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Abstract

This study compared the effects of total parenteral nutrition (TPN) by central vein with or without fat provided at maintenance energy
requirement on fatty acid metabolism, de novo lipogenesis, and the risk of hepatic and systemic inflammation in rats. Study 1 was conducted
in 2 groups: high glucose (HG), where fat-free TPN was given at maintenance levels of 180 kcal/(kg d), and low glucose (LG), where fat-free
TPN containing 30% fewer calories at 126 kcal/(kg d) was provided by reducing 54 kcal/(kg d) from parenteral glucose. Study 2 contained
3 TPN groups: 1 LG group at 126 kcal/(kg d) and 2 groups at 180 kcal/(kg d) with 30% of total calories (54 kcal/[kg d]) either from soybean
or fish oil emulsion. In both studies, animals fed a chow diet ad libitum were included. Plasma and hepatic triglyceride and phospholipid fatty
acid profiles, enzymes indicating hepatic injury, and C-reactive protein levels (CRP) reflecting systemic injury were measured. In study 1,
evidence of de novo lipogenesis was noted in LG and was more prominent in HG with elevation of CRP in HG. In study 2, de novo
lipogenesis was reduced by adding either fat to LG to achieve maintenance energy levels. Moreover, adding fat as soybean oil but not fish oil
significantly increased plasma and hepatic triglyceride and also elevated aspartate aminotransferase and CRP levels, reflecting inflammation.
Thus, in rats, either hypocaloric feeding as glucose-based TPN or TPN provided at maintenance energy levels with the addition of fish oil
limits hepatic lipid accumulation and prevents the evidence of hepatic and systemic injury found with maintenance level TPN as glucose only

or glucose plus soybean oil.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Total parenteral nutrition (TPN) has been demonstrated to
be a major advance in medical therapy allowing for the
provision of energy and other essential nutrients to critically
ill patients who are unable to eat [1]. Total parenteral nutrition
feeding reduces both morbidity and mortality in critically ill
medical or surgical patients [2,3], although TPN feeding
often increases the risk of infectious complications compared
with enteral nutrition [2]. However, in the present era of tight

Conflicts: Children’s Hospital Boston has submitted a patent for
Omegaven on behalf of Drs Gura and Puder. Dr Bistrian receives patent
royalties through Beth Israel Deaconess Medical Center from Abbott
and Nestle.

* Corresponding author. Tel.: +1 617 632 8545; fax: +1 617 632 0204.

E-mail address: bbistria@bidme.harvard.edu (B.R. Bistrian).

0026-0495/$ — see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.metabol.2009.12.014

glucose control and early adequate feeding, it appears that
both infectious morbidity and overall mortality can be
improved when these 2 therapeutic goals are achieved
without distinction between the outcomes related to route
of feeding [2-5]. Early studies with poor glycemic control did
find an increased infection risk without a survival benefit in
well-nourished patients receiving TPN [6] in part related to
the parenteral energy intake. In that study, patients received
approximately 44 kcal/kg from the TPN plus oral diet [6],
where their estimated energy expenditure would have been
20 to 25 kcal/kg [7], reflecting substantial overfeeding. In a
more recent study, patients receiving 36 vs 31 kcal/(kg d) as
parenteral energy intake also developed more bloodstream
infections [8]. Bypassing the gastrointestinal tract and liver,
TPN produces a much greater insulin response than enteral
feeding [9] and leads to a greater likelihood of hyperglycemia
in the critically ill [5]. This propensity for the development of
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hyperglycemia can be further compounded when excessive
energy is provided by glucose calories, leading to a much
greater risk for the development of infection [10]. Excessive
glucose administration also fosters accelerated hepatic
triglyceride synthesis that can be seen as lipid droplets
accumulating in the liver, especially in neonates and infants
[11]. This process is further enhanced by fat-free feeding,
particularly due to the absence of polyunsaturated fatty acids
of the omega 3 and omega 6 series because these fatty acids
inhibit de novo lipogenesis [12-14]. Patients and animals
given fat-free TPN can develop severe fatty liver, often with
hyperglycemia, hyperinsulinemia, and hypotriglyceridemia
[9,15]; and these metabolic derangements are clearly
improved by supplementing TPN with fat calories, particu-
larly when combined with a reduction in glucose calories
[16-18]. Therefore, an optimal TPN energy intake may have
several components: total calories provided, the use of both
glucose and fat, and the type of fat.

Fat in approximate amounts of 20% up to one third of
total calories significantly improves the metabolic conse-
quences of fat-free TPN [19]. The parenteral fat can be
provided discontinuously as a piggyback infusion or as a
3-component emulsion containing amino acids, glucose, and
fat, which has been found to be a safe, stable, and
economical alternative. The soybean oil emulsion provides
essential fatty acids of the omega 3 and 6 series to reduce de
novo lipogenesis for patients receiving glucose-only TPN,
whereas fish oil emulsion has a high content of very long
chain omega 3 fatty acids that are particularly effective for
inhibiting de novo lipogenesis. Furthermore, fish oil
emulsions have substantial anti-inflammatory effects as
well [20]. Recently, the concept of hypocaloric or under-
feeding with TPN has been considered as a reasonable
alternative approach in critically ill patients, especially for
those who are overweight or obese [21]. In this therapy, the
greater reduction in glucose calories and the availability of
endogenous fat to meet the energy gap combine to lower de
novo lipogenesis and to curtail the other metabolic
derangements. As a clinical counterpart to these findings,
in intensive care unit medical patients, those receiving only
35% to 67% of their recommended daily caloric intake had a
higher survival rate and spent less time on ventilation than
those receiving either greater or lesser energy intake [22].
However, the relative contribution of caloric vs carbohydrate
reduction to these improvements in outcome is uncertain.

2. Materials and methods

2.1. TPN solutions

All the TPN solutions contained 2 g of nitrogen per
kilogram per day, and the additional energy was from either
glucose alone or a combination of glucose and fat emulsion
according to the experimental designs. When present, fat
provided 30% of total TPN calories. Two different fat
emulsions—Intralipid (Fresenius Kabi, Uppsala, Sweden), a

20% soybean oil emulsion, and Omegaven (Fresenius Kabi,
Graz, Austria), a 10% fish oil emulsion—were used. Table 1
lists the fatty acid compositions of these 2 emulsions as
measured in our laboratory. The TPN solutions were freshly
prepared by the pharmacy of Beth Isracl Deaconess Medical
Center. The necessary vitamins and minerals were also
provided in the TPN solutions. The TPN solutions were
intravenously infused at 2.3 mL/h using a syringe infusion
pump (Harvard Apparatus, South Natick, MA). The syringe
was changed every day. Chow diet was a traditional F-6
rodent diet (7964; Harlan Teklad, Madison, WI) that
contained 18% energy from fat with more than 50% from
soybean oil.

2.2. Animals

All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the Beth
Israel Deaconess Medical Center. Male Sprague-Dawley rats
(Taconic Farm, Germantown, NY), weighing 250 to 270 g,
were housed in individual cages and maintained under a
12:12-hour light-dark photoperiod and ambient temperature
at 24°C and 26°C for 4 days before the experiments.
Standard rat chow diet (Harlan Teklad) and tap water were
provided ad libitum. After 4 days of accommodation,
intravenous catheters were inserted into the right jugular
vein under anesthesia for animals planned to receive saline
infusion or TPN feeding; and these rats were then placed in
individual metabolic cages, given water, and maintained on
regular chow diet ad libitum overnight to recover from
surgery. On the experimental day, chow diet was removed;
and TPN was given for 4 days.

Based on the measured energy expenditure determined in
an open system with similar, awake animals in a previous

Table 1

Fatty acid compositions in different fat emulsions

Fatty acids (%nmol) Intralipid® Omegaven”
Cl14:0 0.03 +0.05 6.9+0.2
C16:0 124+ 0.2 142 +0.4
Clé6:1 0.18 +0.05 10.1 £0.5
C18:0 33+0.1 2.1+0.1
Cl18:1 26.0 £ 0.2 17.2+£0.1
C18:2w6 51.3+0.2 3.7+0.1
C18:3w3 63+02 1.6 £0.0
C20:4w6 0.21 +£0.01 1.6 £ 0.1
C20:5w3 0.05 £ 0.01 20.1 £ 0.6
C22:4w6 0.02 +0.00 0.14 +0.02
C22:5w6 0.02 +0.01 0.5+0.0
C22:5w3 0.01 +0.00 1.8£0.0
C22:6w3 0.18 £0.01 20.0£0.2
Total 100.0 100.0

Mean + SEM from 3 samples.

* Intralipid with 20% of soybean oil emulsion (Fresenius Kabi,
Uppsala, Sweden).

 Omegaven with 10% of highly refined fish oil emulsion (Fresenius
Kabi, Graz, Austria).
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study [23], the required caloric intake was estimated at
200 kcal/(kg d). To avoid overfeeding, the level for adequate
energy intake was set at 180 kcal/(kg d). In addition, 30%
below the predicted adequate caloric intake (126 kcal/[kg d])
was provided as an underfeeding level that has been shown
to be optimal in one large clinical study [22].

2.3. Experimental design

2.3.1. Study 1

This study was designed to examine whether increasing
glucose calories in TPN by central vein led to fat accumulation
in the liver with associated liver injury patterns and the
development of systemic inflammation. Total parenteral
nutrition was given as a fat-free solution with 2 g of nitrogen
per kilogram per day at a total energy intake of 180 kcal/(kg
d), with 130 kcal/(kg d) provided by glucose, representing the
high—glucose intake group (HG, n = 7), and at a total energy
intake of 126 kcal/(kg d), with 76 kcal/(kg d) provided by
glucose, representing the low—glucose intake group (LG, n =
7). In addition, one group consuming a chow diet ad libitum
was included as a control (Chow, n = 7) (Table 2).

After 4 days of TPN feeding, all animals were killed by
decapitation. Blood was collected for measurements of
plasma levels of glucose, C-reactive protein (CRP), and
total triglycerides. Liver enzyme tests, including measure-
ment of aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALK), and
glutathione S-transferase (GST), were performed. Livers
were removed and weighed. Portions of liver were taken for
the determination of triglyceride and phospholipid fatty acid
profiles. Plasma triglyceride and phospholipid fatty acid
profiles were also determined.

All samples were stored at —80°C for later determinations.

2.3.2. Study 2

This study examined the effects of added calories from fat
emulsion to replace glucose in the HG TPN on fat
accumulation in the liver and on hepatic and systemic
injury. To allow comparison with results from study 1, this
study also included a Chow group that consumed chow diet

Table 2
Experimental design

ad libitum (Chow, n = 10) and an LG group, as in study 1,
which received TPN feeding at total intake of 126 kcal/(kg d)
with 76 kcal/(kg d) provided by glucose (LG, n = 10). Two
additional TPN feeding regimens were given at total energy
intakes of 180 kcal/(kg d) similar to the HG group in study 1
by adding fat at 30% of total caloric intakes (54 kcal/[kg dJ)
provided by fat emulsion, either as Intralipid (Fresenius
Kabi, Uppsala, Sweden) (LCT, n = 7) or Omegaven
(Fresenius Kabi, Graz, Austria) (Fish oil, n = 7). Thus,
similar to the LG group in study 1, 126 kcal/(kg d) was
provided by glucose and 2 g of nitrogen per kilogram per day
such that all 3 groups receiving TPN had a basal glucose
intake at this level to which 54 kcal/(kg d) was added as one
of the 2 lipids to the other 2 TPN groups.

At the end of 4 days of feeding, animals were killed.
Blood and liver tissue were collected for the same
measurements listed in study 1. All of the samples were
stored at 80°C for later determinations.

2.4. Assays

Plasma glucose concentrations were determined by the
glucose oxidase method using a Beckman Glucose Analyzer
IT (Beckman, Brea, CA). Plasma total triglyceride concen-
trations were determined by triglyceride determination kit
(Sigma, St Louis, MO). The liver function tests, including
measurement of AST, ALT, and ALK, were performed using
individual reagent sets (Pointe Scientific, Canton, MI). The
plasma levels of GST were determined by Biotrin rat o« GST
enzyme immunoassay kit (Biotrin International, Dublin,
Ireland). The levels of CRP were determined using a rat CRP
kit (Helica Biosystem, Fullerton, CA).

Lipids from the fat emulsions, plasma, and liver tissue
were extracted by liquid-liquid extraction (ie, solvent
extraction) with 6 vol of chloroform-methanol (2:1, vol/
vol) and centrifuged at 800g for 10 minutes; and the resulting
lower phase was aspirated. Before the extraction, 30 uL of a
1-mg/mL solution of diheptadecanoyl phosphatidylcholine
and triheptadecanoyl glycerol (17:0) (Nu-Check Prep,
Elysian, MN) in chloroform-methanol (1:1, vol/vol) was

Study Groups n Feeding Nitrogen Glucose kcal/(kg d) Fat kcal/(kg d)
Study 1

Chow 7 Chow Ad libitum

LG 7 TPN 126 keal/(kg d) 2 gl(kg d) 126 0

HG 7 TPN 180 kcal/(kg d) 2 g/(kg d) 1807 0
Study 2

Chow 10 Chow Ad libitum

LG 10 TPN 126 keal/(kg d) 2 gl(kg d) 126 0

LCT 9 TPN 180 kcal/(kg d) 2 g/(kg d) 180 54°

Fish oil 9 TPN 180 kcal/(kg d) 2 g/kg d) 180 54¢

* HG group received additional 54 kcal/(kg d) from glucose compared with LG group.

® Provided by Intralipid as LCT group.
¢ Provided by Omegaven as Fish oil group.
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added as an internal standard to all samples. The chloroform-
methanol extracts were evaporated to dryness under
nitrogen. The samples were then redissolved in 200 uL of
chloroform and further fractionated into triglycerides and
phospholipids by aminopropyl columns (Sigma) using
chloroform-propanol (2:1, vol/vol) and methanol, respec-
tively. The triglycerides and phospholipids fraction were
again evaporated to dryness under nitrogen. Afterward,
0.5 mL of sodium-methoxide (Sigma) was added and mixed;
and the samples were placed in a heating block at 100°C for
3 minutes and removed from the heating block and allowed
to cool down to room temperature. Afterward, 0.5 mL of
methanol base—boron trifluoride reagent (Sigma) was added,
mixed, and incubated at 100°C for 1 minute. After cooling
down the tubes, 0.5 mL of hexane was added and mixed;
then 6.5 mL of a saturated NaCl solution was added and
mixed. The mixture was centrifuged at 800g for 3 minutes.
The upper hexane layer was aspirated.

Fatty acid methyl esters were analyzed by gas chroma-
tography with a Hewlett Packard 5890a gas chromatograph
(Hewlett Packard, Palo Alto, CA), using a Supelcowax-10
0.25-mm-—internal diameter column (Sigma). Fatty acid
methyl ester peaks were identified by comparison of
retention times of a standard mixture and quantified using
the internal standard. The triglyceride concentration in the
liver was calculated as nanomoles per milligram. The fatty
acid profiles were expressed as mole percentage of total fatty
acid content in the samples.

Because of the limited amount of blood from each animal,
the numbers of each measurement listed in tables or figures
might not be the same as the numbers of animals studied in
each group. In addition, blood samples were taken at a
fed state.

2.5. Statistical analysis

Results are presented as mean =+ standard error of mean
(SEM). To assess the statistical significance of differences in
mean values among groups, l-way analysis of variance
(ANOVA) with Fisher least significant test was used in each
study. Significance for all analyses was defined as P < .05.

3. Results
3.1. Study 1

3.1.1. Food intake and body weight changes

The caloric intakes in LG and HG groups were well
controlled at 126 and 180 kcal/(kg d), respectively. With
TPN feeding, the LG group had a total weight loss of 17.7 =
4.4 g, whereas the HG group lost 15.9 + 1.9 g. There were no
differences in body weight changes between LG and HG
groups even though the total caloric intake was 30%
(54 kcal/[kg d]) more in the HG group compared with the
LG group. Animals in the oral feeding group (Chow)
consumed 300.9 =+ 20.1 kcal/(kg d), or almost 2 times as

many calories as those provided by TPN feeding. The
animals in Chow group had an average weight gain of 14.8 g.

3.1.2. Triglyceride concentrations and triglyceride fatty
acid profiles in plasma and liver

The triglyceride concentrations in plasma and liver are
shown in Fig. 1. The highest plasma level of triglyceride
was found in the Chow group. No differences in plasma
triglycerides were found between the LG and HG groups.
In the liver, the content of triglyceride was increased by
TPN feeding (LG and HG), more in HG, compared with
chow diet feeding (Chow); but the increases did not reach
statistical significance.
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Fig. 1. The effects of feeding with oral chow diet ad libitum (~300 kcal/
[kg d]) or fat-free TPN with 2 g of nitrogen per kilogram per day at lower
(126 kcal/[kg d]) or adequate energy intake (180 kcal/[kg d]) on (A) plasma
levels of triglycerides (in milligrams per milliliter) and on (B) triglyceride
concentration in the liver (in nanomoles per milligram) in rats. Chow: oral
feeding with chow diet ad libitum. LG: fat-free TPN feeding with 2 g of
nitrogen per kilogram per day at 126 kcal/(kg d). HG: fat-free TPN feeding
with 2 g of nitrogen per kilogram per day at adequate energy intake
(180 kcal/(kg d). *P < 05 vs others.
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Table 3

Triglyceride profiles in plasma (percentage nanomole per milliliter) and in the liver (percentage nanomole per milligram)

Fatty Plasma Liver

acid Chow (n = 6) LG (n=7) HG (n="7) Chow (n = 7) LG (n=7) HG (n=7)
C16:0 195+ 1.0 19.1+ 1.4 235+1.9% 252+0.7 31.4+1.8" 303+ 0.7
Cl6:1w7 0.6 +0.1 2.5+ 0.5% 3.7 +0.6% 0.4+0.1 1.7+0.9 12+02
C18:0 87+1.6 40+04 7.1+ 1.6% 10.7 + 1.1 107+ 1.6 92+15
C18:1w9 125+0.8 19.7 +0.9" 18.6 + 1.9" 202+ 1.3 194+22 25.6+24
C18:2w6 33.8+ 1.0 21.4 + 1.4*% 19.2 +0.7* 282+ 1.1 19.2 + 1.3* 19.2 + 0.8*
C18:3w3 1.0 £0.1 03+0.1% 02+0.1% 1.0 £0.1 0.6+0.1" 0.6+0.1"
C20:3w9 0.0 + 0.0 0.0 + 0.0 0.1+0.0 0.0 + 0.0 0.0 + 0.0 0.1£0.0
C20:3w6 0.1+0.0 0.0 +0.0 02 +0.1 0.5+0.1 0.5+0.1 0.5+0.0
C20:4w6 20.8 + 1.9 272424 23.5+£2.6 88+13 10.6 = 1.9 8.1+14
C20:5w3 0.8+0.2 2.6+0.7 1.3+03F 1.9£12 0.5+0.1 0.6+0.3
C22:4w6 0.1+0.0 0.2+0.1 0.1+0.0 0.6 + 0.1 0.5+0.1 0.5+0.1
C22:5w6 0.0 0.0 0.0 +0.0 0.0 +0.0 03+0.1 0.8+0.5 0.7+0.2
C22:5w3 0.2+ 0.0 0.1+0.0 0.2 +0.1 0.7 +0.1 0.5+0.1 0.6 + 0.0
(22:6:3 1.8+0.2 2.9 +0.4% 3.4 +04F 2.4 +0.1 3.5+0.3% 3.0 £ 0.3

Mean + SEM. Statistical differences are made by 1-way ANOVA with least significant test as post hoc test.
* P <.001, LG and HG vs Chow.
¥ P <.005, LG and HG vs Chow.
* P <.05,LG and HG vs Chow.

$ P <.05 LG vs HG.

Table 3 lists the triglyceride fatty acid profiles in plasma
and liver. Although neither LG and HG received fat from
their TPN solution, TPN feeding significantly increased
plasma levels of palmitoleic acid (Cl6:1w7, P < .001),
oleic acid (C18:1w9, P < .005), eicosapentaenoic acid
(C20:5w3, P < .05), and docosahexaenoic acid (C22:6w3,
P < .05) but significantly reduced levels of linoleic acid
(C18:2w6, p< 0.001) and o linolenic acid (C18:3w3, P <
.001) in plasma triglycerides as compared with chow diet
feeding. The significant differences between the LG and

HG groups were higher plasma levels of palmitic acid
(16:0, P < .05) and stearic acid (C18:0, P< .05) in the HG
group. In the liver triglycerides, significantly higher levels
of palmitic acid (C16:0, P < .005) and docosahexaenoic
acid (C22:6w3, P < .05) but significantly lower levels of
linoleic acid (C18:2w6, P < .001) and o linolenic acid
(C18:3w3, P< .005) were found in the LG and HG group
as compared with the Chow group. No differences in any
fatty acid levels were found in the liver triglycerides
between the LG and HG groups.

Table 4

Phospholipid profiles in plasma (percentage nanomole per milliliter) and in the liver (percentage nanomole per milligram)

Fatty Plasma Liver

acid Chow (n = 6) LG (n=>5) HG (n = 6) Chow (n = 7) LG (n=7) HG (n = 8)
C16:0 273+0.8 36.8 + 3.0% 311 +2.2% 233403 25.8 + 0.8 273+ 0.4
Cl6:1w7 0.1+0.0 0.0 = 0.0 0.5<0.10 0.1 +0.1 0.3 +00" 04+01%
C18:0 208+ 1.0 18.1+0.8 226+3.6 23.7+0.7 20.4 +0.3° 20.5 +0.9°
C18:1w9 82+0.6 9.6+ 1.0 127+ 1.57 6.7+023 9.6+1.7 84+03
C18:2w6 27.6+0.7 16.1 +1.27 16.2 + 1.8 17.1+0.5 14.9 + 0.6" 12.9 + 0.3
C18:3w3 0.0 £0.0 0.0 £0.0 0.0 £0.0 0.2+0.0 0.2+0.0 0.1£0.0
C20:3w9 0.1+0.0 0.0 = 0.0 0.0 0.0 0.0 £0.0 0.0 0.0 0.0 0.0
C20:3w6 03+0.2 0.0 £0.0 0.2+0.1 0.6 0.0 0.6 +0.0 0.6+0.1
C20:4w6 109+ 1.4 152+18 123+19 20.8 + 0.4 19.7+0.8 20.7 + 0.6
C20:5w3 0.1+0.1 03+0.2 0.3+0.1 0.9+0.7 0.6+0.1 0.5+0.1
C22:4w6 0.1+0.0 0.1+0.0 0.1+0.0 0.3+0.0 0.3+0.0 03+0.1
C22:5w6 0.0 £0.0 0.0 £0.0 0.2+0.1 0.3+0.1 0.1£0.0 0.1£0.0
C22:5w3 0.2+0.1 0.4+0.1 0.2+0.0 0.9+0.1 0.8+0.1 0.8+0.0
C22:6:3 2.1+02 3.6+0.2% 3.9+0.5% 53+02 6.8+ 0.4" 72+03"

Mean + SEM. Statistical differences are made by 1-way ANOVA with least significant test as post hoc test.
* P <.05, LG and HG vs Chow.
T P <.001, LG and HG vs Chow.
# P<.0, LG and HG vs Chow.
$ P <.05, LG and HG vs Chow.
I'P < .01, HG vs Chow and LG.
1 P <.05, HG vs Chow and LG.
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Fig. 2. The effects of feeding with oral chow diet ad libitum (~300 kcal/
[kg d]) or fat-free TPN with 2 g of nitrogen per kilogram per day at lower
(126 kcal/[kg d]) or adequate energy intake (180 kcal/[kg d]) on plasma
levels of CRP (in micrograms per milliliter) in rats. Chow: oral feeding with
chow diet ad libitum. LG: fat-free TPN feeding with 2 g of nitrogen per
kilogram per day at 126 kcal/(kg d). HG: fat-free TPN feeding with 2 g of
nitrogen per kilogram per day at adequate energy intake (180 kcal/[kg d]).
*P < 05 vs others.

3.1.3. Phospholipid concentrations and phospholipid fatty
acid profiles in plasma and liver

The phospholipid concentration was not significantly
different in plasma or the liver among Chow, LG, and HG
groups (data not shown).

Table 4 lists the phospholipid fatty acid profiles in plasma
and in the liver tissue. In plasma, LG and HG groups had
higher levels of palmitic acid (C16:0, P < .05) and
docosahexaenoic acid (C22:6w3, P < .01) but lower levels
of linoleic acid (C18:2w6, P < .001) as compared with the
Chow group. The plasma levels of palmitoleic acid
(Cl16:1w7, P < .01) and oleic acid (C18:1w9, P < .05)
were significantly higher in the HG group compared with
those in both LG and Chow groups. In the liver, the levels of
palmitic acid (C16:0, P <.001), palmitoleic acid (C16:1w7,
P <.001), and docosahexaenoic acid (C22:6w3, P < .001)
were significantly higher in the LG and HG compared with
the chow group. The levels of stearic acid (C18:0, P <.005)
and linoleic acid (C18:2w6, P < .001) were significantly
lower in the LG and HG groups compared with the Chow
group. There were no differences in any phospholipid fatty
acid in the liver between the LG and HG groups.

3.1.4. Plasma glucose concentrations, liver enzyme tests,
and plasma CRP levels

Plasma glucose concentrations were not different among
groups, with 143 £ 3, 145 + 16 ,and 144 + 18 mg/dL in the
Chow, LG, and HG group, respectively. In addition, all the
measured liver enzymes, including ALT, AST, ALK, GST
activity, and total amount of GST, were not different among
these 3 groups (data not shown). The AST values were
156.1 £ 5.3 in Chow, 154.2 + 13.6 in LG, and 174.2 +
9.9 TU/L in HG, respectively. However, plasma CRP
concentrations were significantly elevated in the HG group
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compared with the LG and Chow groups (P < .05). There
were no differences in CRP between the Chow and LG
groups (Fig. 2).

3.2. Study 2

3.2.1. Food intake and body weight changes
Animals consuming the chow diet consumed an average
of 316 + 16 kcal/(kg d). These animals also gained an
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Fig. 3. The effects of feeding with oral chow diet ad libitum (~300 kcal/
[kg d]) or fat-free TPN with 2 g of nitrogen per kilogram per day at lower
(126 kcal/[kg d]) or adequate energy intake (180 kcal/[kg d]) with 2 g of
nitrogen per kilogram per day and 30% of total energy from fat, either
Intralipid (LCT) or Omegaven (Fish oil), on (A) plasma levels of
triglycerides (in milligrams per milliliter) and on (B) triglyceride
concentration in the liver (in nanomoles per milligram) in rats. Chow: oral
feeding with chow diet ad libitum. LG: fat-free TPN feeding with 2 g of
nitrogen per kilogram per day at 126 kcal/(kg d). LCT: TPN feeding at
adequate energy intake (180 kcal/[kg d]) with 2 g of nitrogen per kilogram
per day and 30% of total calories from Intralipid. Fish oil: TPN feeding at
adequate energy intake (180 kcal/[kg d]) with 2 g of nitrogen per kilogram
per day and 30% of total calories from Omegaven. *P <01 Chow and LCT
vs LG and Fish oil; **P < .05 vs others.
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average of 17.8 = 2.6 g in weight. Total parenteral nutrition
groups received lower caloric intakes, that is, 126 kcal/(kg d)
in the LG group and 180 kcal/(kg d) in the LCT and Fish oil
groups, respectively. All the TPN feeding groups lost body
weight. The weight loss was 21 + 4 g in the LG group, 16 £
3 g in the LCT group, and 16 + 6 g in the Fish oil group,
respectively. The weight changes in LCT and Fish oil groups
were not different from LG, although LG received 30% less
caloric intake compared with both LCT and Fish oil. The
weight changes were also not different between LCT and
Fish oil groups.

3.2.2. Triglyceride concentrations in plasma and in the liver

Fig. 3 shows the concentrations of triglyceride in plasma
and liver. Chow and LCT groups had significantly higher
levels of plasma triglyceride than LG and Fish oil groups
(P <.01). No differences in plasma triglyceride were found
between Chow and LCT groups, or between LG and Fish oil
groups. In the liver, the highest level of triglyceride
concentration was in the LCT group, which was significantly
higher than Chow, LG, and Fish oil groups (P < .05). No
differences in triglyceride concentration were found in the
liver among Chow, LG, and Fish oil groups.

3.2.3. Triglyceride fatty acid profiles in plasma and liver
Tables 5 and 6 show the triglyceride fatty acid profiles in
plasma and in the liver, respectively. Similar to the results
found in study 1, fat-free TPN feeding (LG) resulted in
higher levels of palmitoleic acid (C16:1w7, P < .01) and
stearic acid (C18:0, P <.01) (indicating de novo lipogenesis),

Table 5

Triglyceride profiles in Plasma (percentage nanomole per milliliter)
Fatty Plasma

acid Chown=8) LG(®m=8) LCT (=7 Fishoilm=7)
C16:0 15104 165+0.7 146+1.5 158+0.5
Cl16:1w7  1.1+0.1 24+03*%  0.9+0.1 42+0.6"
C18:0 23+0.1 3.8+03% 58+1.2% 46+0.1%
Cl181w9 17.7+0.6 17406 19.1+1.8 192+ 1.1
CI82w6 37.4+0.7 209+09% 205+271  137+13f
Cl83w3  1.7+02 03+0.1%*  1.6+03 0.7+0.17
C20:3w9 0.0+ 0.0 00+00  0.1+0.0 0.1+0.1
C20:3w6 0.0 0.0 00+00  0.0+0.0 0.1+0.1
C20:4w6  21.6+ 1.4 327+23% 255+6.1 141+ 1.1°
C20:5w3 1.5+ 0.4 22409 0.9+0.2 162 + 1.6"
C22:4w6 02+ 0.4 0.1+0.1 0.1+0.0 0.0 + 0.0
C22:5w6 0.0 £0.0 00+00  0.0+0.0 0.0 £0.0
C22:5w3  0.1+0.0 0.1+0.1 0.1+0.0 0.5+0.5"
C22:6:3 15+02 35405 2.0+02 10.8 + 1.3

Mean + SEM. Statistical differences are made by 1-way ANOVA with least
significant test as post hoc test.
* P <.001, LG vs LCT and Chow.
T P < .001, Fish oil vs others.
+ P <.05, LG vs LCT and Chow.
$ P <001, LCT and Fish oil vs Chow.
I'P < 001, LCT vs Chow.
¥ P < .00, Fish oil vs LCT and Chow.
# P <.05, LG vs Chow.

Table 6

Triglyceride profiles in the liver (percentage nanomole per milligram)
Fatty Liver

acid Chow (n=10) LG (n=10) LCT (n=10) Fish oil (n = 10)
Cl16:0  250+0.5 289+12% 259+12  256+05
C16:1w7 0.4 +0.0 15+06°  05+0.0 0.7+0.1
C18:0  127+13 113+£07  98+1.1 11.7+0.7
C18:1w9 18.4+0.8 201+1.0 208+1.5 175+12
C18:2w6 25.6+0.8 206+ 1.1% 283 +1.1 17.8 + 1.2
CI83w3 0.9+0.1 04+01 1201l o07+011
C20:3w9  0.0£0.0 0.0£00  0.0£0.0 0.0 0.0
C20:3w6  0.7+0.0 04+0.1  05+0.1 0.4 +0.0
C20:4w6 11.0+ 0.6 9.7+07  84+1.17 8.2+0.7°
C20:5w3  0.5+0.1 04+0.1  05+0.0 6.1 +0.5%*
C22:4w6  0.5+0.1 0.3+0.1 0.4+0.1 0.1 £0.0
C22:5w6  02+0.0 02+0.1  0.1+0.0 0.2 +0.0
C22:5w3  0.9+0.1 0.6+£0.1  07%0.1 1.9 £ 0.2%*
C€22:63 3.1+02 33+£02  3.0+02 9.1 £0.8%*

Mean + SEM. Statistical differences are made by 1-way ANOVA with least
significant test as post hoc test.

* P <.05, LG vs others.

T P < .05, LG vs LCT and Chow.

¥ P <001, Fish oil vs LCT and Chow.

$ P <.001, LG vs LCT and Chow.

I'p < 05, LCT vs LG.

1 P < .05, Fish oil vs others.

# P < .05, Fish oil and LCT vs Chow.

** P <.001 Fish oil vs others.

arachidonic acid (C20:4w6, P <.005), eicosapentaenoic acid
(C20:5w3, P < .005), and docosahexaenoic acid (C22:6w3,
P < .005) and lower levels of linoleic acid (C18:2w6, P <
.001) and « linolenic acid (C18:3w3, P <.001) in plasma as
compared with Chow feeding. Adding soybean oil to the
TPN solution (LCT), the values of palmitoleic acid

Table 7

Phospholipid profiles in plasma (percentage nanomole per milliliter)
Fatty Plasma

acid Chow (n=7) LGm=8) LCT(n=7) Fishoil(n=7)
C16:0 292 + 1.0* 343+ 18 366+25  354+15
Cl6:lw7 0.0 £0.0 03+02  0.0+0.0 0.2+0.1
C18:0 225405 230+14 144+19" 168+1.7"
C18:1w9 6.1 +0.4 59+07 113137 200=x27M
C18:2w6  27.9 + 0.8* 160+0.8 17.9+1.9 13.6 £ 0.6
C183w3  0.0£0.0 00+00  0.0+0.0 0.0 +0.0
C20:3w9 0.4 +0.0 00+00  0.0+0.0 0.0+ 0.0
C20:3w6  0.2+0.1 0.0 +0.0 0.0 £ 0.0 0.5+0.2%
C20:4w6  11.3 +1.5% 155409 151+15 6.6 = 0.8
C20:5w3  05+02 0.2+0.1 0.4+02 2.9+ 0.6
C22:4w6 0.1 0.0 00+00  0.1+0.0 0.1+0.0
C22:5w6  0.0£0.0 00+00  0.0+0.0 0.2+0.0
C22:5w3 0.3 +0.1 02+00  06+03 0.7+02
C22:6:3 2.0+ 0.3* 47+051 3601 31405

Mean + SEM. Statistical differences are made by 1-way ANOVA with least
significant test as post hoc test.

* P < .05, Chow vs others.

¥ P <.001, LCT and Fish oil vs Chow and LG.

¥ P <.001, Fish oil vs others.

§ P < .05, Fish oil vs LCT.

I'P < .01, LG vs Fish oil.
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(C16:1w7), a linolenic acid (C18:3w3), arachidonic acid
(C20:4w0), eicosapentaenoic acid (C20:5w3), and docosa-
hexaenoic acid (C22:6w3) were back to levels near those
found in the Chow group. Although the value of linoleic acid
(C18:2w6) was higher in LCT than in LG, it was still lower
than in Chow (P < .01). Adding fish oil to the TPN solution
(Fish oil) led to higher levels of palmitoleic acid (C16:1w7),
eicosapentaenoic acid (C20:5w3), docosapentaenoic acid
(C22:5w3), and docosahexaenoic acid (C22:6w3) and lower
levels of linoleic acid (C18:2w6) and arachidonic acid
(C20:4w6) (P < .001) compared with other groups. The
values of o linolenic acid (C18:3w3) in the Fish oil group
were higher than in the LG group but lower than in the Chow
and the LCT groups. In the liver (Table 6), some similar
changes reflecting de novo lipogenesis to those observed in
plasma included significantly higher levels of palmitic acid
(C16:0, P < .05) and palmitoleic acid (C16:1w7, P <.05) in
LG compared with Chow. There were no differences in
stearic acid (C18:0) among groups. However, the Chow
group had the highest values of arachidonic acid (20:4w6,
P <.001), whereas the Fish oil group had the highest levels
of eicosapentaenoic acid (20:5w3, P <.001), docosapentae-
noic acid (22:6w6, P < .001), and docosahexaenoic acid
(22:6w3, P < .001) and lowest levels of arachidonic acid
(20:4w6, P < .001) among groups.

3.2.4. Phospholipid fatty acid profiles in plasma and liver

As shown in Table 7, fat-free TPN feeding (LG)
significantly increased the levels of palmitic acid (C16:0,
P < .05), arachidonic acid (C20:4w6, P < .05), eicosapen-
taenoic acid (C20:5w3, P <.001), and docosahexaenoic acid
(C22:6w3, P < .001) in the phospholipid fraction, but

Table 8

Phospholipid profiles in the liver (percentage nanomole per milligram)
Fatty Liver

acid Chow (n=10) LG (n=10) LCT (n=9) Fish oil (n=9)
C16:0 24.4+0.8 26.1+0.5 22.7+03*% 25.1£0.5
Clé6:lw7 0.1 +0.0 03+0.1 0.1+0.0 0.2+0.0
C18:0 23.6 +0.7 22.0+0.7 238+04 20.8 + 0.6
Cl8:1w9 7.6+04 72+0.7 6.4+ 0.4% 8.0+0.3
C182w6 153+ 1.7 143+0.5 16.4 £ 0.6 10.9 +0.5"
C18:3w3  0.1+0.0 0.1+0.0 0.1 £0.0 0.1+0.0
C20:3w9 0.0 +0.0 0.0+0.0 0.0+0.0 0.0+0.0
C20:3w6 0.8 +0.1 0.6 +0.0 0.6 +0.0 0.5+0.0
C20:4w6  20.7 + 1.7 204 +0.5 21.7+0.8 152 + 03"
C20:5w3 0.3 +0.1 0.7 0.1 0.4 +0.1 67.0 + 0.4
C22:4w6 03 £0.0 0.2+0.0 0.3+0.0 0.2+0.0
C22:5w6 0.3 +0.1 0.1 £0.0 0.1 £0.0 0.2+0.0
C22:5w3  09+0.1 0.7+0.1 0.8+0.1 14+0.1"
€22:63  55+06l 73£02  66+03  10.5+03

Mean + SEM. Statistical differences are made by 1-way ANOVA with least
significant test as post hoc test.

* P <.01, LCT vs others.

T P <.001, Fish oil vs others.

¥ P <.05, LCT vs Fish oil and Chow.

§ P <.05 LG vs Chow.

I'P < .05, Chow vs LG and LCT.
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Fig. 4. The effects of feeding with oral chow diet ad libitum (~300 kcal/
[kg d]) or fat-free TPN with 2 g of nitrogen per kilogram per day at lower
(126 kcal/[kg d]) or adequate energy intake (180 kcal/[kg d]) with 2 g of
nitrogen per kilogram per day and 30% of total energy from fat, either
Intralipid (LCT) or Omegaven (Fish oil), on (A) plasma levels of AST
(in international units per liter) and (B) CRP (in micrograms per milliliter) in
rats. Chow: oral feeding with chow diet ad libitum. LG: fat-free TPN feeding
with 2 g of nitrogen per kilogram per day at 126 kcal/(kg d). LCT: TPN
feeding at adequate energy intake (180 kcal/[kg d]) with 2 g of nitrogen per
kilogram per day and 30% of total calories from Intralipid. Fish oil: TPN
feeding at adequate energy intake (180 kcal/[kg d]) with 2 g of nitrogen per
kilogram per day and 30% of total calories from Omegaven. *P = .01 vs
others; P = .05 vs others.

significantly reduced the levels of linoleic acid (C18:2w6,
P <.001) as compared with the chow diet feeding. Few fatty
acids were different among the LG, LCT, and Fish oil
groups. However, LG did have higher levels of palmitoleic
acid (C16:1w7, P = .05) and stearic acid (C18:0, P < .001)
and lower levels of oleic acid (C18:1w9, P <.001) compared
with LCT and Fish oil, whereas the Fish oil group had lower
levels of linoleic acid (C18:2w6, P < .001) and arachidonic
acid (C20:4w6, P < .001) but higher levels of oleic acid
(C18:1w9, P < .001), dihomogammalinolenic acid
(C20:3w6, P < .001), eicosapentaenoic acid (C20:5w3, P <
.001), and docosapentaenoic acid (C22:5w3, P < .001)
compared with other groups. In the liver (Table 8), unlike the
changes in plasma, the values of palmitic acid (C16:0, P <
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.01) and oleic acid (C18:1w9, P < .005) were significantly
lower in LCT compared with other groups. In addition, the
values of linoleic acid (C18:2w6, P < .001) and arachidonic
acid (C20:4w6, P < .001) were significantly lower in the
Fish oil group compared with other groups. In contrast,
significantly higher levels of eicosapentaenoic acid
(C20:5w3, P < .001), docosapentaenoic acid (C22:5w3,
P <.001), and docosahexaenoic acid (C22:6w3, P < .001)
were observed in the Fish oil group compared with the other
groups. The level of docosahexaenoic acid (C22:6w3, P <
.05) in the LG group was significantly higher than in the
chow group but significantly lower than in the Fish oil group.

3.2.5. Plasma glucose concentrations, liver enzyme tests,
and plasma CRP levels

Plasma glucose concentrations were in the range of 139 +
3 to 146 + 14 mg/dL and not different among groups. Of the
liver enzyme tests, only AST was significantly higher in the
LCT group compared with the others (P < .05) (Fig. 4A).
Plasma CRP was also significantly higher in the LCT group
(P = .05), without differences in plasma CRP among Chow,
LG, and Fish oil groups (Fig. 4B).

4. Discussion

De novo lipogenesis is the endogenous physiologic
process of converting carbohydrate to fat that is generally a
very minor component of total energy expenditure in man
during meal feeding [24]. However, parenteral glucose
provided in a continuous fashion leads to substantial rates of
lipogenesis even during hypocaloric feeding [25]. Acceler-
ated lipogenesis from parenteral feeding is at least in part
related to the higher levels of peripheral insulin found with
parenteral vs enteral feeding of a glucose-based TPN formula
[9]. One disadvantage of the resultant de novo lipogenesis
found with glucose-based feeding is the caloric inefficiency
because about 20% of the energy contained in the
carbohydrate is used in this conversion [17]. A more serious
consequence is the increase in hepatic triglyceride storage
with some evidence for hepatic injury reflected in elevated
liver enzymes [26].

Feeding a parenteral fat-free diet in study 1 with the LG
and HG groups led to an increase in hepatic triglyceride
compared with the chow diet, although the increases did not
reach statistical significance. The higher level of plasma
triglyceride in the Chow group is presumably due to the
greater caloric intake of fat calories consumed as well as the
impact of a glucose-based TPN to reduce hepatic triglyceride
secretion [15]. This was associated with a significant
increase in the levels of palmitic acid (C16:0) in hepatic
triglycerides and palmitoleic acid (C16:1w7) and oleic acid
(C18:1w9) in plasma triglycerides. Phospholipid fatty acid
profiles showed similar changes with increased palmitic acid
in plasma and palmitic and palmitoleic acids in hepatic
phospholipids. Palmitic acid and stearic acids are products of

de novo lipogenesis, and palmitoleic acid and oleic acid
reflect stearyl coenzyme A reductase or & 9 desaturase
activity that also indicates de novo lipogenesis [28]. Oleic
acid can be endogenously synthesized and/or released from
fat stores, and all 4 of these fatty acids can be found in the
diet. These findings suggest there is substantial de novo
lipogenesis with fat-free feeding even when glucose is
provided at hypocaloric levels. The elevated palmitic and
stearic acids in plasma triglycerides and palmitoleic acid in
plasma phospholipids in HG indicated even greater de novo
lipogenesis with the higher glucose intake. The significant
reduction in the levels of linoleic acid and « linolenic acid in
plasma and hepatic triglycerides and the levels of linoleic
acid in plasma and hepatic phospholipids as compared with
fat-containing chow diet and TPN feeding occurs because
these 2 fatty acids are essential fatty acids and only can be
obtained from the diet. Thus, the levels of these 2 fatty acids
in plasma and tissues are directly influenced by their dietary
intakes, absent in the case of the LG and HG groups and
adequately present in the Chow group that consumed more
than twice the amount of calories of the LG and HG groups.

In contrast to the changes in linoleic and o linolenic acids,
fat-free feeding significantly increased eicosapentaenoic acid
and/or docosahexaenoic acid in plasma and liver in both LG
and HG groups compared with the Chow group (Tables 3-4).
The progression from the 18-carbon fatty acid precursors, o
linolenic acid and linoleic acid, the 2 essential fatty acids,
and oleic acid to their 20-carbon counterparts eicosapentae-
noic acid, arachidonic acid, and Mead acid, respectively, is
controlled through 2 shared control enzymes, § 6 and 6 5
desaturase. When there is lower intake of o linolenic or
linoleic acid, these enzymes are up-regulated in an attempt to
maintain eicosapentaenoic and particularly arachidonic acid
levels. In rats, for instance, it has been demonstrated that the
messenger RNA amount and activity levels of § 6 and 6 5
desaturases and associated elongases are up-regulated in the
liver with essential fatty acid deficiency [27,28].

In study 2, the added fat as soybean oil or fish oil to the
LG TPN increased the levels of certain fatty acids in the
plasma and the liver, related to the dietary content with
soybean oil containing substantial linoleic and o linolenic
acids, and fish oil containing eicosapentaenoic and docosa-
hexaenoic acids as well as considerable palmitic, palmito-
leic, and oleic acid (Tables 5-8). In plasma phospholipids,
the ratio of linoleic acid to arachidonic acid (C18:2w6/
C20:4w6) was significantly increased in Fish oil as
compared with LCT and LG groups (both Ps < .05). In
addition, the ratio of eicosapentaenoic acid to docosahex-
aenoic acid (C20:5w3/C22:6w3) was also significantly
increased in both LCT and Fish oil groups (both Ps <
.001) compared with the LG group. These results do support
the ability of both types of fat, soybean oil with high amounts
of wo fatty acids and fish oil with markedly elevated w3 fatty
acids, to down-regulate desaturase activity, with the greater
impact of fish oil on arachidonic acid levels. Furthermore,
fatty acid markers of de novo lipogenesis (palmitic,
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palmitoleic, stearic, and oleic acids) were reduced by either
soybean oil or fish oil. Adding a fat source to the fat-free
TPN solution, LG, to match the energy level of HG as in
study 1 also had substantially different effects on serum and
hepatic triglyceride levels. Whereas plasma triglycerides
were elevated both in chow feeding and with soybean oil,
only the latter was associated with excessive hepatic fat
accumulation. The markers of dietary fat intake, linoleic acid
and o linolenic acid, suggest as well that the source of this
hepatic fat was at least in part the administered soybean oil.

In the fed state in this study, an increase in glucose
calories (HG group) up to the level of the estimated energy
expenditure (180 kcal/[kg d]) did not produce any evidence
of liver injury (study 1). In contrast, adding soybean oil to
the TPN solution (LCT) to this same energy level
significantly increased AST in study 2 (Fig. 4A), suggesting
liver injury. It has been shown previously that overfeeding
with fat-free TPN causes hepatic dysfunction and that the
addition of fat to the TPN regimen improves this hepatic
dysfunction [29]. However, in this study, both HG and LCT
were given at 180 kcal/(kg d) of calories and would not be
considered overfeeding in relation to the size of rats used.
Thus, the present results indicate that the fat component as
soybean oil itself may induce hepatic injury during TPN
feeding. Interestingly, fish oil as the fat source in the TPN
solution counters both the hepatic fat accumulation and
evidence for hepatic and systemic injury induced by
soybean oil (Fig. 4A).

Fat-free TPN with added soybean oil did increase plasma
CRP concentration (Fig. 2) about 35% higher compared with
added fish oil, ad libitum feeding with a chow diet, or
hypocaloric feeding (LG group, with 70% of the estimated
energy expenditure) (Fig. 2). C-reactive protein is an acute-
phase protein widely appreciated as a biomarker for
inflammation among many species [30,31]. The percentage
elevation of CRP with added soybean oil in study 2 was
similar to that seen with added glucose in study 1, although it
is likely that the mechanism is different. Although the
threshold is not well defined in rats, an increase in plasma
CRP in the HG group may imply that glucose infusion alone
can also induce a low-grade inflammation compared with
oral food feeding (Chow) or feeding with glucose at 30%
lower caloric intake as with LG. In study 1, the mechanism
of injury is likely to be related to altered glucose metabolism
because it has been shown that parenteral glucose infusion
that produces hyperglycemia initiates a systemic inflamma-
tory response [32]. Although plasma glucose levels were not
significantly different among these 3 groups and maintained
at 145 mg/dL, the extra glucose infused in HG would still
cause enhanced oxidation of the extra glucose that could
increase the production of reactive oxygen species [32,33].
Increased reactive oxygen species do induce expression of
various inflammatory genes, leading to an increase in the
release of inflammatory cytokines.

In summary, hypocaloric feeding with glucose-based
TPN or added fat as fish oil to provide eucaloric feeding

appears to minimize de novo lipogenesis and the likelihood
of hepatic triglyceride accumulation with some evidence for
reduction in hepatic and systemic injury in rats.
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