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Programmed increases in LXRa induced by
paternal alcohol use enhance offspring
metabolic adaptation to high-fat diet induced
obesity
Richard C. Chang, Kara N. Thomas, Yudhishtar S. Bedi, Michael C. Golding*
ABSTRACT

Objectives: Paternally inherited alterations in epigenetic programming are emerging as relevant factors in numerous disease states, including
the growth and metabolic defects observed in fetal alcohol spectrum disorders. In rodents, chronic paternal alcohol use induces fetal growth
restriction, as well as sex-specific alterations in insulin signaling and lipid homeostasis in the offspring. Based on previous studies, we hy-
pothesized that the observed metabolic irregularities are the consequence of paternally inherited alterations liver x receptor (LXR) activity.
Methods: Male offspring of alcohol-exposed sires were challenged with a high-fat diet and the molecular pathways controlling glucose and lipid
homeostasis assayed for LXR-induced alterations.
Results: Similar to findings in studies employing LXR agonists we found that the male offspring of alcohol-exposed sires display resistance to
diet-induced obesity and improved glucose homeostasis when challenged with a high-fat diet. This improved metabolic adaptation is mediated by
LXRa trans-repression of inflammatory cytokines, releasing IKKb inhibition of the insulin signaling pathway. Interestingly, paternally programmed
increases in LXRa expression are liver-specific and do not manifest in the pancreas or visceral fat.
Conclusions: These studies identify LXRa as a key mediator of the long-term metabolic alterations induced by preconception paternal alcohol
use.

� 2019 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Despite clear evidence that parental histories of drug abuse, over-
nutrition, malnutrition, social stress, and environmental exposures
influence fetal development, the long-term contributions of precon-
ception history to the development of disease remain a significant gap
in our understanding of developmental toxicology [1,2]. This is espe-
cially true of paternal preconception exposures, which are a largely
ignored aspect of patient history and are dramatically underexplored in
relevant biomedical models. Indeed, although maternal exposures to
alcohol, cigarettes, and other drugs of abuse have well-established
effects on fetal development, the importance of the lifestyle choices
of the father have only recently been recognized for their potential to
influence offspring health [3]. However, the molecular pathways by
which preconception paternal drug exposures exert a long-term in-
fluence on offspring growth and development remain poorly defined.
Similar to rodent models examining a wide range of other environ-
mental and metabolic stressors, paternal exposures to alcohol and
drugs correlate with alterations to the sperm epigenome, as well as
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changes in offspring behavior, metabolism and the propensity to
develop disease [3,4]. Using a mouse model of voluntary consumption,
our lab recently identified an association between chronic paternal
alcohol use and long-term effects on the growth and metabolic health
of the offspring [5e7]. Specifically, the offspring of males continuously
exposed to alcohol before conception displayed placental dysfunction
and late-term fetal growth restriction [5,6]. Interestingly, the male
offspring of alcohol-exposed fathers continued to exhibit growth def-
icits in postnatal life, which persisted into adolescence [7]. Similar to
our studies, Rompala and colleagues have also described alcohol-
induced effects on the postnatal growth of male offspring using an
inhalation model of alcohol exposure [8]. However, the molecular basis
of these growth defects remains unknown.
In our model, the long-term growth restriction identified in the male
offspring associated with heightened insulin sensitivity, increased
markers of hepatic fibrosis, suppressed cytokine profiles within the
liver, and upregulation of genes in the liver x/retinoid x/farnesoid x
receptor pathways [7]. Previously, male-inherited alterations in the
expression of liver x receptor alpha (LXRa) were described in a mouse
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Abbreviations

LXRa liver x receptor alpha
LXRb liver x receptor beta
RXRa retinoid receptor alpha
FXR farnesoid receptor
CD standard chow diet
HFD high-fat diet
NFkB nuclear factor k B
TNFa tumor necrosis factor alpha
IL1b interleukin 1 beta
IL6 interleukin 6
TLR toll-like receptor
Ikkb inhibitor of nuclear factor k B Kinase b

IRS1 Insulin receptor substrate 1
AKT serine/threonine kinase 1
PEPCK phosphoenolpyruvate carboxykinase
G6PC glucose-6-phosphatase catalytic subunit
Untr6 untranscribed region of chromosome 6
FASN fatty acid synthase
SREBF1 sterol regulatory element binding transcription factor 1
Apoa5 apolipoprotein A5
TGF-b transforming growth factor beta
Timp1 tissue inhibitor of metalloproteinases 1
Smad2 mothers against decapentaplegic homolog 2
Col4a1 collagen subtype 4a1
Col5a2 collagen subtype 5a2
Col6a2 collagen subtype 6a2
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model of intrauterine growth restriction (IUGR) induced by late-term
maternal malnutrition [9]. Here, multigenerational, paternally pro-
gramed repression of hepatic LXRa expression induced glucose
intolerance and the misregulation of lipogenic genes in liver [9].
However, in contrast to the effects propagated through IUGR males, the
male offspring of alcohol-exposed fathers displayed an up-regulation
of LXR stimulated pathways [7].
Liver X receptors regulate numerous aspects of cholesterol, fatty acid,
and glucose homeostasis, and have well-defined roles in controlling
immune function and neurodevelopment [10]. Therefore, this nuclear
receptor family may represent a mechanistic hub mediating male-
inherited alterations in metabolic phenotypes and could be linked to
the wide variations and sex-specific outcomes observed across mul-
tiple models of altered developmental programming. In previous
studies, treatment with LXR agonists suppressed activation of glyco-
genic pathways in the liver and protected mice from diet-induced
obesity [11e13]. Based on these observations, we hypothesized that
the male offspring of alcohol-exposed sires would exhibit programmed
resistance to diet-induced obesity and improved metabolic adaptation
to a high-fat diet. Therefore, we set out to test this assertion and define
the molecular mechanisms by which paternally-programmed in-
creases in LXR activation influence the regulation of glucose homeo-
stasis in the offspring of males chronically exposed to alcohol.

2. MATERIALS AND METHODS

2.1. Animal work
All experiments were conducted under AUP 2017-0308 and approved
by the Texas A&M University IACUC. This study utilized C57BL/6J mice
(RRID:IMSR_JAX:000664), which were obtained from and housed in
the Texas A&M Institute for Genomic Medicine and maintained on a
12-hour light/dark cycle.

2.2. Preconception paternal alcohol exposures
We maintained individually caged postnatal day 90 adult males on a
standard diet (catalog no. 2019, Teklad Diets, Madison, WI, USA) and
exposed them to either a control or alcohol preconception treatment
using a previously described limited access model of voluntary
exposure [5e7]. In this model, males are provided limited access to
the preconception treatments during a four-hour window, beginning
one hour after the initiation of the dark cycle. Specifically, we provided
experimental males access to a solution of 10% (w/v) ethanol (catalog
no. E7023; Millipore-Sigma, St. Louis, MO, USA) and 0.066% (w/v)
Sweet’N Low (Cumberland Packing Corp, Brooklyn NY, USA), while
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control males received a solution of 0.066% (w/v) Sweet’N Low alone.
At the conclusion of each four hour period, we recorded the amount of
fluid consumed by each male mouse and weighed the males on a
weekly basis.
After a 70-day preconception treatment period, corresponding to the
approximate length of two spermatogenic cycles, we placed two
naturally cycling females into a new cage along with each exposed
male. During the matings, we did not give the males access to the
alcohol or control preconception treatments. After six hours, we
confirmed matings by the presence of a vaginal plug and returned both
the male and female mice to their original cages. We rested males for
72-hours, where the preconception exposure was resumed, and then
used them again in a subsequent mating. We repeated this procedure
until we obtained the requisite number of pregnancies.

2.3. Postnatal dietary treatments
We subjected dams to minimal handling, maintained them on a Breeder
diet (catalog no. 5058; LabDiet, St. Louis, MO, USA), and monitored them
for delivery twice daily. After weaning, we randomly separated male
littermates sired by control and alcohol-exposed males into two treat-
ment groups, with three males, each derived from different sire x dam
pairings, co-housed in a single cage. We maintained the male offspring
on a standard diet (catalog no. 2019, Teklad Diets, Madison, WI, USA)
until 8-weeks of age. After 8 weeks, one group continued to receive the
standard chow diet (CD e catalog no. 2019, Teklad Diets, Madison, WI,
USA), while we fed the other a high-fat diet, with 60% kcal derived from
fat (HFDe catalog no. D12492; Research Diet Inc., New Brunswick, NJ,
USA). To monitor the progress of diet-induced obesity, the body weight
gain and food intake of each group of males was measured weekly. At
20 weeks of age, mice were fasted overnight, terminated and both
physiological fluids and tissues collected.

2.4. Insulin and glucose tolerance tests
At 6 and 12 weeks of age, we fasted the male offspring of alcohol-
exposed and control sires overnight and assayed differences in glucose
and insulin tolerance, with a minimum of one-week recovery time
between these separate tests. Here, we injected mice with a single
intraperitoneal injection of either D-glucose (2 g/kg body weight; cat-
alog no. SG8270; Millipore-Sigma, St. Louis, MO, USA) or insulin
(1 unit/kg body weight; catalog no. 89508-914; VWR, Radnor, PA, USA)
and measured blood glucose levels using Clarity Plus - Blood Glucose
Test Strips (catalog no. DTG-GL5PLUS; Clarity Diagnostics, Boca Raton,
Florida, USA) from 5ul of blood drawn from the tail vein. For glucose
tolerance tests, we measured blood glucose levels at 0, 30, 60, 90,
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120, 150, and 180 min post-injection. For insulin tolerance tests, we
measured blood glucose levels at 0, 15, 30, 45, 60, 120, and 180 min
after insulin injection. Each experimental group contains six males
(n ¼ 6).

2.5. Liver perfusion assay
When mice were twenty weeks of age, we randomly selected six males
from each treatment group to evaluate insulin signaling by quantifying
levels of IRS1 (Ser307) and AKT (Ser473) phosphorylation in the liver.
We fasted mice for 12 h and then anesthetized them with 2% iso-
flurane [14], until the animals achieved a deep plane of anesthesia,
demonstrating a lack of a righting reflex and a w50% reduction in
respiratory rate. At this point, we opened the body cavity of the mouse
and perfused the liver with either 37 �C PBSþ 0.1% BSA (Control) or 2
units/kg of an insulin solution (10 nM insulin, Sigma, in PBS þ 0.1%
BSA; catalog no. 89508-914; VWR, Radnor, PA, USA) at a flow rate of
100 ml/h. During this procedure, we clamped the suprahepatic vessel
and inserted a 27-gauge syringe into the intrahepatic cava. After
observing liver perfusion, we cut the hepatic portal vein open.
Throughout the procedure, we kept a nose cone containing gauze
soaked in isoflurane over the nose of the animal and only removed it
when the rate of respiration dipped down below 25%. After five mi-
nutes, we euthanized the animals by cervical dislocation and collected
tissues of interest, including liver, kidney, and pancreas, which were
snap-frozen in liquid nitrogen. Each experimental group contains six
different animals (n ¼ 6).

2.6. Western immunoblot analysis
Liver tissue samples were collected and homogenized in a Tris lysis
buffer including 50 mM Tris, 1 mM EGTA, 150 mM NaCl, 1% Triton X-
100, 1% b-mercaptoethanol, 50 mM NaF, 1 mM Na3VO4; at pH 7.5.
20 mg of protein was separated on 10% sodium dodecyl sulfatee
polyacrylamide gels and transferred to nitrocellulose membranes.
The primary antibodies used in this study were as follows: anti-
phosphorylated protein kinase B (AKT) at Serine 473 (catalog no.
700392; RRID:AB_2532320; Thermo-Fisher, Waltham, MA, USA), anti-
AKT (catalog no. 44609G; RRID:AB_2533692; Thermo-Fisher, Wal-
tham, MA, USA) anti-phosphorylated Inhibitor Of Nuclear Factor Kappa
B Kinase Subunit Beta (IKK beta) at Tyrosine 199 (catalog no. ab59195;
RRID:AB_943810; Abcam, Cambridge, MA, USA), anti-IKK beta (cat-
alog no. ab124957; RRID:AB_10975710; Abcam, Cambridge, MA,
USA), anti-phosphorylated Insulin receptor substrate 1 (IRS1) at Serine
307 (catalog no. ab5599; Abcam, Cambridge, MA, USA; RRI-
D:AB_304975), anti-LXRa (catalog no. ab41902; RRID:AB_304975;
Abcam, Cambridge, MA, USA) and anti-beta actin (catalog no.
ab49900; RRID:AB_867494; Abcam, Cambridge, MA, USA). Blots were
visualized by using secondary antibodies conjugated to horseradish
peroxidase (catalog no. sc-2004; RRID:AB_631746; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and an enhanced chem-
iluminescence detection system (Pierce, Rockford, IL, USA). Relative
AKT phosphorylation was derived as a ratio to total AKT, relative IKK
beta phosphorylation was derived as a ratio to total IKK beta, and
relative IRS1 phosphorylation was derived as a ratio to beta actin. Band
intensities were quantified by densitometry using ImageJ
(RRID:SCR_003070; National Institutes of Health, Bethesda, MD, USA).
Each experimental group contains protein extracts derived from six to
eight different animals (n ¼ 6e8).

2.7. Measurement of physiological parameters
We measured male plasma alcohol concentrations using an Ethanol
Assay Kit (catalog no. ECET100; BioAssay Systems, Hayward, CA, USA)
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according to manufacturer’s protocol. We determined plasma insulin
levels post-mortem using the Mouse Insulin ELISA kit (catalog no.
EMINS; Thermo-Fisher, Waltham, MA, USA), according to the recom-
mended protocol. We measured levels of IL1B, IL6, and TNFa using
commercial ELISA assays (catalog no. KMC0061 and KMC0011;
Thermo-Fisher, Waltham, MA, USA and catalog mo. Ab100689 and
Ab100747; Abcam, Cambridge, MA, USA). To determine total
cholesterol levels, we used the Total Cholesterol Assay Kit (catalog no.
STA- 384; Cell Biolab, Inc, San Diego, CA USA), according to the
recommended protocol. To compare the levels of low-density and
high-density lipoproteins, we used a colorimetric Cholesterol Assay Kit
(catalog no. ab65390; Abcam, Cambridge, MA, USA), according to the
recommended protocol. We used the Triglyceride Assay Kit (catalog no.
ab65336; Abcam, Cambridge, MA, USA) to contrast the abundance of
hepatic triglycerides, according to the suggested protocol. To compare
the levels of hydroxyproline, we used the Hydroxyproline Assay Kit
(catalog no. MAK008; Millipore-Sigma, St. Louis, MO, USA), and fol-
lowed the recommended protocol.

2.8. RNA isolation and RT-qPCR analysis of gene expression
Total RNA was isolated from 20-week-old liver, pancreas and visceral
fat using an RNeasy Plus Mini Kit, (catalog no. 74134; Qiagen, Ger-
mantown MD, USA) according to manufacturer’s instructions. One
microgram of purified total RNA was treated with amplification grade
DNase I (catalog no. AMPD1; Millipore-Sigma, St. Louis, MO, USA)
according to the manufacturer’s recommendations and seeded into a
reverse transcription reaction using the High Capacity cDNA Reverse
Transcription Kit (catalog no. 4368814; Thermo-Fisher, Waltham, MA,
USA), where the reaction mixture was brought to 25 �C for 10 min,
37 �C for 120 min, and then 70 �C for 5 min. Relative levels of
candidate gene transcripts were analyzed using the Dynamo Flash
SYBR qPCR kit (catalog no. F-415XL; Thermo-Fisher, Waltham, MA,
USA) according to the recommended protocol. Reactions were per-
formed on a Bio-Rad CFX384. Procedures for normalization and data
handling are described in section 2.10 below, primer sequences are
listed in Table S1.

2.9. Chromatin immunoprecipitation (ChIP) analysis
We performed chromatin Immunoprecipitations (ChIP) using a previ-
ously described protocol [15,16], with the following modifications.
Briefly, 50 mg of liver tissue were thawed on ice in cold PBS and
dispersed into single cell suspensions using a 100 mm cell strainer
(catalog no. 352360; Corning Life Sciences, Corning, NY, USA). Cells
were washed twice with PBS containing protease inhibitor cocktail
(catalog no. 78437; Thermo-Fisher, Waltham, MA, USA) and resus-
pended in cell culture medium (DMEM F-12 catalog no. 11320-033;
Thermo-Fisher, Waltham, MA, USA) containing 0.1 volume of 10x
crosslinking solution (10.8% Formaldehyde, 1 M NaCl, 10 mM EDTA,
500 mM HEPES pH 7) for fifteen minutes. After quenching with
125 mM glycine for five minutes, cells were washed three times in ice-
cold PBS containing protease inhibitor cocktail and lysed in ChIP lysis
buffer (150 mM NaCl, 25 mM Tris$Cl, pH 7.5, 5 mM EDTA, 1% Triton
X-100, 0.1% SDS, 0.5% sodium deoxycholate). Cellular extracts were
sonicated with a Bioruptor sonication system (Diagenode, Denville, NJ,
USA) using TPX microtubes (catalog no. C30010010; Diagenode,
Denville, NJ, USA) and DNA fragment lengths visualized using agarose
gel electrophoresis. Immunoprecipitations were performed with anti-
bodies recognizing anti-LXRa (catalog no. ab41902; RRI-
D:AB_776094; Abcam, Cambridge, MA, USA) overnight, at 4 �C, in
dilution buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris,
pH 8.1, 500 mM NaCl), under constant rotation. Antibodies recognizing
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rabbit IgG (catalog no. SC-2027; RRID:AB_737197; Santa Cruz, Santa
Cruz, CA, USA) served as the nonspecific control. All antibodies were
used at a concentration of 1 mg/ChIP reaction. Chromatin was
precipitated using protein A/G sephadex beads (catalog no. 17513801
and 17061801; GE Healthcare, Marlborough, MA, USA), washed in ice-
cold Low Salt Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris, pH 8.1, 150 mM NaCl), High Salt Wash Buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8.1, 500 mM NaCl), LiCl
Wash Buffer (0.25 M LiCl, 1% IGEPAL, 1% Deoxycholate Na, 1 mM
EDTA, 10 mM Tris, pH 8.1) and eluted in 70 �C Elution Buffer (10%
SDS, 1 M NaHCO3). After reversing crosslinks and proteinase K
digestion, DNA was isolated using a Qiaquick PCR Cleanup kit (catalog
no. 28106; Qiagen, Germantown, MD, USA). For analysis of candidate
loci, real-time PCR was performed using the Dynamo Flash SYBR qPCR
kit (catalog no. F-415XL; Thermo-Fisher, Waltham, MA, USA)
Figure 1: The male offspring of alcohol-exposed fathers display enhanced metabo
alcohol concentrations between control and alcohol-exposed sires (n ¼ 9, comparisons m
sex, between the offspring of control and alcohol-exposed males (n ¼ 5 litters sired by co
two-way ANOVA). (C) Placental efficiency (gram of fetus produced per gram of placenta) c
gain, (E) fasting blood glucose and (F) fasting insulin levels compared between the male off
the curve analysis and (I) insulin tolerance tests comparing glucose homeostasis betwee
metabolism were conducted using a two-way ANOVA. Data points with distinct letter super
and ****P < 0.0001.
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according to the recommended protocol. Reactions were performed on
a Bio-Rad CFX384 Touch PCR system. Data were analyzed using the
formula previously described [17]. Primer sequences of the examined
loci are listed in Table S1.

2.10. Data handling, experimental replicates and statistical
analysis
For all experiments, measures were input into the statistical analysis
program GraphPad (RRID:SCR_002798; GraphPad Software, Inc., La
Jolla, CA, USA) and statistical significance set at alpha ¼ 0.05. All
datasets were first verified for normality using the Brown-Forsythe
test. In this study, the effect of two independent variables (precon-
ception treatment versus dietary treatment) were assessed using a
two-way analysis of variance test (ANOVA), and differences among the
means evaluated using Sidak’s post-hoc test of contrast. For
lic adaptation and resistance to high-fat diet-induced obesity. (A) Average blood
ade using an unpaired t-test). (B) Comparisons of average litter weights, separated by
ntrol males and 7 litters sired by alcohol-exposed males, differences assessed using a
ompared between litters sired by control and ethanol-exposed sires. (D) Weekly weight
spring of control and alcohol-exposed fathers. (G) Glucose tolerance test (H), area under
n the male offspring of control and alcohol-exposed fathers. Comparisons of offspring
scripts are different at p < 0.05. Error bars represent the SEM, *P < 0.05, **P < 0.01,

his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


comparisons between two treatment groups, an unpaired t-test was
employed. In all instances, we have marked statistically significant
differences (p < 0.05) with either distinct letter superscripts or an
asterisk.
For the analysis of blood alcohol levels, 9 control and 9 alcohol-
exposed males were compared using an unpaired t-test. For com-
parisons of fetal weight, we first separately averaged the weights of
the male and female fetuses in each litter and then compared each
group using a two-way ANOVA (n ¼ 5 control and 7 alcohol). Placental
efficiency was calculated by dividing the average fetal weight per litter
by the average placental weight per litter. Male and female efficiencies
were calculated separately. For the analysis of weekly weight gain for
the male offspring, comparisons were made using a multi-measure
two-way ANOVA (chow diet-control n ¼ 12 males from 5 separate
litters, chow diet-alcohol n¼ 21 males from 7 separate litters, high-fat
diet-control n ¼ 12 males from 5 separate litters, and high-fat diet-
alcohol n ¼ 21 males from 7 separate litters). For the analysis of
fasting blood glucose levels, fasting blood insulin levels, and both the
Figure 2: Preconception paternal alcohol exposure does not alter organ weights in t
sires in the A) CD and B) HFD postnatal treatment groups. Using a two-way ANOVA, diffe
treatments. No other organs were significantly different. No differences (p < 0.05) were
n ¼ 12, HFD Control n ¼ 12, HFD Alcohol n ¼ 12).

Figure 3: Liver-specific, programed upregulation of Liver X Receptor alpha in the m
expression in the liver, pancreas and visceral fat. (B) Western blot analysis of hepatic LX
pancreas and visceral fat. Statistical comparisons made using a two-way ANOVA contr
expression, the replicate cycle threshold (Ct) values for each transcript were compiled and n
Error bars represent the SEM, data points with distinct letter superscripts are different at
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glucose and insulin tolerance tests, differences were compared using a
two-way ANOVA (n ¼ 6). For analyses using western blotting of LXRa,
ELISA, and ChIP, as well as investigations of hepatic cholesterol levels,
hepatic triglyceride levels and hepatic hydroxyproline content, values
were compared using a two-way ANOVA (n¼ 8). For RT-qPCR analysis
of gene expression, the replicate cycle threshold (Ct) values for each
transcript were compiled and normalized to the geometric mean of
three validated reference genes. In the liver, transcripts encoding
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein zeta (Ywhaz - NM_011740), mitochondrial ribosomal protein
L1 (Mrpl1 - NM_053158) and hypoxanthine-phosphoribosyl trans-
ferase (HprtdNM_013556) were measured as reference genes. In the
pancreas and visceral fat, transcripts encoding H2A Histone Family
Member Z (H2afz - NM_001316995), mitochondrial ribosomal protein
L1 (Mrpl1 - NM_053158) and hypoxanthine-phosphoribosyl trans-
ferase (HprtdNM_013556) served as reference genes. Each of these
reference genes were validated for stability across treatment groups
using methods described previously [18]. Normalized expression levels
he adult offspring. Organ weights of the male offspring of control and alcohol-exposed
rences in epididymal and kidney fat deposits were identified between the two dietary
identified between the preconception treatment groups (CD Control n ¼ 9, CD Alcohol

ale offspring of alcohol-exposed fathers. (A) RT-qPCR analysis of nuclear receptor
Ra expression. (C) RT-qPCR analysis of LXRa-regulated glycogenic genes in the liver,
asting dietary and preconception treatments (n ¼ 8). For RT-qPCR analysis of gene
ormalized to the geometric mean of three validated reference genes (see section 2.10).
p < 0.05.
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were calculated using the ddCt method described previously [19].
Relative fold change values from each biological replicate were
determined using Microsoft Excel, values transferred into the statistical
analysis program GraphPad and differences assessed using a two-way
ANOVA (n ¼ 8).

3. RESULTS

3.1. Preconception paternal alcohol exposure protects offspring
from diet-induced obesity and improves metabolic adaptation
Previously, in the offspring of alcohol-exposed males, we identified
increased stimulation of genetic pathways regulated by Liver X re-
ceptors [7]. As the male offspring of alcohol-exposed sires demon-
strated deficits in both growth and metabolic health, which persisted
into adolescence, we focused our analyses exclusively on this sex.
Similar to multigenerational studies examining the offspring of IUGR
males [9], RNA-sequencing analysis of the adolescent liver could not
identify any differential expression of known Lxr transcriptional regu-
lators, including PPARa, PPARY, and HNF4A (Table S2). To determine
if programmed increases in LXR activity could improve metabolic
adaptation and protect the male offspring of alcohol-exposed sires
from diet-induced obesity, we returned to our model of chronic
paternal alcohol consumption and exposed postnatal day 90 adult
males to either the preconception control or alcohol treatments. We did
not observe any differences in weight gain or fluid consumption be-
tween the two preconception treatment groups (Figs. S1AeC). Plasma
alcohol levels averaged 127 mg/dL, and, similar to previous studies,
matings between alcohol-exposed sires and naive females produced
growth-restricted offspring, as measured at gestational day 16.5
(Figure 1AeB). This growth restriction was accompanied by a signif-
icant reduction in placental efficiency (Figure 1C).
To determine the postnatal response of alcohol-exposed offspring to a
high-fat dietary challenge, we randomly assigned male littermates
sired by alcohol-exposed and control fathers between standard chow
Figure 4: Programed increases in Liver X Receptor alpha suppresses NFkB inflamm
ELISA analysis contrasting the abundance of inflammatory cytokines in the liver, pancreas
regulatory regions of the indicated genes within the liver. Comparisons made between the
treatments, using a two-way ANOVA (n ¼ 8). Error bars represent the SEM, data points
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(CD) and high-fat diet (HFD) treatment groups. We did not observe any
differences in food consumption between the alcohol or control pre-
conception treatment groups for either dietary treatment (Fig. S1D).
After 3 weeks of exposure to a HFD, male offspring from both pre-
conception treatment groups were significantly heavier than animals
maintained on the CD (Figure 1D, p-value ¼ 0.0013). However, after
8-weeks HFD treatment, male offspring sired by alcohol-exposed fa-
thers displayed significant reductions in weekly weight gain as
compared to the male offspring of control fathers (Figure 1D,
p < 0.001 weeks 11 & 12). In the male offspring of alcohol-exposed
sires maintained on a HFD, we observed aw10% reduction in fasting
blood glucose levels, while fasting insulin concentrations were iden-
tical between the two preconception treatment groups (Figure 1EeF).
In the HFD treatment group, the observed reductions in blood glucose
concentrations and weekly weight gain observed in the offspring of
alcohol-exposed sires also associated with improved performance in
both glucose and insulin tolerance tests, as compared to offspring
sired by control males (Figure 1GeI, Fig. S2). Collectively, these ob-
servations indicate that the male offspring of alcohol-exposed sires
exhibit modest protection from high-fat diet-induced obesity and
improved glucose homeostasis under conditions associated with
obesity-induced insulin resistance.

3.2. Liver-specific alterations in LXRa programming associate with
suppression of proinflammatory NFkB target genes
After 12-weeks of treatment (20 weeks postnatal life), mice were
terminated and tissues collected. Although we detected an increase in
both epididymal and kidney fat in the HFD treatment group, we did not
observe any other differences in organ weights between dietary
treatments. More importantly, preconception treatment did not influ-
ence organ weight (Figure 2AeB). Using RT-qPCR, we examined the
expression of liver x receptors alpha and beta as well as known binding
partners, including the farnesoid x and retinoid x alpha receptors, in the
liver (gene names Nr1h3, Nr1h2, Nr1h4, and Nr2b1, respectively). The
atory cytokine production in the male offspring of alcohol-exposed fathers. (A)
and visceral fat. (B) Chromatin immunoprecipitation analysis of LXRa enrichment on the
male offspring of control and alcohol-exposed sires, within and across the two dietary
with distinct letter superscripts are different at p < 0.05.
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Figure 5: Reduced Ikkb inhibition and enhanced hepatic insulin signaling in the
male offspring of alcohol-exposed fathers. Relative abundance of phosphorylated
(A) Ikkb, (B) IRS1 and (C) AKT were compared between the livers of the male offspring
of control and alcohol-exposed sires (CD¼Chow Diet, HFD¼High-Fat Diet). Compari-
sons made using a two-way ANOVA contrasting dietary and preconception treatments
(n ¼ 6). Error bars represent the SEM. Data points with distinct letter superscripts are
different at p < 0.05.
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expression of Lxra and Rxra were significantly increased in the male
offspring of alcohol-exposed fathers, regardless of dietary treatment
(Figure 3A). Although we did observe increased Fxr transcript levels, it
was only in mice maintained on the standard chow diet and not under
the HFD treatment. We did not observe any differences in Lxrb tran-
scripts in any treatment group. Increased expression of Lxra in the
male offspring of alcohol-exposed sires was confirmed using western
blotting (Figure 3B). In contrast to what we observed in the liver, we did
not observe any preconception treatment-associated changes in gene
expression within other metabolically relevant tissues, including the
pancreas and visceral fat (Figure 3A).
In the liver, LXRa is known to suppress glycogenic pathways through
direct binding of the promoters of genes encoding phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase catalytic subunit
(G6PC) [11,13]. Suppression of these genes could explain some of the
improvements in glucose homeostasis observed in the male offspring of
alcohol-exposed fathers maintained on a high-fat diet. However, we
could not detect any preconception treatment-associated differences in
the expression of either gene in any tissue (Figure 3C).
In addition to regulating both cholesterol and glucose homeostasis,
LXRa also exerts anti-inflammatory effects by repressing the pro-
duction of a core set of nuclear factor k B (NFkB)-induced inflammatory
cytokines [20e22]. Through interactions with Toll-like receptors
(TLRs) and the inhibitor of nuclear factor k B Kinase b (Ikkb) complex,
NFkB inflammatory cytokines are powerful suppressors of insulin
signaling [23,24]. We hypothesized that the alleviation of this inhibitory
influence by increased LXRa activity could be responsible for the
improved glucose homeostasis observed in our model. Therefore, we
compared the abundance of a core group of metabolically relevant
inflammatory cytokines between the male offspring of alcohol-exposed
and control fathers, across both dietary treatment groups (Figure 4A).
As expected, we observed increased cytokine abundance in the tissues
of males maintained on the HFD treatment when compared to the
chow-fed mice. However, in the livers of the male offspring of alcohol-
exposed sires maintained on a HFD, we observed significant re-
ductions in the levels of TNFa, IL1b, and IL6, as compared to the HFD-
fed offspring of control males. These reductions were specific to the
liver and did not appear in either the pancreas or visceral fat. Similar to
our previous studies [7], we could not detect TNFa, IL1b, or IL6 in
circulation. With the exception of IL6 in the pancreas, we did not
observe any differences in cytokine abundance in animals maintained
on the standard chow diet.
When SUMOylated, agonist-bound LXRa exerts trans-repressive ac-
tivity by forming a complex with the N-CoR (nuclear receptor core-
pressor) and/or SMRT (silencing mediator for retinoid and thyroid
hormone receptors) corepressor complexes on NFkB target genes
[22,25,26]. Using chromatin immunoprecipitation, we assayed the
enrichment of LXRa at known p50 binding sites within the promoter
regions of TNFa, IL1b, and IL6, as well as in the previously identified
LXRa binding site in the promoter region of the Pepck gene [13,27]. In
these experiments, enrichment of LXRa at an untranscribed region of
chromosome 6 (Untr6) served as a non-specific control [28]. In both
dietary treatment groups, the male offspring of alcohol-exposed fa-
thers exhibited a 10e20% increase in the enrichment of LXRa on the
TNFa, IL1b, and IL6 gene promoters (Figure 4B). Enrichment of LXRa
was modestly higher in males maintained on the chow diet as
compared to those in the HFD treatment group (p < 0.05). Unlike the
proinflammatory NFkB target genes examined, the promoter region of
Pepck did not exhibit any LXRa enrichment and remained equivalent to
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Figure 6: Programed increases in LXRa expression induce hypertriglyceridemia, which correlates with increased hepatic fibrosis in the male offspring of alcohol-
exposed fathers. Analyses contrasting hepatic tissues from the male offspring of control and alcohol-exposed sires, across and within the two dietary treatments. (A) Hepatic
cholesterol levels, (B) RT-qPCR analysis of LRXa-regulated lipogenic genes, (C) hepatic triglyceride levels, RT-qPCR analysis of genes encoding pro-fibrotic (D) signaling and (E)
structural proteins, and (F) total levels of cellular hydroxyproline. Comparisons made using a two-way ANOVA (n ¼ 8). Error bars represent SEM, data points with distinct letter
superscripts are different at p < 0.05.
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the non-specific control. Collectively, these observations indicate that
the offspring of alcohol-exposed sires exhibit liver-specific pro-
grammed enhancement of LXRa but not LXRb, which associates with
increased binding at NFkB target genes and reductions in the pro-
duction of inflammatory cytokines.

3.3. Enhanced insulin signaling in the offspring of alcohol-exposed
sires
Mice carrying a hepatocyte-specific genetic deletion of toll-like re-
ceptor 4 (TLR4) exhibit enhanced insulin sensitivity, similar in
magnitude to that observed in our model [29]. To explore the impact
LXRa-mediated reductions in cytokine production have on insulin
signaling, we began by assaying the phosphorylation status of Ikkb.
Ikkb is directly downstream of TLR4 and becomes phosphorylated
upon cytokine stimulation. Using western blot analysis, we identified a
w20% reduction in phosphorylated (Tyr 199) Ikkb in the male
offspring of alcohol-exposed sires maintained on the HFD but not in
males maintained on the chow diet (Figure 5A). The inhibitory effects of
Ikkb on insulin signaling are primarily mediated by blocking the as-
sociation of insulin receptor substrate 1 (IRS1) with the p85 subunit of
phosphatidylinositol 3-kinase [23,24]. Therefore, we quantified levels
of phosphorylated IRS1 in insulin perfused livers of the offspring of
alcohol-exposed and control males under both dietary treatments. We
observed a w50% increase in phosphorylated (Ser 307) IRS1 in the
insulin perfused litters of the male offspring of alcohol-exposed sires
maintained on a HFD, while male offspring maintained on the chow
diet did not exhibit any identifiable changes (Figure 5B). Consistent
with increased levels of phosphorylated IRS1, we observed a corre-
spondingw45% increase in phosphorylated (Ser 473) Akt in the male
offspring of alcohol-exposed sires maintained on a HFD (Figure 5C).
These observations indicate that, in the male offspring of alcohol-
exposed sires, LXRa mediated decreases in cytokine production
168 MOLECULAR METABOLISM 30 (2019) 161e172 � 2019 The Author(s). Published by Elsevier GmbH. T
alleviate Ikkb-mediated inhibition of insulin signaling, which enhances
metabolic adaptation to a high-fat diet.

3.4. LXRa-induced alterations in lipid metabolism and increased
hepatic fibrosis in the offspring of alcohol-exposed sires
Given that paternally-inherited increases in LXRa activity were able to
moderate the effects of a high-fat diet, we next examined other
metabolic outcomes associated with the use of LXR agonists. In pre-
vious studies, treatment with LXR agonists decreased levels of hepatic
cholesterol by engaging the genetic pathways driving cholesterol efflux
[30]. Similar to mice treated with the non-steroidal LXRa-specific
agonist T0901317 [31,32], we observed a w15% decrease in total
hepatic cholesterol levels in the male offspring of alcohol-exposed
sires maintained on a HFD (Figure 6A). No differences in the proportion
of either LDLs or HDLs were observed (Figs. S3AeC). In contrast, we
did not observe any differences in total cholesterol levels in male
offspring maintained on the standard chow diet. Although synthetic
LXR agonists inhibit atherosclerosis, their efficacy as therapeutic
agents is complicated by the fact that they cause hepatic steatosis and
hypertriglyceridemia [31]. Hepatic steatosis is postulated to be the
consequence of increased fatty acid synthesis caused by the induction
of lipogenic enzymes, including fatty acid synthase (FASN) and sterol
regulatory element binding transcription factor 1 (SREBF1). Consistent
with studies examining LXR agonists [31], we observed a w15e20%
induction of Fasn in the male offspring of alcohol-exposed sires across
both dietary treatments. Although levels of Srebf1 appeared to follow a
similar trend, transcript levels were only significantly increased in
animals maintained on the chow diet and not under the HFD treatment
(p < 0.05, Figure 6B). However, in previous studies, agonist-induced
activation of LXR signaling led to Srebf1-mediated suppression of
Apolipoprotein A5 [33]. Similar to this report, we observed a significant
decrease in Apoa5 transcript levels in the offspring of alcohol-exposed
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 7: Up-regulation of LXRa is not observed during development of the fetal
liver. RT-qPCR analysis of the indicated nuclear receptors in the gestational day 16.5
fetal liver. Comparisons made between the male offspring of control and alcohol-
exposed sires. No differences were noted between preconception treatment groups
(p < 0.05).
sires across both dietary treatments (Figure 5B). Finally, consistent
with the increased expression of lipogenic enzymes, we observed a
w10% increase in hepatic triglyceride levels in the male offspring of
alcohol-exposed sires maintained on a HFD, indicating the emergence
of steatosis in the offspring of alcohol-exposed sires (Figure 6C).
Hepatic steatosis is considered part of the spectrum of nonalco-
holic fatty liver diseases and has been linked to the emergence of
hepatic fibrosis [34]. In our previous studies, the male offspring of
alcohol-exposed sires displayed transcriptional up-regulation of
TGF-b-driven pathways and increased expression of multiple
collagen subtypes, which associated with increased markers of
fibrosis at 8-weeks postnatal life [7]. To determine the impact
treatment with a HFD had on the expression of TGF-b-driven
profibrotic genes, we assayed the expression of the previously
identified candidate genes using RT-qPCR. In the male offspring of
alcohol-exposed sires maintained on an HFD, we observed an
increased abundance of transcripts encoding Tgf-b, Timp1, and
Smad2, as well as the collagen subtypes Col4a1, Col5a2, and
Col6a2 (Figure 6DeE). We correlated this transcriptional up-
regulation with a 50% increase in levels of liver hydroxyproline
(Figure 6F), an established marker of hepatic fibrosis [35].
Importantly, this signature of fibrosis was present in the offspring
of alcohol-exposed sires regardless of dietary treatment but
became exacerbated under the HFD treatment.

3.5. Up-regulation of LXRa is not observed during development of
the fetal liver
Having identified a plausible molecular explanation to the enhanced
insulin sensitivity, we next focused on determining when during the
life-course of the offspring LXRa expression became up-regulated. In
previous studies, we identified increased LXRa activity at 8-weeks of
age [7]. However, when this up-regulation first appears is not known.
To this end, we returned to the fetal tissues collected in section 3.1 and
using RT-qPCR, assayed expression patterns in the fetal liver at
gestational day 16.5. We did not identify any differences in expression
for LXRa or any of the other nuclear receptors examined in this study
(Figure 7). From these data, we conclude that the up-regulation of
LXRa occurs postnatally and does not drive the observed fetal growth
restriction.

4. DISCUSSION

Liver X receptors function as dynamic regulators of cholesterol
metabolism and lipid biosynthesis but also sensitize the insulin
signaling pathway and suppress the innate immune system [10].
Despite these far reaching effects, the contribution of this nuclear
receptor family to the metabolic phenotypes observed in models of
altered developmental programming remain poorly described.
Consistent with studies examining the effects of Liver X Receptor
agonists [11,31], the male offspring of alcohol-exposed sires displayed
enhanced metabolic adaptation and slowed weight gain when chal-
lenged with a high-fat diet, as well as several of the undesirable side
effects of LXR stimulation, including increased hepatic cholesterol
efflux and hypertriglyceridemia. Based on our experimental data, we
propose that liver-specific increases in LXRa suppress NFkB driven
production of inflammatory cytokines, which relieves Ikkb-mediated
repression of the insulin signaling pathway, and leads to the increased
insulin sensitivity observed in the male offspring of alcohol-exposed
males (Figure 8).
Unexpectedly, we only observed differences in glucose homeostasis
and insulin signaling following the HFD treatment, while in our previous
MOLECULAR METABOLISM 30 (2019) 161e172 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
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studies, we readily observed these phenotypes in the male offspring
maintained on a CD [7]. We propose that these disparities are due to
differences in the age of the offspring between the two experiments.
Our previous work focused on 8-week-old offspring, while, in contrast,
this study focused on 20-week-old offspring. While some aspects of
the molecular phenotype we described in 8-week-old males were
consistent, for example, increased TGF-b signaling and hepatic
collagen levels, the metabolic phenotypes only manifested in offspring
experiencing the stress of a high-fat diet. We suspect that as the male
offspring of alcohol-exposed sires age, their physiology normalizes,
and both insulin signaling and glucose homeostasis move closer to the
controls. However, consistent with other models of altered program-
ming, the underlying epigenetic changes persist, and programmed
differences in gene regulation reemerge upon exposure of the offspring
to a stressor.
Another seemingly contradictory finding to come out of this study is the
observation that whole body glucose homeostasis improved despite
indicators of increased triglyceride production and hepatic steatosis.
Indeed, although liver steatosis is generally associated with insulin
resistance and reduced glucose tolerance [36], we observed an in-
crease in insulin sensitivity in male offspring of alcohol-treated fathers.
One potential explanation for this is that the increased free fatty acids
produced by the liver remain stored in this organ are not released into
circulation. As a consequence, the systemic effects of HFD-induced
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Figure 8: Proposed model. Programmed increases in hepatic LXRa suppress production of inflammatory cytokines, which relieves Ikkb-mediated inhibition of the insulin
signaling pathway and increases insulin sensitivity in the male offspring of alcohol-exposed sires.

Original Article
lipotoxicity decrease due to the lack of TLR-inhibition of insulin
signaling. However, our experiments did not measure insulin sensitivity
in either muscle or adipocytes, and therefore, we cannot exclude the
involvement of mechanisms other than those mediated by LXRa.
Despite characterizing the basis to the altered insulin signaling in the
liver, the molecular mechanisms by which the memory of paternal
alcohol exposures persists into the next generation and influence LXRa
activity remain unknown. Our previous studies identified sex-specific
alterations in TGF-b signaling, which were first observed in the fetal
liver and persisted to 8-weeks postnatal life [5,7]. In mice, TGF-b
stimulation induces hepatic lipogenesis and treatment with a HFD is
known to exacerbate the stimulation of these pathways [37]. It is
possible that in the male offspring of alcohol-exposed sires, LXRa is
induced to compensate for the TGF-b-mediated increases in lipids by
converting them to triglycerides and, as a consequence, also sup-
presses the production of inflammatory cytokines and improves he-
patic insulin signaling under a HFD treatment. Recently,
phosphorylation of LXRa-serine 196 was identified as a major
component of the pathways driving hepatic fibrosis during the devel-
opment of non-alcoholic fatty liver disease [38,39]. Our experimental
data may indicate that TGF-b-driven fibrosis can, in turn, induce LXRa
activity. However, additional experiments are necessary to confirm this
reciprocal relationship.
Multiple studies have suggested that changes in sperm DNA methyl-
ation persist through early development and exert a lasting influence
on offspring physiology, while others indicate a causative role for
sperm-inherited noncoding RNAs [40]. However, despite the fact that
multiple models of compromised paternal programming consistently
exert long-term effects on offspring metabolism, the majority of which
appear to converge on the regulation of glucose and lipid homeostasis,
170 MOLECULAR METABOLISM 30 (2019) 161e172 � 2019 The Author(s). Published by Elsevier GmbH. T
no consistent cohort of differentially methylated loci or population of
small RNA has been identified that can explain the observed changes
in metabolic function. Although Martinez et al., identified reductions in
DNA methylation within the Lxra 50 UTR that were consistent between
sperm and the resulting offspring [9], we were unable to identify any
changes in DNA methylation within the sperm of alcohol-exposed
males [5]. However, the 2% change identified by Martínez et al., was
below our threshold of detection. Further, although we and others have
described alcohol-induced changes in sperm-inherited noncoding
RNAs [6,41], the identified candidates have either been inconsistent
with other metabolically focused studies or associated with deficits in
glucose homeostasis and increased susceptibility to the effects of a
high-fat diet. Interestingly, none of the nuclear receptors examined in
this study were differentially expressed in the fetal liver (Figure 7),
indicating that the up-regulation of LXRa activity in the adult offspring
of alcohol-exposed sires is very likely a downstream outcome of
altered paternal programming rather than the direct epigenetic
memory. The identification of compromised placentation in this and
other models of paternal programming suggest the strong possibility
that the sex- and tissue-specific effects observed are all secondary
symptoms of a compromised maternal-fetal interface [42].

4.1. CONCLUSIONS

The life expectancy of patients with fetal alcohol syndrome is 34 years,
which is 58% lower than that of the general population [43]. Although
clinical studies can correlate maternal alcohol exposures during
gestation with dose- and sex-dependent effects on the metabolic
health of the offspring [44,45], no studies to date have examined the
long-term consequences of paternal alcohol use on offspring growth
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and metabolic health. If the phenomenon we observe in our mouse
model translates to humans, our findings indicate that paternal alcohol
use may well be a relevant factor to the immune and metabolic dis-
turbances observed in FASDs and that LXR signaling pathways are key
mediators of these effects. Researchers in the field must now extend
their perspective beyond maternal models of exposure and more
carefully consider the importance of paternal lifestyle to the develop-
mental origins of alcohol-induced disease.
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