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Introduction., In acute nfections conplex metabolic adaptations
in the host result in sufficient 1ncréna¢hdh.pat1c gluconeogena;in 80
as to maintain ﬂear normal levels of plﬁama glhc;ne in spitc of
inctégged gc#iiiﬁtion of glucose by the body (1,2). In contrast,
severe infections are characterized by chg devalopuent of hypoglycemia’

during the agonzl stages of tuc diseisce procass as a result of an

1mpa1red capacity of the liver to synthesize glucose (3~5).

The search for specific bilochemical icsions hao ylclded a number
of proposals to account for the breakdowvi: in glucose eythasin, Tor
example, perfusion studies on isolated livers from S. pneumonfr: |
infected rats led Curnow et al. to coné;udg thzt a lack of reduveing
equivalents (H ) was the epecific poiutvof.biochcmical failure (G).
Morc recently, an inhibition of thc inductlon of phospﬁoenolpyruvate
carboxykinase (PEPCK) hasvbeen‘préposcd to account for the decline

of blood glucose levels in mice infezted wilh S. typluiwerdua (7).

To better delineate tle mcchanlem(c) recponsible for the agoncl:

_breakdown of carbohydrate e&nthcﬁis we have dctermined the gluconcngenic

capacity of single cell suspensions gf hepatoceytes jsolated from

ccntrol and S. Eneumoniae infected rata. The uz’ of icolated hepato ytes
parmits an evalvatiov of their glu~owcogen4n capacity {u ‘a coquoJ}ed
environment removcd from humoral factors, ' In contrast to in vive or
liver pcrsusion studies, kinetics of glucore synthesis from various
gubstrates and effects of actilvato... or inhibitore can be uimultaneousiy
evaluated in isolated hepatocytes by usz of aliquots fiom the same esll

population. Tiis approach Iscilit: Les coupcricon end deceription of

‘ pogsible epecific mechaniuma. Ouy renu]tu indicate that &c infecticn

progreansea the cnpacLLy of heprtoc y*va CO gynthapire ccrLoh}drates
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becomes progreaaivély and inhercently impaired, This 1nh1b1tion

.
LN

cannot be reversed by addition of H+. On the other hand, enzymatic
measuf&mcnts'show significantly reduced levels of PEPCK in livers

of agonal rats. A fall in th activity of this rate~limiting
gluconeogcnic enzyme woﬁid resuli'in an impaired conversion of
pyruvate to phosphoenolpyruvate (PEP) and account for ;he development

of hypoglycemia during the agonal stages of severe infections,

Materials and Methods. Male, Sprague-Dawley rats weighing 200-250 g
'wefethuscd in témpcrature- and 1ight-controlled‘quarters. R;ts had
access to food and water ad libitum and were acclimatized to a 12~hr
day-night cycie for 14 days prior ta experimentation, Rectal
temﬁeraturcs were recorded at appropriate intervals with a Yellow

Springs telethermometer. Experimental rats were inoculated

subcutaneously with 3 to 30 x 10‘l Streptococcus pneﬁmoniae, serotype I,

AS strain organisms. Both control and qxéerimental rats were deprived
of food for the 40 hr prior to being sacrificed for the collection of
tissues. All raés ﬁere killed at 0830 hr, a time corrcsponding to
the midpoint of the night cycle., This required that for tempo£a1
studics inocul#tion of rats with bacteria be made at different times
of the day. This procedure was adopted Lccause baseline values for .
gluconeoggncsis vere more consistent and reproducible if the time of
sacrifice of the rat was uniformly controlled.

For isolation of hepatic parencgymal cells (1rc), the liver of
Nembutal (5 mg/100 g body weight) anestetized rats'was'pcrfused in
situ with a solution of 0 03% coJlagcnasc (Type II, Wbrthington

e

- Biochemicals), 1. 5/ fatty acid free bovine serum albumin (Fractioﬁ V

. ,o
4



Bigma Chen. Co.), and 50 yg/ml Gentamicin (Schering Corp.) in cn"'"

tree Kreba-Henaeleit bicarbonate (K=H) buffer, pH 7. 4. The
perfusion and subsequent processing of the liver was according to
the method of Berry (8). HPC viability (typically 85-9OZ.viable)

was assessed by trypan blue exclusion and the concentration of cells

. adjusted to 3.5 x 107

HPC/ml in K-H buffer containing 50‘}g/m1
Géntamicin. For measurements of gluconeogenesis, hep;tocyteu (3.5 x 106)
in-1.5 m EIU(Oue'free K-H buffer were incubated in polypropylene

tubes (17 » 100 mm) with either 15 nmoles sodium pyruvate or 15 nmoles
1ithium lactate and 3 nmoles Nﬂadl. When required ethanol vas added

to a final conceniration of 2 m¥. The reaction miutires were gaseed
with a ﬁixtdre of 95% 02 and 527 COé, stopﬁcred and incubated at 37°

in a reciprocating wacer bath (160 oscillztions/min). Reactior

were stopped every 15 min for up to 60 win Ly addltic- of 0.15 ml of

ice-cold 3 M HC10 The mixture was centrifuged at'7,500 RPM for

4‘
15 min in a Sorvall RC2B centrifuge and th: resulting supernatint

neutralized with solid KHCO Followirg, centrifugaticn the final

3¢
lupe;natant was assayed for glucosz content by the glucose oxidac
method (9).

Pive percent whole liver homogenates wexa prepared in 0.2l
sucrose containing 20 mM triethanol&mine, lmM glutethione und.lmM ]
EDTA af. pH 7.5. Pyruvate carboxyiase (PC) and Phosphoenclpyruvate
carboxykinase were measured, respectively, on mitochondrial ¢n»d
supernatant frgctions isolated by differcntial centrifugation of
hottogenatos ¢L0). Fan_ymc activitier were mearured by a

radiccherical assay involving incorporatioi ol (lac)wbicarbonatm

iuto oxnloacetate ercentially as deseribed by Ballard and Hanson.

[
.
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"~ (10) except that the concentration of phosphoenolpyruvate in the

carboxykinase assay.wna_incrcaécd to 7.5mM.> Protein cpncentrnt’Jné
vere determined'by un,ﬂhéémnted Lowry proccdure using ﬁovine serum
albumin as standard (11),

Stock cultures of ofga;isms were stored at -20° in brain heart
infusion broth (Difco Laboratories, Detroit, Mich., USA).and subcultured
by ;;ssage in mice at approximately 3 week intervays.{ For preparation
of chaliénge inoculum, brain heart infusion broth containing 107 rabbit
serum and 1% frech defibrinated sheep blood were inoculated with stock

..culture mgtqrial and incubated at 37° for 18 hr., The cultural growths
were harvested, suspended in 0,17 tryptose- 0.5% NaCl solution and
the concentration of organisms approximated by adjustment of
turbidity, using a spectrophotometer at 400 nm., Viable counts were
determined by inoculating blood agar plates with serially diluted

portions,

-



- Hesulte, Inoculntion of 8. pneumon 110 into rats resulted in a
TS unifornly iaégﬁl tnteccion. Infected rats became febrile within
| 16-20 hr, attained a rectal temperavure greater than 39° by 40 hr and
‘died after 54~60 hr.
| Glucole'prodﬁction'frém'16 mM pyruvate or lactate by 1eolﬁted'
'hepatocytes'isolated from control nn& experimental rats is given in
Table I. Gluconeogenesis by hepatocytes from fasted éontrol rats woo
aimilar'to rates reported by others (12,13) and corresponded to 35
nmolen/min/107'cella from pyruvate and 33 nmoles/min/107 éells from
lactate. Thé capacity of hepatocytes obtuined from agonal rats,
40 hr after inoculation of bacteria, to syni:csize glucosu.from these
substrates was meaningfully reduced. The ‘production of glucose from
‘pyfuvate aﬁd léctate(in tiinge cells decrcased by 42% and 35%, respectively,
when compared with control cells. Hepaﬁocytes obtained. from the early
stages of the .infection, 20 hr post-inoculation, did not differ
from fasted controls in their capacity to ‘synthesize glucorc.
Increasinglgellﬁlar NADH levels through qxidation‘of ethanol added
" to hepatocytes from fasted controla caused a nezrly 2 fold increase
in glucose formation from pyruvatc. .In hepatocytes from agonai rats,
ethanol falled to rcturn glucose production to control levels., 1In
fact, glucose production from pyruvote in thu presence of ethanol
in these cells was approximately 300 g less thau that measured in
control cells under similax conditions. When lactate was used as
substrate, addition of cthanoL diminished glucose pfoduction by ana
approximately, equivalent amount.regnrdless the source of heputocytes.

Thie reduction results bocause conversion of lactate to pyruvate is

i ineny Kl

L.

inhitited due to competition for avallable NAD with thd alcohol

.

deliydrogenase reaction,




‘:Tﬁi:f§i5£1¥é apdéiflc actiViiy of hepatic pyruvate carboxylase

‘"~ was not altered by infection (Fig. 1). In. contrast, PEPCK activity

was unchanged with respect to controls 20 hr after bacteria inoculation,

but decrcased by 47% in agonal rates as cripared to uninfected rats

fasted for 46 hr. ' -
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" of several plycolytic reactions, but inqludua‘a~uumber of reactions .. -

Discussion. The gluconcogenic capacity of Kepatocytes isolated

LK)
LR

from febrile rats during the early stages of pneumococecal infection was

" not increascd in comparison to cells from fasted controls. This

obéervation is in apparent contradiction with in vivo studies demonstrating
an incrééscd formation of glucose'during acute infections (14,15). °The
difference may be attributed to stimulation of gluconeogenesis in vivo

by such humoral factors as hormones. On the other hand, thc'saturating
levels of substrates employed “n the present study may have obscured
differences in gluconeogenic capacity which would have beenvéxpregsed

had lower ;oﬁceﬁtratién of substrates been employed. Aithough these

and other possibilities can be experimentally evaluated using isolated

_hepatocytes, the primary intent of the present study was to identify

factors contributing to development of hypoglycemia during the agonal
stages of the disecase process. |
The use of fresh suspensions of isolated hepatocytes and of

substrates vhose entrance into liver cells are transport independent

~has served to demonstrate an inherent impairment of hepatocytes from

agéﬁal rats'to synthesize glucose. MNence, impairment of gluconquenesis'
13_iixg may occur irrespcctive of bossible modulatory effects of

hormones or availability of gluconeogenic precursors (16). Since
addition of reducing equivalents in the form of ethanol or use of .
1actate,\a more feduced substrate than pyrdvate, failed to.appreciaﬁly
alter the gluconcogenic capacity of hepatocytes from bgonal rats, it

is unlikely that a lack in ﬁ+'is a factor in the i@pnirmeut of

glucose synthesis as previously ﬁropdsqd (6).

Synthesis of carbohydrates from pyruvate procceds by revérsal

o
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unique to gluconcogenesis., For example, the conversion of pyruvate

.to PIP, considered to be.a rate 1imit£hg %EZP, involves the carb;xylation
of pyruvate to oxaloacetic acid (0AA) by PC and pﬁosphorylntion of

OAA by PEPCK. The modulatipn of PEPCK #ctivity represents an 1mpor;nnt
mechanism for the rcgulation of gluconeogenesis in the liver by
glucocqrticoids (17). Hence a diminished rate of OAA conversion

~ to PEP due to a 47% decrease in the PEPCK activity of agonal rats

as compared to fasted controls cculd acco;ht for the impairmént

of gluconeogenesis during severe infections.

The cause of the &epressed PEPCK activity,'however, is unclear.
PEPCK is one of a number of hepatic enzymes whose synthesis is:
cnhanced-by glucocorticoids (17). In acute infections an increased
gecretion, combined with a loss of the diurnal fall in plasma
corticosteroids serves to elevate the concentration of plasma
glucocorticoids (18). The rise in circulating glucoéorticoids
promotes a général anabolic responsé in“tﬁe liver (19), incfeasing
the activity of various hepaﬁic enzymes and accelerating the rate
and synthesis and secretion of acute~phase serum proteins. However,
as an infectious illness persists or worsens the liver appears to
become refractory to the stimulatory effects of glucocorticoids.

‘ The activity of glucocorticoid regulated cnzymes such as tryptophan~
pyrrolase (19), tyrosine transaminage (20), glucose-6-phosphatase
(21) and apparently PEPCK decreases despite increasing plasma
glucocorticoid concentrations (18).

Factotrs responsible for the liver's refractoriness,to the
effect of glucocorticolds are not vell defined, Based on studics
with cndotoxin and other agents active on thq fe;iculoendotbeliq}'

»

te
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-uyaten (RES), ‘Agarwal (22) haa advanced the concept that hepatic
rafractoriﬁ;aa of tryptophan pyrrolase and tyrosine tranlaninaeo to
glucocorticoids induction is mediated by factor(s) released from
RES cells in response to injection of microorganisms or noxious
.agenta. In fact, a leukbcftic mediator(a) has been purporied to
"be released by activated phagocytes (23) This mediator(s) .is
' thought to mod*fy hepatic RNA and protei; synthesis and manifests
other aspects of the metabolic sequelae accompanying infections
and inflammatory reactions (1). Further studies will be required,
. however, to determine whether the agonal depression of hepatic PEPCK S
activity is due to refractoriness to glucocorticoids as a reéult of
mediator(s) secretion from RES cells. In addition, consideraéion
alsd must be given to the possibility that lmpairment of gluconeogenégis

~in severe infection wmight result from altered kin .tics or accumlation

of specific inhibitors of PEPCK.

s
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‘Shunag!.. The gluconeogenic capacit; of single cell luapgnsic;
.o! hepatocytes idolated from control and S, pneumoniae infected rats
was determined. Ic'ia shown that (1) gluconeogenesis from pyruvate
an lactate is reduced by 35-42% in hepatocytes isolated from agonal
rats; (2) addition of ethanol fails to return glucose aynthésia:to
control levels; and (3) the activitf of a rate limiting gluconcogenic

encyme, phobphoenolpyruvate carboxykinase 1s reduced by 47% in livers

4L

of agonal rats. It i{s proposed that the decrease in PEPCK activity,

rather than a lack of. reducing equivalents may account for the agonal

brcakdowr in glucose synthesis during severe infections.
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‘ Figure 1, Relative specific activity of liver ﬁyruv'nte carboxylase
| and phosphenol pyruvate carboxykinase of 8. pneumoniae

infected and pa;:h:-fasted control rats. Values showm are
. the wean of six livers per grr.;up. Bars indicate the

st:-adard error of the mean for each group.
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