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Abstract 

The study was performed in order to compare the antiviral activity against herpes 
simplex virus type 1 (HSV-1) of synthetic humic-acid-like polymers to that of their 
low-molecular-weight basic compounds and naturally occurring humic acids (HA) in 
vitro. HA from peat water showed a moderate antiviral activity at a minimum 
effective concentration (MEC) of 20 I.tg/ml. HA-like polymers, i.e. the oxidation 
products of caffeic acid (KOP), hydrocaffeic acid (HYKOP), chlorogenic acid 
(CHOP), 3,4-dihydroxyphenylacetic acid (3,4-DHPOP), nordihydroguaretic acid 
(NOROP), gentisinic acid (GENOP), pyrogallol (PYROP) and gallic acid (GALOP), 
generally inhibit virus multiplication, although with different potency and selectivity. 
Of the substances tested, GENOP, KOP, 3,4-DHPOP and HYKOP with MEC values 
in the range of 2 to I0 gg/ml, proved to be the most potent HSV-1 inhibitors. 
Despite its lower antiviral potency (MEC 40 gg/ml), CHOP has a remarkable 
selectivity due to the high concentration of this polymer that is tolerated by the host 
cells (>640 gg/ml). As a rule, the antiviral activity of the synthetic compounds was 
restricted to the polymers and was not preformed in the low-molecular-weight basic 
compounds. This finding speaks in favour of the formation of antivirally active 
structures during the oxidative polymerization of phenolic compounds and, indirectly, 
of corresponding structural parts in different HA-type substances. 

Introduct ion  - His tor ica l  B a c k g r o u n d  

Naturally occurring humic acids (HA) and synthetic HA-like polymers derived 
from phenolic compounds are polyanionic substances of the humic acid type (HA- 
type substances). They may be characterized as negatively charged, yellow to dark 
brown polymers which are precipitable by heavy metals and partially degradable to 
low-molecular phenolic degradation products by reduction with sodium amalgam or 
by alkaline pressure hydrolysis. 
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Despite their different origins, HA and HA-like polymers have a great number of 
biological activities in common. For example, they exert antiviral activity against 
various DNA as well as RNA viruses. 

The possible interaction of naturally occurring humic acids (HA) with viruses was 
first discussed by Schultz [1] in 1962 when he successfully used HA-containing peat- 
dust litter for combating an outbreak of foot-and-mouth disease in pigs. He supposed 
the virus inactivation to be due to the protein-denaturing effect of HA. 

In the past two decades, more detailed studies with isolated HA showed that: 1) 
HA also affect viruses that are pathogenic for man, RNA as well as DNA viruses; 2) 
HA work selectively at an antiviral concentration range without impairing the 
viability of host cells; and 3) HA, like other polyanionic compounds, such as heparin 
and pentosan polysulfate, mainly interfere with an early step of virus-cell interaction 
[2-6]. The antiviral spectrum of HA includes herpes simplex virus type 1 (HSV-1) 
and type 2 (HSV-2), influenza A, coxsackie A9 and rhinovims 1 B [5]. Vaccinia 
virus and adenovirus type 2 are not affected [3]. The reason for the different 
sensitivity of viruses to HA is still unknown. Sensitivity seems to be independent of 
the nucleic acid type and is not influenced by the presence or absence of viral 
envelope. 

After discovering the antiviral properties of HA the question arose which 
structural regions of the HA molecule are responsible for this activity. In this 
context, the contribution of Hampton and Fulton [7] deserved great interest. These 
authors found, in 1961, that enzymatically oxidized phenols inactivate 
phytopathogenic viruses. In 1970, Fulton succeeded in isolating an oxidation product 
of chlorogenic acid from virus-infected tobacco leaves. Additionally, he was able to 
synthesize a protein-quinone complex by enzymatic oxidation of chlorogenic acid in 
the presence of albumin [8]. 

Modifying Fulton's procedure by omitting albumin, we started synthesizing about 
30 phenolic polymers in the mid seventies; first by enzymatic and later by chemical 
oxidation of various o- and p-diphenolic compounds. The resulting polymers proved 
to be negatively charged, brown substances sharing the following properties with 
naturally occurring HA [9,10] (Table 1): 

Table 1 Common properties of humic acids and humic-acid-like polymers (according to [10]). 

Solubility in alkaline media. 
Precipitation by heavy metals. 
Anodic migration in an electric field. 
Formation of complexes with cationic dyes. 
High content of stable free radicals. 
Partial degradation to low-molecular phenolic compounds by 
cleavage with sodium amalgam or by alkaline pressure hydrolysis. 

reductive 

Because of the existence of more than 30 synthetic HA-like polymers produced 
from well-known, low-molecular compounds, it was possible, for the first time, to 
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determine the biological activities dependent on the structure of the starting material. 
Furthermore, it is now possible to compare the activities of synthetic polymers to 
those of natural HA, as well as to those of low-molecular phenolic compounds. The 
antiherpetic activity served as the starting point for the present study, which 
attempted to answer the question whether the biological activity investigated is 
already present in the low molecular starting material or if it appears during 
oxidative polymerization. 

Materials and Methods 

HA were isolated from peat water by utilizing their lead(l~) chelate compounds, 
as described previously [11]. Phenolic compounds were supplied from SERVA 
Feinbiochemica Heidelberg, FRG (caffeic acid, chlorogenic acid, gallic acid), FLUKA 
AG, Buchs SG, Switzerland (hydrocaffeic acid, gentisinic acid, nordihydroguaretic 
acid = 4,4'-(2,3-dimethyltetramethylene)-dicatechol), FERAK, Berlin-West (pyrogallol) 
and Calbiochem, San Diego, California, USA (3,4-dihydroxyphenylacetic acid). 

To synthesize phenolic polymers, 10 mmoles of the phenolic compounds were 
dissolved in distilled water, adjusted with NaOH to pH 8.5 and oxidized with 2.5 
mmoles sodium periodate. After heating a short time at 50°C, the solution was left 
overnight at room temperature. The next day, HA-like polymers were isolated by 
lead precipitation, as mentioned above for HA [11]. 

Monolayer cell cultures of human embryo lung fibroblasts (HELF) were used to 
determine the antiviral activity and cytotoxicity of the test substances. Culturing was 
carried out in 96-well microtest plates (MLW Polyplast Halberstadt, GDR) with 0.2 
ml Eagle's minimum essential medium per well. For antiviral screening, HELF were 
infected with 2 TCIDs0/cell HSV-1 strain Kupka. Vires was allowed to adsorb for 1 h 
at 37°C. The infectious medium was then removed and replaced by virus-free 
maintaining medium. The antiviral activity of the substances was tested by means of 
different test designs where the cells were exposed to the test substances either 1 h 
before, 1 h during, or 24 h after virus adsorption. Additionally, we studied the effect 
of a 24-h-exposure during the entire virus replication cycle. Dependent on the 
experimental design, test substances were added in two-fold dilution series before, at 
the time of or after virus adsorption. After incubation for 24 h at 37°C, monolayers 
were checked microscopically for virus-induced cell alterations using a score system 
(0=0%, l=up to 25%, 2=up to 50%, 3=up to 75%, 4=more than 75% of the cells are 
altered or destroyed). The substance concentrations reducing the cytopathogenic effect 
(CPE) by more than 50% were within the antiviral concentration range. The 
substance concentration necessary for complete suppression of virus-induced CPE was 
defined as minimum effective concentration (MEC). 

Cytotoxicity was detected using the same microtest plate containing uninfected 
HELF. The maximum tolerated concentration (MTC) corresponds to the highest 
substance concentration not inducing any morphological cell alterations. 
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Each experiment has been repeatedly performed. The values given in the table 
are the geometric means of 3 to 5 single experiments. 

Results and Discussion 

Table 2 illustrates the antiviral and cytotoxic activities of GENOP and KOP, 
respectively. If the substances were present during the whole replication cycle (0...24 
h p.i.), the antiviral concentration range was between 1 and 32 ~tg/ml for GENOP 
and 0.2 and 32 ~tg/rnl for KOP. Higher concentrations were not tolerated without 
morphological alterations of cells. For GENOP or KOP a concentration of 2 ~tg/ml 
was also sufficient for complete suppression of CPE if the substances were present 
for only 1 h during the adsorption phase. The effect could not be enhanced by 
prolonging the time of influence. No (KOP) or only weak (GENOP) effects were 
found when the substances were present before or after viral adsorption. The results 
confirm the high sensitivity of the early phase of virus-cell interaction, as has also 
been found for other polyanionic compounds [12-14]. Therefore, test substances listed 
in Table 3 were exclusively screened at the adsorption phase. 

Table 2 Antiviral activity of GENOP and KOP dependent on the time of influence. Virus-cell system: HSV-I 
KupkaJHELF. Concentration range tested: 0.25-1024 p.g/ml. 

Test  substance T ime of inf luence Antiviral ly MEC 1) MTC 21 
act ive con- 
centrat ion 

h p.i. p.g/ml p.q/ml ~,q/ml 

G E N O P  0 ...... 24 1 ......... 32 2 32 
-1 ........ 0 32 ......... 64 64 64 
0 ........ 1 0.5 ..... 128 2 64 
1 ...... 24 16 ......... 32 n.a 32 

KOP 0 ...... 24 0.2 ....... 32 2 16 
-1 ........ 0 64 
0 ........ 1 1 ........ 128 2 64 
1 ...... 24 - 8 

lJMinimum effect ive concentrat ion;  n.a. = not ach ieved 
2)Maximum to lerated concentrat ion 

Table 3 demonstrates the results for 8 of 22 tested pairs of substances (HA-like- 
polymers and corresponding low-molecular starting compounds) as well as results for 
sodiUm humate. The polymers more or less strongly inhibit the virus adsorption, 
whereas the low-molecular-weight compounds failed to do so. The only exception is 
4,4'-(2,3-dimethyltetramethylene)-dicatechol (nordihydroguaretic acid), which turned 
brown shortly after addition to the cells. Probably, the substance reacted to the 
corresponding polymer and thus affected the virus-cell interaction. Both the antiviral 
activity and the cytotoxicity of the substances display remarkable, structure-dependent 
differences. GENOP, KOP, 3,4-DHPOP and HYKOP having MEC values between 2 
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and 10 p.g/ml, proved to be the most potent antiviral substances. In spite of its lower 
antiviral potency CHOP shows a remarkable selectivity, since it is best tolerated by 
the cells (MTC > 640 Ixg/ml). The low-molecular phenolic compounds themselves are 
not antivirally active. This means that the antiviral activity is restricted to the HA- 
like polymers and must be initiated by fundamental alterations of the chemical 
structure during the oxidative polymerization. 

Table 3 Screening of humic-acid-like polymers and their low-molecular-weight starting compounds for antiviral 
activity in vitro. Virus-cell system: Herpes simplex virus type 1/ human embryo lung fibroblasts. Concentration 
range tested: 0.6-640 pg/ml. Time of influence: 0-1 h post infection. 

Test substance Antiviral concen- MEC 1) 
tration range 
#.q/ml p.q/ml 

Caffeic acid 
KOP 1...1603) 5 

Hydrocaffeic acid 
HYKOP 5....320 10 

Chlorogenic acid 
CHOP 5.._640 40 

3,4-Dihydroxyphenyl- 
acetic acid 
3,4-DHPOP 2....160 5 

4,4'-(2,3-Dimethyltetra- 
methylene)-dicatechol 20....80 n.a 
NOROP 20....80 n.a 

Gentisinic acid 
GENOP 1 .... 160 2 

Pyrogallol 
PYROP 40....80 n.a 

Gallic acid 
GALOP 10._320 20 

Sodium humate 20...320 80 

MTC 2) 

#fl/ml 

160 
803 ) 

320 
160 

640 
>640 

160 
40 

5 
40 

340 
80 

2 
20 

640 
40 

80 

~)Minimum effective concentration; n.a = not achieved 
2)Maximum tolerated concentration 
3)In virus-infected cells, the cytotoxicity was often shifted to higher substance concentrations. 

Moreover, we would like to suggest that during these reactions new structural 
features are formed, which are essential for antiviral activity as well as for HA 
structure, and which are more or less similar in different HA-type substances. 
Following up this idea, a common basic structure of HA-type substances might be 
assumed. 
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The interaction of HA-type substances with viruses implies practical aspects, too. 
Hence it was found that adsorption to and recovery of enteroviruses from water 
filters are influenced by HA [15,16]. Furthermore, HA-virus interactions might be of 
great importance for limiting virus spread in plants, surface waters and soils and also 
offer new prospects for the development of antiviral drugs. 
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