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Tumor necrosis factor (TNF) is widely accepted to be the mediator of the cascade of metabolic abnormalities associated with
both critical and chronic illness. TNF binding to cell surface receptors mediates its physiologic actions, although the exact
mechanism of TNF action is unknown. Therefore, this study was designed to investigate the in vivo metabolism of TNF using a
mathematical model to examine tissue uptake and loss of TNF over time. Two distinct patterns of TNF uptake were observed.
Muscle tissues were found to accumulate TNF over the entire experimental period, whereas the visceral organs were found to
have a rapid initial accumulation of TNF followed by a rapid loss of TNF back to the plasma or out into the bile or the urine.
These patterns of TNF binding and retention may reflect the number of TNF receptors or their affinity for TNF, as well as the
balance between cell surface and soluble TNF receptors. Furthermore, TNF binding patterns provide insight into the biologic
action of TNF at these sites.
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HRONIC PRODUCTION of tumor necrosis factor (TNF) was maintained by a daily injection of 0.5 mL of heparinized saline
has been associated with the wasting observed in botfisodium heparin, 10 U/mL) into the catheter.
critical and chronic illness in humans, such as in acquired_. .
. - . Diet Formulation
immune deficiency syndrome (AIDS), sepsis, or cancer. The ‘ _ _ _ o
wasting of vital body proteins may ultimately affect survival. _ All animals were provided with a specially formulated liquid diet.
Acute overexpression of TNF results in hemodynamic CollapseThe composition of the diet has been described previously in détail.

with hypotension, decreased vascular resistance, and orgeﬁ’{ ief_ly, itis a high carbohydrate diet with 72% of the energy prOVide.d
failureX The production of TNF initiates a cascade of endog_comlng from carbohydrate sources, 13% of energy from protein (amino

. including i leuki hich acids), and 15% of energy from fat. The nutrients infused met the
enous mediators including interleukin (IL)-1 and IL-6, whic macronutrient requirements for rats, and previous trials have shown that

amplify and modulate many of the systemic effects of TNIF. s diet allowed control rats to grow at the same rate as chow-fed
addition, the binding of TNF to its 2 distinct cell surface animals38Animals received on average 79.0 kcal/d anti@N per day
receptors, p-55 and p-75, has also been shown to be necessdnpnprotein energy:nitrogen ratio of 183.8).

for TNF to exert its physiologic effec&We and others have

previously described the uptake of TNF by tissues at a single>tudy Protocol

point in time3® However, while TNF binding to cell surface  On day 0 of experimentation, the catheter and spring were connected
receptors has been studied in vitro, the distribution and fate ofo a swivel device (Instech Labs), which allowed movement of the
circulating TNF has not been studied in detail. Therefore, thisanimal about the cage. The swivel device was suspended above the
study was designed to examine the distribution of TNF in vivo Metabolic cage by a metal rod. Rats in this portion of the study were
by using a compartmental model to describe the movement Orfnamt'alne_d on an ad Ilbltum_ oral intake pf the deflngd liquid diet.
TNF between the plasma and the tissues over a 3'h0ug?cyksi:1()slggIcgﬂ;\l?lerzs Ei?p;fgllé/oglt?:jgug 6i0n-frlrj1ls_ezyrt|)nges _(Bfeqon'
experimental period. The binding patterns of TNF may provide ' ' y y an Iniusion

- . . . . . __pump at a rate of 2.5 cc/h (pump 22; Harvard Apparatus, Wellesley,
insight into the physiologic actions of TNF at each tissue. ThlsMA)_

study represents a portion of a study designed to determine aer 5 days of saline infusion, rats were anaesthetized with an
whether the route or the nutrient density of nutrition supportinjection of 25 mg/kg sodium pentobarbital intraperitoneally. Saline
will affect the distribution pattern of TNF. infusion and an oral diet were continued until the time of study with no
animal being maintained without nutrition for a period of longer than 60

minutes before experimentation. A bolus of 100 mg of sodium iodide

MATERIALS AND METHODS was given to block uptake of radioactive iodine by the thyroid. After

Animals this, 200 pL of labeled red blood cells were injected and allowed to
distribute for 10 minutes. Chromium-labeled blood was prepared in

) l\_/lz_ale Wistar rats _(Charles River Canada, Quebec, Canad_a) WerSdvance using red blood cells from separate rats as described below. A
individually housed in cages at a temperature of 22°C and maintained

on a 12-hour light:dark cycle. Rats on entry to the animal facility
weighed 200 to 220 g. All animals were maintained on a diet of
laboratory food ad libitum until they achieved a weight of 240 to 260 g.  From the Departments of Nutrition, Physiology, and Physics and the
Under general anesthesia (sodium pentobarbital, 50 mg/kg intraperitonstitute of Biomaterials and Biomedical Engineering, University of
neal [IP]) a Silastic catheter (0.037 in OD, Dow Corning, Midland, MI) Toronto, Toronto, Canada.

was inserted and advanced into the superior vena cava using the sterile Submitted October 21, 1999; accepted April 9, 2000.

procedure of Popp and Brennanyhich is described in detail else- Supported by Medical Research Council Operating Grant No.
where® The external portion of the catheter was tunnelled subcutaneMT-12238, and by the Natural Sciences and Engineering Research
ously to the interscapular region of the back and led externally through & ouncil.

protective wire spring and secured to the rat by a stainless steel button Address reprint requests to Mary Keith, PhD, 3 Queen 3-080, St.
(Instech Labs, Horsham, PA). Postoperatively, the rats were housed iMichael’s Hospital, 30 Bond St, Toronto, Ontario M5B 1W8.

individual metabolic cages and maintained on a specially formulated Copyright© 2000 by W.B. Saunders Company

liquid diet given orally ad libitum. Animals had free access to drinking  0026-0495/00/4910-0020$10.00/0

water during the entire experimental procedure. Patency of the catheter doi:10.1053/meta.2000.9525
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sample of 200 pL of red blood cells was counted as a standard injectedddition, HPLC separation of the natit®&-TNF was performed. Finally, a
dose of chromium. A sample of 0.3 mL of blood was collected into a sample taken from each HPLC peak was subjected to sodiuracgbd
heparinized syringe for hematocrit determination, as well as for analysisulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to
of radioactive chromium in order to determine blood volume. the method of Laemnii? and adapted by Raina et’aIBriefly, samples

The abdomen was subsequently opened, and the bile duct and theere subjected to electrophoresis in the presence of 10% SDS on a 4%
bladder were cannulated for the collection of bile and urine. Alamp wasto 15% acrylamide gradient gel at a constant current of 25 mA. SDS gels
maintained over the animals to maintain body temperature undewere prepared without the addition of mercaptoethanol or dithiothreitol
anaesthetic. Catheters were preinjected with 0.5 mL of 2% boving(ddt), thereby allowing the various forms of TNF to be viewéd.
serum albumin to coat the lumen of the tube, thereby preventing
adherence of radioactive material to the lumen of the cannula. Subsé=hromium Labeling of Red Blood Cells

quently, a bolus of 0.3 uCi oF*3-TNF ([*?] iodotyrosyl TNF, Red blood cells from a separate group of animals were incubated with
Amersham Canada, Oakville, Ontario) together with 0.5 g of unla-ragipactive chromium (Amersham Canada, specific activity 250 to 500
beled TNFe (Upstate Biotechnology, Lake Placid, NY) were injected mCilmg Cr) as N&Crs10, for 1 hour at 37°C. Subsequently, the cells
via the central venous catheter. Previous studies indicated that thgere washed twice with cold normal saline, once with 10 nmol/L

injection of either human or rat TNF at this dose did not result in any 45corpic acid, and twice more with saline. A stock solution of chromium
significant changes in either blood pressure or heart rate measured at thg, s sed to correct for chromium measured in the iodine channel.

time of TNF injection or throughout the 3-hour experimental periqd. On the day of experimentation, rats were injected with 300 pL of
Blood samples were withdrawn from the central venous catheter intqapeled red blood cells through the central venous catheter. A 10-minute
heparinized syringes at exact tlmed intervals noted ina cor_nputer StORistribution time was found to be adequate by Sterling and Gray.
watch program. For each experimental group, & duplicate aliquot of thepis ime, blood was collected through the central venous catheter for
injected dose was kept as a standard. At each time point, ?)-3 ML ofhe measurement of radioactivity, according to the method above for
blood was taken and the catheter flushed with 0.3 mL of 0.9% saline, gle plood, as well as for the calculation of the hematocrit. The dilution of
The experiment was terminated at 5 different time points postinjectionye ose of labeled red blood cells allowed the calculation of blood volume.
of labeled TNF and 10 tissues and organs were collected for analysis of

radioactivity as outlined above. Rats were killed at 4, 10, 30, 60, and\ieasurement of Radioactivity in Whole Blood, Bile, and Urine
180 minutes post-TNF injection by an overdose of sodium pentobarbital .

given through the central venous catheter. Death was instantaneous,As"’lmple of 109 WL ofwho!e b'°°‘? was pIaped mXZS glaoss tub_es
however, the chest cavity was immediately opened and the aort or gamma counting. The pipette tip was rinsed W',th 0.9% sal_m_e to
severed to prevent any further blood flow to the tissues. The liver ENSure that all of the blood was removed. The protein was precipitated
with 1.5 mL of 15% trichloroacetic acid (TCA), centrifuged at 3,000

spleen, lungs, kidneys, heart, extensor digitorum longus (EDL), soleus,

diaphragm, stomach, and intestine were dissected and weighed. THEM for 5 minutes and the supernatant removed and discarded. This

radioactivity present in the skeletal muscle was estimated using thirocess W_as re'p'eated to ens.ur.e optimal remo‘,’a' of thg non—protein-
percentage of body weight that is skeletal muscle and the mean uptal ound radioactivity. The remaining pe_:ll_et was dissolved in 1.5 mL of
of TNF by the EDL. Bile and urine collected over the experimental SN NaOH and counted for radioactivity in a dual channgl gamma
period were analyzed for radioactivity. The results represent the averag(éOunter (Beckman Gamma_l 5500, Be_ckman Instrumer_1ts, Irvine, CA).
uptake of approximately 5 to 6 animals per feeding group at each of the Samples of 100 pL of b!le aqq uriné were pI_a(_:ed_ A5 glass

5 time points post-TNF injection, resulting in data being available for tgbes and gnalyzed for radioactivity before precipitation. The VO'U"_“? pf
approximately 25 animals. Organ uptake data was corrected for residu ile and urine collected was also measured and recorded. After initial

blood present in the tissue using the radioactivity measured as chromiunﬁ?cl‘)'oac“v'ty Znalyssf, bile gnd urine samples wer;:‘ precipitated with
The mean of each group of animals for each time point was calculated. 15% TCA and spun for 5 minutes at 3,000 rpm. The supemnatant was

A separate group of 6 rats was studied to collect information on theremoved and the pellet was dissolved3d N NaOH andcounted for

uptake of TNF by the skin and adipose tissue. Skin samples weréadloacuv'ty'
collected from the abdominal area and adipose tissue that was located
the abdominal cavity surrounding the spine and the kidneys. In thes
animals we also followed the release of radioactivity into the bile and Organ samples were homogenized with normal saline followed by
the urine over the entire 3-hour period as the pooled results from ouprecipitation with 1.5 mL of 15% TCA. Precipitated samples were

initial work were difficult to interpret due to large variations in bile and centrifuged for 5 minutes at 3,000 rpm, and the supernatant was

jpleasurement of the Uptake BF-TNF by Organs

urine collection. subsequently removed and discarded. This procedure was repeated once
] to ensure the removal of any nonprotein-bound radioactivity. The pellet
Tumor Necrosis Factoee was dissolved in 1.5 mL 10 N NaOH for 24 hours and counted for

Recombinant human TNF was obtained from Upstate Biotechnology'@dioactivity as described above. o _
The endotoxin content was less than 25 ng lipopolysaccharide/mg TNF The presence of radioactive chromium in the tissues allowed the
(according to the product specifications). The TNF was diluted accord-Samples to be corrected for any residual blood content. A stock sample
ing to the manufacturer's instructions and stored-@0°C as 2-mL of chromium solution was counted to determine the percentage of the
aliquots each containing 25 pg of TNF. Labeled TNF was purchasedadiqactivity that was counted in the iodine channel. The calculat_ion for
from Amersham Canada (Oakville, Ontario) with a specific activity of the tissue uptake of labelled TNF was as follows: Rt counts in
400 to 800 mCi/mmol. tissue sample= [12% counts in sample(cpmy background?3 counts

To evaluate the proportion of active TNF in the samples, separatdPM)] — [*'CR counts (cpm) in sampte backgrounomCR counts
experiments were conducted in which a bolus of labeled TNF alone waéCPM)] X % of SICR spillover into the'*3 channel. The weight of the
injected into a rat and the blood collected immediately after injection, adiSSue sample counted was then used to calculate the uptake of the organ
well as after circulating for a 3-hour period. These plasma samples wer@ @ Per gram or total organ basis.
separated and precipitated with 15% trichloracetic acid. The precipitat%;
was redissolved in NaOH and subjected to high performance liquid
chromatography (HPLC) separation on a C-4 protein column (Waters, A tricine SDS-PAGE system for small proteins was used for the
Mississauga, Ontario) according to the method of Gutierrez ®tral.  separation of bile and urine. The method used was designed for the

el Electrophoresis
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- where Kyr and Kg, designate the rate constants governing exchange
LUNG SPLEEN between kidney and urine and between liver and bile, respectively. The
2 remaining differential equations governing irreversible loss are of the

HEART

form given by equation (9) below. For a general peripheral compart-

PLI
SKIN j /v ment, X, we can write:

o dMy
PLASMA
KIDNEY /

) —ar ~ KoM = Kax My, (5)
¢ EDL
where X stands forS R, L, etc. Because initially there is no TNF in
\ peripheral compartmerX, we can solve the latter equation fieky in
\ terms ofMp:
STOMACH .
URINE LIVER Q Myx(t) = Kype o4 J; ekpxt Mp(t) dt (6)
INTESTINE
DIAPHRAGM
BILE < . .
) Estimating the Rate Constants

) ) ) ) The rate constants were determined from the measured data. After the
Fig1l. A mammillary compartmental model. This model describes bolus iniecti f TNE into pl the ol trati f TNE
the interaction of TNF between the plasma and each of the 10 organs Olus Injection o Into plasma, the plasma concentration o

and tissues examined with the irreversible loss of material into the fell, approximately monotonically, and was fitted to the sum of 3 real,
bile and the urine. negative exponentials of the form:

Mp = Aje Pit + Aje B2t 4+ AjeBat ()

separation of low-molecular weight proteins (1 to 100 kD) and was

based on the method of Laem i3 where theAs andBs are greater than zero. Each of the 10 peripheral

compartments that exchanged material with plasma were governed by a
COMPARTMENTAL MODELING OF ORGAN UPTAKE DATA differential equation of the form of equation (5). Becalde was

known as a function of time from equation (7), this function was
Formulating the Model introduced into the integral on the right-hand side of equation (6). The

TNF was injected as a bolus into the plasma and was subsequentkgsulting equation then givésy(t) as a function of time governed by 2
distributed into many body tissues. Since the plasma volume waginknown rate constantxp andKpx. The measured data for peripheral
known, the total mass of TNF remaining in plasma could be estimatedcompartment X were then curve-fitted to this function, thus providing
from measurements of plasma TNF concentration. TNF mass in 1(values for the 2 unknown rate constants. This procedure was repeated
types of tissue was assessed. Measurements of TNF mass were madé&b each of the 10 interchanging peripheral compartments.
times in each of the 10 tissues. The kinetics of TNF were modeled using In the case of the liver and kidney compartments, the rate constant
a multicompartment model in a mamillary configuration, with plasma Kpx was really the sum of 2 rate constants, one governing return of TNF
exchanging material reversibly with each of the 10 peripheral compartto plasma, and the other governing irreversible loss of TNF to bile or
ments. One of the peripheral compartments, liver, exchanged materialrine. For the liver compartment we have, with reference to equa-
reversibly with plasma and lost material irreversibly to bile. Another tion (4):
peripheral compartment, kidney, exchanged reversibly with plasma and
lost irreversibly to urine. This model is depicted in Fig 1. Kyt = Kp + Kg. (8)

There is one differential equation for each of the 11 compartments
and 2 others to account for irreversible loss. We shall designaity
the mass of TNF in plasma at time, t; Bs(t) the mass of TNF in
spleen, byMg(t) the mass in kidney, (t) the mass in liver, etc. The
rate constants, whose dimensions are tilnare designated bis,
whereKps governs transfer of TNF from spleen to plasma, etc. The 11 dB

However, it was a straightforward matter to estimate the valu€gpf
using the biliary data. Because TNF passed irreversibly from liver into
bile, its kinetics were described by the differential equation:

primary differential equations are of the form: i KgL M, 9)
dMp N . . )
i (Ksp+ Krp+ Kip + .. ) Mp whereB(t) represents the mass of TNF in bile at tirh€This equation
may be integrated to give:
+ KpsMg + Kpg Mg + Koy M + ... (1) .
B() = Ko [ M, dt. (10)
M My — KoM 2 O
Tdt s PSS @ From the measured TNF masses in both liver and bile, we were able to
M estimate a value for the rate constafy,. Because we had a value for
N -
= KeeMp — (Kpr + Kur) Mg ®) thg constanK;L, we coulq splve for the remaining rate const;(m
dt using equation (8). In a similar manner, we were able to obtain a value
dM for KprandKyr. Therefore, all rate constants could be determined.
L KipMp — (Kpp + Kgl) M, (4) Curve-fitting was performed with a simplex algorithm using the least
d squares criterion. Data points were usually weighted equally. However,

in fitting the measured data to equations (9) and (10), we used a
logarithmic scale for the dependent variable to increase the weighting
on the smaller values dfl, .
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Interpreting the Rate Constants 300
With reference to equation (5), 250 .
dMy
= pr Mp - pr Mxy o 200 e L
dt g
it will be useful to represent the derivativdVly/dt as the sum of 2 g 150
constituent derivatives, each greater than zero: =
S 100
dm dm dm
X ‘_P — ‘_x ) (11) 50
dt dt P—X dt X—P
The first derivative on the right-hand side of this equation governs 0

1234567 8 91011121314151617 181920212223 24 252627
transfer of TNF from plasma to compartment X, and the second

derivative from compartment X to plasma. By comparing equations (5) Ffig 2. HPLC separation of native 125-TNF dissolved in saline on a

and (11), we can write:

C-4 protein column.

% - Kpx Mo (12) Proport-io-n o-f Active’?d-TNF in Samples | .
Precipitation of plasma samples resulted in a reduction in free
and 129 by 82% (data not given). The HPLC separation of the native
TNF (*23-TNF in saline), as well as precipitated plasma
dMy samples, showed the presence of 2 peaks (Figs 2 and 3).
At lxep Kex Mx. 13) SDS-PAGE of samples taken from the second peak showed the

presence of bands representing TNF monomers, dimers, trim-

Approximating the derivatives by finite differences, we have respec-ers, and tetramers (Fig 4). Therefore, we have shown that there

tively:

is intact TNF present throughout the entire 3-hour experimental
period. No bands were present after SDS-PAGE of any samples

AMp/Mp taken from the first HPLC peak, suggesting that this peak is a
= Ky, (14) i i iodi
At lpox low molecular weight particle, such as free iodine or a small
fragment oft?34-TNF (Fig 4, lanes 2 and 4). HPLC separation of
AM, /My 129 standard suggested that iodide eluted at the position of this
A xep Kex: A5 first peak.

Equation (15) permits us to interpret the rate constésnt as the
fractional loss in TNF mass from the orgag per unit time. Hencekpy

The proportion of the remaining first peak, which moves in
the region of free’®d, remained a constant proportion of the
129-TNF peak (58% of peak 2) at both the initial (time 0) and

is the fractional loss in TNF mass from the heart per unit time, etc. The3-hour time points. Because the proportion of the 2 peaks

various values oKpx for different organs can, therefore, be compared
directly one with the other (Table 3). For liver and kidney, which 70
exchange TNF with both plasma and an excreted pool (bile and urine, 1
respectively)Ks, andK;sg are equal to the sum of 2 rate constants, as » 60
shown by equation (8). Since the values of the constituent rate constant% 50
are known, we can determine the fractional loss rate to both plasma ané

bile or plasma and urine. £ 4
Similarly, equation (14) allows the interpretation Bfp as the § 30 A A I v \
fractional loss of TNF mass from the plasma per unit time, which is & /V\ I A \
destined for the organ or tissue X. The sum of allkhg, as givenin the ‘:3 20
first term on the right-hand side of equation (1), gives the total mass of® 10 / A \ I I\ \
TNF leaving plasma for peripheral tissues per unit time. [ l\ \ l I \ \
01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

R ES U LTS [mPrecipitated plasma 3 hours post TNF Injection
Weight Change of Animals

ipitated plasma immediately afier TNF injection

Fig 3. %I-TNF was injected into an experimental animal via a
Surgical insertion of the cannula occurred on day O andcentral venous cannula, and blood samples were withdrawn immedi-
subsequently the rats were allowed to recover for 5 daysgtely after injection, as well as after 3 hours of circulation. Plasma
. L . . e . . collected at these 2 time points was precipitated with 15% TCA and
During this time, animals were provided with liquid diet, which . precipitates subjected to HPLC separation on a C-4 protein
resulted in an average gain of approximately 3.6 g of bodycolumn. Two peaks were clearly visible: the first peak represents
weight per day. After this recovery period, rats received aeither free iodide or a low molecular weight fragment of ?5-TNF,

continuous infusion of physiologic saline through the centralV/hereas the second peak represents I-TNF. The radioactivity in
each peak is presented as a percentage of the total in the 2 peaks and

Ver_‘ous C_annma in a_ddition to the liquid diet resulting in a jjyserates that the proportion of the radioactivity present in the first
weight gain of approximately 3.4 g/d. peak remains a constant proportion of that found in the second peak.
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1 2 3 4 5 of TNF. Adipose tissue containeql less thgn_ 0.7% of th_e injc_acted
dose of TNF at 3 hours suggesting that it is not a major site of
TNF accumulation. Therefore, when the carcass and skin are
considered together, these 2 sites would most likely account for
the remaining part of the injected dose (Table 2). In addition, it
is interesting to note that the TNF lost from the organs from 4 to
180 minutes can be largely accounted for by the cumulative loss
of radioactivity into the bile and the urine.

Compartmental Modeling of TNF Distribution

51kDa -
34kDa -

A mammillary compartmental configuration was used to
describe the interchange of TNF with the 10 organs and tissues
— measured (Fig 1). Using this model, we calculated the rate
constants for the movement of TNF from the plasma to the
organ, as well as from the organ back to the plasma (Table 3).
The rate constant ¥ (where X is any organ) represents the
fraction of the mass of TNF in the plasma that is going to tissue
X per unit time. This rate constant may primarily reflect blood
. ) flow, but may also reflect the attraction of an organ for TNF.
Figa. Gelelectropharesis of HPLC samples. Samples from each of This rate constant has been corrected for the size of the organ
the 2 HPLC peaks found on separation of (1) native 25-TNF (Fig 2); (2) ” . . . g
precipitated plasma taken immediately post-TNF injection; and (3) thereby allowing direct comparison of this rate constant be-
precipitated plasma after 3 hours of circulation (Fig 3) were subjected tween tissues. On the other hand, the rate constantéflects
to SDS-PAGE. Lane 1, native "-TNF; lane 2, HPLC peak 1 native  he fraction of the mass of TNF in organ X, which is leaving the
125|-TNF; lane 3, peak 2 native ?5-TNF; lane 4, HPLC peak 1-3 hour . h | o Thi
precipitated plasma; lane 5, HPLC peak 2-3 hour precipitated plasma. tissue to return to t € plasma per_unlt t'_m_e' 1S ';a_te constant
reflects what we will call the “relative affinity” or willingness

remained constant, it was unnecessary to correct each samph 2 tissue to hold onto TNF. Therefore, a tissue with a high

17kDa -

for the radioactivity present in this first peak (Fig 3). affinity for TNF will hold onto TNF without destroying or
releasing it.
Organ Uptake and Distribution d#3-TNF Examination of the organ uptake of labelled TNF, as well as

The liver and kidney were found to take up the largestthe rate constants for the movement of TNF, shows that tissues

percentage of the injected dose followed by the lung and theould be divided into 2 very distinct uptake patterns. The first
intestine (Table 1). Initially, organ uptake (excluding skeletal type of pattern was found predominantly in muscle tissues
muscle) accounted for approximately 20% of the injected dose(exclusive of the myocardium), which consist of a significant
During the first 30 minutes post-TNF injection, approximately Proportion of either smooth or striated muscle. These tissues
63% of the injected dose was distributed between the blood anghow a slow but continuous accumulation of TNF throughout
all compartments examined (Table 1). However, by the end othe 3-hour experimental period. These tissues have a srpgall K
the 3-hour period, less than 10% of the TNF could be accounteguggesting a high affinity for TNF of the organ (little fractional
for in the organs and the blood (excluding muscle). In anchange in the mass of TNF within the organ) resulting in a net
attempt to locate the remaining TNF, adipose tissue and skimetention of TNF over time within this tissue (Table 3). In
were examined at the 3-hour time point in the rats used for theseparate experiments, the mucosa from the stomach and several
additional bile and urine experiment described above. Thesintestinal segments were separated from the muscular layer.
animals were found to have, on average, 50 g of skin and furThese studies showed thab0% of the radioactivity measured
which took up anywhere from 32% to 55% of the injected dosein the intestinal tract (location independent) was associated with

Table 1. Total Organ Uptake of Labeled TNF as a Percent of the Injected Dose

Area Under Curve

4 Minutes 10 Minutes 30 Minutes 60 Minutes 180 Minutes cpm/organ/180 Minutes

Liver 15.11 = 1.68 11.96 = 1.15 5.3 +0.73 3.77 £ 0.59 1.69 = 0.18 718 = 54
Kidney 2.61 = 0.13 3.3+0.18 2.80 = 0.22 2.09 = 0.21 0.58 = 0.13 317 £ 18
Spleen 0.25 = 0.11 0.30 = 0.08 0.20 £ 0.10 0.30 = 0.06 0.16 = 0.07 44 + 6

Stomach 0.06 = 0.04 0.13 £ 0.04 0.20 = 0.04 0.32 = 0.07 0.49 £ 0.12 87 =12
Heart 0.54 = 0.16 0.50 = 0.10 0.31 = 0.05 0.26 = 0.04 0.094 = 0.02 41 = 3.9
Intestine 0.27 £ 0.27 0.35 £0.15 1.97 £ 0.47 1.25+0.24 1.35 £ 0.32 258 + 53
Lung 2.31 +£0.32 2.37 £ 0.17 2.31 = 0.58 1.7 £ 0.35 0.50 = 0.06 256 + 31
EDI 0.007 = 0.006 0.007 = 0.006 0.005 = 0.002 0.04 = 0.03 0.23 = 0.008 59=*+22
Soleus 0.003 *= 0.002 0.00 0.006 = 0.003 0.01 = 0.007 0.03 £ 0.007 49 +0.7
Diaphragm 0.23 = 0.09 0.21 = 0.04 0.1 £0.01 0.18 = 0.04 0.09 = 0.01 26 =3

NOTE. Data are expressed as the mean += SEM.
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Table 2. Uptake and Excretion of TNF as a Mean Percentage of the Injected Dose
4 Minutes 10 Minutes 30 Minutes 60 Minutes 180 Minutes
Blood 4251 +55 43.01 + 4.2 20.06 = 1.8 1139+ 16 3.38*x05
Organs 20.19 £ 2.2 19.15 = 0.96 13.81 = 1.24 95112 4.39 = 0.67
Skin 505=*5
Skeletal muscle* 9.23+9.13 9.63 438 2285+ 6.1 2233+ 7.7 32.63 =55
Urine 0.03 = 0.01 0.21 £0.14 0.42 = 0.33 1.07 £ 0.67 354*11
Bile 0.22 = 0.01 0.4 +0.12 145 +0.2 2.67 £ 0.16 7.05*1.6
Total 72.18 72.4 58.59 46.97 101

NOTE. Data are expressed as the mean = SEM.
*Calculated based on the average amount of skeletal muscle per rat.#?

the muscle layer with approximately 35% of the radioactivity of a cascade of endogenous and humoral mediators that
being associated with the mucosa (data not shown). modulate and amplify its effects#1%Indeed, peak levels of

In contrast, the visceral organs, the liver and the kidney, shovecirculating stress hormones, soluble TNF receptors, and other
a different pattern of TNF uptake and release. These organsytokines have been observed after peak levels of TNF have
have a rapid accumulation of TNF in the first 30 minutes of been achieved and continue to circulate long after TNF levels
study followed by a rapid loss of TNF. The loss of TNF by these have become negligibfé:16.17 Subsequently, TNF is cleared
tissues may reflect the loss of intact TNF from the tissue orrapidly from the circulation resulting in relatively low or
alternatively the release of radioactive iodide from the metabo-undetectable circulating leveld:61416This rapid clearance of
lism of TNF within these tissues. The finding that the cumula- TNF has made the interpretation of circulating levels of this
tive loss of TNF from the tissues can be largely explained by thecytokine in the clinical setting extremely difficult.
cumulative loss of TNF into the bile and urine supports the To simulate the physiologic burst of TNF that occurs during
degradation of TNF within the visceral tissues. The ratecritical and chronic illness, we have studied the in vivo
constants for these tissues are large, suggesting both ametabolism of a bolus of TNF to understand how the burst
increased fractional mass of plasma TNF is going to the visceratlistributes itself. Studies of TNF metabolism have used combi-
organs, as well as leaving the liver or kidney to go either back tonations of labeled and unlabeled TNF. Classic studies by
the plasma or out into the bile or the urine. These rate constant8eutler et & showed that when an “excess” of unlabeled TNF
represent a rapid initial accumulation of TNF within the visceral was provided together with labelled TNF, there were only very
organs with little retention. Autoradiography of SDS gel- slight changes in the TNF clearance patterns. This excess
separated bile proteins support the presence of intact labeleahlabeled TNF affected only the magnitude of TNF binding to
TNF in the bile of experimental animals (Figs 5 and 6). tissues and not the relative magnitude of binding when each
Autoradiography of the separation of urine by gel electrophoretissue was compared with the other. In fact, studies performed
sis failed to show the presence of any intact labeled TNF in thewith or without the addition of cold TNF have found very
urine, suggesting that TNF is degraded within the kidney withsimilar patterns of TNF organ uptake at discrete time points,
the subsequent release of radioactive iodide. suggesting that these studies can be performed with or without

the presence of unlabeled TR
DISCUSSION Experimental data on the plasma disappearance and tissue

Physiologically, TNF is produced in a burst in response toaccumulation of TNF were used to create an in vivo model of
injury, trauma, or bacterial invasion and has been extensivelyf NF distribution over time in rats using a multicompartment
linked to the metabolic alterations associated with sepsis or
endotoxemia:4The production of TNF results in the activation 1 2 3

Table 3. Rate Constants for the Movement of TNF Between
Tissues and Plasma

Kxp (going to Kpx (leaving
tissues from tissues for
plasma) plasma)

Intestine 0.044 0.0098
Lung 1.94 0.13
Liver 18.21 1.83
Spleen 0.32 0.09
Diaphragm 1.03 0.50
EDL 0.047 0.003
Soleus 0.008 0.004
Kidney 2.37 0.13
Stomach 0.03 0.02
Heart 1.57 0.43

Fig 5. SDS-PAGE of bile samples under reducing conditions. Lane
NOTE. The rate constant K has the units of time~1. 1, low molecular weight markers; lane 2, labeled TNF; and lane 3, bile
Abbreviation: EDL, extensor digitorum longus. sample.
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1 %) 3 pattern that are primarily responsible for TNF metabolism.
Furthermore, the release of TNF into the bile and the urine
supports earlier studies, which have concluded that the kidney
and the liver are the organs primarily associated with TNF
clearancé:#23In addition, studies of TNF kinetics have shown
that TNF clearance is impaired in nephrectomized animals in
comparison with control animals, supporting the importance of
the kidney in TNF metabolisrh?* Radioactivity measured in
the urine was not associated with intact TNF suggesting that the
kidney metabolizes TNF with a subsequent release of free
iodide into the urine.

In contrast, the muscle tissues, (exclusive of the myocar-
dium) such as the EDL, soleus, the stomach, and the intestine,
which consist of a significant proportion of either smooth or
striated muscle, showed a second distinct pattern of TNF

Fig6. Autoradiograph of the gel in Fig 5 after 7 weeks of exposure. accumulation and loss. These tissues followed a pattern of slow
Lane 1, bile sample; lane, 2 labeled TNF; and lane 3, low molecular and continuous TNF accumulation over the entire 3-hour
weight markers. Bands representing the presence of intact TNFwere  paring |y addition, the extremely smallK for these tissues
seen in the bile of the experimental animals. N~ . K ..

indicates that these tissues have a very high affinity for TNF and

release very little back to the plasma resulting in a sequestration
model. Previously, the organ uptake of TNF had been studie®f TNF within these tissues.
only at isolated time points with little integration of the uptake ~ While it is relatively clear that a pattern of rapid TNF
to other tissues or to the plasma disappearance of3¥&f14  accumulation and loss reflects tissues primarily responsible
The patterns of tissue accumulation and loss of TNF will largelywith the metabolism of TNF, it is less clear the relationship
reflect the balance between TNF binding to cell surface andetween muscle sequestration of TNF and the physiologic
soluble TNF receptors. Proteolytic cleavage of the extracellulaaction of TNF on muscle. The production of TNF has been
domain of the 2 TNF cell surface receptors results in thelinked with the development of anorexia, as well as with the
production of soluble TNF receptors, which remain able to bindaccelerated wasting of peripheral muscle proteins. The chronic
TNF in the circulatior?'8 These receptors have been shown toadministration of TNF in humans and animals resulted in
act both as TNF antagonists by binding TNF and preventing itsdecreased food intake and weight loss, the severity of which
interaction with cell surface receptors and as reservoirs ofnay be related to the site of TNF producti®rf’ Treatment of
bioactive TNF by stabilizing its tertiary structure and allowing it animals with anticachectin/anti-TNF antibodies was found to
to be slowly releaset?.?°Levels of soluble TNF receptors are attenuate the anorexia and weight loss associated with multiple
present in the serum of normal humans and become elevatédjections of recombinant TNF or in animals with transplantable
during a variety of inflammatory and noninflammatory dis- tumors?2°TNF has been found to affect gastric emptying and
easeg?2The factors that trigger the release of these receptorsnotility, which contribute to the development of anore$da!
are unknown. Our model is unique in that it allows an Wasting of the muscular layer of the intestine may result in
integration of the patterns of TNF uptake and loss by tissuesmpaired motility and impaired gastric emptying, thereby
with the production of soluble TNF receptors. These solublecontributing to the anorexic response during illness. Our finding
TNF receptors will ultimately affect the balance between of increased TNF accumulation in the intestine and stomach of
circulating levels of TNF and the binding and distribution animals suggests that TNF binding to these tissues may affect
patterns of TNF to tissues. In addition to the determination oftheir function.
the major sites of TNF accumulation and loss in vivo, these In addition to contributing to the development of anorexia,
studies describe, for the first time, 2 distinct patterns of TNFTNF has been linked to the accelerated wasting of peripheral
uptake, which may reflect the physiologic actions of TNF atmuscle observed in critical illness. In critical and chronic
these sites. illness, there is a marked wasting of skeletal muscle with a

In the visceral organs, the largexiK may simply reflect relative preservation or even enhanced protein content, DNA,
increased blood flow to these organs, but may also suggest eand RNA of the viscer&32 This enhanced visceral protein
increased number of TNF receptors or an increased bindingontent is believed to contribute to the production of acute
strength for TNF by existing receptors. The net result is a strongphase reactants, as well as for the synthesis of gliioBee
initial attraction for TNF leading to a large fraction of the mass finding of a slow, but continuous, uptake of TNF by the
of TNF in the plasma going to these tissues. However, thes@eripheral muscles (EDL and soleus) suggests that TNF binding
tissues also have a larggsuggesting that there is also a large and sequestration by peripheral muscle tissue could mediate
fraction of the mass of TNF that is leaving these tissues. Theaissue wasting. The wasting of peripheral muscle may also
loss of TNF from these tissues is similar to the cumulative losscontribute to the respiratory failure observed in critically ill
of TNF into the bile and urine, suggesting that the TNF lost patients. The link between TNF retention and tissue wasting is
from these tissues is at least partially degraded and released agengthened by the observation that tissues showing little TNF
radioactive iodide into the urine. This pattern of rapid uptakeretention, such as the liver, do not become wasted when TNF is
and loss suggests that it is tissues with this type of uptakeresent®
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The pattern of TNF retention in peripheral muscle tissuesbinding of TNF to the p-55 receptor resulted in changes in
suggests that TNF may also bind to and be retained by thealcium homeostasis, as well as in TSMC growth. These
smooth muscle cells lining the blood vessel walls. The accumuinvestigators concluded that the binding of TNF could modulate
lation of TNF may mediate the wasting of these musclessmooth muscle cell function, and that the action of TNF at each
resulting in the decreased peripheral vascular resistance and tiieceptor would be tissue-depend&? Therefore, there is
hemodynamic collapse associated with TNF administrationevidence that the binding of TNF to smooth muscle cells in the
TNF administration to animals and humans results in a dramatiglood vessel wall may be a key factor in the regulation of blood
drop in cardiac output, hypotension, and decreased periphergressure during iliness.
vascular resistance. Therapeutic trials designed to determine There are some caveats; while most tissues bind TNF,

dosing schedules of human recombinant TNF for use in canceinding alone does not appear to be the sole factor responsible
patients were limited due to the development of hypoten%ion. for the biologic effects of TNEL Neither TNF receptor number
TNF given to rats, beagles, or baboons resulted in hypotensiomor the relative strength of binding has been linked to the
tachycardia, tachypnea, and respiratory faifif€.These find-  susceptibility of a tissue to cytotoxicity or to TNF-stimulated
ings were associated with depressed blood pressure, cardiggowth. In addition, the pathways by which each TNF receptor
Output, VaSCUIar resistance, and impaired |eft Ventricular ejeCSignals |ts bio|ogic responses are a|so relative|y unknown_
tion fraction, which lasted for days after TNF administration in Finally, the physiologic significance of TNF binding to soluble
dogs® These findings are identical to those of septic shock. INTNF receptors remains to be proven, as well as the factors that
addition, the pretreatment of baboons with anti-TNF monoclo-affect the relative distribution of cell surface and soluble TNF
nal antibody (MoAb) protected the animals against the hemOdYbinding proteins. Therefore, the binding of TNF to tissues
namic collapse and death seen in the untreated animals giveiflects a complex interplay between soluble and cell surface
TNF even though bacteremia was presér@tudies by Amrani - TNF receptors, which may significantly affect the nature or the
et af’ found in second to fourth order rat cremaster musclemagnitude of the physiologic response to TNF at the tissues.
arterioles that acute exposure to TNF resulted in significantryjs study represents the first attempt to create an in vivo model
dilatation, which was not observed when arterioles wereqot TNF distribution between the plasma and the tissue compart-
pretreated with TNF neutralizing antibodies. Research has noW,ents and will lead to further studies using molecular tech-

focussed on the role of TNF in the induction of nitric oxide niqyes to link the tissue uptake of TNF to the biologic effects of
synthase (INOS) by smooth muscle cells. Studies have sugryE.

gested that TNF and other cytokines can induce nitric oxide

synthesis in smooth muscle cells resulting in the vasodilatation

and hypotension seen in septic shdtka addition, Baudry et ACKNOWLEDGMENT
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