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Gut microbiome plays an important role in determining the effectiveness of cancer therapy. The
composition of the microbiome is crucial to maintain good digestive health in the host, and to prevent
and treat colorectal cancers. Most cancer therapies employ oxidative stress, which disturbs the redox
status of the cell, and consequently affect growth, reductive biosynthesis and cell death. Therefore,
oxidative stress can undesirably affect the gut microbiome. Hence, it is important to understand the
impact of oxidative stress on gut bacteria to devise effective treatment strategies. The current study
induces oxidative stress in the model gut bacterium Enterococcus durans (MTCC 3031) with menadione
and H,0,. Oxidative stress considerably decreased the redox ratio (NADPH/NADP), an indicator of the
redox status, by 55% (menadione) and 28% (H,0,). In addition, an oxidative stress induced decrease

in redox ratio decreased folate synthesis by the bacteria, which is an undesirable consequence for

the host, since folate deficiency can induce colorectal cancer. Further, oxidative stress considerably
decreased growth and the biomass density by 61% (menadione) and 21% (H,0,). Thus, maintenance of
the cellular redox status and management of oxidative stress in the gut microbiome may be crucial to
the effectiveness of cancer treatment strategies.

It was recently established that the gut microbiota significantly impact the efficacy of cancer treatment in
humans'. It is possible that they play a role in determining the body’s response to cancer immunotherapy’. Also,
the gut microbiota synthesize and supply the host with folate, the deficiency of which induces colorectal cancers?.
Further, they are involved in the regulation of the host’s antioxidant response through the modulation of reduced
glutathione (GSH) synthesis®.

On the other hand, the gut microbiota can themselves be subjected to oxidative stress* during cancer treat-
ment with redox drugs. Most chemotherapeutic drugs kill cancer cells by inducing high oxidative stress>° and
such drugs, when they reach the gut, can cause oxidative stress in the gut microbiota. The oxidative stress, in turn,
can alter the intracellular redox status of the gut microbiota. Since the intracellular redox status is associated with
several important functions ranging from growth, reductive biosynthesis of various metabolites to apoptosis’,
disturbances in the redox status could lead to an altered microbiota, which are unable to perform their regular
functions for the host. The redox status can be represented with the NADPH/NADP ratio or the redox ratio®.
Therefore, it is important to understand the effect of oxidative stress on intracellular redox ratio in the gut micro-
biota. Such an understanding could contribute to improved management of associated diseases. Also, it could
lead to better effectiveness of new cancer therapies based on redox signaling®, and redox signalling, in turn, is
effected by reactive species’. Redox signalling based cancer therapies are expected to overcome multi-drug resist-
ance associated with normal chemotherapy'.

The objective of this study is to demonstrate in principle, the impact of high oxidative stress on a ‘model’ gut
bacterium, a situation that can arise in cancer therapy due to the induction of oxidative stress in these thera-
pies>®!!. The non-pathogenic gut bacterium Enterococcus durans (MTCC 3031) was used as the model organism
for this study. It is one among the several bacteria that comprise the gut microbiota!?!*. We found that oxida-
tive stress decreased the cellular redox status in E. durans (MTCC 3031). We have also shown that there is a
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Figure 1. Temporal variation in the whole cell redox ratio (NADPH/NADP) of the control culture C (--@-),
culture H treated with H,O, (-4 -), culture H + A treated with H,O, followed by the antioxidant mannitol
(-Il-) and culture M treated with menadione (---4--). The redox ratio of the cell oscillates with time. Exposure
to oxidative stress leads to decrease in the redox ratio. The ratio clearly decreases after the introduction of
oxidative stress in cultures H, H+ A and M. Culture C refers to control. Oxidative stress was induced in the
bacterial cultures H and M with pulses of H,0, and menadione, respectively, after 5.5h and 11.5h. The culture
H + A was treated with H,O, after 5.5h and then with the antioxidant mannitol after 8.5h. Values are expressed
asmean=+SD,n=3.

redox-ratio related decrease in the production of the anti-cancer molecule, folate, by the model gut bacterium;
the result has significance in effective chemotherapy planning, especially for colorectal and stomach cancers. In
addition, oxidative stress also significantly decreased bacterial growth, an effect that could negatively alter the gut
microbiota.

Results and Discussion

Inherent oscillatory nature of redox ratio during batch growth. It is known that oxidative stress can
perturb redox homeostasis!*. To characterize the impact of oxidative stress on the redox status of the gut microbe
E. durans (MTCC 3031), the whole cell redox ratio NADPH/NADP) was measured. Temporal measurements
of the redox ratio, of all the cultures are plotted in Fig. 1. The whole cell redox ratio (NADPH/NADP) is said to
be maintained a constant in studies on eukaryotic cells®. However, measurements in the bacterium here clearly
show that the ratio oscillates with time. Oscillations in the ratio have not been previously observed in bacteria.
The results show that the redox ratio varies widely with time. The values range from 0.67 4 0.05 to 2.0240.1 even
within the control culture. This indicates that the oscillatory nature is an inherent property of the bacterial cell.

Oxidative stress considerably decreases the redox ratio. Oxidative stress induced with pulses of
menadione and H,0, led to substantial decreases in the redox ratio, as seen from Fig. 1. Since the ratio is impor-
tant for several functions including reductive biosynthesis, its decrease would undesirably impact these functions.
The oscillatory nature and trends of the redox ratios in H (H,0,) and M (menadione) were however, similar
to that of control. Following the pulse addition of menadione and H,0O,, after 5.5 hours, the redox ratio measured
after the 6™ hour showed a 29% and 12% decrease in M and H respectively, from the control ratio of 0.67 4-0.05.
The redox ratios decreased even further after 9 hours. The ratio was lower than control by 55% and 28% in M and
H respectively. A second pulse addition of menadione and H,O, was carried out after 11.5hours. This additional
induction of oxidative stress led to even further decreases in the redox ratio. After the 12" hour, the redox ratio
was lower than control by 70% and 49% in M and H, respectively. Whereas after the 15" hour, the ratio was lower
than control by 86% and 67% in M and H, respectively. It was observed that, although the bacterial cultures were
exposed to the same concentrations of H,0, and menadione, the latter induced a more severe decrease in the
redox ratio. Increases or decreases in the ratio previously observed via single point measurements in bacteria
have been suggested to have significant impact on metabolic decisions'>!¢. Therefore, such significant decreases
in the ratio due to oxidative stress could adversely affect cell metabolism. Further, rhythms observed in NADPH
levels of eukaryotic photosynthetic systems have been suggested to have links with the circadian rhythms!”. Thus,
the oscillatory nature observed in the ratio may also play a role in maintaining the biological clock in bacteria.

The hydroxyl radical affects the redox ratio. The hydroxyl radicals are highly reactive oxygen species
(hROS) and a common manifestation of oxidative stress'®. It can cause extensive damage in biomolecules due
to its high instability!. It reacts rapidly (within nanoseconds of formation) and non-specifically with numerous
organic molecules thereby causing oxidative damage'®. Thus, the intracellular concentration of this ROS was
measured in all cultures and is shown in Fig. 2. The OH™~ concentration was found to vary with time and exhib-
ited an oscillatory nature. Fluctuations and rhythms in “total ROS” have been previously identified but limited
to eukaryotes such as fungi®, plants?, insects? etc., and are involved in the transcriptional regulation of select
genes. The oscillations observed here indicate that hydroxyl radicals may also have rhythms in the bacterial cell.
The introduction of H,0, and menadione pulses after 5.5hours in M, H and H+ A (H,0, followed by mannitol)
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Figure 2. Temporal variation of intracellular OH radical levels in the control culture C (--@-), culture H treated
with H,O, (- &), culture H+ A treated with H,O, followed by the antioxidant mannitol (-Jll-) and culture

M treated with menadione (---4--). The intracellular hydroxyl radical levels oscillate with the time. Inducing
oxidative stress in cultures H, H+ A and M led to an initial increase in hydroxyl radical levels over control (C).
Oxidative stress was induced in the bacterial cultures H and M with pulses of H,0, and menadione, respectively,
after 5.5h and 11.5h. The culture H 4 A was treated with H,0O, after 5.5h and then with the hydroxyl radical
scavenger mannitol after 8.5h. Values are expressed as mean +SD, n=3.
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Figure 3. Intracellular folate levels (open bars) and the corresponding redox ratio (closed bars) measured

after 6 h in the control culture C, culture H treated with H,O,, culture H + A treated with H,O, followed by

the antioxidant mannitol and culture M treated with menadione. Oxidative stress induction led to significant
decreases in both folate and the redox ratio. Culture C refers to control. Oxidative stress was induced in the
bacterial cultures with pulses of H,O, (H and H+ A) and menadione (M), after 5.5 h. Values are expressed as
mean £ SD, n = 3. One way ANOVA of the intracellular folate levels and the redox ratio showed that differences
in the values of the different cultures were significant with p < 0.001 for intracellular folate and p =0.002 for
redox ratio. Tukey’s multiple comparisons test showed that redox ratio levels in H+ A and M and folate levels in
all the cultures were significantly different from control.

led to relative increases in the OH™ concentration, as observed after the sixth hour. Such an increase is possible
since H,0, following uptake by the cell can lead to the generation of hydroxyl radicals via the Fenton reaction®.
Menadione also leads to the generation of free radicals, during its metabolism by the cell'.

To see if the hydroxyl radical formation specifically affected the redox ratio, the antioxidant mannitol - an
OH- scavenger, was added to the culture H+ A. The redox ratio in H+ A after six hours was similar to H due
to the addition of H,0, However, the ratio recovered to that of control after 9 hours following the addition of
mannitol in H+ A. The culture H + A recorded a redox ratio of 1.44 & 0.03 while that in H remained at just 1.
Similarly the redox ratio in H + A after 12 hours increased to 2.21 4 0.09, comparable to control, whereas that
in H was still at a lower value of 1.03 & 0.06. Thus, the hydroxyl radicals can directly affect the redox ratio and
addition of mannitol was able to reverse the adverse effects of H,O, (at the concentration used in the study), on
the ratio.

Decreased folate levels during oxidative stress: Increased host susceptibility to colorectal cancer.
Folate synthesis by the gut bacterium is one of the many major functions it provides for the host since the human
body cannot synthesize folate on its own. Inadequate supplementation or deficiency of folate has been associated
with the development of colorectal cancers in humans?. Therefore, the impact of oxidative stress on intracellular
folate levels was studied.

Exposure to oxidative stress in the current study led to substantial decreases in folate content as shown in
Fig. 3. This would consequently leave the host more prone to cancer. Folate measurement for the current study
was carried out only once: after six hours. This time point was chosen because previous studies in the lab showed
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Figure 4. Time profile of the biomass density in the control culture C (@), culture H treated with H,0,
(M), culture H + A treated with H,0O, followed by the antioxidant mannitol (Jl) and culture M treated with
menadione (4). Oxidative stress led to decreased growth and biomass density. Oxidative stress was induced
in the bacterial cultures H and M with pulses of H,0, and menadione, respectively, after 5.5h and 11.5h. The
culture H+ A was treated with H,0O, after 5.5h and then with the hydroxyl radical scavenger mannitol after
8.5h. Values are expressed as mean £+ SD, n=3.

that folate accumulation in the bacterium was highest between 6-7 hours in the organism. Further, a single meas-
urement requires a high cell concentration (10 OD) for accurate and reproducible measurements.

The control culture showed the highest folate concentration of 30.4 + 5 pmoles (g cell) "!. Exposure to both
H,0, and menadione led to significant decreases in folate content (p < 0.001, one-way ANOVA with a=0.05).
The folate content was only 7 & 1 pmoles (g cell) ! in M; 77% lower than control whereas the addition of H,0, led
to a decreased folate content of 15.4 & 3 pmoles (g cell) .

In addition to the folate content, the corresponding redox ratios of the different cultures, measured after the
sixth hour is also shown in Fig. 3. The figure shows simultaneous increase/decrease of the folate content with the
redox ratio. A decrease in the redox ratio in H and M is accompanied by similar decreases in the folate content in
the respective cultures.

Folate is essential for DNA synthesis*#?*. Decreased folate content can thus obstruct growth of the organism.
This importance is in fact targeted in cancer therapy?. It is also used in the development of antibiotics that disrupt
folate metabolism and consequently arrest bacterial growth and infection®. Exposure to oxidative stress in the
current study led to decreases in both folate content and growth in this study. The reduced folate content may
have also contributed to the decreased growth and biomass productivity observed here (detailed in the following
section).

Decreased growth: Oxidative stress can alter the microbiome. The impact of oxidative stress on
the growth and biomass production of the gut microbe was studied and severe decreases were observed. Biomass
accumulated in the cultures was measured at regular intervals and are shown in Fig. 4. The highest biomass
accumulation was observed with the control (C) cultures, as expected. Oxidative stress induced by menadione
(M) and H,0, (H and H+ A) led to substantial decreases in the biomass accumulation. No visible lag phase
was recorded. The exponential phase extended right upto the 15® hour in C and H + A. The cultures H and M,
however, entered the stationary phase in the 12% hour. The maximum specific growth rate, measured during
the logarithmic phase of each culture was comparable in the cultures C, H and H + A with a value of 0.15h™",
whereas that in M was lower at 0.13h™!. Following the pulse addition after 5.5 hours, the biomass measured at the
6™ hour was comparable in all cultures. However, further growth measurements displayed the adverse effects of
the oxidative agents on the culture growth. The biomass density measured after 9 hours was only 0.33g L™! and
0.42g L' in M and H respectively, compared to the control density of 0.5g L~!. Although the biomass density in
H and H + A were comparable at this time point, addition of the antioxidant mannitol to H+ A led to increases in
growth as can be seen in the subsequent measurements. As a result the biomass density of H+ A is comparable to
Cat the 15" hour, whereas the cultures M and H show a 61% and 21% decrease respectively. As already discussed
earlier, decrease in folate under oxidative stress may have also additionally contributed to the decreased growth
and biomass production in these cultures.

Growth rate may also be directly related to the redox ratio. Maximum biomass accumulation rates coincided
with rapid increases in the redox ratio. This is explained with Supplementary Fig. S1. Although the exponential
growth phase extends up to the 15" hour in C, the biomass accumulation ‘rates, the total biomass formed per
unit time, measured for each time interval varies. Supplementary Fig. S1 indicates the period/time interval dur-
ing which maximum biomass production was actually obtained for a particular culture. The maximum biomass
accumulation ‘ate’ in C, was recorded between the 6 and 9" hours (0.07g L=' h™?), and then the 9" and 12
hours (0.06 g L' h™!) as shown in Supplementary Fig. S1. The highest increases in the biomass accumulation rate
in cultures H and H 4 A were recorded between hours 9 and 12, followed by that between 6 and 9hours. It can be
seen here that the redox ratio shows a drastic increase between the 6" and 12th hours - the same period during
which biomass accumulation rates were highest (Supplementary Fig. S1). Thus a decrease in the redox ratio could
directly impact growth.
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A decrease in the population of the gut microbe would indicate an altered microbiota. Balance in the gut flora
is already known to be essential for good health and a disturbance in its composition and population has been
associated with inflammatory bowel diseases**. Disturbance of the gut microbiota due to the administration of
antibiotics is already known to cause several undesirable consequences in patients®. Similarly, oxidative stress, if
not contained, can lead to several disturbances, including the development of diseases in the host. Oxidative stress
mediated damage to the gut microbiota has already been linked to severe acute malnutrition (SAM) in humans®.
Therefore, therapies employing oxidative stress will have to be devised so as to minimize oxidative stress in gut
microbiome to improve treatment efficacy and avoid other harmful consequences.

In conclusion, results of the current study show that oxidative stress in the gut bacteria Enterococcus durans
(MTCC 3031) can lead to severe decreases in the cellular redox ratio, intracellular folate content and cell growth.
Such an effect would be detrimental to the host. The results have relevance in treatments that expose the gut
bacteria to oxidative stress, such as in cancer therapies. Decreased redox ratio decreases the reductive power of
the cell and would affect a range of cellular functions. Decreased folate synthesis by the bacteria can lead to folate
deficiency in the host, a condition that can induce colorectal cancer. Decreased bacterial growth would lead to a
significant reduction in the bacterial population under such circumstances. It is already known that maintenance
of the cellular redox status is crucial for proper functioning of the gut microbiome. This study further indicates
that the efficacy of treatment strategies that expose the bacteria to oxidative stress, such as in cancers and infec-
tions, could be greatly reduced due to altered gut microbiota. A balance towards this effect could be the key to
more effective treatment strategies. Maintenance of the cellular redox status is thus imperative for devising effec-
tive treatment strategies.

Methods

Organism and culture. The gut bacterium Enterococcus durans (MTCC 3031), was purchased from MTCC.
An overnight culture of E. durans (MTCC 3031), in MRS media was used as the inoculum. The organism was
cultured in a Scigenics Orbitek shaker incubator at 37°C, 180 rpm.

Inducing oxidative stress. Culture was carried out in 250 ml MRS broth. All flasks were inoculated to 0.2
OD for the study. The bacterium was cultured in four different conditions and labelled C, H, M and H+ A. The
organism cultured in MRS broth was treated as control (C). The bacterium was exposed to two different sources
of oxidative stress, by pulse addition of the oxidative agents H,0O, and menadione, in equal concentrations, to
separate cultures labelled H and M respectively. Pulse additions were carried out after 5.5h and 11.5h. The agents
were added such that the final concentration of H,0, and menadione (due to the pulse addition alone) in the
media was 300 uM (after 5.5h) and 5 mM (after 11.5hours). Another culture, labelled H + A, maintained to study
the effect of the antioxidant mannitol, was exposed to 300 uM after 5.5 hours and then with mannitol (1 mM final
concentration) after 8.5hours. The culture period was limited to 15hours for the current study since previous
batch experiments in the lab showed that the growth entered stationary phase after this period. Measurements of
the various analytes were carried out at intervals of three hours.

Growth. Growth was followed with optical density (OD) measurements of the culture at 600 nm. One ml of
the culture was pelleted at 8000 g and the pellet washed in saline. The washed pellet was further re-suspended in
saline and its OD measured at 600 nm.

Hydroxyl radicals. Measurement of the radical was carried out using the dye Aminophenyl fluorescein (APF;
Invitrogen™ Molecular Probes®, CA) based on previously established protocols®. Cell concentration was nor-
malised to 1 OD and used for the measurement to obtain ‘specific’ intracellular values. Cell pellet corresponding
to 1 OD ml~! was washed and re-suspended in saline. APF was added to the suspension to a final concentration of
10 uM, incubated at room temperature for 30 minutes and the fluorescent measurements carried out on a 96 well
plate reader (LS 55, PerkinElmer, Liantrisant, UK) with excitation at 490 nm and emission at 515nm.

Extraction of NADP(H) and redox ratio measurement. Redox ratio here is defined as the ratio of the amount
of total NADPH to total NADP. The reduced (NADPH) and oxidized (NADP) forms of the nucleotide were
extracted separately and measured according to Queval and Noctor, 2007%!. Culture volume corresponding to 5
OD was used for extraction and measurement of each of the pyridine nucleotides. Cell pellet obtained by cen-
trifuging the appropriate volume (corresponding to 5 OD) was washed with distilled water and re-suspended in
0.5ml of 0.2N HCI (for NADP) or 0.5 ml of 0.2N NaOH (for NADPH) and lysed using a probe sonicator (Q700,
Qsonica, LLC, Connecticut, USA), operated at 70% amplitude for a total process time of 4 min (pulse on and
off time being 2's). The lysate was centrifuged at 8000 g for 5min and the supernatant incubated in boiling water
for one minute. The extract was then rapidly cooled on ice and pH adjusted to 5-6 (for NADP) or pH 7-8 (for
NADPH) for measurement via enzyme assay in a 96-well microplate. The reaction mixture in each well contained
100 pul sample, 60 pl of 0.1 M HEPES, pH 7.5, 2mM EDTA; 20 ul of 1.2 mM DCPIP (dichlorophenolindophenol);
10pl of 10 mM glucose-6-phospate; 10 ul of 20mM PMS (phenazine methosulfate). The reaction was started by
adding 10 pl of glucose-6-phosphate dehydrogenase (100 U.ml™!) and the decrease in absorbance at 600 nm was
measured over 10 minutes. The amount of the reduced and oxidised pyridine nucleotides were deduced from
standard plots constructed with pure NADP and NADPH using the same assay.

Folate extraction and measurement. Folate extraction and measurement protocols were adapted from previ-
ously established methods®?. Bacterial culture corresponding to 10 OD was used for folate estimation. The pellet
obtained on centrifuging the required volume was suspended in 1 ml DI water. The cells were lysed using a probe
sonicator, as detailed for redox measurement. The lysed sample was then placed in a water bath at 100°C for
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5minutes to release any folate bound to the Folate Binding Proteins (FBPs). This lysate was then centrifuged and
the supernatant used for folate estimation via HPLC.

Separation and identification of folate was done using HPLC (Prominence, Shimadzu, Japan). The analytical
column used was C-18, 5-pm LC column, 250 x 4.6 mm (00G-4252-E0, Phenomenex, Hyderabad, India). The
mobile phase, 15% HPLC grade methanol in 0.05 M KH,PO,, was filtered (0.22 micron) and degassed prior
to use. A linear solvent programme was used. Mobile phase flow rate was maintained at 0.4 mL.min™". Folate
was identified using a PDA detector (SPD-M20A, Shimadzu, Japan) at 295 nm. Samples were also filtered (0.22
micron) before loading into the column. The concentration of folate in the sample was deduced from a standard
plot constructed using varying concentrations of pure folic acid.

Statistical analysis. All cultures and measurements were carried out in triplicates (three biological repli-
cates, each subjected to three technical replicates). Values have been reported as mean = SD. One way ANOVA
(level of significance = 0.05) and Tukey’s multiple comparisons test was carried out using Minitab 16.

Data availability. All data generated or analysed during this study are included in this article (and its
Supplementary Information files).
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