in fat oxidation pathways do not contribute
to hepatic fat accumulation seen in rats fed the Lieber-
DeCarli control, chow or high-fat diet after fasting. Rather,
the increased liver delivery and uptake of the adipose-derived
NEFA and its subsequent esterification combined with reduced
breakdown of stored TG likely contributed to hepatic fat
accumulation observed in these animals. While studies from
other laboratories have indeed reported increases in hepatic
triglyceride accumulation following 24 h or more of fasting in
healthy humans and control rats (Moller et al., 2008; Browning
et al., 2012; Geisler et al., 2016; Pantaleao et al., 2017), ours is
the first report to show that fasting for 48 h increases hepatic
steatosis in an HFD-associated NAFLD (non-alcoholic fatty liver
disease) animal model.

The decrease in hepatic steatosis in alcohol-fed rats after
48 h fasting compared to fed-counterparts could be due to the
combined effects of (i) abstinence-related recovery of the liver
and adipose tissue, (ii) an increase in liver fatty acid oxidation
as evident by increased PPARα, and (iii) the absence of further
increases in the supply of adipose-derived NEFA to the liver
because of an inadequate starvation-induced lipolytic stimulus as
observed in pair-fed control rats.

It is noteworthy that there was no further change in the hepatic
p-ATGL (active form) between fed and fasted ethanol rats, and
that p-HSL (active form) decreased in fasted ethanol-fed rats
compared with fed-counterparts. This decrease in active HSL
after fasting likely contributes to the residual fat accumulation
due to deceleration of lipolysis in the livers of fasted ethanol-
fed rats.

In congruence with previous reports, ethanol-fed rats showed
decreased epididymal white adipose tissue (eWAT) weight and
adipocyte size while both were significantly elevated in HFD-
fed rats compared with their respective controls. In correlation
with adipocyte size, we observed increased HSL enzyme activity
and decreased expression of PPARγ, which induces adipose
differentiation and increases its fat storing capacity in the
eWAT of ethanol-fed rats compared with control. These ethanol-
induced changes in eWAT promote adipose lipolysis, causing a
rise in adipose-derived serum NEFA levels as reported in our
recent study (Rasineni et al., 2019a). Fasting pair-fed control
rats reduced eWAT PPARγ expression while it increased adipose
p-HSL levels, thereby enhancing lipolysis, as evident by reduced
adipocyte size, and subsequently, an elevation in serum NEFA
levels. These results were as expected. However, this normal
fasting-induced lipolytic response was absent in ethanol-fed rats,
with no change in PPARγ, active HSL or serum NEFA levels
between the fed and fasted states.
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We observed that the dietary fat mainly contributed to the
higher serum NEFA levels in HFD-fed rats compared with chow-
fed rats. However, the increased HSL activation seen in eWAT
of HFD-fed rats may have also contributed to the rise in NEFA.
Fasting for 48 h induced similar responses in the eWAT of chow
and HFD-fed rats and caused a further increase in HSL activation
to promote eWAT lipolysis (as judged by the decrease in
adipocyte size compared to fed-counterparts) ultimately leading
to elevated adipose-derived serum NEFA levels.

Increased fat accumulation makes the liver susceptible to
inflammatory mediators, thereby, promoting the development
of advanced liver injury. We observed elevated levels of the
chemokine MCP-1 in livers of ethanol- and HFD-fed rat
which is consistent with previous reports (Ito et al., 2007;
Mandrekar et al., 2011; Gao and Tsukamoto, 2016). However,
we observed no histological evidence of inflammation. This
may be because MCP-1 not only plays a role in macrophage
recruitment and inflammation but also directly plays a significant
role in the development of hepatic steatosis via affecting fatty
acid metabolism (Mandrekar et al., 2011). FFAs regulate MCP-
1 expression (Yeop Han et al., 2010; Asterholm et al., 2012),
which we believe may be contributing to the increase in this
chemokine level in livers of HFD- and ethanol-fed rats. Upon
fasting, all other experimental rats, except for the ethanol-fed
animals, showed increased hepatic MCP-1 levels, which is in line
with the increased flow of FFAs seen in these other experimental
groups after 48 h fasting.

In summary, although AFL and NAFL feeding models showed
similar histology, the physiological mechanisms in fatty liver
development in each are different. Increased hepatic de novo
fatty acid synthesis, higher uptake of adipose-derived NEFA and
impaired fatty acid breakdown contribute to the development of
AFL. In the development of NAFL, however, increased dietary
fatty acid uptake by the liver plays a major role. Likewise, the
response of each model to fasting is also diverse. While hepatic
steatosis decreased after fasting in ethanol-fed rats, animals with
NAFL had increased hepatic steatosis compared with their fed-
counterparts. This rise in hepatic steatosis after 48 h fasting of
HFD-fed rats was likely due to increased delivery to the liver and
enhanced hepatic uptake and esterification of adipose-derived
NEFA combined with reduced TG lipolysis. The decrease in
hepatic steatosis in AFL rats after 48 h fasting likely resulted from

a combined effect of abstinence-related recovery, an increase in
fatty acid oxidation and the absence of any further increase in the
supply of adipose-derived NEFA to the liver.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee at the VA NWIHCS
Research Service.

AUTHOR CONTRIBUTIONS

KR: funding acquisition, conception, design of the study, data
analysis and interpretation, and writing the original draft. CJ:
performing the experiments, data acquisition, and data analysis.
PT, JK, ES, and SS: aided in performing the experiments. GT:
histological evaluation. TD: helped with interpretation of the
data and editing the manuscript. MM: funding acquisition. KK:
funding acquisition, data interpretation, and review and editing
the manuscript. CC: funding acquisition, supervision of the
project, and review and editing the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This research was supported by R01 AA020735-06 (CC and MM,
Multiple PI awards), R01 AA026723 (KK), and K01 AA024254-
01A1 (KR) from the National Institute on Alcohol Abuse and
Alcoholism of the National Institutes of Health, and Merit Review
grant BX004171 (CC) and BX004053 (KK) from the United States
Department of Veterans Affairs, Biomedical Laboratory Research
and Development Service.

REFERENCES
Abraira, C., Virupannavar, C., and Nemchausky, B. (1980). Protective

effect of small amounts of glucose on abnormal liver function tests
during starvation. Metabolism 29, 943–948. doi: 10.1016/0026-0495(80)90
037-2

Alves-Bezerra, M., and Cohen, D. E. (2017). Triglyceride metabolism in the liver.
Compr. Physiol. 8, 1–8. doi: 10.1002/cphy.c170012

Asterholm, I. W., McDonald, J., Blanchard, P. G., Sinha, M., Xiao, Q., Mistry, J.,
et al. (2012). Lack of "immunological fitness" during fasting in metabolically
challenged animals. J. Lipid Res. 53, 1254–1267. doi: 10.1194/jlr.M021725

Browning, J. D., Baxter, J., Satapati, S., and Burgess, S. C. (2012). The effect of short-
term fasting on liver and skeletal muscle lipid, glucose, and energy metabolism
in healthy women and men. J. Lipid Res. 53, 577–586. doi: 10.1194/jlr.P02
0867

Chao, H. W., Chao, S. W., Lin, H., Ku, H. C., and Cheng, C. F. (2019). Homeostasis
of glucose and lipid in non-alcoholic fatty liver disease. Int. J. Mol. Sci. 20:298.
doi: 10.3390/ijms20020298

Cotter, T. G., Dong, L., Holmen, J., Gilroy, R., Krong, J., and Charlton, M.
(2020). Nonalcoholic fatty liver disease: impact on healthcare resource
utilization, liver transplantation and mortality in a large, integrated
healthcare system. J. Gastroenterol. 55, 722–730. doi: 10.1007/s00535-020-01
684-w

Cotter, T. G., and Rinella, M. (2020). Nonalcoholic fatty liver disease 2020: the
state of the disease.Gastroenterology 158, 1851–1864. doi: 10.1053/j.gastro.2020.
01.052

Cuervo, A. M., Knecht, E., Terlecky, S. R., and Dice, J. F. (1995). Activation of a
selective pathway of lysosomal proteolysis in rat liver by prolonged starvation.
Am. J. Physiol. 269(5 Pt 1), C1200–C1208. doi: 10.1152/ajpcell.1995.269.5.
C1200

Frontiers in Physiology | www.frontiersin.org 14 March 2021 | Volume 12 | Article 625352

https://doi.org/10.1016/0026-0495(80)90037-2
https://doi.org/10.1016/0026-0495(80)90037-2
https://doi.org/10.1002/cphy.c170012
https://doi.org/10.1194/jlr.M021725
https://doi.org/10.1194/jlr.P020867
https://doi.org/10.1194/jlr.P020867
https://doi.org/10.3390/ijms20020298
https://doi.org/10.1007/s00535-020-01684-w
https://doi.org/10.1007/s00535-020-01684-w
https://doi.org/10.1053/j.gastro.2020.01.052
https://doi.org/10.1053/j.gastro.2020.01.052
https://doi.org/10.1152/ajpcell.1995.269.5.C1200
https://doi.org/10.1152/ajpcell.1995.269.5.C1200
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-625352 February 25, 2021 Time: 20:13 # 15

Rasineni et al. Fasting and Fatty Liver-Adipose Interplay

Delgado, T. C., Pinheiro, D., Caldeira, M., Castro, M. M., Geraldes, C. F., Lopez-
Larrubia, P., et al. (2009). Sources of hepatic triglyceride accumulation during
high-fat feeding in the healthy rat. NMR Biomed. 22, 310–317. doi: 10.1002/
nbm.1327

Donnelly, K. L., Smith, C. I., Schwarzenberg, S. J., Jessurun, J., Boldt, M. D.,
and Parks, E. J. (2005). Sources of fatty acids stored in liver and secreted via
lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Invest. 115,
1343–1351. doi: 10.1172/JCI23621

Duarte, J. A., Carvalho, F., Pearson, M., Horton, J. D., Browning, J. D., Jones, J. G.,
et al. (2014). A high-fat diet suppresses de novo lipogenesis and desaturation but
not elongation and triglyceride synthesis in mice. J. Lipid Res. 55, 2541–2553.
doi: 10.1194/jlr.M052308

Echeverria, F., Valenzuela, R., Bustamante, A., Alvarez, D., Ortiz, M., Soto-Alarcon,
S. A., et al. (2018). Attenuation of high-fat diet-induced rat liver oxidative
stress and steatosis by combined hydroxytyrosol- (HT-) eicosapentaenoic acid
supplementation mainly relies on HT. Oxid. Med. Cell Longev. 2018:5109503.
doi: 10.1155/2018/5109503

Fazeli, P. K., Lun, M., Kim, S. M., Bredella, M. A., Wright, S., Zhang, Y., et al. (2015).
FGF21 and the late adaptive response to starvation in humans. J. Clin. Invest.
125, 4601–4611. doi: 10.1172/JCI83349

Folch, J., Lees, M., and Sloane Stanley, G. H. (1957). A simple method for the
isolation and purification of total lipides from animal tissues. J. Biol. Chem. 226,
497–509.

Gao, B., Ahmad, M. F., Nagy, L. E., and Tsukamoto, H. (2019). Inflammatory
pathways in alcoholic steatohepatitis. J. Hepatol. 70, 249–259. doi: 10.1016/j.
jhep.2018.10.023

Gao, B., and Tsukamoto, H. (2016). Inflammation in alcoholic and nonalcoholic
fatty liver disease: friend or foe?". Gastroenterology 150, 1704–1709. doi: 10.
1053/j.gastro.2016.01.025

Geisler, C. E., Hepler, C., Higgins, M. R., and Renquist, B. J. (2016).
Hepatic adaptations to maintain metabolic homeostasis in response to
fasting and refeeding in mice. Nutr. Metab. 13:62. doi: 10.1186/s12986-016-
0122-x

Ito, M., Suzuki, J., Tsujioka, S., Sasaki, M., Gomori, A., Shirakura, T., et al. (2007).
Longitudinal analysis of murine steatohepatitis model induced by chronic
exposure to high-fat diet. Hepatol. Res. 37, 50–57. doi: 10.1111/j.1872-034X.
2007.00008.x

Kaushik, S., and Cuervo, A. M. (2015). Degradation of lipid droplet-associated
proteins by chaperone-mediated autophagy facilitates lipolysis. Nat. Cell Biol.
17, 759–770. doi: 10.1038/ncb3166

Kawano, Y., and Cohen, D. E. (2013). Mechanisms of hepatic triglyceride
accumulation in non-alcoholic fatty liver disease. J. Gastroenterol. 48, 434–441.
doi: 10.1007/s00535-013-0758-5

Kharbanda, K. K., Mailliard, M. E., Baldwin, C. R., Beckenhauer, H. C., Sorrell,
M. F., and Tuma, D. J. (2007a). Betaine attenuates alcoholic steatosis by
restoring phosphatidylcholine generation via the phosphatidylethanolamine
methyltransferase pathway. J. Hepatol. 46, 314–321. doi: 10.1016/j.jhep.2006.
08.024

Kharbanda, K. K., Mailliard, M. E., Baldwin, C. R., Sorrell, M. F., and Tuma,
D. J. (2007b). Accumulation of proteins bearing atypical isoaspartyl residues
in livers of alcohol-fed rats is prevented by betaine administration: effects
on protein-L-isoaspartyl methyltransferase activity. J. Hepatol. 46, 1119–1125.
doi: 10.1016/j.jhep.2007.01.026

Kharbanda, K. K., Todero, S. L., King, A. L., Osna, N. A., McVicker, B. L.,
Tuma, D. J., et al. (2012). Betaine treatment attenuates chronic ethanol-
induced hepatic steatosis and alterations to the mitochondrial respiratory chain
proteome. Int. J. Hepatol. 2012:962183. doi: 10.1155/2012/962183

Kharbanda, K. K., Todero, S. L., Ward, B. W., Cannella, J. J. III, and Tuma,
D. J. (2009). Betaine administration corrects ethanol-induced defective VLDL
secretion. Mol. Cell Biochem. 327, 75–78. doi: 10.1007/s11010-009-0044-2

Klover, P. J., and Mooney, R. A. (2004). Hepatocytes: critical for glucose
homeostasis. Int. J. Biochem. Cell Biol. 36, 753–758. doi: 10.1016/j.biocel.2003.
10.002

Krahenbuhl, S., Weber, F. L. Jr., and Brass, E. P. (1991). Decreased hepatic
glycogen content and accelerated response to starvation in rats with carbon
tetrachloride-induced cirrhosis. Hepatology 14, 1189–1195.

Langin, D. (2011). "In and out: adipose tissue lipid turnover in obesity and
dyslipidemia. Cell Metab. 14, 569–570. doi: 10.1016/j.cmet.2011.10.003

Lemberger, T., Staels, B., Saladin, R., Desvergne, B., Auwerx, J., and Wahli, W.
(1994). Regulation of the peroxisome proliferator-activated receptor alpha gene
by glucocorticoids. J. Biol. Chem. 269, 24527–24530.

Li, J., Zou, B., Yeo, Y. H., Feng, Y., Xie, X., Lee, D. H., et al. (2019). Prevalence,
incidence, and outcome of non-alcoholic fatty liver disease in Asia, 1999-2019: a
systematic review and meta-analysis. Lancet Gastroenterol. Hepatol. 4, 389–398.
doi: 10.1016/S2468-1253(19)30039-1

Li, J. B., and Wassner, S. J. (1984). Effects of food deprivation and refeeding on
total protein and actomyosin degradation. Am. J. Physiol. 246(1 Pt 1), E32–E37.
doi: 10.1152/ajpendo.1984.246.1.E32

Li, X., Yang, M., Li, Z., Xue, M., Shangguan, Z., Ou, Z., et al. (2016). Fructus
xanthii improves lipid homeostasis in the epididymal adipose tissue of rats fed
a high-fat diet. Mol. Med. Rep. 13, 787–795. doi: 10.3892/mmr.2015.4628

Lieber, C. S. (2004). Alcoholic fatty liver: its pathogenesis and mechanism of
progression to inflammation and fibrosis. Alcohol 34, 9–19. doi: 10.1016/j.
alcohol.2004.07.008

Lomonaco, R., Ortiz-Lopez, C., Orsak, B., Webb, A., Hardies, J., Darland, C., et al.
(2012). Effect of adipose tissue insulin resistance on metabolic parameters and
liver histology in obese patients with nonalcoholic fatty liver disease. Hepatology
55, 1389–1397. doi: 10.1002/hep.25539

Mandrekar, P., Ambade, A., Lim, A., Szabo, G., and Catalano, D. (2011).
An essential role for monocyte chemoattractant protein-1 in alcoholic liver
injury: regulation of proinflammatory cytokines and hepatic steatosis in mice.
Hepatology 54, 2185–2197. doi: 10.1002/hep.24599

Mitra, S., De, A., and Chowdhury, A. (2020). Epidemiology of non-alcoholic and
alcoholic fatty liver diseases. Transl. Gastroenterol. Hepatol. 5:16. doi: 10.21037/
tgh.2019.09.08

Moller, L., Stodkilde-Jorgensen, H. H., Jensen, F. T., and Jorgensen, J. O. (2008).
Fasting in healthy subjects is associated with intrahepatic accumulation of lipids
as assessed by 1H-magnetic resonance spectroscopy. Clin. Sci. 114, 547–552.
doi: 10.1042/CS20070217

Ohama, T., Matsuki, N., Saito, H., Tsukamoto, K., Kinoshita, M., Katsuragawa, K.,
et al. (1994). Effect of starving and refeeding on lipid metabolism in suncus.
J. Biochem. 115, 190–193. doi: 10.1093/oxfordjournals.jbchem.a124316

Oosterveer, M. H., van Dijk, T. H., Tietge, U. J., Boer, T., Havinga, R., Stellaard,
F., et al. (2009). High fat feeding induces hepatic fatty acid elongation in mice.
PLoS One 4:e6066. doi: 10.1371/journal.pone.0006066

Osna, N. A., Donohue, T. M. Jr., and Kharbanda, K. K. (2017). Alcoholic liver
disease: pathogenesis and current management. Alcohol. Res. 38, 147–161.

Pantaleao, L. C., Murata, G., Teixeira, C. J., Payolla, T. B., Santos-Silva, J. C., Duque-
Guimaraes, D. E., et al. (2017). Prolonged fasting elicits increased hepatic
triglyceride accumulation in rats born to dexamethasone-treated mothers. Sci.
Rep. 7:10367. doi: 10.1038/s41598-017-10642-1

Rasineni, K., and Casey, C. A. (2012). Molecular mechanism of alcoholic fatty liver.
Indian J. Pharmacol. 44, 299–303. doi: 10.4103/0253-7613.96297

Rasineni, K., Kubik, J. L., Casey, C. A., and Kharbanda, K. K. (2019a). Inhibition
of ghrelin activity by receptor antagonist [d-Lys-3] GHRP-6 attenuates alcohol-
induced hepatic steatosis by regulating hepatic lipid metabolism. Biomolecules
9:517. doi: 10.3390/biom9100517

Rasineni, K., Thomes, P. G., Kubik, J. L., Harris, E. N., Kharbanda, K. K., and
Casey, C. A. (2019b). Chronic alcohol exposure alters circulating insulin and
ghrelin levels: role of ghrelin in hepatic steatosis. Am. J. Physiol. Gastrointest.
Liver Physiol. 316, G453–G461. doi: 10.1152/ajpgi.00334.2018

Rasineni, K., McVicker, B. L., Tuma, D. J., McNiven, M. A., and Casey, C. A.
(2014). Rab GTPases associate with isolated lipid droplets (LDs) and show
altered content after ethanol administration: potential role in alcohol-impaired
LD metabolism. Alcohol. Clin. Exp. Res. 38, 327–335. doi: 10.1111/acer.12271

Rasineni, K., Penrice, D. D., Natarajan, S. K., McNiven, M. A., McVicker, B. L.,
Kharbanda, K. K., et al. (2016). Alcoholic vs non-alcoholic fatty liver in
rats: distinct differences in endocytosis and vesicle trafficking despite similar
pathology. BMC Gastroenterol. 16:27. doi: 10.1186/s12876-016-0433-4

Restellini, S., Spahr, L., and Rubbia Brandt, L. (2013). Severe starvation-induced
hepatocyte autophagy as a cause of acute liver injury in anorexia nervosa:
a case report. Case Reports Hepatol. 2013:749169. doi: 10.1155/2013/74
9169

Schneider, J. L., Suh, Y., and Cuervo, A. M. (2014). Deficient chaperone-mediated
autophagy in liver leads to metabolic dysregulation. Cell Metab. 20, 417–432.
doi: 10.1016/j.cmet.2014.06.009

Frontiers in Physiology | www.frontiersin.org 15 March 2021 | Volume 12 | Article 625352

https://doi.org/10.1002/nbm.1327
https://doi.org/10.1002/nbm.1327
https://doi.org/10.1172/JCI23621
https://doi.org/10.1194/jlr.M052308
https://doi.org/10.1155/2018/5109503
https://doi.org/10.1172/JCI83349
https://doi.org/10.1016/j.jhep.2018.10.023
https://doi.org/10.1016/j.jhep.2018.10.023
https://doi.org/10.1053/j.gastro.2016.01.025
https://doi.org/10.1053/j.gastro.2016.01.025
https://doi.org/10.1186/s12986-016-0122-x
https://doi.org/10.1186/s12986-016-0122-x
https://doi.org/10.1111/j.1872-034X.2007.00008.x
https://doi.org/10.1111/j.1872-034X.2007.00008.x
https://doi.org/10.1038/ncb3166
https://doi.org/10.1007/s00535-013-0758-5
https://doi.org/10.1016/j.jhep.2006.08.024
https://doi.org/10.1016/j.jhep.2006.08.024
https://doi.org/10.1016/j.jhep.2007.01.026
https://doi.org/10.1155/2012/962183
https://doi.org/10.1007/s11010-009-0044-2
https://doi.org/10.1016/j.biocel.2003.10.002
https://doi.org/10.1016/j.biocel.2003.10.002
https://doi.org/10.1016/j.cmet.2011.10.003
https://doi.org/10.1016/S2468-1253(19)30039-1
https://doi.org/10.1152/ajpendo.1984.246.1.E32
https://doi.org/10.3892/mmr.2015.4628
https://doi.org/10.1016/j.alcohol.2004.07.008
https://doi.org/10.1016/j.alcohol.2004.07.008
https://doi.org/10.1002/hep.25539
https://doi.org/10.1002/hep.24599
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.1042/CS20070217
https://doi.org/10.1093/oxfordjournals.jbchem.a124316
https://doi.org/10.1371/journal.pone.0006066
https://doi.org/10.1038/s41598-017-10642-1
https://doi.org/10.4103/0253-7613.96297
https://doi.org/10.3390/biom9100517
https://doi.org/10.1152/ajpgi.00334.2018
https://doi.org/10.1111/acer.12271
https://doi.org/10.1186/s12876-016-0433-4
https://doi.org/10.1155/2013/749169
https://doi.org/10.1155/2013/749169
https://doi.org/10.1016/j.cmet.2014.06.009
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-625352 February 25, 2021 Time: 20:13 # 16

Rasineni et al. Fasting and Fatty Liver-Adipose Interplay

Sharma, M., Lal, H., and Saini, A. S. (1985). Effect of prolonged starvation and
refeeding on fuel metabolism in rats. Indian J. Physiol. Pharmacol. 29, 107–110.

Singal, A. K., and Anand, B. S. (2013). Recent trends in the epidemiology of
alcoholic liver disease. Clin. Liver Dis. 2, 53–56. doi: 10.1002/cld.168

Singal, A. K., Chaha, K. S., Rasheed, K., and Anand, B. S. (2013). Liver
transplantation in alcoholic liver disease current status and controversies.
World J. Gastroenterol. 19, 5953–5963. doi: 10.3748/wjg.v19.i36.
5953

Steineger, H. H., Sorensen, H. N., Tugwood, J. D., Skrede, S., Spydevold, O.,
and Gautvik, K. M. (1994). Dexamethasone and insulin demonstrate marked
and opposite regulation of the steady-state mRNA level of the peroxisomal
proliferator-activated receptor (PPAR) in hepatic cells. Hormonal modulation
of fatty-acid-induced transcription. Eur. J. Biochem. 225, 967–974. doi: 10.1111/
j.1432-1033.1994.0967b.x

Sztalryd, C., and Brasaemle, D. L. (2017). The perilipin family of lipid
droplet proteins: gatekeepers of intracellular lipolysis. Biochim. Biophys. Acta
Mol. Cell Biol. Lipids 1862(10 Pt B), 1221–1232. doi: 10.1016/j.bbalip.2017.
07.009

Tang, H. N., Tang, C. Y., Man, X. F., Tan, S. W., Guo, Y., Tang, J., et al. (2017).
Plasticity of adipose tissue in response to fasting and refeeding in male mice.
Nutr. Metab. 14:3. doi: 10.1186/s12986-016-0159-x

Tapper, E. B., and Parikh, N. D. (2018). Mortality due to cirrhosis and liver
cancer in the United States, 1999-2016: observational study. BMJ 362:k2817.
doi: 10.1136/bmj.k2817

Toshikuni, N., Fukumura, A., Hayashi, N., Nomura, T., Tsuchishima, M., Arisawa,
T., et al. (2013). Comparison of the relationships of alcoholic and nonalcoholic
fatty liver with hypertension, diabetes mellitus, and dyslipidemia. J. Clin.
Biochem. Nutr. 52, 82–88. doi: 10.3164/jcbn.12-55

Ueno, T., Sugawara, H., Sujaku, K., Hashimoto, O., Tsuji, R., Tamaki, S.,
et al. (1997). Therapeutic effects of restricted diet and exercise in obese
patients with fatty liver. J. Hepatol. 27, 103–107. doi: 10.1016/s0168-8278(97)80
287-5

Vajro, P., Fontanella, A., Perna, C., Orso, G., Tedesco, M., and De Vincenzo, A.
(1994). Persistent hyperaminotransferasemia resolving after weight reduction

in obese children. J. Pediatr. 125, 239–241. doi: 10.1016/s0022-3476(94)70
202-0

Wei, X., Shi, X., Zhong, W., Zhao, Y., Tang, Y., Sun, W., et al. (2013). Chronic
alcohol exposure disturbs lipid homeostasis at the adipose tissue-liver axis in
mice: analysis of triacylglycerols using high-resolution mass spectrometry in
combination with in vivo metabolite deuterium labeling. PLoS One 8:e55382.
doi: 10.1371/journal.pone.0055382

Wong, T., Dang, K., Ladhani, S., Singal, A. K., and Wong, R. J. (2019). Prevalence of
alcoholic fatty liver disease among adults in the united states, 2001-2016. JAMA
321, 1723–1725. doi: 10.1001/jama.2019.2276

Yeop Han, C., Kargi, A. Y., Omer, M., Chan, C. K., Wabitsch, M., O’Brien,
K. D., et al. (2010). Differential effect of saturated and unsaturated free fatty
acids on the generation of monocyte adhesion and chemotactic factors by
adipocytes: dissociation of adipocyte hypertrophy from inflammation. Diabetes
59, 386–396. doi: 10.2337/db09-0925

You, M., and Arteel, G. E. (2019). Effect of ethanol on lipid metabolism. J. Hepatol.
70, 237–248. doi: 10.1016/j.jhep.2018.10.037

Zhong, W., Zhao, Y., Tang, Y., Wei, X., Shi, X., Sun, W., et al. (2012). Chronic
alcohol exposure stimulates adipose tissue lipolysis in mice: role of reverse
triglyceride transport in the pathogenesis of alcoholic steatosis. Am. J. Pathol.
180, 998–1007. doi: 10.1016/j.ajpath.2011.11.017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Rasineni, Jordan, Thomes, Kubik, Staab, Sweeney, Talmon,
Donohue, McNiven, Kharbanda and Casey. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org 16 March 2021 | Volume 12 | Article 625352

https://doi.org/10.1002/cld.168
https://doi.org/10.3748/wjg.v19.i36.5953
https://doi.org/10.3748/wjg.v19.i36.5953
https://doi.org/10.1111/j.1432-1033.1994.0967b.x
https://doi.org/10.1111/j.1432-1033.1994.0967b.x
https://doi.org/10.1016/j.bbalip.2017.07.009
https://doi.org/10.1016/j.bbalip.2017.07.009
https://doi.org/10.1186/s12986-016-0159-x
https://doi.org/10.1136/bmj.k2817
https://doi.org/10.3164/jcbn.12-55
https://doi.org/10.1016/s0168-8278(97)80287-5
https://doi.org/10.1016/s0168-8278(97)80287-5
https://doi.org/10.1016/s0022-3476(94)70202-0
https://doi.org/10.1016/s0022-3476(94)70202-0
https://doi.org/10.1371/journal.pone.0055382
https://doi.org/10.1001/jama.2019.2276
https://doi.org/10.2337/db09-0925
https://doi.org/10.1016/j.jhep.2018.10.037
https://doi.org/10.1016/j.ajpath.2011.11.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Contrasting Effects of Fasting on Liver-Adipose Axis in Alcohol-Associated and Non-alcoholic Fatty Liver
	Introduction
	Materials and Methods
	Reagents
	Animal Maintenance and Tissue Collection
	Histology by H&E Staining
	Serum Analysis
	Hepatic TG
	Immunohistochemistry
	Western Blot Analysis
	Statistical Analysis
	Messenger RNA Quantification

	Results
	Liver and Adipose Weight in Fed and Fasted Rats
	Activity of Hepatic Injury Marker Enzymes and Lipid Concentrations in Serum
	Morphology of Liver Tissue and Hepatic TG Levels in Fed and Fasted AFL and NAFL Rats
	Hepatic Fatty Acid Synthesis, Break Down and β-Oxidation in Fed and Fasted States
	Hepatic Fatty Acid Uptake
	Hepatic Inflammation
	Fatty Acid Storage and Fatty Acid Breakdown in Adipose Tissue

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


