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Summary, Maturally cccurring humic substances are
particular chiemical cornpounds which are found in hu-
mus. They kind to carbohydrates, amino acids and ster-
oids by means of hydrogen bonds, covalent bonds and
epsilon daunor-acceptor complexes. Three specimens of
low-melecular humic substances wers tosted {twoe natu-
rally oecurring humates and one synthetically prepared
humates). They were all capable of stimulating certain
functions of human neuirophils (PMN), such as the re-
spiratory burst which results in the preduction of toxic
oxygen compounds. This PMN stimulation can be dem-
onstrated with the help of chemiluminescence, as well
as by cytochemistry and with the electron microscope.
The mair product of the humate-induced PMN response
is H,0.. There was ac activation of retutrophilic che-
mokinesis or chemotaxis. It is suggested that the low-
molecular humic suhstances originating from dzcaying
orgasic mererizl contain chemical struetizres which can
zct as signals to change dormant PMN into activated
cells.

Key words: Humic substances — Humate - Human acu-
trophils -~ Respiratery burst — Chemiluminescence —
Eleciron microscopy

Iniroduction

Naiurally oecurring huimnic substances (Rerzelivs 1893;
Hoppe-Sayler 1859) are particular chemical comzounds
which gre found in humus. They have a brewn eolour
and are formed during the precess keowen as humifica-
rica from dead rotiing organic material.

Fuinic acids arise from their precursors during the
courss of bumification and, together with cther ncu-
hamic substances, bind themselvzs 1o chermically inert
humines which are finalty incorporated into the process
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of carbonisation (Zizchmani 1989, 1688}, Tn comparizon
with the bumic acids themselves and with humines, the
precuesors of humic acids have a low molecular weight
of about 1 ¥ It s possible to reconsiruct a model =f
their genesis, and it hes been described mathematically
by Kappeler and Ziechmans {1969} as a sequince of
intzreeiated Markoff processes (Kingman 1949, Batsche-
let 1979). The synthesis of such a mode! humic substance
is initiated by the autoxidation of wwuliivalent phienols
(Diehler et al. 1961; Ziechmana 1980), which appear
naturelly followiag the hydrolisation of lignins. As the
resitt of the elecirophilic atiack or @ displaceable elec-
tron by an epsilon-asceptor - usually molscular oxygen
- highly reactive radicals are formed, which possess a
single wnpaired electran. The instability of such an oxy-
w radical i1s partly, but not completely, reduced by
ietramolzcuiar meseanery. This leads 1o the appearance
of, for instance, p-benzo-semiguinoge anions as O- or
C-radicals. As 2 result of the ever-inc g intramole-

ge

cular mesomery, $wo C-radicals may become united by
a C-Cw hond, or & C- and an O-radical by ar -0- bond.
inaily, the building up of side chains may be

F

large
ing togeiker of individual! chermical building-blocks to
prodace & complex end strscture (Ziechmann 1988

Thirmana and Maleeln 1933). The molecular bonds

rroduces intermaelecuiar mesomery. Some maoleciles act

d others as epsilon ascepiors, there-
by buildicg up epsilon donor-zeceptor complexss {Zizch-
mann 1988). Thai these prooesses also inke place in nadu-
raily occurring humic subsiances caa te demorstrated
fromn the fact that they possess 2 high degree of slectrical
conductivity and act as wealk sermsiconductors in the solid
state (Leniz end Ziechmanr 19€7). The final stage con-
sizte of the appearance of carboxy! groups, which are
hrought into existerce by the oxidation of CHy- groups
or by the opening of rings with subsequent oxidation
(Ziechmann 1980).

as epsilon denots,
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Fig. 1. Important stractoral characteristics of 2 model humic sub-
stance. /. aromatic ring; 2. chineid ring; 2. aliphatic side-chain
producesd by h‘tsiqu up of m-.g siructure; 4. O-bends; 5. C-
;0. C-Chbonds; 7. carbexyl groups; &. phenolic -OH groups

Hurzle acids and humzates therefore consist of numer-

18 phenol and quinone rings (Fig. 1), brought together
by -0-, -C- and -C-C- bonds to > form complex building
blocks which cannot be defined in classical chemical
terms (Thurman and Malcolm 19823 ; Ziechmann 1988).
These building blocks can bind themselves to amino
acids and pepfides, as well ag to carbohydrates and ster-
oids, by means of covalent bonrding, hydrogen bonding
or epsilon donor-acceptor complex honding (’\ﬁ‘.]ler-
Wegener 1982 ; Zicchmann 1988), bringing about an in-
crease in entropy of the dead material up to a particular
level. In this way humines are produced which lose their
chemical reactivity pari passu with an increase in molec-
ular weight.

These physicochenical properties
lar bumic substarces seem

of the low-molecu-
to be responsible for some
reactions oocurring in tissues (Jonas and Riede 1979,
1999; Riede et al. 1290; Kithnert 1989), such as antibac-
terial effects (Kihnert etal. 1989), antiviral ecffects
(Kiihnert et al. 1989) desmutagenic effects (Sato et al.
19‘:’-5 1987; Gichper ctal. 1990) and also mm.hallng

ffects on oxidative phosphorylation in rat Hver mito-
,nundnu (Visser 1987). To evaluate the possible role of
huraates in the inflammatory process (Lange et al. 1987),
we stimulated human neutrophil granvlocytes (PMN)
with different natural and synthetically prepsred humic
substances and stuclied their reaction histochemically,
under the electron microscope and with the help of che-
miluminescence.

Materiad and methods

Huinlc substances, The following three preparations of humic sub-
stan (hun"alrﬂ‘, have been available to us:

1. Unpurified naturzl raw humate obizined from: Farberde (Kas-
seler Braun) with an average molecuiar weight of 15 kD (1.5~
50 kI):
2. Purified natural humaie (FL-70) obtainad from Farberde (Kas-
seler Braun) {(Mach 198D} with an average melecular weight of
KD (0.5 kD5 kD),

3. Highly purified synthetic humate (HS-1500) (Seubert et al. 1989)
with an average molecular weight of 1.5 kD (0.5 kD-2 kD).

PMN iselation. Humen PMN {polymoerphonucizar neutrephil
granulocytes) were isolated from heparin-anticoagulated venous
hood f Fena healithy donors in 8 way that has zlicady been described
(Kapp et al. 1989, 1988), by Ficoll gradient ceatiifugation and three
30 ¢ cyeles of 0.2% NaCl treatment followed by the addition of

an cqual velume of 1.6% Nafl to lyse red blood cells. Celis were
8 % PMN as judged by Pa ~r;r:heim stzining and more than 95%
viable by trypan blue exshusion, They were used immediately for
ﬂ':r; xperiments in order to M(‘ d storage-zssociated alterations
(h" cvioskeleton (Palre of al, 1981),

Chemilumizescence, PMI (53 10°% celis per mi) werz plaged in a
sotuticn of HBSS (Hank’s balanced salt Sr‘?‘ll n), baffered at
¢H 7.4 with HEPES (4-(2-Hydroxysthyl)-1 -plrrmim, -2thanesil-
fonic acid), to which 2.2 ml of Iuc.grmr and 1 mg/ml BSA had
been added. Measurement of the lusigenin-dependent chemiivmin-
escence was made after the addiliow f ’mmair- I aui;m &nd stimu-

et al. 1985). The results were recorded as mtegral counts x 107°,

Electron micrescopy. In order i the effect of the humic
substances, PMM (5 10% cells per ml} were placed in microreac-
tlon chambers for exami nauov wirder the transmission electron

microscore, 2nd in a congentration of 1% 10° cells permiin Leight-
on tizbes (Costar-Tecnorama, Fernwald) for examination with “the
sGAnRing c‘g tron microscope. Flnally, PMN were treated with var-
igus concentrations of humate substances for 30 min at 37° C at
H 7.2, and cither stimulated or allowsd to remain unstimulated.
Stipulation with photbol myristate acetate (PMA} (10 mg/ml)
served as a positive conirol. Following the relevant incubation time,
the PMN were iremediately fixed for {rensmission or scanning elec-
tron microscopy by a method already deseribed (Zeck-Kapp ot al.
1989, or .ﬁ ‘h-" treated for the demonstration of H,0, and then
exzmined with the transmission slectron microscope (Zeck-Kapp
et al. 1989).

For examination with the scanning electron
fingl hyde and then post-fixed in osmium tetrox-
method al d) describad (ZI‘C(. B D et al. (\cm\ The

specimens were dehydrated in an acetone serics unti! a critical dry-
ing point had been rncned, and then geld-spuitered and examined
under a Jeol I-35 scanning electron microscope.

uicroscope, PMN

Iistochemisiry. The comb:imlf-:‘; altrastructural and hasi
demonstration of H,0; duction mvolved @ methed de
by erbg" and his co-w O‘k s (1975). Briefly, after centrifugation,
unfized cells were prefncubaied for 10 min at 37°C in 0.1 M Tris-
maleate with 7% sucrose, pH 7.5, containing 1 mM Aminotriazole
(AT). The fina! incubation medium consisted of 0.1 M Tris-maleate
with 7% suerose, ol 7.5, 10 mM AT and ti:M CeCly. PMN
were ircubated for 3¢ min at 37° C in this medinm. Thereafter,
PMN were wasazd in Trig-mai c.ve buifer with 7% sucrose al 4° C
and fixed in ?% g'nhml‘ehd‘ in 0.1 M sodivm cacedylaic buffer,
pH 7.2, with 5% sucrose for 60 min at 4° C. Tn the cerinm precipia-
tion series, calls were subs cqurr*tly washed in sodium canodylate-
buffer, pH 6.0, with 5% sucrose for 60 min al 4° . The PMN
ware finally washed o frrru:;h‘ in a 0.1 M sodinm cacodylate buffer
at pH 7.3 aed 5% sucrose, aud post-fized for 60 min in 2% osmium
tztroxide i the same buffer. Dehydration in ascending alcohols
was followed by embedding in araldite. The ultrathin sections were
routinely cut with a Reichert Ultratom 3, stained in 4% aqueous
uranyl acetate and lead citrate and examined under a Zeiss 9 S-2
electron microscope.

Chemetaxis. Chemotaxis was examined in & Sykes-Moore chamber
under an mverting ndcrescope {Leitz Diavert) equipped fior reflec-
ticn contrast raicroscopy by » method that hus already been re-
ported (Keller 1983). The percentage of PMN that had migrated
cut of the wotal number of cells on each surface was deterrmined
(Kellar 1683) with different concentiati of humats {HS-1508),
three tests being carried out for each. An immimucnmplc.A -activat-
ed specimen of human plasma served as a positive control medium
(Keller et al. 1976).

Chermolizesis. The investigative routine used for chemotaxis is also
appropriats for chemokinesis (Keller 1983}, The motility of non-
therent, free-floating PMN was determined, and the proportion
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Table i. Lucigenin-dependent chemituminescent (=CL) response
aue to varieus stimanli acting on PMN

Stimuius CL zesponse
(Connts x 1079)
Humate FL-70
1600 pg/ml 74.35+ 7.6*
160 ug/ml 300.2+ 6.3
10pg!m! 234.14-30.5
lpig/ml Cot 34
Rackground 44+ 1.6
Phorbo! myristate actetaie §71.8+28.7
(10 ng/ml)

.

# The values correspond & :he meLn f- from 7

blood from 3 different den

C)' e riments on

of PMN showing "rra‘.w.ﬁl g-like” movernents (podarised cells) and
the number of round f-nmlar‘r’d\ cells were counied in two differ-
ent experiments with varying concentraiions of humate (HS-1500).

A speeimen of human plasma, to which a chemaotactic hexapep-
tide (F-NPNTL) in & coneentration of 167° M had been added,
szrved as a control mediinn (Keller 1983). (ENPNTL = Neformiyl-
L-morieucyl-L-feugyi-L-phenylalanyl-L-norleucyl-L-tyrosyl-L-lysin).

Results

R:”Sp(m,ié‘ te chermiluminescence

The unpurified natural fraction of humic substance, the
vrified natural fraction (F1.-70Y and the highly ¢ ﬁur’lﬁed
mthetic low-molecnlar fraction were all capable,
doses from 10 to 1000 pg/ml, of induecing a lucigenin-
dependent t‘h&emil"m;nesccnt response. The maximum
response was found with the purified humic substances
ma am.mentratnon. of about ‘)O ug/ml (Table 1). Up to
this maximura valze, the chemiluminescent t response is
dependent on the dose. Higher concentrations than
102 ug/m! of the humic .n.hm nce produce 2 lower re-
sponse {Table 1). None of the humic substance fractions
investigated produced a ,.hrm.luwlrc*v‘en signal in the
ahsence of granulocytes. As with p‘nn"‘t‘o myristate ace-
tate (PMA 10 'w'n ‘inl), the arcusal of the chemilumines-
cent vespense after stirnulation with the three hunvic sub-
stances @ *np.cwed produced a maximur response within
10 to 15 min aftzr the addition of the humic substance,
with 2 total kinetic of 62 min with the higher (100 ug/m!)
and 120 min with the lower (10 jug/ml} concentration of
the humig substances (Figs. 2, 3). The addition of super-
oxide dismntase, a specific scavenger of Q,-, reduced
the chemilurniscent response to the low-molecular humic
substance fraction FL-70. In any case, catalase, which
has a *“scavenger specificity ” for H,O,, significantly re-
duces the chemiluminescent response. On the other
hand, D-mannitol, with a “‘scavenger specificity” for
the hydroxyl radical OH, has a potentiating effect on
the chemiluminescent response to humate (Table 2).
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AR La.p"'c representation of lucigenin -depencerit chemilumin-
escent response following stimulation of human PMN with various
‘nnrsnrmtmncnf arn unpurified natural himate from Farberde
Fig. 3. Graphic represent tation of lucigenin-ceperdent chemilumin-
escent response follewiag siimulation of human PMN with various
conceniraiions of 8 highly purified symthetic and low-molscular
humate (HS-1500}

uujmll.e 2. Lucigenin-dependent chepiluminascent respense following
timulation of PMN by humats (FL-79) under the influence of
various inhibitors

Iniiibitors CL response
(Counts xi079)
Humate (10 pg/ml)
+ Medium 2331356
xide disrnutas: (260 pg/ml) 144.6-+-25.1
09.34+-359
4 D-Mannitol (100 mM) 51821919
Rackaround 56+ 1.7

+-SE froin three experiments
on blood frem three differsnt doners (ie. a total of nine experi-
.u,:\“;r:ts}

* Thi values correspond io the mean

Ultrastructira! chonges

Unstimulatad  PMN  have a  spherical appr'..rmce
(Fig. 4a). Their surfaces ars slightly folded, and this does
not change during the incubation period. Under the
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transmission ¢lectron micrascope, their ireegutar mdti-
crenzted muclel, surroended by numbers of variously
structured granutes, 2r¢ striking. In additicen, several mi-

txch a and single collactions of glycogen are foand
in the moderately dznse cytoplas (Fig. 4¢). Following
stimwlation with 100 ug/nil of she hasnic substances FL-
76 and H3-1560, characieristic changes have already ap-
neared in the granulocytes: the cells aggregate (Fig. Sc),
seread therosshves ever the plate and thas become con-

siderably mere Battened out, so that peripheraily the
granulocyizs ave Haited by oaly a thin margin (Fig. 45}
As g orewalt of the humatle stimulation, one also sees

elactronluceai vacuoles iving immediately under the cell
membrane {Fig. 44). This signifies thet boik nasural and
syntketic humic substasces possess the abdlity to activate
PMMN. Ta order to pravide a comparable positive sitmu-
lus, PMA (10 ng/ial) was added. As with the humate,
the sphenical shape of the unstimulased grasulocytes

Fig, 4. 2 Unstinulated human PMN
(15 min/37° C; SEM; Magr. =< 2500).
o Humnaa TMN after suraaiation with
natural low-molecular turnate (FL-70
100 pg/mi, 15 min/37° C; SEM: Meagn.
« 28C0).

(Fig. 4z) disappears and the celis again becoms adherent
v the plate, so thai they disperse centrifugatly aad be-
corme markedly fiattened {(Fig. Sa). Ueder the tracsmis-
slon ewctron microscope one car abserve the develop-
xeni of munterous pazudonodium-iike projections of cy-
toplasnt which arrange themselves around the periphery
of the grarulocyie like a wreath. i addition, one again
€08 numaraus slectron-lucent intracytoplasmic vacuolar
structwres of varying sizz (Fig, 5t). Stunuiation of gran-
mocytes with lew-melecular humic substacces or with
PMA lezds to the generation of H.,0,, which ishmsagreea
podrecavith ridrelfositteoimb ktivestigatisnsraBherpia dhiction
of H,0, during the activation of the granulocytes can
be made visible under the transimission ¢lectron micro-
szape &5 an eleciror-dense daposit of cerura parkydrox-
ide. Afeer stinmalation for ever 30 min with low-molecu-
bar hamates (190 pg/ml), the outer side of the celi wiem-
brane and the luminal side of the intracellular electron-
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1 an electzon-dense de-

fucent vacuoles are covered with
posit of the cerivm reaction producis {Fig. 5d). The den-
sity of ithe specific deposit Is entirely comparable with
the reaction of the granulm ytes following PMA stimula-
rion (30 ng/m) for 15 min. In the ansiimulated cells,
a deposit of cerium perhydroxide cannot bgedemon-
strated. Therefore, no productlon of H,0, can be de-
tected.

Chemutaxis, chemiokinesiz

The addition of synthetic hurate (FIS-1500) in various
concentrations p“ofu.,«;:a r:o sigas of chermotastic activity
(Table 3}, Meither could any be found with such low-
n.olu,ular humate as that in which the PMN were che-
mokinetically stimulated (Table 4).

31

¢ Unsiimuisted bumzn PMN (18 inin/
37° C; TEM; Magr. > 6Gd0). d Huraan
PMN after stimulation with natural low-
molecular bumate (FL-70 190 pg/ml,

15 min/37° C; TEM; Magn. x6000)

Ciscussion

It iz clerr from the present investigaticn that natural
and synthetic ]I'U'nic substances stirnulate certain func-
ticns of the PM2. Since this stimulation of the PMN
can b demonsirated for both the unpurlﬁeu and puri-
{led, and therefore for low-molzcular humic substances,
it may be assumed that the effect is asso-“la ted with low-
moelecular humates or, at least, that it is not lest in the
iower moiecular fraction. PMN stimiulation can be dem-
costrated with the help of chemiluminescence, as well
as by cytochemistry and with the electron microscope.
Measuremeat of the produection of rzactive oxygen me-
tabotites by granatocytes using the chemiluminescent re-
sponse is dose-dependent, and reaches 2 maximum at

hamafw: conceniration of 109 pg/m 1. Tigher concentra-

ons than this lead to a reduced chem iu‘n.pescent re-

o,
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Fig. 5. a Human PMN after stimulatior with PMA (10 ng/ml;
15 min/37° C; SEM; Magn. » 3000} b Ultrastructural demonstra-
tion of hydrogen peroxide production after stimulating PMM with
PMA (10 ng/ml, 15 min/27° C; TEM; » 17000). ¢ Aggregation of

sponse oa the part of the granulocytes. This may be
because the use of humic sthstances with a pH 5-¢ in
high concentrations has a cytotoxic effect on the cell.
Against this view, it can be claimed ihat the humate
fractions were buffered at a pH 7.2, and shewed ultra-
straeturalty no signs of producing danage. On the ciher
hand, it 15 zlso conceivable that humic substances, be-
ause they are potent epsilon acceptor-donor com-
pounds, are themselves able to capture radicals and thus

PMN fcllowing stimulation with hwmwate (FL-70, 60 pg/ml;
15 min27° C; TEM: Magr. <4006, @ Ultrastructural demonstra-
tion of hydrogen pereside production after stimulating PMN with

humate {F1L-70, 100 pg/m!, 15 min/37° C; TEM; x 12000)

remave the oxygen-containing radicals which are pro-
cuced. It is not possible to say, as a result of this investi-
gation, whether the raduction of the effect with higher
concentrations of bumate is due to the oxygen radicals
on the reactive surface of the <ell being shsorbed by
the humate itself. It also follows that, in the absence
of granulooytes, the humic substarices employed produce
a0 chemiluminescent signal and therefore reveal no
source of reactive oxygen metabolites. Corresponding
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Table 3, Percent dgu. of migrated PMN per fotal PMN count during

humate (HS-1500) stirmuld

X SD
1. Bdedium 0194+ 0.1
2. Activated huaman plasma (20%) 22.82+12.01
201 ug humate/ml 0.52+ 2.30
4. 19 pg humatie/ml 045+ 0.20
5. 50 pg humate/ml 035+ 0.09
6. 100 pg humate/ml 0.23 + 0.10
7. 200 pg humate/ml 016+ 0.026

Means + 8D of three tests

Tahle 4. Change i cel! shape of free floating PMN after humate

(HS-1500} stivmxlation

found PMHN in % Polarised PMMN i %
Mean SD Mean SD
1. Medium £8.50 £10.60 3.00 +4.24
2. Medium 000+ 1.41 8¢.50 +6.36
+FNLPNTL 107°M
3. Medium 2300+ 290 .50 +0.7

+ hurate 1 pg/ml
4. Mzdium

+humaie 10 pg/ml
Medium 81.00+ 990 1.50 +2.12
+ humaie 50 pg/ml

86.00 £16.50 1.00 +1.42

v

¢. Medium £6.50 + 16.60 0 40
-+ humate 100 yig/ml

7. Medium 86.60 +14.80
iumaie 200 pg/ml

o
wn
=
H
L)
(&)
w

Percentage means+ SD of two tests

ictibition experiaeats on the production of reastive ox-
yaen ;,omp.:-hr.d., with catalasz have shown that H,0,
5 =:-|_~vi-:.~11.~'ﬂy the main product of ihe humaie-induced
ic response. Why D-raariiol should have a
ro‘ G g inflaence or the stimulaiion of granuicoyies
by hama.cm is stilt not clear and requires further investi-
gatico. In comparison with other substances {(Zeck-
Kapp et al. lv'i’) which can activate 0ravulocytcs, it
ts apparznt that the low-moleozlar hariic sebsiances ob-
vizusiy ootupy an intermediaie pesition between nes
specific stimulation with phorbel estess and stimuiatic

with cvtokines such as GM-CSF and TNF (Kowmnatzki
and Ukrich 1987, Kapg et al. 1098 Kownatzki et al.
1088, Zock-¥app ot al. 1689). After br:w 3 stlm alated by
humate, the gr;«nulncw tes become aciive and adhere to
rke plate, obvicusly in readiness for chematactic move-
raent. However, they show ao chemokinetic or chemo-
tactic activity. As the main product of humate-induced
aciivation, H,Q, appears on the surface of the celi. The
corresponding l.AJ.s:Jo(.hemca.] reaction product reveals
that activity of a membrane-hound cxidsse, which is
lecalised on the cuter surface of the cell membrane (Bad-
way and Karncweki 1980; Dewald and Bagglioni 1979),

33

has ez induced. In corapazisor: with the phorbol esiers,

the gmiilchon of transhwant vecuole-like mw,a;dq ~di-
reched swellings of the cell membrane is a characteristic
of 9??.111310(:‘1&" stimuladon which is significantly more
pronounced when brought 2bont by tumiate. Incontrast,
heowever, 10 activation by phorbol esters, humaie siimis-
lates oaly partiz} functions such as the respiratory burst
whick resuits in the production of texic .,‘xym"n com-
pounds and has no mitogenic effects (Kaden and Riede
uapublished work)

These findings indicate that both the q"*ural and
synthetic humic substances tesied do release spacific re-
sponses from the P‘\{\T er"u‘”‘y because thrumbo—
cytes do net respond to humatas (Kanz and Riede un-
publisted wmln An "—)‘pkmat on for this les in the fact
that neutrophkil granuioevics do not have « 1pu,§*" for
differfmi:a.ting seiween forsign and host antigens {Weiss
1989, For this they require suppoert from the irimune
gystem i the ferm of rl’-‘libﬁdif‘s, comphzment and cytok-
ines. [T normal host tissees are lnapproptiately ideatified
as foreign, damaged or necrotic steuctures, the appro-
priate nn:mb;“*nc lwl. ars of the reutrephiis will be
ergaged, eliciting the cells’ destructive potential {Weiss
1983, It is even mwbl that low- =nols-r-rxla huraic sab-
stances originating from decayi g { {in othier words, ne-
Ccrotic) organic mataiial contzin chemical structures
which can act as signais 1o change dormant neunircphil
grarulocytas inte activated calls.
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