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ABSTRACT. Light exposure of amino acids, especially in
the presence of photosensitizers such as riboflavin, has
been shown to result in photoproducts that are toxic both
in vivo and in vitro. Provision of photooxidized single
amino acids has been shown to result in hepatic dysfunction
in both gerbils and rats. However, studies of the effects of
light exposure of complete nutrient mixtures (glucose—
amino acid—vitamins) on hepatobiliary responses are lim-
ited. These are important because, in clinical practice, total
parenteral nutrition (TPN) solutions are continually ex-
posed to light and because hepatic dysfunction is the most
common metabolic aberration associated with TPN. Stud-
jes were conducted to compare the effects of TPN that had
been exposed to light (+1) or protected from light (—=L)
on hepatobiliary function of rats. TPN solutions were either
exposed to light or protected from light for 24 h and then
infused into rats for 10 d. Data for enterally fed rats are
also shown for comparison with parenterally fed animals.
+L animals lost more weight and had lower bile flow,
higher taurocholate output in bile, higher biliary osmolar-
ity, and higher inorganic phosphate in bile. Hepatic histol-
ogy demonstrated scattered foci of necrosis in eight of the
eight +L animals and in only one of eight —L animals.
These data demonstrate that protection of TPN solutions
from light minimizes TPN-associated alterations in hepa-
tobiliary function and histology. These histologic changes
observed in the +L animals are in contrast to previous
reports of TPN-induced histologic changes, suggesting a
different mechanism. Our observations suggest that con-
sideration be given to the implications of exposing TPN
solutions to light. (Pediatr Res 33: 487-492, 1993)

Abbreviations

TPN, total parenteral nutrition

+L, exposed to light (experimental condition)
—L, protected from light (experimental condition)
GGT, y-glutamyl transferase

PT, portal tract

Pi, inorganic phosphate

Hepatic dysfunction is a complication of TPN and has been
reported as early as 5 d after TPN (1, 2). Onset of hepatobiliary
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dysfunction is insidious, with a progressive slow rise in biochem-
ical indices of impaired function (3-5) in otherwise asympto-
matic subjects. The incidence of this complication increases with
duration of TPN (3, 6, 7). Many factors have been postulated to
contribute to TPN-induced hepatic dysfunction, including pho-
tooxidized products of amino acids (I, 8-11), amino acid imbal-
ance (12), and other toxic components in TPN (13). We have
previously reported adverse effects on hepatobiliary function
(biliary reduced glutathione, Pi, amino acids) due to light expo-
sure of parenteral nutrients (14). In a typical clinical setting,
TPN mixtures may be continuously exposed to light and hypo-
caloric TPN is often provided for the first 7 to 10 d of initiation
of TPN as the nutrient intakes are being advanced. The objective
of this study was to determine whether the beneficial effects of
protecting TPN mixtures from light during short-term TPN (14)
would persist after a more prolonged course of TPN.

MATERIALS AND METHODS

Animal preparation. The study was approved by the Institu-
tional Animal Care and Use Committee. Male Sprague-Dawley
rats (250 to 300 g) were obtained from Harlan Sprague-Dawley
(Indianapolis, IN) and allowed a 5- to 7-d period of acclimization,
during which they were allowed free access to chow (LabChow
5008, Purina, St. Louis, MO) and water. The animals were
housed in a temperature-controlled room (22°C) with a 14-h/10-
h light/dark cycle. After this period, the internal jugular vein was
cannulated and exteriorized as previously described (15). The
animals were placed in individual cages and attached to a swivel
apparatus that allowed free movement within the cages, and
infusions of the respective solutions (assigned at random) were
begun. A blood sample was obtained from the cannula before
the onset of TPN infusion. For comparative purposes, we in-
cluded a group of rats that underwent the same surgical proce-
dures and were also placed in metabolic cages and attached to
the swivel apparatus; their cannulas were flushed with heparin-
ized saline periodically to maintain patency. These rats, the
CHOW group, were fed LabChow 5008 ad libitum.

TPN preparation. The TPN solutions were prepared in the
hospital pharmacy under a laminar flow hood using a high-flow
mixer. The composition of the TPN solution is depicted in Table
1. The volume of TPN needed for a 24-h infusion was placed in
plastic syringes, appropriate amounts of a multivitamin infusate
were added, and syringes were placed under a standard bank of
fluorescent lights for light exposure (+L) or were covered with
aluminum foil for protection from light (—L). The light exposure
was maintained at 6 uW.cm™2.nm in the 425- to 475-nm wave
band for a 24-h period. Solutions exposed to light were noted to
be paler after the light exposure. However, no appreciable
changes in amino acid concentrations were observed after light
exposure. This may be due to the following reasons: I) changes
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Table 1. Composition of TPN solution

Nutrient Amount (/L)
Amino acids* 445¢
Dextrose (50%) 1390 g
NaCl 33.0 mEq
KCl 33.0 mEq
MVIt 7.0 mL

* Aminosyn 10%, Abbott Laboratories, Irving, TX.

T Each 5 mL contains: dexpanthenol, 25 mg; niacinamide, 100 mg;
vitamin A, 10 000 IU; vitamin B,, 50 mg; vitamin B,, 10 mg; vitamin
Bs, 15 mg; vitamin C, 500 mg; vitamin D, 1000 IU; vitamin E, 5 IU.
MVTI (multivitamin infusate) was added to the infusate just before light
exposure (see text).

Table 2. Effects on body and organ weights*

Liver wt Brain wt
Group Beginning (g) End (g) (% body wt) (% body wt)
+L (n=8) 254 £ 12 22022t 3.97%1.75 0.62+0.24
-L(n=28) 267 +12 239+ 12f 3.49+1.28 0.63+0.07
CHOW (n=6) 270+ 18 275+14 3.42+027 0.52+0.09

* Values are expressed as mean + SD.
tp=0.034 vs —L.
1p=0.001 vs CHOW.

in concentrations are small, as we noted earlier (16), and 2)
differences in concentrations could not be discerned by ninhy-
drin-based amino acid analysis. Fresh solutions were prepared
daily and subjected to light exposure as described. The solutions
were protected from light during infusion. It should be pointed
out that although the light exposure is similar to that experienced
in neonatal nurseries, the infusion of solutions for 24 h after light
exposure is not carried out. Because we were interested in devel-
oping a model in which an adverse effect of light exposure could
be assessed and we could not subject the rats to phototherapy,
we developed a protocol for light exposure that could be
controlled.

TPN solutions were infused at a rate of 200 mL-kg™'.d,
which provided the rat with approximately 130 kcal-kg™'-d™".

At the end of the 10-d period, animals were weighed and
anesthetized with ketamine, bile ducts were cannulated, and bile
was collected for a 4-h period in hourly aliquots into tared tubes.
Infusions of the respective solutions were continued. Bile flow
was measured gravimetrically. The animals were maintained
anesthetized during this period [0.1 mL of ketamine (100 mg-
mL™") given intramuscularly, hourly as required]. The animals
were then killed by exsanguination, and livers and brains were
removed, blotted dry, and weighed. Serum and bile were stored
at —70°C until analysis.

The following analyses were performed: /) Serum was ana-
lyzed for GGT activity based on the transfer of the r-glutamyl
group from L-glutamyl-p-nitroanilide to glycylglycine catalyzed
by GGT, and the absorbance after p-nitroaniline was diazotized
and N-(I-naphthyl)-ethylenediamine was added (Sigma Diag-
nostics, St. Louis, MO) was subsequently measured. Total bile
acids were analyzed by an enzymatic method in which the 3a-
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hydroxysteroid dehydrogenase transferred the 3a-hydroxyl
groups to corresponding keto forms and subsequently generated
NADH from NAD (Sterognost 3 alpha Flu, Nyegaard and Co.,
Oslo, Norway). 2) Bile was analyzed for GGT, Pi (17), total
protein, osmolarity by freeze-point osmometry (Advanced In-
struments Osmometer, model 3W, Needham Heights, MA); and
total bile acids (Sterognost 3 alpha Pho). Individual conjugated
bile acids were determined on HPLC by the method of Bloch
and Watkins (18), using a methanol-acetic acid mixture and a
refractive index detector. Identification of the following bile acids
was attempted: taurocholate, taurochenodeoxycholate, tauro-
deoxycholate, glycocholate, glycochenodeoxycholate, cholic
acid, lithocholic acid, murocholic acids, sodium, and potassium
(flame photometry). 3) Liver was analyzed for total protein.

Histopathologic examination. Thin slices of liver were ob-
tained from each rat, one each from the center of the left lobe,
the right lateral lobe, and the triangular lobe. The histologic
sections together measured approximately 2.0 X 1.5 cm. The
liver slices were fixed in 10% buffered formaldehyde for at least
1 wk, embedded in paraffin, and sectioned at 4 um. The sections
were processed in a standard manner, stained with hematoxylin
and eosin, cleared, and coverslipped. The slides were examined
by one investigator (A.H.) using 40X to 200X magnification,
who was blinded to the treatment group.

Each section was carefully examined for changes in PT, central
veins, and hepatocytes. The total number of PT, as well as the
PT showing inflammation, was enumerated. PT inflammation
was conservatively considered to be present if more than 10 cells
were counted. An average cell count per PT was obtained by
counting and averaging the inflammatory cells within five PT.
The nature of cells in these PT i.e. whether they were mononu-
clear cells or neutrophils, was also determined. The lobules were
examined for presence of fatty change and hepatocyte necrosis.
The hepatocyte necrosis was graded 0 to 4+ based on visual
assessment of the percentage of lobular area involved by necrosis
as follows: 0 = no necrosis; 1+ = 1 to 2% of lobule involved;
2+ =310 5%; 3+ = 6 t0 9%; and 4+ = >10% of the lobular
area involved. Rare foci of two- to three-cell necrosis were noted
as such and not graded.

Statistical analysis. All data are expressed as mean = SD. Data
were analyzed by analysis of variance using treatments (+L or
—L) and time (pre- and postinfusion, or hours of bile collection)
as factors. Significance was set at p < 0.05; if achieved, post hoc
analyses used the ¢ test.

RESULTS

+L animals (n = 8) received 193 + 16 mL-kg™'-d~", 8.6 + 0.7
gamino acids, and 126 + 10 kcal -kg™'-d~! (mean # SD), whereas
the —L animals (n = 8) received 198 + 5 mL-kg™'-d”}, 8.8 =
0.2 g amino acids, and 129 + 0.1 kcal-kg™'.d™". No attempt was
made to quantify the amount of chow consumed by the animals
in the CHOW group.

Beginning body weights of the +L, —L, and CHOW groups
were similar (254 + 12, 267 + 12, and 270 + 18 g, respectively,
p = 0.08; Table 2). However, by the end of the 10-d period,
animals in the +L group had significantly lower body weights

Table 3. Effects on bile flow and biliary concentrations of total bile acid, GGT, Pi, and osmolarity*

Bile flow Bile acid GGT Pi Osmolarity
Group (uL-h7h (umol-h™") (U-mL™) (M) (mosmol.L™")
+L 564 + 151% 15+ 74 3.8+ 1.9¢ 39.8 + 10.611 356 + 72t
-L 716 £ 3511§ 13 + 6t 3.1 +33% 9.0 £6.0 288 + 121
CHOW 1115+ 47 43+9 10.2+39 1.1 £ 3.0 293 + 31

* Values are expressed as mean = SD.
tp<0.001 vs CHOW.

+p<0.001 vs +L.

§p<0.05vs +L.
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Fig. 1. Biliary taurocholate concentration (umol-mL™).

than those in the —L and CHOW groups (Table 2). +L animals
lost an average of 3.3 g/d, whereas the ~L animals lost 2.6 g/d.
The weight loss demonstrated in these animals is probably not
significant clinically and is similar to that reported by other
investigators during hypocaloric TPN (19). There were no signif-
icant differences in liver or brain weights in these animals (Table
2).

Table 3 summarizes the major effects on biliary parameters.
—L animals had lower biliary Pi and osmolarity than the +L
animals. Biliary Pi and osmolarity of the —L animals were close
to the values of the CHOW animals, whereas the +L animals
had higher biliary Pi and osmolarity than the CHOW group. Bile
flow (Table 3) was significantly higher in the —L animals com-
pared with the +L animals. Biliary bile output was similar in the
two TPN groups, but significantly (p = 0.001) lower than in the
CHOW group. Total conjugated bile acid concentration was
significantly (p = 0.0213) greater in the +L versus —L animals,
and the —L concentration was significantly lower than the
CHOW concentration ( p = 0.0013; data not shown). There were
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significant differences for the individual bile acids between the
two groups: taurocholate was significantly (p < 0.01) greater in
the +L versus —L animals, and in both parenteral groups it was
significantly lower than in the CHOW group (Fig. 1). The
concentration of this bile acid decreased significantly with time
of collection. Biliary output of taurodeoxycholate was similar to
that of taurocholate, with CHOW animals having a greater
output than +L or —L animals (data not shown). Hourly output
for taurochenodeoxycholate was significantly greater in CHOW
versus +L or —L animals and decreased with time of collection;
outputs of glycocholic and cholic acids did not differ between
the groups, whereas glycochenodeoxycholate was significantly
lower in the +L versus —L animals and greater in —L versus
CHOW animals. Neither murocholic nor lithocholic acids were
detected in these biles.

There were no significant differences between the two groups
in biliary sodium, potassium, or liver protein (data not shown).

Histopathologic findings. In the —L group, only one of eight
rats had appreciable foci of hepatic necrosis (grade 1+), which
were located in the periportal and midzonal regions. In contrast,
foci of hepatic necrosis were seen in all eight rats in the +L
group, seven with grade 14+ and one with grade 2+. Figure 2
shows a typical focus of midzonal necrosis in the +L group. Foci
in the +L group were usually observed in both the midzonal and
periportal regions; foci were found only in the periportal region
in one rat and in all regions in only one rat. Figure 3 shows the
more atypical large foci with readily identifiable inflammatory
cell infiltrate that was observed in the majority of livers exam-
ined.

PT inflammation was more prominent in the +L group, with
a very significant increase in the number of inflammatory cells
per PT (85.9 + 22.2 versus 33.9 + 8.2, p = 0.0001). PT from all
eight animals in the +L group had both macrophages and
neutrophils, whereas neutrophils were not identified in PT from
seven of eight animals in the —L group. No fatty change, choles-
tasis, or fibrosis was seen in either group.

DISCUSSION

Our results demonstrate significant alterations in both bio-
chemical indicators of hepatic function and hepatic histology in

Fig. 2. A typical focus of midzonal necrosis in this +L group. Central vein (V) is seen in the center of the field (arrows denote the zone) (X200).
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it is interesting to note that bile flow is lower in the +L animals
than in the —L animals despite similar total bile acid output.
These data are somewhat similar to those of Lirussi ez al. (20).
These investigators reported a decrease in bile acid secretion in
both TPN-fed and enterally fed control animals in the first few
hours after bile duct cannulation. However, bile acid secretion
was significantly greater in TPN-fed versus control animals,
whereas bile flow was similar in the two groups, suggesting that
bile acid-independent flow was affected by TPN.

Biliary Pi, a putative marker of leaky tight junctions, was
higher in the +L animals compared with —L animals, suggesting
greater paracellular permeability due to infusion of light-exposed
TPN. The exact components of TPN or the mechanism(s) that
cause the increased leakage are not known but have been ob-
served in hepatic dysfunction caused by other agents (21).

In contrast to the majority of previous reports of TPN-induced
histologic changes of fatty infiltration, cholestasis, inflammatory
PT lesions, portal fibrosis, canalicular bile stasis, Kupffer cells,
and macrophages containing lipofuscin pigment, biliary sludge,
and bile duct proliferation (1, 7, 22-29), the +L animals in our
study demonstrated appreciable hepatocyte necrosis in addition
to inflammatory cells—macrophages and neutrophils. We did
not expect to see the other findings, such as fatty infiltration,
usually seen with TPN because of the hypocaloric nature of the
TPN regimen. We chose the lower amount of energy while
maintaining maximal amino acid intake for the following rea-
sons: 1) In clinical practice, actual energy intakes achieved in
the first 7 to 10 d after beginning TPN are modest, whereas
amino acid intake reaches its maximum; the amino acid intake
chosen by us represents 25% of the total dietary energy intake of
chow-fed rats and represents what has been fed to rats in various
studies. The requirement of the rat for protein is considerably
greater than that of man 2) Rats provided higher energy intakes
demonstrate fatty livers (7, 30-31). Craig et al. (32) reported
hepatocyte necrosis in one patient after 16 wk of TPN after small
bowel resection. These investigators also reported the progression
of fibrosis and inflammatory changes with continuing TPN. The
hepatocyte necrosis suggests that light exposure of the TPN
solutions resulted in compounds that may be considered toxic
to the animals. These findings cannot be attributed to either
enteral starvation or hypocaloric regimens because treatment of
both groups of animals was similar, as was the weight loss.

The most likely group of nutrients in TPN responsible for the
alterations in hepatobiliary function are amino acids, because
several amino acids (tryptophan, methionine, tyrosine, histidine
and cysteine) are readily photooxidized in the presence of a
variety of photosensitizers, including vitamins such as riboflavin
(14, 33-47). In vitro studies have demonstrated that, in the
presence of light, lysine and tryptophan are inhibitory to growth
of lung fibroblasts in culture (47). In addition, when single amino
acids were irradiated in the presence of vitamins, cysteine and
tryptophan were inhibitory to cell growth, and methionine be-
came toxic; the toxicity was only noted in the presence of
riboflavin, biotin, or folic acid. Other in vitro studies have
demonstrated lethal and inhibitory effects of irradiated amino
acids (48, 49). Irradiation of tryptophan and riboflavin with
visible fluorescent or near-UV light resulted in products that
caused single-strand breaks in DNA of mammalian cells (50). In
contrast to these studies demonstrating toxicity of amino acids
exposed to light, human plasma irradiated with light failed to
support growth of human cells in culture, but growth was restored
by the addition of the amino acids most depleted by light
exposure—tryptophan and cysteine (51). It should be pointed
out that, in general, the depletion of amino acids by photooxi-
dation is a small percentage of the total, increasing the likelihood
of toxic products as the mechanism of the observed effects.

In summary, our data demonstrate alterations in hepatobiliary
function and histology due to infusion of light-exposed TPN.
The histopathologic findings reported herein are different from
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the usual findings of TPN-associated hepatic dysfunction, sug-
gesting a different mechanism for the liver injury noted. Clinical
implications of light-exposed TPN infusions, especially in groups
of subjects susceptible to hepatic dysfunction from TPN, need
to be considered.
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