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Combination of intrauterine growth restriction and a high-fat
diet impairs cholesterol elimination in rats

Erin K. Zinkhan', Jeanette R. Chin?, Jennifer M. Zalla', Baifeng Yu', Ben Numpang', Xing Yu', Chengshe Jiang’,
Christopher W. Callaway', Robert A. McKnight', Lisa Joss-Moore' and Robert H. Lane?

BACKGROUND: |Intrauterine growth restriction (IUGR)
increases the risk of adult-onset hypercholesterolemia. High-fat
diet (HFD) consumption potentiates IUGR-induced increased
cholesterol. Cholesterol is converted to bile acids by Cyp7al
in preparation for excretion. We hypothesized that IUGR rats
fed a HFD will have increased cholesterol, decreased Cyp7al
protein levels, and decreased bile acids compared to control
rats fed a HFD.

METHODS: At day 21, IUGR and control pups were placed on
one of three diets: a regular chow or one of two HFDs con-
taining 1% or 2% cholesterol. Cholesterol levels and hepatic
Cyp7al protein levels were quantified a postnatal week 28.
RESULTS: Both HFDs increased serum cholesterol levels in
control rats, and HFD fed IUGR rats had further increased serum
cholesterol up to 35-fold. Both HFDs increased hepatic choles-
terol levels, and IUGR further increased hepatic cholesterol lev-
els up to fivefold. IUGR decreased hepatic Cyp7al protein up to
75%, and hepatic bile acids up to 54%.

CONCLUSION: IUGR increased cholesterol and bile acids and
decreased Cyp7al protein in rats fed a HFD without chang-
ing food intake. These findings suggest that IUGR increases
the vulnerability of HFD fed rats to hypercholesterolemia via
decreased cholesterol conversion to bile acids.

Intrauterine growth restriction (IUGR) predisposes to adult-
onset hypercholesterolemia (1,2). Epidemiologic studies
demonstrate that late-gestation exposure to famine makes
individuals more susceptible to hypercholesterolemia only
when combined with postnatal consumption of a high-fat diet
(HFD) (3). These results suggest that the postnatal nutritional
environment impacts cholesterol metabolism differently in
IUGR individuals compared their normally grown peers. A
better understanding of the mechanism through which IUGR
combined with a postnatal HFD impacts cholesterol metabo-
lism would provide a foundation to pursue further research
into preventing hypercholesterolemia in IUGR individuals.
While the effects of HFD consumption in individuals born
IUGR are not well understood, the detrimental effects of HFD

consumption in the general population has been extensively
documented. HFD consumption often leads to hypercholes-
terolemia and eventually cardiovascular disease (4). Higher
cholesterol levels increase the risk of cardiovascular disease
in a continuous, graded fashion (5,6). IUGR may potentiate
hypercholesterolemia in individuals that consume a HFD and
thus increase morbidity and mortality in this population. The
impact of IUGR on cholesterol levels in humans is more evi-
dent in the recent decades due to the changing Western diet
(7). Average daily fat and cholesterol intake in the United
States is ~23-33 g of saturated fat and up to 400 mg cholesterol,
both well above the recommended daily intake of ~16g or no
more than 7% of caloric intake for saturated fat and 200 mg
cholesterol (7).

The liver is the primary organ for regulating both serum and
hepatic cholesterol levels. Cholesterol homeostasis is regulated
by a series of hepatic genes. These genes can be organized into
four groups, with the key proteins in each group identified in
Figure 1. This first group includes cholesterol 7 o.-hydroxylase
(Cyp7al), the rate limiting step of cholesterol conversion to
bile acids for elimination from the body. The first group also
includes the liver X receptor o (Lxra), the transcription fac-
tor both for Cyp7al and for ATP binding cassette transporter
al (Abcal). The second group contains genes that increase de
novo cholesterol synthesis, including peroxisome proliferator
receptor ¥ 1 (Pparyl) and 2 (Ppary2), sterol responsive element
binding protein 2 (Srebp2), and 3-hydroxy-3-methylglutaryl-
CoA reductase (Hmgcr). Group 3 includes the low density
lipoprotein (LDL) receptor (Ldlr), which increases choles-
terol uptake from the blood, and the Ldlr inhibitor, propro-
tein convertase subtilisin/kexin type 9 (Pcsk9). The fourth
group includes genes involved in high-density lipoprotein
(HDL) export, including ATP binding cassette transporters gl
(Abcgl) and Abcal. The final group comprises genes involved
with the formation and export of very-low-density lipoprotein
cholesterol (VLDL-C), which includes acetyl CoA carboxylase
(Acc), fatty acid synthase (Fasn), and microsomal transferase
protein (Mtp). Hepatic cholesterol levels provide feedback
on key regulators in these pathways to maintain cholesterol
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Figure 1. A simplified diagram of major regulatory proteins involved in
cholesterol homeostasis is shown here. Group 1 includes Cyp7a1, which
catalyzes the rate limiting step in formation of cholic acid, a major bile acid
component. Lxro. is a transcription factor for Cyp7a1l. Group 2 includes
Ppary, a transcription factor for Srebp2. The Srebps are transcription
factors for Hmgcr, the rate limiting step in de novo cholesterol synthesis,
and LdlIr, the primary means of uptake of LDL-C from the blood. Group 3
consists of LdIr and Pcsk9, which inhibits LdIr function. Group 4 includes
Abca1l and Abcg1, proteins that function to package cholesterol into HDL-
C. Group 5 consists of Acc, Fasn, and Mtp, which package triglycerides and
cholesterol into VLDL-C for export into the blood.

homeostasis. However, it remains unknown if TUGR followed
by postnatal HFD consumption increases hepatic cholesterol
and alters expression of cholesterol metabolizing genes more
than HFD consumption alone.

The hypothesis of this study is that IUGR rats fed one of
two HFDs as depicted in Figure 2 will have increased serum
and hepatic cholesterol levels and altered levels of proteins
involved in cholesterol synthesis, uptake, and export to VLDL-C
and bile acids compared to control rats fed the same HFD.

RESULTS

Food Intake and Weight Gain

Rats in both 1% and 2% HFD groups consumed fewer grams
of food but the same total kilocalories as regular diet fed rats,
therefore eating more fat and cholesterol (Figure 3). Rats that
consumed the 2% HFD ate more cholesterol than the rats that
consumed the 1% HFD. No difference was found in fat, choles-
terol, or total caloric intake between IUGR and control within
any diet.

At weaning on postnatal day 21 IUGR rats weighed less than
sex-matched control rats (Supplementary Figure S1 online).
IUGR rats caught up to respective diet control rats by week
7. None of the rats exceeded weight gain compared to sex-
matched control regular diet rats. All rats had the same mean
sex-matched body weight at the time of harvest (week 28).

None of the regular diet fed control or IUGR rat stool sam-
ples had increased total or partially digested fat. One of six
male TUGR-1% and two of six female Con-2% stool samples
had increased partially digested fat (not statistically significant
compared to Con-Reg).

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Figure 2. All female rats are kept on the regular diet prior to conception
through weaning. Half of female rats undergo bilateral uterine artery
ligation at day 19.5 of a 21.5 d gestation to produce intrauterine growth
restriction pups. At the time of weaning, postnatal day 21, the offspring
are subsequently weaned to the same maternal regular chow or one

of two high-fat diets (HFDs), containing 1% or 2% wt/wt cholesterol.
Offspring are harvested at 28 wk postnatal age.

Serum Cholesterol

Total cholesterol is comprised of high-density lipoprotein cho-
lesterol (HDL-C) and non-HDL-C. Non-HDL-C is comprised
of low-density lipoprotein cholesterol (LDL-C) and very-low-
density lipoprotein cholesterol (VLDL-C). Lipid panels from
HED female rats were too viscous to accurately calculate LDL-
C, thus non-HDL-C is shown in Table 1.

No difference was found in serum total or non-HDL cho-
lesterol between control and IUGR rats fed a regular chow.
Total and non-HDL cholesterol was increased by both 1%
and 2% HFDs. IUGR-1% and IUGR-2% further increased
total and non-HDL cholesterol compared to control rats fed
the respective HFD. Serum non-HDL cholesterol levels were
significantly higher in female HFD fed rats compared to male
HEFD fed rats.

Serum HDL cholesterol was unchanged between IUGR
and control rats on the regular diet. HDL cholesterol was
increased by HFD feeding. Both HFDs also increased HDL
cholesterol in both sexes, with no difference between IUGR
and control. LDL-C was not able to be calculated due to
serum viscosity.

Serum Fatty Acids

Serum saturated fatty acids were unchanged by IUGR in rats
fed a regular diet (Table 2). Both HFDs increased serum satu-
rated fatty acids compared to Con-Reg rats. IUGR combined
with either HFD did not alter serum fatty acids compared to
control HFD fed rats.

Hepatic Cholesterol

Hepatic cholesterol was unchanged by IUGR rats fed a regu-
lar diet (Table 1). Both HFDs increased hepatic cholesterol
levels in males and females compared to Con-Reg rats. [UGR
further increased hepatic cholesterol in IUGR-1% and IUGR-
2% female rats and ITUGR-1% male rats compared to respec-
tive Con-HFD rats. Hepatic triglycerides were not consistently
increased by IUGR or HFD consumption.

Hepatic Oil Red O Stain
Both HFDs qualitatively increased hepatic oil red o stain in
male and female HFD fed rats (Figure 4).
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Figure 3. Average food intake over the last 4 wk of the study for reqular and HFD fed rats. Diets are not isocaloric. (a) Food intake in grams, (b) total kilo-
calorie intake, (c) protein intake, (d) carbohydrate intake, (e) fat intake, and (f) cholesterol intake. Rat food was weighed weekly from week 3 through week
28, and sufficient food supplied to allow ad libatum feeding. Control data are shown in white bars and IUGR data are shown in black bars. Data shown as
mean =+ SD. *P < 0.05 compared to Con-Reg. N = 18 for male and female regular diet control and IUGR rats, n = 12 for male and female 1% HFD control and

IUGR rats, and n = 6 for male and female 2% HFD control and IUGR rats.

Hepatic Protein

IUGR combined with either HFD decreased Cyp7al protein
in TUGR-HFD males and IUGR-2% females compared to HFD
matched controls (Figure 5). [UGR combined with either
HFD also decreased Lxro. in males and Lxro target Abcal in
IUGR-1% males and IUGR-2% females. IUGR alone mini-
mally affected Cyp7al, Lxra, Ppary2, cleaved Srebp2, cleaved
Hmgcr, Ldlr, Pesk9, Abcal, Abcgl, Acc, Fasn, and Mtp protein
levels compared to Con-Reg rats (Figures 6-9). IUGR alone
increased Pparyl in males and females. HFDs alone as well as
IUGR combined with either HFD decreased protein levels of
Lxra, Pparyl, Ppary2, cleaved Srebp2, cleaved Hmgcr, Ldlr,
Pcsk9, Abcgl, Acc, Fasn, and Mtp protein compared to Con-
Reg rats.

Hepatic Bile Acids

ITUGR-Reg rats did not have altered hepatic bile acids compared
to Con-Reg rats (Table 3). Both HFDs decreased hepatic bile
acids in males compared to Con-Reg males. Con-1% female
rats had increased bile acids compared to Con-Reg females.
Compared to HFD controls, [UGR-1% decreased hepatic bile
acids in males and females, and IUGR-2% decreased hepatic
bile acids in females.
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DISCUSSION

This study is the first to demonstrate that the combination of
IUGR and a postnatal HFD increases cholesterol and decreases
hepatic Cyp7al protein and bile acids compared to HFD fed
control rats. [UGR combined with a postnatal HFD did not
increase proteins involved in de novo cholesterol synthesis,
uptake from the blood, or export to the blood. Therefore,
increased cholesterol levels may be secondary to decreased
Cyp7al protein levels and thus decreased conversion of cho-
lesterol to bile acids in rats.

Conversion of cholesterol to bile acids comprises an impor-
tant step in the regulation of cholesterol homeostasis, with
~50% of the body’s excretion of cholesterol occurring through
bile acid formation (8). Cyp7al is the rate limiting and most
highly regulated step in bile acid synthesis. Overexpression of
Cyp7al in cell culture decreases cholesterol levels and increases
bile acid synthesis, and has been hypothesized as a treatment
modality for hypercholesterolemia (9,10). Conversely, Cyp7al
deficient mice have higher hepatic and serum cholesterol and
decreased total bile acids (11). Importantly, decreased choles-
terol conversion to bile acids in the Cyp7al knockout mouse
is attributable to decreased Cyp7al without compensatory
increases in other minor bile acid metabolizing enzymes (12).

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Table 1. Fasting serum lipid panels, markers of liver injury, liver weight as a percentage of body weight, and hepatic lipids

Con-Reg IUGR-Reg Con-1% IUGR-1% Con-2% IUGR-2%
Males
Total cholesterol (mg/dl) 89+17 85+ 14 303+100* 399+ 154%t 222+101* 339+ 111*
Non-HDL-C (mg/dl) 36+9 34+8 210+£76* 273 +113%*t 155+84* 238+ 94*F
HDL-C (mg/dl) 52+10 53+7 278+ 148* 283 +£49* 231+£120*% 160+ 66*"
VLDL-C (mg/dl) 27+12 32+14 217 22+11 14+7* 22+10
Triglycerides (mg/dl) 137+59 161+£71 106+33 112+53 75+38* 113+£51
AST (U/1) 122+43 117+£35 255+80* 177 £97* 239+69* 238+75*
ALT (U/1) 59+13 59+13 173+85* 92 +32*t 127 +42* 147 £63*
Liver weight:body weight 3%+0.1% 3.5%+0.1% 7.1%+0.9%* 7.2%+0.9%*  6.8%+04%*  7.8%+0.4%*
Hepatic cholesterol (mg/100 mg liver weight) 1.5+0.3 1.6+0.4 5.4+0.9% 6.3+£1.7% 2.6+0.6% 3.0+04*%
Hepatic triglycerides (nmol/100 mg liver weight) 3517 35+7 33+16 315 36+7 3117
Females

Total cholesterol (mg/dl) 7919 85+17 1008 + 182* 1253 +283*" 759+215* 1120+ 578*"
Non-HDL-C (mg/dl) 28+10 32+13 733+£123* 970+ 274*t 528+277* 960+ 621*
HDL-C (mg/dl) 52+11 50+6 92 £26* 108 +£27* 75 +£40* 101 £32%
VLDL-C (mg/dl) 20+17 21+14 43+25* 29+8 24+10 27+15
Triglycerides (mg/dl) 178+300 107+73 299+238 125+63 167+130 135+£76
AST (U/1) 143+£122 8617 - - - -
ALT (U/1) 88+72 515 - - - —*
Liver weight: body weight 2.9%+0.1% 2.9% +0.4% 9.8%+0.4%* 9.6%+0.5%* 9.7%+04%*  9.5% +0.4%*
Hepatic cholesterol (mg/100 mg liver weight) 14+0.1 1.8+0.2 7.0+2.3% 11+£2.8*% 3.6+0.6* 6.8+1.8*%"
Hepatic triglycerides (nmol/100 mg liver weight) 16+6 22+6 20£7 17+12 23+5 27 £3%

Serum for lipid panels was allowed to clot at room temperature for 30 min prior to separation and analysis at ARUP laboratories. Serum for AST and ALT was immediately placed on ice
and allowed to clot prior to separation and analysis at ARUP laboratories. Female serum was too viscous to accurately determine AST and ALT. Liver weights and body weights were

measured in grams at necroposy. Hepatic lipids were isolated and quantified with a colorimetric kit. N = 6.
ALT, alanine transaminase; AST, aspartate transaminase; HDL-C, high-density lipoprotein cholesterol; IUGR, intrauterine growth restriction; VLDL-C, very-low-density lipoprotein

cholesterol.
*P < 0.05 compared to Con-Reg. /P < 0.05 compared to respective Con-HFD.

IUGR induced by protein restriction decreases Cyp7al, his-
tone acetylation and RNA polymerase II in the Cyp7al pro-
moter, and increased serum and hepatic cholesterol in adult
male rats (13). This finding suggests that Cyp7al is a gene
susceptible to the in utero nutritional environment resulting
in long-term decreases in expression and cholesterol accumu-
lation. Interestingly in our model IUGR in combination with a
HFD did not alter de novo cholesterol synthesis, LDL-C uptake
from the blood, or export of HDL-C or VLDL-C to the blood,
and only decreased cholesterol elimination in bile. While
decreased conversion of cholesterol to bile acids is unlikely to
be the only mechanism through which IUGR increased cho-
lesterol, the decreased Cyp7al protein levels observed in our
study likely represents a major pathway through which IUGR
adversely modulates cholesterol homeostasis.

HFD feeding, which is common in developed nations today,
leads to hypercholesterolemia and liver injury. In our study,
HFD feeding alone increased serum and hepatic cholesterol.
Similarly, HFD feeding in mice increased hepatic cholesterol
compared to low-fat diet controls (14). Furthermore, HFD
feeding alone increased markers of hepatic injury, as seen with
oil red o staining and enzyme markers of hepatic injury in our

Copyright © 2014 International Pediatric Research Foundation, Inc.

study, with no difference between IUGR-HFD and Con-HFD.
Similarly, maternal hypoxia increased fatty liver in HFD fed
mice (15). HFD feeding alone decreased proteins involved in
de novo cholesterol synthesis, LDL-C uptake from blood, and
export of HDL-C and VLD-C export to the blood. While it is
well accepted that HFD feeding alone is detrimental to health,
the impact of IUGR combined with HFD feeding has been
little studied.

Our study showed increased serum non-HDL cholesterol
in TUGR and control females relative to males. TIUGR induces
sex-specific differences in cholesterol metabolism in both
humans and other rodent models (2,16). Human data dem-
onstrate a greater LDL-C to HDL-C ratio in men compared
to women who were [UGR at birth (3). Sex specific responses
in cholesterol metabolizing genes are seen in Cyp7al knock-
out mice fed cholesterol. Female Cyp7al knockout mice have a
threefold increase in hepatic cholesterol and increased choles-
terol absorption while males have minimal increases in choles-
terol absorption and hepatic cholesterol (12). Higher cholesterol
was found in female compared to male LDL-receptor knock-
out mice fed a low-fat chow (17). Furthermore, orchidectomy
increased cholesterol in males but ovariectomy did not alter
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Table 2. Fasting serum free fatty acids

Males Con-Reg IUGR-Reg Con-1% IUGR-1% Con-Reg IUGR-Reg Con-2% IUGR-2%
Linoleic 18:2 238+82 263+67 101 £49* 115+56* 546+339 486+344 219+£113% 177 +87*
Arachadonic 20:4 19+5.7 20+£4.8 18+4.7 19+4.8 32+19 3011 21+£9.8 23+£14
Oleic 18:1 20£7.1 23+£49 40+£13* 41+£12% 39+22 38+21 70+26* 58+31
Stearic 18:0 812+231 966+177 1,068 £275 1,217+£423*  1,606+722  1,260+456 1,677 £691 1,312+448
Lauric 12:0 6.0+1.1 59+1.1 28+10% 29+9.7* 10£3.2 12+£5.0 51+28* 38+20%
Myristic 14:0 22+9.5 24+6.6 104 £49* 106+£41* 32+13 38+14 143+71* 112+66*
Palmitelaidic 16:1 20+9 22+7.1 64+32*% 60+26* 42+31 44+28 96+ 53*% 73+48
Eladic 18:1 32+13 4.0+1.0 46+19 5.2+2.0% 8.5+58 8.2+5.0 8.1+3.7 7.1+4.0
Palmitic 16:0 992+271 1,114£195  1,379+480 1,472+£409*  2,020+953  1,880+972 2,321+942 1,847 £757

Females Con-Reg IUGR-Reg Con-1% IUGR-1% Con-Reg IUGR-Reg Con-2% IUGR-2%
Linoleic 18:2 330+137 272+64 136+23* 143+37* 432+200 661+363 318+141 285+256
Arachadonic 20:4 23+7.2 24+85 42+12.9* 51+6.7% 37+16 46+22 82+35 65+63
Oleic 18:1 30£11 27+4.2 55+ 14* 53+8.9* 33+£13 46+23 93+29* 105+55%
Stearic 18:0 975+189 1,028+424  1,687+301* 1,863+376* 1,562+584 1,703+606  3,050+1102*  2,365+1,487
Lauric 12:0 7.1£1.9 6.3+0.9 3011 32+10% 11+3.2 18+3.8 72+35% 86+36*
Myristic 14:0 2611 25+6.1 110+£49* 113+£34* 30+8.8 38+17 189+ 89* 222+110*
Palmitelaidic 16:1 20+8.7 19+4.3 75+35 61+25 22+12 42+41 162+82* 255+173%
Eladic 18:1 34+15 3.7+13 7.6+2.6* 7.6+1.9*% 47+26 6.5+3.1 18+8.3% 18+13*
Palmitic 16:0 1,198+£350 1,132+£257  1,772+442* 1,827+325* 1,583+622 2,108+865 3,559+1,367*  3,712+2,161*

Frozen serum was analyzed with mass spectrometry for fatty acid quantification. Lipid carbon number and double bond designation is shown next to each lipid name. Data shown
as area under the curve + SD. N =6 for each group. Con-Reg and IUGR-Reg data shown twice, as mass spectrometry data were run at different times along with serum from rats
consuming HFD 1% and HFD 2%, and drift in the mass spectrometry equipment necessitates controls with each run.

*P < 0.05 compared to sex-matched Con-Reg.

Males

Females

IUGR-2%

Figure 4. Hepatic Oil Red O stain of fresh frozen livers demonstrated increased hepatic fat stain in HFD fed rats. Scale bar represents 50 um and images
are taken at 80x magnification. Livers frozen at necropsy in Optimum Cutting Temperature, sliced with a thickness of 6 um, and stained with Oil Red O

and hematoxylin. N = 4 for each group.

cholesterol in females (17). Androgen levels may be protective
for hypercholesterolemia, and dietary fat and cholesterol may
interplay with sex steroids to alter cholesterol metabolism (17).

The specific etiology of the IUGR insult differentially
impacts the formation of hypercholesterolemia. While nutri-
ent restriction is the most common cause of IUGR in the
developing world, uteroplacental insufficiency is the most
common intrauterine insult leading to TUGR in the devel-
oped world, where HFD consumption is common (18).
Uteroplacental insufficiency induced IUGR produces and
intrauterine mileu of hypoglycemia, hypoxia, and acidosis in
the IUGR fetus (19). The type of IUGR insult used in this study
replicates this intrauterine mileu in the fetal pups (20,21).

436 Pediatric RESEARCH Volume 76 | Number 5 | November 2014

The impact of IUGR on cholesterol metabolism has been
studied using other models of IUGR. Other rodent studies
using an IUGR insult induce IUGR either through hypoxia or
maternal micro- or macronutrient restriction (16,22,23). In
contrast to our study, hypoxia and nutrient restriction ITUGR
insults produce elevated serum and hepatic cholesterol lev-
els when fed a regular, healthy diet. When hypoxia-induced
IUGR rats were subsequently fed a HFD without added cho-
lesterol, IUGR did not increase serum or hepatic cholesterol
compared to HFD fed control rats (24). In our study, utero-
placental insufficiency induced IUGR increased serum and
hepatic cholesterol accumulation only in combination with a
second hit, the consumption of a HFD.

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Figure 5. Hepatic protein levels for group 1. (a) Lxro and (b) Cyp7a1
protein. Data analyzed using western blot normalized to Hprt1. Control
data are shown in white bars and IUGR data are shown in black bars. Data
shown as mean + SD. Western blot images correspond to the above bar
graph, with protein of interest on the top and Hprt1 below. N = 6, *P < 0.05
compared to Con-Reg, and P < 0.05 compared to respective Con-HFD.
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Figure 6. Hepatic protein levels for group 2. (a) Ppary1, (b) Ppary2,

(c) cleaved Srebp2, and (d) cleaved Hmgcr protein. Data analyzed using
western blot normalized to Hprt1. Control data are shown in white bars
and IUGR data are shown in black bars. Data shown as mean + SD. Western
blot images correspond to the above bar graph, with protein of interest on
the top and Hprt1 below. N = 6, *P < 0.05 compared to Con-Reg, and P <
0.05 compared to respective Con-HFD.

Alteration of free fatty acid and triglyceride levels also
depend on the etiology of IUGR insult. Both HFDs increased
serum saturated fatty acids and decreased the omega-6 fatty
acid linoleic acid in this study, consistent with increased dietary
intake of saturated fat from milk fat and decreased soybean
oil (Table 2). However, IUGR-1% and IUGR-2% increased
serum cholesterol levels without significant changes in triglyc-
eride and serum free fatty acids (Tables 1 and 2). Consistent
with our study, triglyceride levels were unchanged in ITUGR
infants exposed to the Dutch famine during the last third of
gestation (25). Other epidemiologic studies demonstrate that
TUGR alters serum triglyceride levels (1). However, many epi-
demiologic studies utilize small for gestational age (SGA) as a
marker of IUGR. Many SGA infants are not growth restricted

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Figure 8. Hepatic protein levels for group 4. (a) Abca1 and (b) Abcg1
protein. Data analyzed using western blot normalized to Hprt1. Control
data are shown in white bars and IUGR data are shown in black bars. Data
shown as mean + SD. Western blot images corresponds to the above bar
graph, with protein of interest on the top and Hprt1 below. N = 6, *P < 0.05
compared to Con-Reg, and P < 0.05 compared to respective Con-HFD.

and thus not likely predisposed to abnormal lipid metabolism.
When there is an etiology for probable growth restriction, such
as during a famine, the timing, duration, and specific maternal
micro- and macro-nutrient availability at the time of the fam-
ine may explain the discrepancies between these studies.

Consistent with human studies, animal studies indicate
that hypoxia and nutrition restriction induced IUGR either
increase or do not change serum triglyceride levels (16,22).
IUGR caused by uteroplacental insufficiency increased serum
triglycerides in 120 d old but not 21 d old IUGR rats, time
points which were not examined in our study (26). Increased
cholesterol without increased triglycerides or free fatty acids
as seen in this study suggests that [UGR specifically alters the
regulation of cholesterol metabolizing genes rather than glob-
ally altering fatty acid metabolism (27).

A limitation of our study is the decreased protein intake of
the HFD animals compared to the regular diet rats. The effect
of decreased protein consumption on our results cannot be
excluded, however, the protein content was chosen to be simi-
lar to the typical American diet, is sufficient for normal mam-
malian growth, and is significantly higher than protein content
used in low protein studies (7,28,29). Furthermore, caution
should always be used in relating animal data to humans.

In conclusion, in rats fed a HFD, IUGR increased serum
and hepatic cholesterol without changing fat or cholesterol
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Figure 9. Hepatic protein levels for group 5. (a) Acc, (b) Fasn, and (c) Mtp protein. Data analyzed using western blot normalized to Hprt1. Control data
are shown in white bars, and IUGR data are shown in black bars. Data shown as mean + SD. Western blot images correspond to the above bar graph, with
protein of interest on the top and Hprt1 below. N = 6, *P < 0.05 compared to Con-Reg.

Table 3. Fasting hepatic bile acids

IUGR-
Con-Reg  Reg Con-1% IUGR-1% Con-2% IUGR-2%
Males 14+32 12+17 54+£1.8% 1.1+£0.6* 24+0.7* 1.3+£0.6*
Females 3.2+0.6 2.2+05 6.9+1.5% 3.1+04" 39+04 2.0+0.8"

Hepatic bile acids were isolated and quantified with a colorimetric kit. N =6.
*P < 0.05 compared to Con-Reg. /P < 0.05 compared to respective Con-HFD.

consumption. [IUGR decreased hepatic Cyp7al protein lev-
els and bile acids in HFD fed rats. These findings suggest that
TUGR adversely decreases cholesterol conversion to bile acids,
a major pathway through which cholesterol is excreted from
the body, leading to decreased cholesterol elimination. A bet-
ter understanding of the mechanism through which TUGR
combined with a postnatal HFD decreases cholesterol elimi-
nation may lead to tailored treatments for IUGR individuals.

METHODS

Animals

The University of Utah Animal Care Committee approved all ani-
mal procedures. Timed pregnant female Sprague Dawley rats were
obtained from Charles River Laboratories (Wilmington, MA).
Bilateral uterine artery ligation was performed on day 19.5 of a 21.5
d gestation to produce 20-25% growth restricted rats as described
previously (30). Rats were allowed to deliver naturally and litters
were culled to six at birth for rearing consistency. A total of 12 dams
underwent uterine artery ligation and 12 dams received anesthesia
alone as a control.

The quantity of cholesterol consumption alters serum cholesterol
levels (31), therefore at weaning on postnatal week 3 IUGR and con-
trol offspring were started on one of three diets, detailed in Figure 2.
This experimental design yielded a total of 144 offspring rats, with
an n of 6-18 rats per sex, diet, and intrauterine environment group.
Siblings from the same mother were not used in the same experi-
ments unless they were of a different sex or on a different diet. This
resulted in 12 groups, 6 groups for each sex: control rats fed a regular
diet (Con-Reg), control rats fed a 1% HFD (Con-1%), control rats
fed a 2% HFD (Con-2%), IUGR rats fed a regular diet (IUGR-Reg),
TUGR rats fed a 1% HFD (IUGR-1%), and IUGR rats fed a 2% HFD
(IUGR-2%).

The diets used in this study are a regular rat chow (Reg, Harlan-
Teklad, TD.8640, Madison, WI), 1% HFD (Harlan Teklad,
TD.110526), or 2% HFD (Harlan Teklad, TD.110197). The regu-
lar diet contained 17% kcal from fat, 54% kcal carbohydrate, and
29% kcal from protein. The fat source in the regular rat chow was
from 60g/kg soybean oil and contains 0.03% wt/wt cholesterol.
Both 1% and 2% HFDs contain 44% kcal from fat, 40% kcal from
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carbohydrate, and 16% kcal from protein. The fat source in both 1%
and 2% HFDs was milk fat and 10g/kg soybean oil, consisting of
65% saturated fat. The 1% HFD contains 1% wt/wt cholesterol and
the 2% HFD contains 2% wt/wt cholesterol. Both HFDs also contain
0.5% cholic acid to enable intestinal absorption of fat and cholesterol.
Protein content in both HFDs is lower than the Reg diet, though was
chosen to mimic protein consumption in the United States today (7)
and is sufficient for normal mammalian growth (29). Furthermore,
this protein content is significantly higher than protein content used
in low protein dietary studies (28).

All rats and food were weighed weekly and rats were not pair fed
because preliminary studies demonstrated that rats on all three diets
consumed the same total kilocalories as regular diet fed controls. Diets
were continued until adult TUGR and control rats were harvested at
postnatal week 28. Rats were fasted for 6-8h prior to harvest, and
all liver and serum results were obtained on fasted liver and serum.
At harvest, rats were anesthetized with isoflurane prior to decapita-
tion. Mature females were harvested only in estrus to minimize con-
founders of the estrus cycle on cholesterol metabolism (32). Fresh
stool was collected from # = 6 non-fasting rats from each group and
sent to ARUP laboratories for qualitative fecal fat (ARUP lab number
0020385), separating fat into total fat and partially digested fat.

Serum Cholesterol Analysis

Mixed arterial and venous serum was collected at necropsy in serum
separator tubes (BD Vacutainer, BD, Franklin Lakes, NJ) and allowed
to clot at room temperature prior to separation. Serum aliquots were
frozen at —80 °C. Serum lipid panels were analyzed at ARUP labora-
tories within 1wk of collection (ARUP lab number 0020421). To look
for markers of liver inflammation, serum was also sent to ARUP for
aspartate transaminase (AST) or alanine transaminase (ALT) analysis
(ARUP lab number 0020408).

To determine specificity of IUGR on serum cholesterol, serum fatty
acid concentrations were also measured. Gas chromatography-mass
spectrometry was performed to determine serum fatty acid levels.
Because GC-MS data are represented in arbitrary units and compari-
sons are performed on control samples run at the same time, data are
represented as a percent of sex- and age-matched control rat serum
level. Serum fatty acid analysis was performed using GC-MS (Waters
GCT Premier mass spectrometer, Milford, MA) with an Agilent 6890
gas chromatograph (Hewlett Packard, Ramsey, MN) and a Gerstel
MPS2 autosampler (Linthicum, MD) at the metabolomics core facil-
ity at the University of Utah.

Hepatic Cholesterol Quantification

Liver lipid was isolated based on a method developed by Folch et
al. (33). Lipid was quantified using a colorimetric kit for cholesterol
(BioVision HDL-C and LDL-C/VLDL-C Cholesterol Quantification
Kit, Biovision Research Products, Mountain View, CA) and for tri-
glyceride (BioVision Triglyceride Quantification Kit, BioVision
Research Products), according to manufacturers’ protocol. Data was
calculated as mg cholesterol or nmol triglyceride/100g liver weight
and compared to reference data.

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Hepatic Oil Red O Stain

At necropsy livers were weighed and a small piece of the left anterior
lobe of the liver was cut and placed on ice prior to fresh embedding in
Optimal Cutting Temperature (VWR, Radnor, PA). Embedded livers
were sliced to 6 um, fixed with 10% formalin to a glass slide, washed
with 100% propylene glycol (ACROS Organics, Thermo Fisher
Scientific, Fair Lawn, NJ), stained with Oil Red O (Amresco, Solon,
OH), washed with 85% propylene glycol, stained with Gill #2 modi-
fied hematoxylin, and mounted with Aquamount (Thermo Scientific,
Kalamazoo, MI). All images were stained and visualized at the same
time as their respective controls using a light microscope at 80x mag-
nification. The bars in Figure 4 represent 50 pm.

Hepatic Protein Quantification

Hepatic protein was isolated using whole cell lysates in buffer consisting
of 150 mmol/l NaCl, 50 mmol/l Tris pH 7.4, 1 mmol/l EDTA, 0.25%
Na-deoxycholate, 1% Igepal CA-630. Total protein concentrations were
determined bicinchoninic acid assay with BSA as a standard curve.
Fifty micrograms protein was run on a 10% SDS PAGE gel (Bio-Rad,
Hercules, CA). The protein was then transferred to a PVDF membrane
and blocked with 5% milk. Hprtl (Proteintech, Chicago, IL) was used
as a loading control, as Hprtl did not differ between intrauterine envi-
ronment and dietary administration. Antibodies used were Cyp7al
(Santa Cruz Biotechnology, Dallas, TX), Lxro. (LifeSpan BioSciences),
Ppary (Santa Cruz Biotechnology), Srebp2 (Abcam), Hmgcr (Novus
Biologicals, Littleton, CO), Ldlr (BioVision, Milpitas, CA), Pcsk9
(LifeSpan BioSciences, Seattle, WA), Abcal (Novus Biologicals), Abcgl
(Santa Cruz Biotechnology), Acc (Cell Signaling Technology, Danvers,
MA), Fasn (BD Transduction Laboratories, Santa Cruz, CA), and Mtp
(BD Transduction Laboratories). Western Lightning enhanced chemi-
luminescence (ECL) (PerkinElmer Life Sciences) was used to detect
protein using goat anti-rabbit or anti-mouse (for Fasn and Mtp) horse-
radish peroixidase conjugated secondary antibody from Cell Signaling
Technology. A Kodak Image Station 2000ER (Eastman Kodak/SIS,
Rochester, NY) was used to image and quantify protein.

Due to the large number of samples for comparison, control and
IUGR regular diet male (or female) samples were run on every gel, and
either 1% HFD or 2% HFD control and IUGR samples run on the other
half of the gel. Each target protein was compared to Hprtl protein for
that sample. Regular diet control data from the 2% HFD gel were com-
pared to regular diet control data from the 1% HFD gel, and the 2%
HEFD data normalized for differences between regular diet control data.
Male and female samples were not run on the same gel and thus cannot
be directly compared. Given the large number of samples, the western
blot images were cropped from the gels but not otherwise altered.

Hepatic Bile Acid Quantification

Rats do not have gall bladders; therefore hepatic bile acids were
measured as a marker of Cyp7al activity. Hepatic bile acids were
extracted from 100mg frozen liver tissue crushed over liquid
nitrogen as per a user supplied protocol from Crystal Chem (Downers
Grove, IL). Crushed tissue was resuspended in 1 ml 75% ethanol for
2h at 50 °C. Twenty microliters supernatant was used in a Rat Total
Bile Acids kit (Crystal Chem) per manufacturer’s instructions with
additional bile acid controls (Crystal Chem). Male and female bile acid
samples were run on separate plates and thus not directly comparable.

Statistics

Data tables and figures were expressed as mean + SD. Analysis of
variance (Fisher’s protected least-significant difference) and Student’s
unpaired t-test were used for data analysis. Binomial data was ana-
lyzed using Fisher’s exact test. A P value <0.05 was considered to be
statistically significant.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/pr
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