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Introduction
Alcohol and its primary metabolite, acetaldehyde, are teratogens, 
and exposure during gestation detrimentally affects fetal develop-
ment (1–3). More than 10% of pregnant women worldwide con-
sume alcohol, and recent estimates suggest that 1% to 5% of US 
school-age children have fetal alcohol spectrum disorders (FASDs) 
(4–7). FASD is an umbrella term describing a group of clinical con-
ditions resulting from prenatal alcohol exposure (PAE), includ-
ing fetal alcohol syndrome (FAS), partial fetal alcohol syndrome 
(pFAS), alcohol-related neurodevelopmental disorder (ARND), 
and alcohol-related birth defects (ARBD) (8). FASD patients have 
variable features, including facial dysmorphology, microcephaly, 
cognitive and behavioral deficits, and organ malformations (7, 9–
11). The physiological effects of PAE are thought to last a lifetime; 
however, the metabolic health outcomes of FASDs on patients are 
not well understood (12). In particular, the occurrence of meta-

bolic syndrome, obesity, and type 2 diabetes mellitus (T2DM) in 
adults with FASDs are unknown.

According to the developmental origins of health and disease 
hypothesis, environmental factors present during prenatal stages 
can alter an individual’s response to stress later in life (13). Adverse 
intrauterine events have been repeatedly associated with meta-
bolic, endocrine, and cardiovascular disorders (13–17). Human 
studies suggest that children and adolescents with FASDs have 
increased body fat, a higher incidence of obesity, and hyperten-
sion (18, 19). However, despite additional reports using animal 
models suggesting that perinatal and gestational alcohol exposure 
are connected to poor metabolic health outcomes, there are multi-
ple studies indicating that PAE is not associated with increased fat 
mass or metabolic syndrome following specific alcohol exposure 
windows (12, 18, 20–30). These conflicting reports highlight the 
need to clarify which adverse health outcomes are associated with 
PAE and to define disease mechanisms.

This study sought to determine whether PAE increases the 
risk of adult obesity and metabolic disease in human and zebrafish 
cohorts. We demonstrate that adult patients with any FASD diag-
nosis have an increased incidence of T2DM, low HDL, and high 
triglyceride levels relative to matched controls. Males from the 
FASD cohort had a higher incidence of these metabolic abnormal-
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had elevated triglycerides (Table 1 and Figure 1, E–G). Since this 
study is a retrospective analysis, not all patients had the same tests 
performed, resulting in a different number of patients for each 
parameter examined, but in 216 individuals (n = 103 controls and n 
= 113 FASD patients), we could accurately assess whether subjects 
had 2 or more metabolic abnormalities (overweight/obese BMI, 
T2DM, HDL <40 mg/dL, and/or triglycerides ≥150 mg/dL). FASD 
subjects were significantly more likely to have 2 or more metabolic  
abnormalities (46.9% in FASDs versus 26.2% in controls, P = 
0.002) (Table 1 and Figure 1E). These findings reveal PAE as a risk 
factor for developing features of the metabolic syndrome in adult-
hood, independently of BMI in the case of the male cohort.

EAE potentiates BMI gains and hyperglycemia in adult male 
zebrafish. To clarify the connection between metabolic health 
and PAE, we performed population studies in AB strain zebrafish 
and evaluated body length, weight, BMI, fasting blood glucose 
(BG) levels, and adiposity. Sibling-matched cohorts were exposed 
to 0%, 0.5%, or 1% EtOH during embryogenesis (12 hours post 
fertilization [hpf] to 5 days post fertilization [dpf]); raised in the 
absence of ethanol until late juvenile stages (60–65 dpf); and chal-
lenged with a high-fat, high-cholesterol (HFHC) or normal diet 
(ND) for 4 or 8 weeks into adulthood (90–120 dpf; Figure 2A). 
Treatment with 0.5% to 1% EtOH can sufficiently induce physi-
ologically relevant tissue EtOH concentrations, and 12 hpf–5 dpf 
covers the period of zebrafish organogenesis (32, 33).

We first evaluated the impact of EAE on embryonic growth. 
Immediately following EAE, AB strain larvae displayed mild 
growth restriction, consistent with the short stature phenotypes 
typical of human FAS (Supplemental Figure 2, A–C, and ref. 34). 
When removed from ethanol, larvae exhibited compensatory 
growth and reached the same size as control-matched siblings by 
20 dpf (Supplemental Figure 2D). EAE had no significant impact 
on body length, weight, or BMI in sexually immature juveniles 
(34 dpf; Supplemental Figure 2, E–G). Next, we conducted a 
pilot study to assess diet-induced obesity risk in male and female 
cohorts housed in 6-L tanks. At the start of the diet challenge (60 
dpf), neither EAE females nor males had significant differences in 
BMI relative to controls (Supplemental Figure 3, A and B). Females 
exposed to 0.5% EtOH had a significantly reduced BMI relative to 
females expose to 1% EtOH, indicating that EtOH exposure level 
may result in subtle differences in BMI (Supplemental Figure 3B). 
After 4 weeks of ND challenge, neither EAE males nor females 
had a significantly higher BMI than sex-matched control siblings 
(Supplemental Figure 3, C and D). However, after 4 weeks of 
HFHC diet challenge, males but not females exposed to 1% EtOH 
developed a significantly elevated BMI (Supplemental Figure 3, 
C–E). These findings suggested that EAE is a risk factor for diet- 
induced obesity in male zebrafish.

We next confirmed that EAE is a risk factor for increased 
BMI in males using separate cohorts housed in 2.8-L tanks. At 65 
dpf, 1% EtOH–exposed males had a significantly elevated BMI at 
the initiation of the diet challenge (65 dpf), which resulted from 
an increase in body weight (Figure 2B and Supplemental Figure 
3, F and G). In contrast, females, in an independent study (2.8-L 
tanks), did not have significantly increased BMI during late juve-
nile stages (60–70 dpf; Supplemental Figure 4A). After 4 weeks 
of diet challenge, 1% EtOH males receiving a HFHC diet, but not 

ities despite a lower BMI, whereas females had a higher incidence 
of overweight and obesity. To address limitations posed by these 
human studies, we developed an adult zebrafish FASD model and 
performed controlled population studies to assess the metabolic 
sequelae of embryonic alcohol exposure (EAE). In zebrafish, EAE 
predisposed to metabolic abnormalities, including diet-induced 
visceral adiposity, elevated BMI, and fasting hyperglycemia. Our 
study pinpoints FASDs as a risk factor for metabolic disease and 
identifies developmental, behavioral, and molecular regulators of 
this outcome.

Results
FASDs are associated with multiple metabolic abnormalities. To test 
the hypothesis that PAE predisposes to cardiometabolic disease, 
we performed a retrospective cross-sectional study examining the 
incidence of metrics of cardiometabolic health in adults with any 
FASD diagnosis, including FAS, pFAS, ARND, and ARBD. Using 
the patient database registry at a large academic health system 
(Research Patient Data registry [RPDR] of Partners HealthCare 
System), we identified male and female patients 18 years or older  
with FASDs (n = 208) and controls matched for age, sex, and race/
ethnicity (n = 208). The median (interquartile range) age of the 
entire cohort was 29.7 years (22.2 to 44.4) (Supplemental Figure 
1, A and B, and Table 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI132139DS1). Of those 
in the FASD cohort, 26.9% were overweight (25 ≤ BMI < 30 kg/
m2), 38.0% obese (BMI ≥ 30 kg/m2), and 2.9% underweight (BMI 
≤ 18.5 kg/m2; Table 1). FASD was a risk factor for an overweight/
obese phenotype in females (69.0% of FASD females versus 
54.3% of controls, P = 0.04) but not males (60.7% of FASD males 
versus 73.3% of controls, P = 0.08) (Table 1 and Figure 1, A and B). 
Instead, male FASD patients were more likely to be underweight 
(P = 0.04; Table 1). Furthermore, FASD patients were significantly 
shorter than controls; patients had a mean height of 164.9 ± 0.9 
cm (SEM) compared with a mean height of 170.4 ± 0.7 cm in con-
trols (P < 0.0001; Table 1). This height difference was observed in 
both male FASD patients (mean height of male FASD cohort: 171.6 
± 1.0 cm versus mean height of male controls 177.9 ± 0.7 cm, P < 
0.0001) and female FASD patients (mean height of female FASD 
cohort: 158.4 ± 1.0 cm versus mean height of female controls: 163.2 
± 0.7, P = 0.0001; Table 1 and Figure 1, C and D). In fact, the male 
FASD cohort’s mean height was approximately 2 inches below the 
US average for males aged 20 years or more (31).

Significantly more FASD patients had T2DM (11.5% versus 
3.8% of controls, unadjusted P value = 0.003; Table 1, Figure 1E, 
and Supplemental Figure 1, C and D). In the male FASD cohort, 
the difference in T2DM was significant after controlling for BMI (P 
= 0.03), but not in the female cohort (Table 1). In females, 11.4% of 
the FASD cohort had T2DM versus 2.9% of controls (unadjusted 
P value: 0.02), but this difference was no longer significant after 
controlling for BMI (P = 0.16), suggesting that this difference in 
prevalence of T2DM was predominantly mediated by BMI in the 
female cohort (Table 1). Significantly more FASD patients had low 
HDL (<40 mg/dL) and elevated triglycerides (≥150 mg/dL; Table 
1; Figure 1, E–G; and Supplemental Figure 1, E and F). Of the FASD 
cohort, 31.9% had low HDL versus 15.4% of controls (P = 0.004), 
and 34.5% of the FASD cohort versus 14.9% controls (P = 0.0009) 
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2D and Supplemental Figure 4, E and F). Despite achieving the 
same BMI, 1% EtOH–exposed (12 hpf–5 dpf) adults receiving a 
HFHC diet had a more rapid progression toward fasting hyper-
glycemia. Males exposed to 1% EtOH fed the HFHC diet, but not 
ND, developed significant increases in fasting BG levels relative to 
family-matched sibling controls (Figure 2E). Consistent with the 
human cohort, these data suggest that EAE increases the risk for 
short-term BMI gains and raises the risk for impaired glucose tol-
erance, even in the context of equivalent BMIs.

The adaptive response to HFHC feeding is altered by EAE. The 
dynamics of BMI gain in response to normal and HFHC diet dif-
fered between control and EAE adults, revealing that EAE adults 
have an altered adaptive response to nutrient intake (Figure 2F). 
Under ND conditions, increasing EtOH concentrations negatively 
correlated with net BMI gain for the first 4 weeks of diet challenge 

ND, maintained significant elevations in BMI relative to controls 
(Figure 2C). Increasing EAE levels positively correlated with BMI 
with HFHC diet (P = 0.0074) and negatively correlated with BMI 
with ND (P = 0.02; Supplemental Figure 4B). Importantly, males 
from the 0.5% EtOH cohort had a significantly lower body weight 
and length under ND conditions relative to controls (Supplemen-
tal Figure 4, C and D). Collectively, these studies demonstrate that 
EAE is a risk factor for diet-induced BMI elevations during adult-
hood and that this phenotype is consistent regardless of tank size. 
Since the HFHC diet challenge includes excess calories, fat, and 
cholesterol, additional studies are needed to clarify the relevant 
impact of each of these dietary components on excess BMI gain.

Although there were initial elevations in BMI in the EAE 
cohorts, after a total of 8 weeks of diet challenge, control and 
EAE siblings achieved the same BMI, length, and weight (Figure 

Table 1. Metabolic health parameters of patients with and without an FASD diagnosis

Total group Control n FASD n P value
Median age (yr) 29.8 (18.1–77.2) 208 29.7 (18.0–77.6) 208 0.87
Overweight/obese (%) 63.5 178 64.9 171 0.78
Underweight (%) 1.1 178 2.9 171 0.23
T2DM (%) 3.8 208 11.5 208 0.02A

0.01B

HDL < 40 mg/dL (%) 15.4 104 31.9 116 0.004
0.005A

Triglycerides > 150 mg/dL (%) 14.9 101 34.5 116 0.0009
0.001A

Multiple metabolic 
abnormalitiesC (%)

26.2 103 46.9 113 0.002

Females Control n FASD n P value
Median age (yr) 30.2 (18.2–70) 105 30.2 (18.5–77.6) 105 0.99
Overweight/obese (%) 54.3 92 69.0 87 0.04
Underweight (%) 2.2 92 1.1 87 0.59
T2DM (%) 2.9 105 11.4 105 0.16A

0.11B

HDL < 40 mg/dL (%) 6.4 47 18.5 65 0.06
0.16A

Triglycerides > 150 mg/dL (%) 19.1 47 35.3 68 0.06
0.12A

Multiple metabolic 
abnormalitiesC (%)

21.3 47 35.9 64 0.10

Males Control n FASD n P value
Median age (yr) 29.1 (18.1–77.2) 103 29.5 (18.0–77.1) 103 0.79
Overweight/obese (%) 73.3 86 60.7 84 0.08
Underweight (%) 0 86 4.8 84 0.04
T2DM (%) 4.9 103 11.7 103 0.03A

0.03B

HDL < 40 mg/dL (%) 22.8 57 49.0 51 0.004
0.003A

Triglycerides > 150 mg/dL (%) 11.1 54 33.3 48 0.007
0.003A

Multiple metabolic 
abnormalitiesC (%)

30.4 56 61.2 49 0.002

Wilcoxon’s test was used for age. Pearson’s χ2 test was used for overweight/obese (%), underweight (%), HDL (%), and multiple metabolic abnormalities 
(%). Logistic regression was used to adjust for BMI or BMI and age. AAdjusted for BMI. BAdjusted for BMI and age. CSubjects had at least 2 of following: 
overweight/obese, T2DM, HDL< 40, or triglycerides ≥ 150. 
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because female egg production limits accurate VAT quantifica-
tion along adult organs. Before the diet challenge, when their BMI 
was significantly higher than that of controls, 1% EtOH–exposed 
males had an increased visceral adiposity as visualized by Nile red 
staining (Figure 3, A and B). This suggests that EAE is a risk factor 
for increased visceral adiposity during juvenile stages, even with-
out HFHC diet.

After the 4-week diet challenge, adults previously exposed to 
1% EtOH maintained a significantly enlarged VAT size relative to 
controls in the presence of HFHC diet but not ND (Figure 3, A and 
C). After 8 to 10 weeks of diet challenge, EAE adults receiving the 
ND had a significantly larger VAT area relative to ND-fed controls, 
whereas EAE adults receiving the HFHC diet eventually devel-
oped the same VAT area as their HFHC diet–fed control siblings 
(Figure 3, A and D). The significant increase in VAT size in HFHC 
diet–fed EAE adults was not due to increases in adipocyte cell 
size (Figure 3, E and F): adipocyte diameter and area significantly  
correlated with diet treatment, but not with EAE (Figure 3F). This 
indicates that increased adult VAT size may occur through an 
increase in white adipocyte number. Subcutaneous adipose tissue 
(SAT) measurements were unaffected by EAE, demonstrating that 
the effects on adipose tissue are specific to the VAT compartment 
(Figure 3, G and H). Collectively, these data indicate that EAE fish 
have a tendency toward visceral adiposity.

Adult zebrafish activity is reduced by EAE. To identify potential 
mechanisms of the EAE-associated susceptibility to obesity, we 

(P = 2.15 × 10–06; Figure 2, G and H, and Supplemental Figure 4G). 
However, from weeks 4 to 8, increasing ethanol concentration pos-
itively correlated with net BMI gain (P = 0.0255; Figure 2, G and H, 
and Supplemental Figure 4G). This suggests that under ND condi-
tions, EAE adults initially have a slower BMI gain than controls but 
increase their growth for the remaining weeks. A reverse pattern 
of BMI gain was observed for the HFHC diet condition. EAE fish 
had slight but nonsignificant increases in BMI gain relative to con-
trols for weeks 0 to 4, but then experienced significantly reduced 
BMI gains for weeks 4 to 8 of the challenge (P = 0.0225; Figure 2, 
G and H, and Supplemental Figure 4H). Although the week 0 to 4 
time point did not show significant increases in net BMI gain rel-
ative to controls, in a follow-up experiment with EAE fish housed 
in 1.4-L tanks, HFHC diet resulted in significantly increased BMI 
gains over weeks 0 to 4 (Supplemental Figure 4I). Despite the 
fact that 0%, 0.5%, and 1% EtOH–exposed (12 hpf–5 dpf) cohorts 
gained the same amount of body mass over the 8-week period, the 
periods when BMI gain was achieved were significantly affected 
by the interaction between prior EAE and diet (Figure 2, G and H).

Visceral adiposity is preferentially increased in EAE adults. Body 
fat and waist circumference are not routinely assessed in clinical 
practice, limiting our ability to assess adiposity in the human FASD 
cohort. Instead, we turned to AB zebrafish and used lipophilic Nile 
red dye to visualize and quantify adiposity following EAE. Visceral 
adipose tissue (VAT) size was quantified immediately before and 
for the duration of the diet challenge (Figure 3A). Males were used 

Figure 1. FASD patients have an increased incidence of metabolic abnormalities. (A and B) BMI distribution of male (P = 0.26) and female (P = 0.0005) 
control and FASD cohorts. Wilcoxon’s test. (C and D) Height distribution of male (P < 0.0001, Wilcoxon’s test) and female (P = 0.0001, Student’s 
unpaired t test) cohorts. (E) Incidence of multiple metabolic abnormalities in combined male and female cohorts. T2DM (P = 0.003, logistic regression), 
HDL (P = 0.004, Pearson’s χ2 test), TG (P = 0.0009, Pearson’s χ2 test), multiple metabolic abnormalities (P = 0.002, Pearson’s χ2 test). (F and G) HDL 
measurements in male (P = 0.035) and female (P = 0.0016) cohorts. Wilcoxon’s test. Data represent median with interquartile range. Sample numbers 
(n) noted under figure panels. 
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assessed energy balance by monitoring food intake and activity in 
the AB strain. We measured total food pellet consumption over a 
10-day period, normalized to body weight (Figure 4A). EAE had 
no detectable impact on food consumption in adult males, sug-
gesting that it is an unlikely mechanism for increased adiposity 
(Figure 4B). Multiple studies have demonstrated that EAE affects 
zebrafish swimming behaviors (35–38). To determine whether 
reduced locomotion was present in adults after EAE, we assessed 
activity level (35, 39–44). Adult fish were subjected to a 10-minute 
habituation period, followed by a monitored locomotion assay. 
EAE males had reduced swimming speed and reduced swimming 
distance, which could result in reduced energy expenditure (Fig-
ure 4, C and D). We also performed short 1-minute monitored 
locomotion assays following a 1-minute habituation period in 
obese and nonobese zebrafish. In this assay, EAE males receiving 
a HFHC diet had a significant reduction in swimming speed and 
spent more time performing turns than controls (Figure 4, E–G). 
Although this assay duration and habituation period did not detect 
differences in activity level between nonobese control and EAE 
fish, the presence of HFHC diet–induced differences suggests that 
HFHC diet may exacerbate behavioral phenotypes in EAE adults.

Given the apparent propensity for reduced locomotion in 
EAE adults, we determined whether EAE adults have reduced 
stamina. Adults were challenged with a laminar flow in a modi-
fied Blazka-type swim chamber (Figure 4H). Zebrafish normally 
swim upstream against the current; however, fatigue or unwill-
ingness to swim can cause the fish to be swept downstream. EAE 
adults challenged with laminar flow (5 minutes) spent signifi-
cantly more time near the rear of the chamber than control sib-
lings, indicating that they were unable or unwilling to retain their 
position in the swim chamber (Figure 4I). Taken together, these 
findings suggest that mild reductions in activity level and stamina 
may accelerate the development of diet-induced obesity and poor 
metabolic health in EAE adults.

Early alterations in embryonic growth and adipocyte development 
prime EAE larvae for diet-induced obesity. Zebrafish first develop 
white adipose tissue (WAT) around 7 to 8 dpf in the region of the 
exocrine pancreas (45, 46). Given the fetal growth restriction, we 
hypothesized that the dynamics of WAT emergence are disrupted 
by EAE. At 8 dpf, lipid droplet number and total VAT area were 
significantly reduced in EAE larvae, demonstrating that there 
are fewer adipocytes (Figure 5, A–C). Despite initial maturation 
delays, VAT within the developing EAE larvae experienced catch-
up growth and the total VAT area reached a normal level by 10 dpf 
(Figure 5, D–F). Zebrafish have pancreatic VAT (PVAT), abdominal 
VAT (AVAT), and renal VAT (RVAT) depots that are anatomically 
distinguishable and readily measurable following lipophilic stain-
ing (46). At 13 dpf, no significant differences in VAT distribution 
were evident (Supplemental Figure 5, A–D). However, by 20 dpf, 
1% EtOH–exposed (12 hpf–5 dpf) larvae had a larger PVAT and 
smaller AVAT as a percentage of total VAT than control siblings 
(Figure 5, G–J). These findings indicate that EAE larvae have a pre-
existing propensity for altered lipid storage that may be reflective 
of a permanent alteration in lipid handling.

We next determined whether diet-induced obesity risk was 
present immediately after ethanol exposure or whether it devel-
oped later during life. Both 0% and 1% EtOH–exposed (12 hpf–5 
dpf) AB larvae were subjected to a normal or a HFHC diet, which 
was proven to significantly increase VAT area and volume in WT 
larvae, and subsequently stained with Nile red for VAT size quan-
tification (Supplemental Figure 5, E–H). Following ND, no signif-
icant difference in VAT size was observed between control and 
EAE cohorts; however, with HFHC diet, EAE larvae developed 
a 60.3% larger VAT volume/body length ratio (P = 0.0096) and 
a 40.7% larger VAT area/body area ratio (P = 0.0005) relative 
to controls (Figure 5, K and L, and Supplemental Figure 5, I and 
J). The significantly enlarged VAT size in HFHC diet–fed EAE 
larvae was initially achieved at 13 dpf (Supplemental Figure 5K). 
Enlarged VAT volume in EAE larvae resulted from an increased 
number of adipocytes. Although VAT cell number was significantly  
reduced relative to controls in EAE larvae receiving the ND (P = 
0.0345), HFHC diet caused the EAE cohort to develop signifi-
cantly more visceral adipocytes than sibling-matched controls 
(P = 0.0410) (Figure 5M). Both control and EAE larvae exhibited 
HFHC diet–induced adipocyte hypertrophy; however, no signifi-
cant difference in cell diameter was observed between control and 
EAE fish under normal or HFHC diet conditions (Supplemental 
Figure 5, L and M). These data demonstrate that EAE changes the 
response to an HFHC diet to enhance VAT gain via an increase in 
adipocyte number and indicate that alterations in adipocyte devel-
opment followed by compensatory growth set EAE larvae up for 
diet-induced obesity as early as 13 dpf.

EAE induces lasting multiorgan gene expression changes, which 
respond uniquely to HFHC diet. Developmental alterations often 
result from perturbations in transcriptional programs. In order 
to decipher the molecular mechanisms underlying altered diet- 
induced VAT gains in EAE animals, we performed bulk RNA-Seq 
on pooled control and EAE AB strain larvae in the presence and 
absence of HFHC diet (Figure 6A). After recovering 8 days from 
EtOH exposure, 13 dpf EAE larvae receiving ND had 864 tran-
scriptional changes that met the significance threshold of Padj < 

Figure 2. EAE alters growth dynamics and serves as a risk factor for met-
abolic disease in adult males. (A) Protocol for assessing metabolic health 
outcomes following EAE. (B) BMI at the initiation of the confirmatory diet 
challenge. 1% EtOH–exposed males have a significantly higher BMI than 
controls. *P = 0.0193; ** P = 0.005, Brown-Forsythe and Welch’s ANOVA 
with Games-Howell multiple comparisons test. (C) BMI following 4 weeks 
of diet challenge. 1% EtOH–exposed males on HFHC but not ND have a 
larger BMI than matched controls. **P = 0.002; *P = 0.0429, ordinary 
1-way ANOVA with Tukey’s multiple comparisons test. (D) After 8 weeks 
of diet challenge, EAE has no effect on BMI in either diet group. HFHC diet 
increases BMI in all cohorts. ****Padj ≤ 0.0001, 2-way ANOVA with Šidák’s 
multiple comparisons test. (E) Fasting BG level after 8 weeks of diet. *P = 
0.0181, Brown-Forsthye and Welch’s ANOVA with Dunnett’s T3 multiple 
comparisons test; ***P = 0.0006, 2-way ANOVA with Šidák’s multiple 
comparisons test. Error bars show mean with SD. (F) Time course of BMI in 
0% EtOH (blue), 0.5% EtOH (orange), and 1% EtOH (red) cohorts receiving 
ND (dotted line) or HFHC diet (solid line). *P < 0.05, ordinary 1-way ANOVA 
with Tukey’s multiple comparisons test. (G and H) Ethanol interacts with 
diet to influence BMI gain for weeks 0 to 4 (ND: slope = –0.0016, P = 2.15 × 
10–06; interaction [difference in slope]: 0.0017752, P = 0.000317) and weeks 
4 to 8 of the diet (ND: slope = 0.00084, P = 0.0255; HFHC diet: slope = 
–0.00087, P = 0.0225; interaction: –0.0017148; P = 0.00146). The units for 
slope and interaction are (g/cm2)/ethanol%. P values determined using lin-
ear regression. Error bars show mean with SD. Sample numbers (n) noted 
under figure panels.
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diet challenge, demonstrating that, in addition to the baseline 
changes induced by EAE, there is a unique molecular response of 
EAE larvae to HFHC diet. We also identified 4 clusters of genes 
that were differentially expressed in EAE larvae with ND, but not 
HFHC diet (Supplemental Figure 6D). Cluster 1 genes, which were 
downregulated in EAE larvae receiving the ND, exhibited a partial 
rescue in expression with HFHC diet (Supplemental Figure 6, E 
and F, and Supplemental Tables 10 and 11). Taken together, these 
findings demonstrate that EAE can interact with diet to influence 
gene expression in the developing larvae.

Of the disease-relevant genes that were differentially regulated  
in EAE larvae, several were significantly HFHC diet responsive. 
Orthologs of fetuin-A (ahsg1) and ATP binding cassette subfamily  
B member 11 (abcb11b), liver-expressed genes associated with 
obesity and metabolic syndrome, were downregulated and upreg-
ulated in response to HFHC diet, respectively; however, this tran-
scriptional response was significantly greater in EAE larvae (Fig-
ure 6, G and H, and refs. 47–50). Genes directly associated with 
adipogenesis and obesity, including growth hormone 1 (gh1) and 
dehydrogenase/reductase 7 (dhrs7b), were also uniquely dysregu-
lated in EAE larvae in response to HFHC diet (Figure 6, I and J, and 
refs. 51–53). Although no gene appears to singlehandedly explain 
the propensity for diet-induced VAT gain in EAE individuals, shifts 
in the expression of genes relevant to metabolism and lipid han-
dling suggest that a suite of transcriptional changes likely contrib-
utes to this phenotype.

EAE impairs hepatic development and increases the propensity 
for hepatic stress. The liver is the primary metabolic organ of the 
body, and alterations in its response to HFHC diet are a risk fac-
tor for the development of metabolic syndrome (54). Therefore, 
we examined the impact of EAE on hepatic development using 
fluorescent reporter lines and in situ hybridization. EAE resulted  
in significantly reduced liver and biliary tree size, as visual-
ized and quantified in Tg(fabp10a:mKate) and Tg(tp1glob:eGFP) 
transgenic lines at 78 hpf, and diminished the number of Tg(fab-
p10a:NLS-mcherry)+ hepatocytes (Figure 7, A–E). Outgrowth of 
the foxa3+ hepatic and pancreatic buds was disrupted by EAE at 
48 hpf, though hepatic progenitor specification was not substan-
tially impaired (Supplemental Figure 7A). These data demon-
strate that EAE impairs hepatic differentiation and outgrowth 
and indicate that altered development may contribute to meta-
bolic abnormalities later in life.

Though control and EAE larvae exhibited similar rates of 
diet-induced hepatic steatosis following HFHC diet challenge, 
lasting transcriptional changes in EAE larvae led us to hypothesize 
that the transcriptional status and physiological function of the 
adult liver were perturbed following EAE (Supplemental Figure 
7, B–D). To evaluate this possibility, we performed RNA-Seq in 5 
individual livers from family-matched 0%, 0.5%, and 1% EtOH–
exposed (12 hpf–5 dpf) AB strain cohorts following 8 weeks of nor-
mal and HFHC diet (30 individual livers) when BMI had normal-
ized between the groups (Figure 7F). EAE (1% EtOH) livers from 
under ND conditions had 848 significant (P < 0.05) transcriptional 
alterations, but few (n = 10) met the significance threshold of Padj 
< 0.05. In contrast, EAE (1% EtOH) fish fed a HFHC diet had 96 
dysregulated transcripts meeting the threshold of Padj < 0.05 (Fig-
ure 7, G and H, and Supplemental Table 12 and 13). GO term anal-

0.05 (Figure 6B and Supplemental Table 1). We categorized these 
differentially regulated genes using Gene Ontology enRIchment 
anaLysis and visuaLizAtion tool (GOrilla) Gene Ontology (GO) 
term analysis (Figure 6C and Supplemental Table 2). Alterations 
in the expression of genes critical for neuron projection guidance 
(P = 2.23 × 10–08), synaptic transmission (P = 4.76 × 10–08), and ner-
vous system development (P = 3.11 × 10–06) were the most preva-
lent, suggesting that aberrations in neuronal function promote 
behavioral alterations and diet-induced obesity (Supplemental 
Table 2). These lasting transcriptional changes pinpoint regulators 
of FASD-related phenotypes and showcase the widespread and 
persistent effects that EtOH has on development.

The introduction of an HFHC diet altered gene expression 
profiles in both control and EAE larvae (Figure 6D and Supple-
mental Tables 3 and 4). In control cohorts, HFHC diet reliably 
induced transcriptional changes in genes previously associated 
with metabolism, obesity, fatty liver, diabetes, inflammation, 
and altered circadian rhythm (Supplemental Figure 6, A–C, and 
Supplemental Tables 3 and 5). Since HFHC diet, but not ND, 
increased VAT size in EAE larvae, we hypothesized that EAE 
larvae would have a unique transcriptional response to diet chal-
lenge. We first identified 1468 significant (P < 0.05) differences 
in gene expression between control and EAE larvae receiving the 
HFHC diet (Supplemental Tables 6 and 7). Of these significant 
changes, 130 genes had a log2(FC) of less than –0.5 and 135 had 
a log2(FC) of more than 0.5. Next, we performed unsupervised 
hierarchical clustering on significantly dysregulated genes using 
pheatmap. We discovered 7 clusters of genes whose expression 
levels in EAE larvae were more dramatically dysregulated follow-
ing the introduction of the HFHC diet than during the ND (Figure 
6E and Supplemental Table 8). Among these clusters, there was 
enrichment for categories related to steroid (P = 9.48 × 10–09) and 
lipid biosynthesis (P = 1.5 × 10–06), cholesterol metabolic processes 
(P = 6.13 × 10–07), and secondary alcohol metabolic processes (P = 
3.35 × 10–07; Figure 6F and Supplemental Table 9). These pathways 
were primarily dysregulated in EAE larvae in response to HFHC 

Figure 3. EAE is a risk factor for increased visceral adiposity in adult-
hood. (A) Nile red staining of internal organs and VAT visualized after skin 
and body wall muscle removal. Scale bars: 1 mm. (B) Quantification of VAT 
area before diet challenge. 1% EtOH–exposed (12 hpf–5 dpf) males have a 
larger VAT depot than controls at 65 dpf. *P = 0.0497, Student’s unpaired 
2-tailed t test. (C) Quantification of VAT area after 4 weeks of diet chal-
lenge. EAE adults have a larger VAT than controls in response to HFHC. *P 
= 0.0103; ****P < 0.0001, 2-way ANOVA with Tukey’s multiple compari-
sons test. (D) Quantification of VAT area after 10 weeks of diet challenge. 
EAE adults receiving the ND have a larger VAT than controls. *P = 0.0102, 
Student’s 2-tailed unpaired t test. HFHC diet induces significant gains in 
VAT area in both control and EAE adults (*P = 0.0228 [1% EtOH ND versus 
HFHC], ****P < 0.0001 [0% EtOH ND versus HFHC], 2-way ANOVA Tukey’s 
multiple comparisons test). (E) H&E staining of PVAT following 4 weeks of 
diet challenge. Scale bars: 0.01 mm. (F) Quantification of PVAT adipocyte 
diameter following normal and HFHC diet. **P = 0.001, 2-way ANOVA. (G) 
Nile red staining of SAT (dotted white outline). Scale bars: 1 mm. Body-
wide quantification of SAT was accomplished by combining 2 photos in 
ImageJ using collage photomerge. (H) Quantification of SAT area after 4 
weeks of diet challenge. ****P < 0.0001, 2-way ANOVA Tukey’s multiple 
comparisons test. Error bars show mean with SD. Sample numbers (n) 
noted under figure panels.
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Additionally, female patients with FASDs have an increased risk 
of overweight and obesity. In the FASD zebrafish model, we con-
firm that EAE accelerates the progression toward certain features 
of the metabolic syndrome, including visceral adiposity, elevated 
BMI, and fasting hyperglycemia. We present several explanations 
for the acceleration to metabolic abnormalities in the zebrafish 
cohort, including reduced activity level, abnormal organ devel-
opment, and a unique transcriptional response to diet challenge. 
Our data reveal that PAE is associated with adult metabolic aber-
rations, even in the absence of obesity, and that there may be value 
in evaluating for FASD and considering PAE as part of the clinical 
assessment for metabolic disease risk.

Higher obesity rates in FASD patients have previously been 
ascribed to the many documented alterations in eating behavior 
(58–60). EAE had no impact on adult food consumption in our 
zebrafish model. However, neurological transcripts were critical 
targets of EtOH exposure during development and there were 
accompanying reductions in adult activity level. We propose 
that mild reductions in activity level translate to reduced energy 
expenditure in this model, therefore compounding any existing 
metabolic propensity for weight gain. An additional likely cause of 
increased metabolic disease following EAE is small for gestational 
age phenotypes and associated compensatory growth. In zebraf-
ish, EAE promoted growth restriction and affected adipocyte and 
hepatic development during stages of differentiation and out-
growth. EAE larvae experienced dramatic compensatory growth, 
which culminated in appropriate stature and the rapid recovery of 
VAT size via an increase in adipocyte cell number. The molecular 
mechanisms resulting in growth restriction and catch-up growth 
several days after EtOH removal remain unclear; however, nota-
ble alterations in growth dynamics in the zebrafish model comple-
ment previous studies that show that growth restriction followed 
by catch-up growth may be a critical determinant of metabolic 
perturbation later in life (61–68).

In addition to changes in growth rate, EAE zebrafish displayed 
unique whole-body and organ-specific transcriptional alterations, 
especially in response to dietary challenge. This indicates that 
there may be permanent metabolic and molecular differences in 
how FASD fish manage nutrient intake. Importantly, EAE larvae 
had a conspicuous misexpression of genes that affect lipid han-
dling or absorption, metabolism, and obesity risk (51–53, 69, 70). 
Some of these transcripts were indicative of altered liver devel-
opment, and we identified the liver as a critical target organ of 
EAE during development. Disruption of hepatic differentiation 
and outgrowth likely contributes to lasting detrimental impacts of 
EAE on metabolism and hepatocyte function. For example, fetal 
growth restriction has been shown to promote the development of 
nonalcoholic fatty liver disease (NAFLD) by enhancing the hepatic 
ER stress response (71–73). Consistent with these findings, HFHC 
diet–fed EAE males had a transcriptional signature consistent with 
hepatic dysfunction that included indications of a chronic stress 
response and translational repression. Translational repression is 
a frequent consequence of the unfolded protein response (UPR), 
which often occurs in NAFLD (74–76). Chronic ER stress indi-
cates a more progressed fatty liver state and suggests that there 
are intrinsic differences in the ability of EAE livers to respond to 
dietary stress. Future studies should examine the role of identified 

ysis identified core pathways in EAE (0.5; 1.0% EtOH) livers that 
were disrupted by HFHC diet (Figure 7I and Supplemental Tables 
14 and 15). Translational termination (P = 2.37 × 10–16) and elonga-
tion (P = 4.05 × 10–14), the cytosolic ribosome (P = 1.81 × 10–15), and 
protein targeting to the ER (P = 1.12 × 10–13) were among the most 
significantly disrupted processes (Supplemental Tables 14 and 15).

In both 0.5% and 1.0% EtOH–exposed (12 hpf–5 dpf) cohorts, 
dysregulation of stress response and protein-folding genes, includ-
ing genes indicative of ER stress (bip/hspa5, atf4, vcp, nfe2l1b/nrf1), 
was evident (Figure 7J and Supplemental Tables 13 and 16). There 
was a significant increase in atf4b (P = 3.02E-05, 1% EtOH) and 
bip (P = 0.01, 1% EtOH), ER stress sensor genes whose expression 
was similarly elevated in response to tunicamycin-induced protein 
misfolding and ER stress by quantitative reverse-transcriptase 
PCR (qRT-PCR) in adult livers (Supplemental Figure 7, E and F, 
and Supplemental Tables 13 and 16). Heightened cell stress may 
serve as an indicator of more advanced hepatic dysfunction. In 
addition to cellular stress response genes, there was an upregula-
tion of retinol binding protein 4 (rbp4) (P = 0.009, 1% EtOH), a 
circulating factor that regulates glucose and lipid metabolism, in 
both 0.5% and 1% EtOH adults (Figure 7J, Supplemental Tables 
13 and 16, refs. 55–57). Additional significantly dysregulated genes 
included those critical for immune function (mhc1uba, P = 6.71 
× 10–11, 1% EtOH), glycogen storage (gyg1a, P × 10–07, 1% EtOH), 
and iron homeostasis (fth1a, slc40a1, tfa, hamp) (Figure 7J and 
Supplemental Tables 13 and 16). Taken together, these data reveal 
that multiple hepatic processes are dysregulated in EAE adults 
following the introduction of a HFHC diet, especially cell stress–
response pathways, and that hepatic organ dysfunction may con-
tribute to metabolic dysfunction in EAE adults.

Discussion
The adult health outcomes associated with FASDs and the molec-
ular mediators of FASD-related organ dysfunction remain largely 
unidentified (12). Here, we describe one of the first and largest 
adult human and zebrafish cohort studies to examine metabol-
ic health outcomes in FASD. We demonstrate that patients with 
FASDs have short stature, an increased incidence of T2DM,  
lower HDL cholesterol, and elevated triglyceride levels relative to 
matched controls. The incidence of multiple metabolic abnormal-
ities is markedly higher in males with FASDs despite a lower BMI. 

Figure 4. Behavioral assays identify reduced activity level in EAE adults. 
(A) Food consumption assay design. (B) EAE has no impact on average  
daily food consumption in adult males (n = 10 animals/group). (C and D) 
EAE (1% EtOH) adults have a reduced swimming speed relative to controls 
(P < 0.0001, Student’s unpaired 2-tailed t test). (C) Average of group speed 
over 3-second intervals. (D) Individual speed averaged over 30-second 
intervals. ****P < 0.0001. (E–G) Swimming speed, distance traveled, and 
duration performing turns in a 1-minute monitored locomotion assay in 
control and EAE (1% EtOH) adults. EAE cohorts have a normal activity 
level under ND conditions, but show reduced activity and increased turning 
behavior with HFHC diet challenge. (E) ***P = 0.0005 and (G) *P = 0.0227, 
2-way ANOVA with Šidák’s multiple comparisons test. (H and I) EAE adults 
spend more time near the rear of the tank during a 5-minute laminar flow 
challenge in a modified Blazka-type swim chamber. *P = 0.0324, Student’s 
unpaired 2-tailed t test. Error bars show mean with SD. Sample numbers 
(n) noted under figure panels.
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studies are needed to clarify obesity-dependent and obesity- 
independent metabolic abnormalities in FASDs.

In conclusion, our study identifies a common fetal stressor to 
be causal for lifelong alterations in metabolic health. Most imme-
diately, our study will provide physicians and society in gener-
al with information that enables them to more fully understand 
the diverse potential risks associated with PAE, to preemptively 
monitor metabolic health parameters in at-risk patients, and to  
consider the implementation of measures to prevent metabolic  
disease. Importantly, this study expands our mechanistic under-
standing of the target organs of PAE and how organ dysfunction 
may alter an individual’s lifelong risk for disease. We define adi-
pocytes and the fetal liver, organs rarely considered in the context 
of FASD, as new critical target tissues of EAE. Finally, we identify 
whole-larvae and organ-specific transcriptional changes that are 
diet responsive and that likely contribute to FASD phenotypes. 
Bringing to light potential molecular targets enables us to begin the 
discussion of what additional research is needed to enable identi-
fication of the critical regulators and target them therapeutically.

Methods
Human cohort. We used the patient database registry at a large aca-
demic health system (RPDR) to identify the cohort of patients with a 
diagnosis of FASD. Using a medical record search query, we identi-
fied males and females 18 years of age or older with the diagnosis of 
FASD (n = 208) and a set of controls matched for age, sex, and race/ 
ethnicity (n = 208). Statistical analysis was performed using JMP Pro 
13.0 (SAS Institute) software. Means and SEM measurements are 
reported and were compared using the 2-tailed Student’s t test unless 
the data were nonnormally distributed, in which case medians and 
interquartile range were compared using Wilcoxon’s test. Categorical 
variables were compared using Pearson’s χ2 test. Least-squares linear 
regression modeling (for continuous dependent variables) or logistic 
regression (for binary dependent variables) was performed to control 
for relevant covariates. A P value of less than 0.05 on a 2-tailed test 
was used to indicate statistical significance.

Animal studies. The AB strain was used for all population stud-
ies, diet challenges, and RNA-Seq experiments. Tg(fabp10a:mKate),  
Tg(tp1glob:eGFP), and Tg(fabp10a:NLS:mcherry) lines from a mixed 
TU/AB/TL background were used to examine liver and biliary develop-
ment (78–80). For all studies, clutch-matched siblings were randomly  
assigned to each treatment group. When BG, adiposity, liver size, or 
transcriptional changes were evaluated, only clutch-matched sib-
lings were compared. All cohort studies included equal numbers of 
fish from contributing clutches. For all larval, juvenile, and adult pilot 
experiments, fish were used without sex bias. Male-specific pheno-
types were evaluated in male cohorts as indicated.

Chemical exposure. Zebrafish larvae were exposed to 0%, 0.5%, and 
1.0% EtOH dissolved in fish water from 12 hpf to 5 dpf. For all longitu-
dinal studies, fish were removed from ethanol at 5 dpf and transferred 
to system water. Adults were exposed to 0.25 μg/mL to 1.0 μg/mL tuni-
camycin for 24 hours in system water. Livers from tunicamycin-treated 
(Sigma-Aldrich, T7765) animals were dissected from euthanized fish 
and harvested for RNA at the completion of the 24-hour treatment.

Zebrafish diet challenge. Larval zebrafish were housed on the nurs-
ery in 0.8-L tanks at a density of 32 fish per tank. At 5 dpf, fish received 
a paramecia starter culture and were kept overnight without flow. At 6 

dysregulated genes in promoting specific metabolic health out-
comes, as some may be druggable targets.

Many metabolic abnormalities in the FASD human cohort 
were also present in zebrafish, including obesity and altered 
glucose homeostasis, suggesting that pathophysiological mech-
anisms following EAE are conserved. However, one important 
distinction between the male human and zebrafish cohorts is 
that EAE zebrafish displayed diet-induced obesity, whereas 
the FASD patients had metabolic abnormalities in the absence 
of obesity. There are likely a number of reasons for these dif-
ferences, not least of which are the interspecies differences 
in growth, adipostasis, and BMI sensing. The data collected 
in the human study were limited by its retrospective design, 
and therefore the human cohort likely contains a broad range 
of EtOH exposure, with variation in disease severity, in con-
trast with our zebrafish cohorts; severity of the FASD diagnosis 
could affect obesity and metabolic disease risk in adults. Future 
prospective studies in patients with FASDs, which may include 
careful collection of phenotypic data as well as data on resting 
energy expenditure and caloric intake, could help better delin-
eate the observed differences and may provide greater insight 
into factors that contribute to the metabolic abnormalities in 
FASD patients.

An important question raised by the human data is wheth-
er diet-induced hyperglycemia and hepatic stress in EAE 
zebrafish is obesity dependent. One indication that metabol-
ic abnormalities in zebrafish may be somewhat independent 
of obesity is that EAE fish challenged with HFHC diet quick-
ly reached the same BMI as their control siblings. At the point 
at which male EAE zebrafish displayed fasting hyperglycemia 
and transcriptional changes in the liver, they had the same vis-
ceral adiposity and BMI as controls. However, it is well docu-
mented that an increased duration of obesity increases the risk 
for T2DM (77). EAE zebrafish have a more rapid progression 
toward central obesity and therefore experience excess cen-
tral adiposity for a greater duration of time. This may acceler-
ate diet-induced glucose and hepatic dysregulation. Further 

Figure 5. EAE disrupts VAT development and diet-induced VAT gain in 
larvae. (A) EAE delays adipocyte development at 8 dpf as visualized by 
Nile red staining. Scale bars: 1 mm. (B) EAE reduces lipid droplet number 
at 8 dpf. *P = 0.034, Student’s unpaired 2-tailed t test. (C) EAE reduces 
VAT area at 8 dpf. ****P < 0.0001, Student’s unpaired 2-tailed t test. (D) 
EAE-treated larvae recover from delayed adipocyte development by 10 dpf 
as visualized by Nile red staining. Scale bars: 0.1 mm. (E and F) VAT area 
recovers by 10 dpf and 20 dpf, and no significant differences in total VAT 
area are observed. (G) VAT distribution, visualized by Nile red staining, is 
altered in EAE larvae by 20 dpf. Scale bars: 1 mm. (H–J) EAE larvae have 
more PVAT than AVAT as a percentage of total VAT area (H: P = 0.0412; I: 
P = 0.0322, Student’s unpaired 2-tailed t test; *P < 0.05). RVAT area is not 
affected by 1% EtOH exposure. Star indicates that total VAT corresponds 
to RVAT + PVAT + AVAT. (K) 3D confocal reconstruction (pink) of Nile red–
stained VAT under normal and HFHC diet conditions. Scale bars: 100 μm. 
(L) EAE larvae have a larger VAT volume than controls under HFHC diet but 
not ND conditions. **P = 0.0096, 2-way ANOVA with Šidák’s multiple com-
parisons test. (M) EAE larvae receiving ND have reduced VAT cell number 
at 13 dpf (P = 0.0345). HFHC diet increases adipocyte number in EAE larvae 
(P = 0.0410). *P < 0.05. Unpaired 2-tailed Student’s t test. Error bars show 
mean with SD. Sample numbers (n) noted under figure panels.
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Figure 6. RNA-Seq identifies genes that interact with ethanol and diet to shape larval phenotypes. (A) Schematic of larval RNA-Seq. (B) Under ND 
conditions, EAE induces alterations in gene expression (Padj < 0.05). (C) GSEA identifies dysregulated pathways in 1% EtOH larvae receiving the ND. (D) 
HFHC diet challenge shifts the gene expression profile of both 0% and 1% EtOH–exposed (12 hpf–5 dpf) larvae (Padj < 0.05). (E) Cluster analysis of genes 
that are altered in 1% EtOH–exposed larvae in response to HFHC diet but not ND. (F) GSEA of HFHC diet-responsive genes from the 1% EtOH–exposed 
larval cohort. (G–J) Diet modulates gene expression in EAE larvae. Affected genes include those expressed in the liver (ashg1, abcb11b), the brain (gh1), and 
globally (dhrs7b). (G and H) ****P < 0.0001. (I) ****P < 0.0001; *P = 0.032. (J) ****P < 0.0001; **P = 0.004. P values were determined using a negative 
binomial test with a Wald’s test from RNA-Seq analysis.
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For wide-field imaging, Nile red fluorescence was analyzed with a 470 
± 20 nm excitation filter and 525 ± 25 nm emission filter. For confocal 
imaging, Nile red fluorescence was excited using 514 nm laser light, and 
the emission was collected using a 539 to 753 nm range. Oil red O stain 
was used to evaluate hepatosteatosis as previously described (83).

VAT quantification. VAT and SAT area were calculated using the 
area function in FIJI. The Imaris software (Bitplane) surfaces function 
was used to quantify the volume of larval fat droplets from confocal 
images. 3D volumetric renderings were constructed around Nile red+ 
visceral adipocytes, and total volume measurements were extracted. 
Adipocyte diameter was calculated by measuring the diameter of the 
individual lipid droplets visible in the confocal stack. VAT area and 
volume were normalized to animal length or animal body area.

Histology and adult adipocyte diameter calculation. Adult zebrafish at 
0, 4, and 8 weeks of diet challenge were fixed in 10% NBF or Dietrich’s 
solution, paraffin embedded, serially sectioned, and stained with H&E 
at HistoWiz. The diameter of individual pancreatic visceral adipocytes 
was measured and averaged along the full length of the pancreas.

Food consumption assay. Individual zebrafish were housed off flow 
in breeding tanks for 10 days and administered Topfin Betta Bits mini 
floating food pellets at indicated intervals. The total number of pellets 
consumed per individual was converted to a food weight and normal-
ized to body weight.

Activity assays. For locomotor assays, adult zebrafish were fed 1 
hour before study initiation and placed in a clear 2.8-L system tank 
suspended above a white background. The day before solo locomo-
tor assays, zebrafish were introduced to the assay tank for 5 minutes. 
On the day of the trial, fish were habituated for 10 minutes before 
recording. Average speed (cm/s) was calculated for each individual 
over 30-second and 3-second bins as indicated. For 1-minute novel 
tank assays, individual zebrafish were placed in a clear 2.8-L novel sys-
tem tank suspended above a white background and habituated for 1 
minute. Swimming activity was recorded for 1 minute, and fish were 
returned to their original tank. Fish were filmed in an isolated room 
with the videographer absent. Analysis of fish behavior was performed 
using Actualtrack Software (Actual Analytics).

Modified Blazka-type swim chamber testing. Adult AB zebrafish with 
prior 0% or 1% EtOH exposure (12 hpf–5 dpf) were subject to a modi-
fied acrylic Blazka-type swim chamber (350 mm l × 47 mm w × 90 mm 
d) with a flow-through rate of approximately 5.5 L/min–1. System water 
was introduced into 1 side of the swim chamber and funneled through 
a honeycombed grid composed of 50 tubes (6.35 mm 0D, 3.97 mm ID 
× 50 mm l). This created a laminar flow through the remaining 0.6-L 
swimming area (250 mm l × 50 mm d × 47 mm w). Fish were removed 
from their holding tanks and placed inside the flowing swim chamber 
for testing. A high-definition Nikon D3100 digital camera recorded 
swimming performance at 30 frames per second for a total of 5 min-
utes. The raw digital file was analyzed for movement within the swim 
area. The distance from the flow source and rear baffle was quantified 
using MATLAB (MathWorks).

RNA isolation for RNA-Seq. RNA was extracted in TRIzol (Life 
Technologies) from whole pooled (15 individuals/sample) 13 dpf 
larvae or single livers isolated from WT (AB) fish and purified using 
the QIAGEN RNeasy Mini Kit. RNA quality was verified on the Agi-
lent Bioanalyzer, and DNA contamination was removed with the  
TURBO DNA-free (Invitrogen, Thermo Fisher Scientific) kit. Single- 
end NextSeq Series high-output RNA-Seq was performed on poly(A) 

dpf, flow was initiated, and larvae were administered a specified diet. 
For larval obesity studies, larvae received either a ND consisting of 
hatched artemia 2 times per day at a density of approximately 8.8 mg 
dry weight/fish or a HFHC diet of artemia plus a dietary supplement 
of 0.5 g/tank of Hoosier Hill Farm Whole Egg Powder resuspended in 
system water. Upon graduation from the nursery (30 dpf), juvenile fish 
were maintained at equal tank densities (15–20 individuals, depend-
ing on the study) and fed a standard artemia diet 2 times per day at 
a density of approximately 14.7 mg dry weight/fish. Beginning at 60 
to 65 dpf, fish were housed at a density of 12 fish/tank in 2.8-L (con-
firmatory study) or 6-L tanks (pilot study) and fed a normal or HFHC 
diet. For the 1.8-L tank diet challenge, fish were housed at a density 
of 10 fish/tank. Adult ND consisted of 0.013 g/fish of Skretting Gem-
ma Micro 300 feed per day (59% protein, 14% lipids, 14% ash, 8% 
moisture, 0.2% crude fiber, and 1.9% starch by mass). HFHC diet 
tanks received 0.063 g/fish of Skretting Gemma Micro 300 per day 
plus 0.02 g/fish of Hoosier Hill Farm Whole Egg Powder (~49% lipids, 
~49% protein, ~1.7% cholesterol). The resulting HFHC diet amounted  
to approximately 56.6% protein, 22.4% lipids, 0.41% cholesterol, 
10.62% ash, 0.15% fiber by mass.

Body measurements. Zebrafish were fasted overnight and anes-
thetized in 0.4 mg/mL Tricaine solution. Juvenile and adult fish were 
measured using a standard ruler, weighed on an analytical balance, 
and transferred to a recovery tank. BMI was computed as weight/
length2. BG concentrations were obtained after a 24-hour fast. Fish 
were euthanized in ice water, and blood was obtained through tail 
removal followed by centrifugation into heparin-lithium–coated tubes 
(81, 82). Glucose measurements were performed using a Bayer Con-
tour Blood Glucose Monitoring System and associated test strips.

Analysis of adult population study. We modeled the effect of diet 
and ethanol exposure on BMI using a linear model. Our response 
variable (BMIΔi) for fish (i) was the BMI of each fish at any given 
week minus the mean BMI of the corresponding tank in the previ-
ous week. Using linear regression in R, we included diet as a cat-
egorical variable and percentage of ethanol exposure as a quan-
titative variable. We also included the interaction between both 
variables. This model corresponds to the following: BMIΔi = μ + βdietdieti  
+βethanolethanoli + βdiet × ethanoldieti × ethanoli + ∈i where μ is the intercept, 
βdiet, βethanol, and βdiet × ethanol are the corresponding coefficients that we 
infer using linear regression, and ∈ is the noise term. In R, we used 
the command lm(BMI_change ~ 1 + diet + ethanol + diet:ethanol). 
Since fish came from 4 different genetically distinct families, we test-
ed the effect of genetic background by including family ID as a ran-
dom effect. We tested each full mixed model to the corresponding 
nested model without the family ID using an F test and concluded 
that including family ID did not improve the model in a statistically  
significant way.

Nile red and oil red O stain. In order to visualize SAT and VAT, fish 
were fasted overnight and stained with Nile red (Invitrogen, Thermo 
Fisher Scientific, N1142). Fish were submerged in 0.5 μg/mL (from a 
1.25 mg/mL acetone stock solution) Nile red for 30 minutes and washed 
in clean system water for 15 minutes. To visualize SAT, adults were 
submerged in 10 mg/mL epinephrine in fish water for 5 minutes (45). 
Before imaging and dissection, fish were euthanized in ice water. Nile 
red–stained zebrafish larvae were examined either with a Zeiss Discov-
ery V8 stereoscope for wide-field imaging or with a Zeiss LSM 880 con-
focal microscope using a 10×/0.3 NA EC Plan-Neofluar objective lens. 
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in the Tg(fabp10a:NLS-mcherry) were counted using Imaris software 
3D spot detection.

In situ hybridization. In situ hybridization was conducted accord-
ing to standard protocols using established probes (93, 94).

Statistics. Relevant statistical analyses are described in the cor-
responding Methods subsection and identified in the figure legend. 
For multiple comparisons within a single diet group, 1-way ANOVA 
or unpaired 2-tailed Student’s t test was used. For multiple compar-
isons spanning diet or treatment conditions, 2-way ANOVA with 
multiple comparisons was used. When performing unpaired t tests, 
an F test was used to compare variances. If assumptions of the sta-
tistical test were not met, a nonparametric test was used. Popula-
tion analysis was conducted using linear regression. Outliers were 
identified with ROUT (Q = 1%). Larval and adult RNA-Seq data pre-
sented in this study were deposited in the NCBI’s Gene Expression 
Omnibus database (GEO GSE142311).

Study approval. All animal studies were approved by the Institu-
tional Animal Care and Use Committees at the Beth Israel Deacon-
ess Medical Center (IACUC-BIDMC 056-2015) and the Brigham and 
Women’s Hospital (2016N000405), Boston, Massachusetts, USA. 
The Partners HealthCare institutional review board approved the 
human study (2017P000752), and informed consent was waived.
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selected coding mRNAs at the Dana-Farber Center for Cancer Com-
putational Biology.

RNA-Seq and gene set enrichment analysis. For larval RNA-Seq (13 
dpf), reads were aligned to the GRCz10 reference assembly with the 
STAR aligner and differential gene expression was performed with 
DESeq2 software using a negative binomial with Wald’s test. Gene 
set enrichment analysis (GSEA) was performed using the GOrilla GO 
enrichment analysis and visualization tool and the DAVID Bioinfor-
matics Resources 6.8 Analysis Wizard (84–86). Heatmap visualiza-
tion and hierarchical clustering were performed using the R package 
pheatmap with the default parameters. For the adult liver RNA-Seq, 
FASTQ files were analyzed using FASTQC to ensure uniform read 
quality (phred > 30) (87). Single-end reads were aligned using Star, 
version 2.3, to the zebrafish genome (GRCz10) (88). The mapped 
reads were counted using htseq-count (version 0.6.0, parameters –t 
exon) and gene models from Ensembl transcriptome v89 (89). Analy-
sis of differential gene expression was performed using DESeq2 (90). 
GO term enrichment analysis was performed using Gage package and 
normalized counts (91). Significant enrichment of gene sets was iden-
tified using P < 0.001. GSEA was performed using a preranked run-
ning mode and ranking genes by log2(FC) (92).

qPRT-PCR. cDNA libraries were synthesized from TRIzol/ 
chloroform-isolated RNA using the Bio-Rad iScript cDNA Synthesis 
Kit (catalog 1708891). RT-PCR reactions were performed using the 
iScript RT Supermix for RT-PCR (catalog 1708841). For qRT-PCR, 
the following primers were used: bip (forward: 5′-ATCAGATCTGGC-
CAAAATGC-3′; reverse: 5′-CCACGTATGACGGAGTGATG-3′), ef1α 
(forward: 5′-GCGTCATCAAGAGCGTTGAG-3′; reverse: 5′-TTG-
GAACGGTGTGATTGAGG-3′). Relative expression levels were cal-
culated using the ΔΔCt method. Expression was normalized to ef1α.

Fluorescence determination of liver size. Confocal images of con-
trol and EAE embryos were obtained after overnight fixation in 4% 
PFA. To evaluate liver size, Tg(fabp10a:mKate) and Tg(fapb10a:N-
LS-mcherry) lines were examined; for biliary tree structure and size, 
Tg(tp1glob:eGFP) lines were employed (78–80). Confocal stacks were 
uploaded and 3D reconstructions were generated using Imaris soft-
ware. To calculate liver cell number, the total number of nuclear dots 

Figure 7. Ethanol impairs embryonic liver growth and alters liver 
response to HFHC diet. (A) EtOH (12 hpf–78 hpf) reduces the size of the 
fabp10a:mKate+ liver and the size and complexity of the tp1glob:eGFP+ 
biliary tree at 78 hpf. Liver and biliary volumes were achieved through 
3D reconstruction based on confocal imaging of the Tg(fabp10a:mKate+) 
and Tg(tp1glob:eGFP) reporters. Confocal imaging and Imaris 3D spot 
detection of nuclei in Tg(fabp10a:NLS-mcherry) embryos demonstrate that 
EtOH exposure reduces hepatocyte nuclei number. Scale bars: 60 μm. (B) 
EAE reduces liver volume relative to body size. ****P < 0.0001, unpaired 
2-tailed Student’s t test. (C and D) EAE reduces biliary tree volume, but 
proportionally to liver volume reduction. ****P < 0.0001, unpaired 2-tailed 
Student’s t test. (E) Hepatocyte number is reduced in 1% EtOH larvae 
relative to matched controls. ****P < 0.0001, unpaired 2-tailed Student’s t 
test. (F) Schematic of RNA-Seq of adult livers after 8 weeks of normal and 
HFHC diet challenge. (G and H) Heatmap of dysregulated (P < 0.05) genes 
following sequencing of 0% and 1% EtOH (12 hpf–5 dpf) adults receiving 
ND and HFHC diet. (I) GSEA of genes significantly dysregulated (P < 0.05) 
in 1% EtOH (12 hpf–5 dpf) adults receiving the HFHC diet. (J) Alterations 
in hepatic transcripts following HFHC diet challenge (P < 0.05). Heatmap 
P values were determined using a negative binomial test with Wald’s test 
from RNA-Seq analysis. Sample numbers (n) noted under figure panels.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
mailto://wgoessling@mgh.harvard.edu


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 2 6 8 jci.org      Volume 130      Number 5      May 2020

	 1.	Webster WS, Walsh DA, McEwen SE, Lipson AH. 
Some teratogenic properties of ethanol and acet-
aldehyde in C57BL/6J mice: implications for the 
study of the fetal alcohol syndrome. Teratology. 
1983;27(2):231–243.

	 2.	Obe G, Ristow H. Mutagenic, cancerogenic 
and teratogenic effects of alcohol. Mutat Res. 
1979;65(4):229–259.

	 3.	Randall CL. Alcohol as a teratogen: a decade 
of research in review. Alcohol Alcohol Suppl. 
1987;1:125–132.

	 4.	May PA, et al. Prevalence and characteristics 
of fetal alcohol spectrum disorders. Pediatrics. 
2014;134(5):855–866.

	 5.	May PA, et al. Prevalence and epidemiologic 
characteristics of FASD from various research 
methods with an emphasis on recent in-school 
studies. Dev Disabil Res Rev. 2009;15(3):176–192.

	 6.	Popova S, Lange S, Probst C, Gmel G, Rehm 
J. Estimation of national, regional, and global 
prevalence of alcohol use during pregnancy 
and fetal alcohol syndrome: a systematic 
review and meta-analysis. Lancet Glob Health. 
2017;5(3):e290–e299.

	 7.	Wozniak JR, Riley EP, Charness ME. Clinical 
presentation, diagnosis, and management of 
fetal alcohol spectrum disorder. Lancet Neurol. 
2019;18(8):760–770.

	 8.	Hoyme HE, et al. Updated clinical guidelines 
for diagnosing fetal alcohol spectrum disorders. 
Pediatrics. 2016;138(2):e20154256.

	 9.	Williams JF, Smith VC, Committee on substance 
abuse. Fetal alcohol spectrum disorders. Pediat-
rics. 2015;136(5):e1395–e1406.

	 10.	Jones KL. The effects of alcohol on fetal devel-
opment. Birth Defects Res C Embryo Today. 
2011;93(1):3–11.

	 11.	Burd L, Deal E, Rios R, Adickes E, Wynne J, 
Klug MG. Congenital heart defects and fetal 
alcohol spectrum disorders. Congenit Heart Dis. 
2007;2(4):250–255.

	 12.	Moore EM, Riley EP. What happens when 
children with fetal alcohol spectrum disor-
ders become adults? Curr Dev Disord Rep. 
2015;2(3):219–227.

	 13.	Hanson MA, Gluckman PD. Developmental 
origins of health and disease: new insights. Basic 
Clin Pharmacol Toxicol. 2008;102(2):90–93.

	 14.	Vickers MH, Breier BH, Cutfield WS, Hofman 
PL, Gluckman PD. Fetal origins of hyperphagia, 
obesity, and hypertension and postnatal ampli-
fication by hypercaloric nutrition. Am J Physiol 
Endocrinol Metab. 2000;279(1):E83–E87.

	 15.	Schulz LC. The Dutch hunger winter and the 
developmental origins of health and disease. Proc 
Natl Acad Sci U S A. 2010;107(39):16757–16758.

	 16.	Silveira PP, Portella AK, Goldani MZ, Barbieri 
MA. Developmental origins of health and disease 
(DOHaD). J Pediatr (Rio J). 2007;83(6):494–504.

	 17.	DeBoer MD, et al. Early childhood growth failure 
and the developmental origins of adult disease: 
do enteric infections and malnutrition increase 
risk for the metabolic syndrome? Nutr Rev. 
2012;70(11):642–653.

	 18.	Fuglestad AJ, et al. Overweight and obesity 
among children and adolescents with fetal alco-
hol spectrum disorders. Alcohol Clin Exp Res. 
2014;38(9):2502–2508.

	 19.	Cook JC, Lynch ME, Coles CD. Association 

analysis: fetal alcohol spectrum disorder and 
hypertension status in children and adolescents. 
Alcohol Clin Exp Res. 2019;43(8):1727–1733.

	20.	He Z, et al. Sex-specific increase in susceptibility 
to metabolic syndrome in adult offspring after 
prenatal ethanol exposure with post-weaning 
high-fat diet. Sci Rep. 2015;5:17679.

	 21.	Shen L, et al. Prenatal ethanol exposure programs 
an increased susceptibility of non-alcoholic fatty 
liver disease in female adult offspring rats.  
Toxicol Appl Pharmacol. 2014;274(2):263–273.

	22.	Dobson CC, et al. Chronic prenatal ethanol expo-
sure increases adiposity and disrupts pancreatic 
morphology in adult guinea pig offspring. Nutr 
Diabetes. 2012;2:e57.

	 23.	Gray SP, Denton KM, Cullen-McEwen L, 
Bertram JF, Moritz KM. Prenatal exposure to 
alcohol reduces nephron number and raises 
blood pressure in progeny. J Am Soc Nephrol. 
2010;21(11):1891–1902.

	24.	Gårdebjer EM, Anderson ST, Pantaleon M, 
Wlodek ME, Moritz KM. Maternal alcohol intake 
around the time of conception causes glucose 
intolerance and insulin insensitivity in rat off-
spring, which is exacerbated by a postnatal high-
fat diet. FASEB J. 2015;29(7):2690–2701.

	 25.	Xia LP, et al. Prenatal ethanol exposure  
enhances the susceptibility to metabolic syn-
drome in offspring rats by HPA axis-associated 
neuroendocrine metabolic programming. Toxicol 
Lett. 2014;226(1):98–105.

	26.	Streissguth A, Clarren S, Jones K. Natural 
history of the fetal alcohol syndrome: A 
10-year follow-up of eleven patients. Lancet. 
1985;326(8446):85–91.

	 27.	Amos-Kroohs RM, Nelson DW, Hacker TA, Yen 
CE, Smith SM. Does prenatal alcohol exposure 
cause a metabolic syndrome? (Non-)evidence 
from a mouse model of fetal alcohol spectrum 
disorder. PLoS ONE. 2018;13(6):e0199213.

	28.	Chen L, Nyomba BL. Effects of prenatal alcohol 
exposure on glucose tolerance in the rat off-
spring. Metab Clin Exp. 2003;52(4):454–462.

	 29.	Chen L, Nyomba BL. Glucose intolerance and 
resistin expression in rat offspring exposed to 
ethanol in utero: modulation by postnatal high-
fat diet. Endocrinology. 2003;144(2):500–508.

	30.	Gårdebjer EM, et al. Effects of periconceptional 
maternal alcohol intake and a postnatal high-fat 
diet on obesity and liver disease in male and 
female rat offspring. Am J Physiol Endocrinol 
Metab. 2018;315(4):E694–E704.

	 31.	McDowell MA, Fryar CD, Ogden CL, Flegal KM. 
Anthropometric reference data for children and 
adults: United States, 2003–2006. Natl Health 
Stat Report. 2008;(10):1–48.

	 32.	McCarthy N, Wetherill L, Lovely CB, Swartz 
ME, Foroud TM, Eberhart JK. Pdgfra protects 
against ethanol-induced craniofacial defects 
in a zebrafish model of FASD. Development. 
2013;140(15):3254–3265.

	 33.	Lovely CB, Nobles RD, Eberhart JK. Developmen-
tal age strengthens barriers to ethanol accumula-
tion in zebrafish. Alcohol. 2014;48(6):595–602.

	34.	Carter RC, Jacobson JL, Molteno CD, Dodge NC, 
Meintjes EM, Jacobson SW. Fetal alcohol growth 
restriction and cognitive impairment. Pediatrics. 
2016;138(2):e20160775.

	 35.	Fernandes Y, Rampersad M, Jones EM, Eberhart 

JK. Social deficits following embryonic ethanol 
exposure arise in post-larval zebrafish. Addict 
Biol. 2019;24(5):898–907.

	 36.	Parker MO, et al. The utility of zebrafish to study 
the mechanisms by which ethanol affects social 
behavior and anxiety during early brain develop-
ment. Prog Neuropsychopharmacol Biol Psychiatry. 
2014;55:94–100.

	 37.	Fernandes Y, Rampersad M, Eberhart JK. Social 
behavioral phenotyping of the zebrafish casper 
mutant following embryonic alcohol exposure. 
Behav Brain Res. 2019;356:46–50.

	 38.	Abozaid A, Trzuskot L, Najmi Z, Paul I, Tsang 
B, Gerlai R. Developmental stage and genotype 
dependent behavioral effects of embryonic alco-
hol exposure in zebrafish larvae. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2020;97:109774.

	 39.	Burton DF, Zhang C, Boa-Amponsem O, Mack-
innon S, Cole GJ. Long-term behavioral change 
as a result of acute ethanol exposure in zebrafish: 
Evidence for a role for sonic hedgehog but not 
retinoic acid signaling. Neurotoxicol Teratol. 
2017;61:66–73.

	40.	Wang J, Wang X, Xiong C, Liu J, Hu B, Zheng 
L. Chronic bisphenol A exposure alters behav-
iors of zebrafish (Danio rerio). Environ Pollut. 
2015;206:275–281.

	 41.	Cachat J, et al. Measuring behavioral and endo-
crine responses to novelty stress in adult zebraf-
ish. Nat Protoc. 2010;5(11):1786–1799.

	42.	Egan RJ, et al. Understanding behavioral and 
physiological phenotypes of stress and anxiety in 
zebrafish. Behav Brain Res. 2009;205(1):38–44.

	 43.	Green J, et al. Automated high-throughput  
neurophenotyping of zebrafish social behavior.  
J Neurosci Methods. 2012;210(2):266–271.

	44.	Speedie N, Gerlai R. Alarm substance induced 
behavioral responses in zebrafish (Danio rerio). 
Behav Brain Res. 2008;188(1):168–177.

	45.	Minchin JE, Rawls JF. In vivo analysis of white 
adipose tissue in zebrafish. Methods Cell Biol. 
2011;105:63–86.

	46.	Minchin JEN, Rawls JF. A classification system 
for zebrafish adipose tissues. Dis Model Mech. 
2017;10(6):797–809.

	 47.	Trepanowski JF, Mey J, Varady KA. Fetuin-A: a 
novel link between obesity and related complica-
tions. Int J Obes (Lond). 2015;39(5):734–741.

	48.	Dabrowska AM, Tarach JS, Wojtysiak-Duma B, 
Duma D. Fetuin-A (AHSG) and its usefulness in 
clinical practice. Review of the literature. Biomed 
Pap Med Fac Univ Palacky Olomouc Czech Repub. 
2015;159(3):352–359.

	49.	Ellis JL, et al. Zebrafish abcb11b mutant reveals 
strategies to restore bile excretion impaired by 
bile salt export pump deficiency. Hepatology. 
2018;67(4):1531–1545.

	50.	Henkel AS, Kavesh MH, Kriss MS, Dewey AM, 
Rinella ME, Green RM. Hepatic overexpres-
sion of abcb11 promotes hypercholesterol-
emia and obesity in mice. Gastroenterology. 
2011;141(4):1404–1411, 1411.e1.

	 51.	McMenamin SK, Minchin JE, Gordon TN, Rawls 
JF, Parichy DM. Dwarfism and increased adiposity 
in the gh1 mutant zebrafish vizzini. Endocrinology. 
2013;154(4):1476–1487.

	 52.	Lodhi IJ, et al. PexRAP Inhibits PRDM16- 
Mediated Thermogenic Gene Expression.  
Cell Rep. 2017;20(12):2766–2774.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
https://doi.org/10.1002/tera.1420270211
https://doi.org/10.1002/tera.1420270211
https://doi.org/10.1002/tera.1420270211
https://doi.org/10.1002/tera.1420270211
https://doi.org/10.1002/tera.1420270211
https://doi.org/10.1016/0165-1110(79)90004-6
https://doi.org/10.1016/0165-1110(79)90004-6
https://doi.org/10.1016/0165-1110(79)90004-6
https://doi.org/10.1542/peds.2013-3319
https://doi.org/10.1542/peds.2013-3319
https://doi.org/10.1542/peds.2013-3319
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1002/ddrr.68
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S2214-109X(17)30021-9
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1542/peds.2015-3113
https://doi.org/10.1542/peds.2015-3113
https://doi.org/10.1542/peds.2015-3113
https://doi.org/10.1002/bdrc.20200
https://doi.org/10.1002/bdrc.20200
https://doi.org/10.1002/bdrc.20200
https://doi.org/10.1111/j.1747-0803.2007.00105.x
https://doi.org/10.1111/j.1747-0803.2007.00105.x
https://doi.org/10.1111/j.1747-0803.2007.00105.x
https://doi.org/10.1111/j.1747-0803.2007.00105.x
https://doi.org/10.1007/s40474-015-0053-7
https://doi.org/10.1007/s40474-015-0053-7
https://doi.org/10.1007/s40474-015-0053-7
https://doi.org/10.1007/s40474-015-0053-7
https://doi.org/10.1111/j.1742-7843.2007.00186.x
https://doi.org/10.1111/j.1742-7843.2007.00186.x
https://doi.org/10.1111/j.1742-7843.2007.00186.x
https://doi.org/10.1152/ajpendo.2000.279.1.E83
https://doi.org/10.1152/ajpendo.2000.279.1.E83
https://doi.org/10.1152/ajpendo.2000.279.1.E83
https://doi.org/10.1152/ajpendo.2000.279.1.E83
https://doi.org/10.1152/ajpendo.2000.279.1.E83
https://doi.org/10.1073/pnas.1012911107
https://doi.org/10.1073/pnas.1012911107
https://doi.org/10.1073/pnas.1012911107
https://doi.org/10.2223/JPED.1728
https://doi.org/10.2223/JPED.1728
https://doi.org/10.2223/JPED.1728
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1111/j.1753-4887.2012.00543.x
https://doi.org/10.1111/acer.12516
https://doi.org/10.1111/acer.12516
https://doi.org/10.1111/acer.12516
https://doi.org/10.1111/acer.12516
https://doi.org/10.1111/acer.14121
https://doi.org/10.1111/acer.14121
https://doi.org/10.1111/acer.14121
https://doi.org/10.1111/acer.14121
https://doi.org/10.1016/j.taap.2013.11.009
https://doi.org/10.1016/j.taap.2013.11.009
https://doi.org/10.1016/j.taap.2013.11.009
https://doi.org/10.1016/j.taap.2013.11.009
https://doi.org/10.1681/ASN.2010040368
https://doi.org/10.1681/ASN.2010040368
https://doi.org/10.1681/ASN.2010040368
https://doi.org/10.1681/ASN.2010040368
https://doi.org/10.1681/ASN.2010040368
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1096/fj.14-268979
https://doi.org/10.1016/j.toxlet.2014.01.023
https://doi.org/10.1016/j.toxlet.2014.01.023
https://doi.org/10.1016/j.toxlet.2014.01.023
https://doi.org/10.1016/j.toxlet.2014.01.023
https://doi.org/10.1016/j.toxlet.2014.01.023
https://doi.org/10.1016/S0140-6736(85)90189-8
https://doi.org/10.1016/S0140-6736(85)90189-8
https://doi.org/10.1016/S0140-6736(85)90189-8
https://doi.org/10.1016/S0140-6736(85)90189-8
https://doi.org/10.1371/journal.pone.0199213
https://doi.org/10.1371/journal.pone.0199213
https://doi.org/10.1371/journal.pone.0199213
https://doi.org/10.1371/journal.pone.0199213
https://doi.org/10.1371/journal.pone.0199213
https://doi.org/10.1053/meta.2003.50073
https://doi.org/10.1053/meta.2003.50073
https://doi.org/10.1053/meta.2003.50073
https://doi.org/10.1210/en.2002-220623
https://doi.org/10.1210/en.2002-220623
https://doi.org/10.1210/en.2002-220623
https://doi.org/10.1210/en.2002-220623
https://doi.org/10.1152/ajpendo.00251.2017
https://doi.org/10.1152/ajpendo.00251.2017
https://doi.org/10.1152/ajpendo.00251.2017
https://doi.org/10.1152/ajpendo.00251.2017
https://doi.org/10.1152/ajpendo.00251.2017
https://doi.org/10.1242/dev.094938
https://doi.org/10.1242/dev.094938
https://doi.org/10.1242/dev.094938
https://doi.org/10.1242/dev.094938
https://doi.org/10.1242/dev.094938
https://doi.org/10.1016/j.alcohol.2014.06.003
https://doi.org/10.1016/j.alcohol.2014.06.003
https://doi.org/10.1016/j.alcohol.2014.06.003
https://doi.org/10.1542/peds.2016-0775
https://doi.org/10.1542/peds.2016-0775
https://doi.org/10.1542/peds.2016-0775
https://doi.org/10.1542/peds.2016-0775
https://doi.org/10.1111/adb.12649
https://doi.org/10.1111/adb.12649
https://doi.org/10.1111/adb.12649
https://doi.org/10.1111/adb.12649
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1016/j.pnpbp.2014.03.011
https://doi.org/10.1016/j.bbr.2018.08.004
https://doi.org/10.1016/j.bbr.2018.08.004
https://doi.org/10.1016/j.bbr.2018.08.004
https://doi.org/10.1016/j.bbr.2018.08.004
https://doi.org/10.1016/j.ntt.2017.01.006
https://doi.org/10.1016/j.ntt.2017.01.006
https://doi.org/10.1016/j.ntt.2017.01.006
https://doi.org/10.1016/j.ntt.2017.01.006
https://doi.org/10.1016/j.ntt.2017.01.006
https://doi.org/10.1016/j.ntt.2017.01.006
https://doi.org/10.1016/j.envpol.2015.07.015
https://doi.org/10.1016/j.envpol.2015.07.015
https://doi.org/10.1016/j.envpol.2015.07.015
https://doi.org/10.1016/j.envpol.2015.07.015
https://doi.org/10.1038/nprot.2010.140
https://doi.org/10.1038/nprot.2010.140
https://doi.org/10.1038/nprot.2010.140
https://doi.org/10.1016/j.bbr.2009.06.022
https://doi.org/10.1016/j.bbr.2009.06.022
https://doi.org/10.1016/j.bbr.2009.06.022
https://doi.org/10.1016/j.jneumeth.2012.07.017
https://doi.org/10.1016/j.jneumeth.2012.07.017
https://doi.org/10.1016/j.jneumeth.2012.07.017
https://doi.org/10.1016/j.bbr.2007.10.031
https://doi.org/10.1016/j.bbr.2007.10.031
https://doi.org/10.1016/j.bbr.2007.10.031
https://doi.org/10.1016/B978-0-12-381320-6.00003-5
https://doi.org/10.1016/B978-0-12-381320-6.00003-5
https://doi.org/10.1016/B978-0-12-381320-6.00003-5
https://doi.org/10.1242/dmm.025759
https://doi.org/10.1242/dmm.025759
https://doi.org/10.1242/dmm.025759
https://doi.org/10.1038/ijo.2014.203
https://doi.org/10.1038/ijo.2014.203
https://doi.org/10.1038/ijo.2014.203
https://doi.org/10.5507/bp.2015.018
https://doi.org/10.5507/bp.2015.018
https://doi.org/10.5507/bp.2015.018
https://doi.org/10.5507/bp.2015.018
https://doi.org/10.5507/bp.2015.018
https://doi.org/10.1002/hep.29632
https://doi.org/10.1002/hep.29632
https://doi.org/10.1002/hep.29632
https://doi.org/10.1002/hep.29632
https://doi.org/10.1210/en.2012-1734
https://doi.org/10.1210/en.2012-1734
https://doi.org/10.1210/en.2012-1734
https://doi.org/10.1210/en.2012-1734
https://doi.org/10.1016/j.celrep.2017.08.077
https://doi.org/10.1016/j.celrep.2017.08.077
https://doi.org/10.1016/j.celrep.2017.08.077


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

2 2 6 9jci.org      Volume 130      Number 5      May 2020

	 53.	Lodhi IJ, et al. Inhibiting adipose tissue lipogene-
sis reprograms thermogenesis and PPARγ activa-
tion to decrease diet-induced obesity. Cell Metab. 
2012;16(2):189–201.

	54.	Choi JY, et al. The metabolic response to a 
high-fat diet reveals obesity-prone and -resis-
tant phenotypes in mice with distinct mRNA-
seq transcriptome profiles. Int J Obes (Lond). 
2016;40(9):1452–1460.

	 55.	Thompson SJ, et al. Hepatocytes are the principal 
source of circulating RBP4 in mice. Diabetes. 
2017;66(1):58–63.

	 56.	Yang Q, et al. Serum retinol binding protein 4 con-
tributes to insulin resistance in obesity and type 2 
diabetes. Nature. 2005;436(7049):356–362.

	 57.	Li K, et al. Liver-specific gene inactivation 
of the transcription factor ATF4 alleviates 
alcoholic liver steatosis in mice. J Biol Chem. 
2016;291(35):18536–18546.

	 58.	Werts RL, Van Calcar SC, Wargowski DS, Smith 
SM. Inappropriate feeding behaviors and dietary 
intakes in children with fetal alcohol spectrum 
disorder or probable prenatal alcohol exposure. 
Alcohol Clin Exp Res. 2014;38(3):871–878.

	 59.	Amos-Kroohs RM, et al. Abnormal eating behav-
iors are common in children with fetal alcohol 
spectrum disorder. J Pediatr. 2016;169:194–200.e1.

	60.	Evans S, Payton M, Kennedy TS. Atypical eating 
behaviors identified in children with fetal alcohol 
spectrum disorders, aged 3 to 5 years, using the 
children’s eating behavior questionnaire in a 
caregiver-reported online survey. Intellect Disabl. 
2016;4(4):191–203.

	 61.	Martin-Gronert MS, Ozanne SE. Experimen-
tal IUGR and later diabetes. J Intern Med. 
2007;261(5):437–452.

	62.	Ozanne SE, Hales CN. Lifespan: catch-up 
growth and obesity in male mice. Nature. 
2004;427(6973):411–412.

	 63.	Berends LM, Fernandez-Twinn DS, Mar-
tin-Gronert MS, Cripps RL, Ozanne SE. Catch-up 
growth following intra-uterine growth-restriction 
programmes an insulin-resistant phenotype in adi-
pose tissue. Int J Obes (Lond). 2013;37(8):1051–1057.

	64.	Bieswal F, et al. The importance of catch-up 
growth after early malnutrition for the program-
ming of obesity in male rat. Obesity (Silver Spring). 
2006;14(8):1330–1343.

	 65.	Nobili V, Alisi A, Panera N, Agostoni C. Low birth 
weight and catch-up-growth associated with met-
abolic syndrome: a ten year systematic review. 
Pediatr Endocrinol Rev. 2008;6(2):241–247.

	66.	Cho WK, Suh BK. Catch-up growth and catch-up 
fat in children born small for gestational age. 

Korean J Pediatr. 2016;59(1):1–7.
	 67.	Fagerberg B, Bondjers L, Nilsson P. Low birth 

weight in combination with catch-up growth pre-
dicts the occurrence of the metabolic syndrome 
in men at late middle age: the Atherosclerosis 
and Insulin Resistance study. J Intern Med. 
2004;256(3):254–259.

	68.	Kerkhof GF, Leunissen RW, Hokken-Koelega 
AC. Early origins of the metabolic syndrome: 
role of small size at birth, early postnatal weight 
gain, and adult IGF-I. J Clin Endocrinol Metab. 
2012;97(8):2637–2643.

	69.	Yeh KY, Lai CY, Lin CY, Hsu CC, Lo CP, Her 
GM. ATF4 overexpression induces early onset 
of hyperlipidaemia and hepatic steatosis and 
enhances adipogenesis in zebrafish. Sci Rep. 
2017;7(1):16362.

	70.	Seo J, et al. Atf4 regulates obesity, glucose 
homeostasis, and energy expenditure. Diabetes. 
2009;58(11):2565–2573.

	 71.	Alisi A, Panera N, Agostoni C, Nobili V. Intra-
uterine growth retardation and nonalcoholic 
fatty liver disease in children. Int J Endocrinol. 
2011;2011:269853.

	 72.	Itoh H, Muramatsu-Kato K, Ferdous UJ,  
Kohmura-Kobayashi Y, Kanayama N. Undernour-
ishment in utero and hepatic steatosis in later life: 
A potential issue in Japanese people. Congenit 
Anom (Kyoto). 2017;57(6):178–183.

	 73.	Muramatsu-Kato K, et al. Undernourishment 
in utero primes hepatic steatosis in adult mice 
offspring on an obesogenic diet; involvement 
of endoplasmic reticulum stress. Sci Rep. 
2015;5:16867.

	 74.	Pavitt GD, Ron D. New insights into translational 
regulation in the endoplasmic reticulum unfolded 
protein response. Cold Spring Harb Perspect Biol. 
2012;4(6):a012278.

	 75.	Ron D. Translational control in the endoplas-
mic reticulum stress response. J Clin Invest. 
2002;110(10):1383–1388.

	 76.	Henkel A, Green RM. The unfolded protein 
response in fatty liver disease. Semin Liver Dis. 
2013;33(4):321–329.

	 77.	Abdullah A, et al. The duration of obesity and 
the risk of type 2 diabetes. Public Health Nutr. 
2011;14(1):119–126.

	 78.	Chaturantabut S, et al. Estrogen activation of 
G-protein-coupled estrogen receptor 1 regulates 
phosphoinositide 3-kinase and mTOR signaling 
to promote liver growth in zebrafish and prolif-
eration of human hepatocytes. Gastroenterology. 
2019;156(6):1788–1804.e13.

	 79.	Choi TY, Ninov N, Stainier DY, Shin D. Extensive 

conversion of hepatic biliary epithelial cells to 
hepatocytes after near total loss of hepatocytes in 
zebrafish. Gastroenterology. 2014;146(3):776–788.

	80.	Parsons MJ, et al. Notch-responsive cells initiate 
the secondary transition in larval zebrafish pan-
creas. Mech Dev. 2009;126(10):898–912.

	 81.	Babaei F, et al. Novel blood collection method 
allows plasma proteome analysis from single 
zebrafish. J Proteome Res. 2013;12(4):1580–1590.

	82.	Cox AG, et al. Yap regulates glucose utilization 
and sustains nucleotide synthesis to enable organ 
growth. EMBO J. 2018;37(22):e100294.

	 83.	Culling CFA, Allison RT, Barr WT. Cellular 
Pathology Technique, vol. 4. Oxford, United King-
dom: Butterworth-Heinemann; 1985.

	84.	Eden E, Navon R, Steinfeld I, Lipson D, Yakhini 
Z. GOrilla: a tool for discovery and visualization 
of enriched GO terms in ranked gene lists. BMC 
Bioinformatics. 2009;10:48.

	 85.	Eden E, Lipson D, Yogev S, Yakhini Z. Discov-
ering motifs in ranked lists of DNA sequences. 
PLoS Comput Biol. 2007;3(3):e39.

	86.	Huang da W, Sherman BT, Lempicki RA. Sys-
tematic and integrative analysis of large gene 
lists using DAVID bioinformatics resources. Nat 
Protoc. 2009;4(1):44–57.

	 87.	Andrews S. FastQC: a quality control tool for high 
throughput sequence data. http://www.bioinfor-
matics.babraham.ac.uk/projects/fastqc. Updat-
ed August 1, 2019. Accessed February 19, 2020.

	88.	Dobin A, et al. STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics. 2013;29(1):15–21.

	89.	Howe K, et al. The zebrafish reference genome 
sequence and its relationship to the human 
genome. Nature. 2013;496(7446):498–503.

	90.	Ritchie ME, et al. limma powers differential 
expression analyses for RNA-sequencing 
and microarray studies. Nucleic Acids Res. 
2015;43(7):e47.

	 91.	Luo W, Friedman MS, Shedden K, Hankenson 
KD, Woolf PJ. GAGE: generally applicable gene 
set enrichment for pathway analysis. BMC Bioin-
formatics. 2009;10:161.

	92.	Subramanian A, et al. Gene set enrichment analy-
sis: a knowledge-based approach for interpreting 
genome-wide expression profiles. Proc Natl Acad 
Sci U S A. 2005;102(43):15545–15550.

	 93.	Thisse C, Thisse B. High-resolution in situ 
hybridization to whole-mount zebrafish embry-
os. Nat Protoc. 2008;3(1):59–69.

	94.	Nissim S, et al. Iterative use of nuclear 
receptor Nr5a2 regulates multiple stages of 
liver and pancreas development. Dev Biol. 
2016;418(1):108–123.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
https://doi.org/10.1016/j.cmet.2012.06.013
https://doi.org/10.1016/j.cmet.2012.06.013
https://doi.org/10.1016/j.cmet.2012.06.013
https://doi.org/10.1016/j.cmet.2012.06.013
https://doi.org/10.1038/ijo.2016.70
https://doi.org/10.1038/ijo.2016.70
https://doi.org/10.1038/ijo.2016.70
https://doi.org/10.1038/ijo.2016.70
https://doi.org/10.1038/ijo.2016.70
https://doi.org/10.2337/db16-0286
https://doi.org/10.2337/db16-0286
https://doi.org/10.2337/db16-0286
https://doi.org/10.1038/nature03711
https://doi.org/10.1038/nature03711
https://doi.org/10.1038/nature03711
https://doi.org/10.1074/jbc.M116.726836
https://doi.org/10.1074/jbc.M116.726836
https://doi.org/10.1074/jbc.M116.726836
https://doi.org/10.1074/jbc.M116.726836
https://doi.org/10.1111/acer.12284
https://doi.org/10.1111/acer.12284
https://doi.org/10.1111/acer.12284
https://doi.org/10.1111/acer.12284
https://doi.org/10.1111/acer.12284
https://doi.org/10.1016/j.jpeds.2015.10.049
https://doi.org/10.1016/j.jpeds.2015.10.049
https://doi.org/10.1016/j.jpeds.2015.10.049
https://doi.org/10.6000/2292-2598.2016.04.04.2
https://doi.org/10.6000/2292-2598.2016.04.04.2
https://doi.org/10.6000/2292-2598.2016.04.04.2
https://doi.org/10.6000/2292-2598.2016.04.04.2
https://doi.org/10.6000/2292-2598.2016.04.04.2
https://doi.org/10.6000/2292-2598.2016.04.04.2
https://doi.org/10.1111/j.1365-2796.2007.01800.x
https://doi.org/10.1111/j.1365-2796.2007.01800.x
https://doi.org/10.1111/j.1365-2796.2007.01800.x
https://doi.org/10.1038/ijo.2012.196
https://doi.org/10.1038/ijo.2012.196
https://doi.org/10.1038/ijo.2012.196
https://doi.org/10.1038/ijo.2012.196
https://doi.org/10.1038/ijo.2012.196
https://doi.org/10.1038/oby.2006.151
https://doi.org/10.1038/oby.2006.151
https://doi.org/10.1038/oby.2006.151
https://doi.org/10.1038/oby.2006.151
https://doi.org/10.3345/kjp.2016.59.1.1
https://doi.org/10.3345/kjp.2016.59.1.1
https://doi.org/10.3345/kjp.2016.59.1.1
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1111/j.1365-2796.2004.01361.x
https://doi.org/10.1210/jc.2012-1426
https://doi.org/10.1210/jc.2012-1426
https://doi.org/10.1210/jc.2012-1426
https://doi.org/10.1210/jc.2012-1426
https://doi.org/10.1210/jc.2012-1426
https://doi.org/10.1038/s41598-017-16587-9
https://doi.org/10.1038/s41598-017-16587-9
https://doi.org/10.1038/s41598-017-16587-9
https://doi.org/10.1038/s41598-017-16587-9
https://doi.org/10.1038/s41598-017-16587-9
https://doi.org/10.2337/db09-0335
https://doi.org/10.2337/db09-0335
https://doi.org/10.2337/db09-0335
https://doi.org/10.1111/cga.12200
https://doi.org/10.1111/cga.12200
https://doi.org/10.1111/cga.12200
https://doi.org/10.1111/cga.12200
https://doi.org/10.1111/cga.12200
https://doi.org/10.1172/JCI16784
https://doi.org/10.1172/JCI16784
https://doi.org/10.1172/JCI16784
https://doi.org/10.1055/s-0033-1358522
https://doi.org/10.1055/s-0033-1358522
https://doi.org/10.1055/s-0033-1358522
https://doi.org/10.1017/S1368980010001813
https://doi.org/10.1017/S1368980010001813
https://doi.org/10.1017/S1368980010001813
https://doi.org/10.1053/j.gastro.2019.01.010
https://doi.org/10.1053/j.gastro.2019.01.010
https://doi.org/10.1053/j.gastro.2019.01.010
https://doi.org/10.1053/j.gastro.2019.01.010
https://doi.org/10.1053/j.gastro.2019.01.010
https://doi.org/10.1053/j.gastro.2019.01.010
https://doi.org/10.1053/j.gastro.2013.10.019
https://doi.org/10.1053/j.gastro.2013.10.019
https://doi.org/10.1053/j.gastro.2013.10.019
https://doi.org/10.1053/j.gastro.2013.10.019
https://doi.org/10.1016/j.mod.2009.07.002
https://doi.org/10.1016/j.mod.2009.07.002
https://doi.org/10.1016/j.mod.2009.07.002
https://doi.org/10.1021/pr3009226
https://doi.org/10.1021/pr3009226
https://doi.org/10.1021/pr3009226
https://doi.org/10.1371/journal.pcbi.0030039
https://doi.org/10.1371/journal.pcbi.0030039
https://doi.org/10.1371/journal.pcbi.0030039
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/nprot.2007.514
https://doi.org/10.1038/nprot.2007.514
https://doi.org/10.1038/nprot.2007.514
https://doi.org/10.1016/j.ydbio.2016.07.019
https://doi.org/10.1016/j.ydbio.2016.07.019
https://doi.org/10.1016/j.ydbio.2016.07.019
https://doi.org/10.1016/j.ydbio.2016.07.019

	Graphical abstract

