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Riboflavin did not provide anti-inflammatory or
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Abstract

We aimed to evaluate whether the administration of riboflavin to septic animals reduces inflammation, oxidative stress, organ
dysfunction, and mortality. C57BL/6 mice, 6—8 weeks old, were allocated to the study group (polymicrobial sepsis induced by
cecal ligation and puncture (CLP) + antibiotic + iv riboflavin), control (CLP + antibiotic + iv saline), or naive (non-operated
controls). Serum concentrations of alanine aminotransferase (ALT), creatine kinase-MB (CK-MB), urea, and creatinine, and
markers of inflammation [interleukin (IL)-6, tumor necrosis factor (TNF)-o, keratinocyte-derived chemokine (KC), and
macrophage inflammatory protein (MIP)-2)], and oxidative stress (malondialdehyde (MDA) were measured 12 h after the
experiment. Animal survival rates were calculated after 7 days. Means between groups were compared using linear regression
models adjusted under the Bayesian approach. No significant difference was observed between control and study groups in
serum concentrations of IL-6 (95% credible interval) (-0.35 to 0.44), TNF-o. (—15.7 to 99.1), KC (-0.13 to 0.05), MIP-2 (-0.84 to
0.06), MDA (-1.25 to 2.53), or ALT (6.6 to 11.5). Serum concentrations of CK-MB (-145.1 to —30.1), urea (-114.7 to -15.1), and
creatinine (—1.14 to —0.01) were higher in the study group. Survival was similar in both groups (P=0.8). Therefore, the use of
riboflavin in mice undergoing sepsis induced by CLP did not reduce inflammation, oxidative stress, organ dysfunction, or

mortality compared with placebo.
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Introduction

According to the Third International Consensus Defini-
tions for Sepsis and Septic Shock (Sepsis-3), sepsis is
defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection (1). It is a global
health issue, with increasing incidence, high mortality
rates, and substantial treatment costs in developed and
developing countries (2—4). Currently, there is no specific
therapy for sepsis.

Pre-clinical animal studies are important for the
development of new treatments for sepsis. However, their
applicability may be limited because of the limitations of
the models and heterogeneity of human disease (5). The
cecal ligation and puncture (CLP) is the most frequently
used model because it can partially reproduce the pro-
gression of the pathophysiological phenomena observed
in humans. It induces sepsis by promoting leakage of
microbial flora into the peritoneum, which results in
peritonitis, followed by polymicrobial translocation into
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the bloodstream, activation of the inflammatory response,
and organ dysfunction (6-8).

The pathogenesis of sepsis-induced organ dysfunction
is not completely understood (9). Immune response
alterations, including cytokine storm, excessive release
of nitric oxide, and oxidative stress, may cause tissue
damage and organ dysfunction. In addition, mitochondrial
injury and altered cellular bioenergetics may also be
involved (10).

Riboflavin (vitamin B-2) is a water-soluble vitamin,
essential for nutrient metabolism and normal cell function.
It acts as a precursor of flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), which are crucial for
mitochondrial energy production mediated by the electron
transport chain (11). Riboflavin also plays a key role in the
conversion of oxidized glutathione to its reduced form,
which has antioxidant properties, especially against lipid
peroxidation. In addition, riboflavin can affect the activity of
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antioxidant enzymes, such as glutathione peroxidase,
superoxide dismutase, and catalase. Experimental and
human studies have demonstrated that riboflavin can
attenuate reperfusion oxidative injury, probably through its
activity as a free radical scavenger (12,13). In experi-
mental models of sepsis induced by lipopolysaccharide
(LPS) injection, riboflavin reduced serum levels of
inflammatory cytokines and nitric oxide (14—16). High
doses of riboflavin (100 to 400 mg/d) have been used in
adults and pediatric patients with migraine and mitochon-
drial diseases, with no reports of serious toxicity (17,18).

As riboflavin is a low-cost, safe, and well-tolerated
vitamin with anti-inflammatory and antioxidant effects, the
aim of this study was to evaluate whether the administra-
tion of riboflavin to an experimental model of polymicrobial
sepsis induced by CLP reduces inflammation, oxidative
stress, organ dysfunction, and mortality compared with
placebo.

Material and Methods

Mice

Male C57BL/6 mice (wild-type, WT) aged 6 to 8 weeks
and weighing 18 to 25 g were obtained from the animal
facility of Ribeirdo Preto Medical School, University of
Sao Paulo. The animals were housed in barrier cages
under controlled environmental conditions (12 h light/dark
cycles, 55 + 5% humidity, 23—25°C) and received water and
food ad libitum. The study was approved by the Animal
Ethics Committee of Ribeirdo Preto Medical School,
University of S&o Paulo (Protocol number 009/2016).

Drugs

The following drugs were used: ertapenem sodium
(Merck Research Laboratory, USA), riboflavin (riboflavin
5’-sodium monophosphate; Sigma-Aldrich Laboratories,
USA), xylazine, and ketamine (Unido Quimica, Brazil).
Ertapenem sodium and riboflavin were diluted in 0.9%
saline. Riboflavin was handled with light protection.

Animal model of sepsis induced by CLP

Sepsis was induced by CLP, as described in detail
elsewhere (7). Briefly, mice were anesthetized intraper-
itoneally with ketamine (100 mg/kg) and xylazine (10 mg/
kg), and a midline incision was performed in the abdomen.
The cecum was exposed and ligated below the ileo-cecal
valve and was perforated twice with a sterile 18-gauge
needle. The cecum was then gently squeezed to extrude a
small amount of feces from the perforations and subse-
quently returned to the peritoneal cavity (mid-grade
sepsis). All animals received 1 mL of saline subcuta-
neously immediately after surgery.

Experimental protocol

C57BL/6 mice were randomly allocated to three
groups: study group, control group, or naive group. Mice
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in the study and control groups underwent CLP and
received ertapenem sodium (30 mg/kg diluted in 200 pL of
0.9% saline) as a single dose administered intraperitone-
ally, 6 h after surgery. In addition to antibiotic therapy, mice
in the study group also received riboflavin (20 mg/kg
diluted in 200 pL of 0.9% saline), while animals in the
control group received placebo (200 pL of 0.9% saline),
both administered as a single dose via retroocular venous
plexus, 6 h after surgery, under inhalation anesthesia with
2% isoflurane. Mice in the naive group (non-operated
control) did not receive antibiotics, riboflavin, or placebo.
This group was used as a control of the surgical
procedure, because it has been shown that in protocols
involving CLP-induced sepsis, there is no difference in the
inflammatory and immune responses between naive and
sham-operated mice (19). There were 5 to 7 animals in
each group and all experiments were performed in
duplicate. Figure 1 shows the flow diagram of the study.

Twelve hours after the beginning of the experiments,
mice were euthanized with a lethal dose of anesthetics.
Peritoneal lavage fluid and blood samples were collected
for quantification of bacteria, assessment of neutrophil
migration to the peritoneal cavity, and measurement of
markers of organ dysfunction, inflammation, and oxidative
stress (Supplementary Figure S1).

Quantification of bacteria. The quantification of bacteria
in blood and peritoneal lavage fluid was determined as
previously described (20). In brief, peritoneal lavage fluid
and blood samples were plated on Mueller-Hinton agar
dishes (Difco Laboratories, USA) and incubated for 18 h at
37°C. The number of colony-forming units (CFU) was
quantified, and the results are reported as log CFU/mL.

C57BL/6 mice
6-8 weeks old
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Figure 1. Flow diagram of the study. CLP: cecal ligation and
puncture.


https://doi.org/10.1590/1414-431X2022e12107

Effect of riboflavin in experimental sepsis

Neutrophil migration to the peritoneal cavity. Cells from
the peritoneal cavity were collected by injecting 2 mL of
phosphate buffered saline (PBS) containing EDTA (1 nM),
and the total number of cells was counted using a
Neubauer chamber. Differential cell counts were per-
formed in peritoneal lavage aliquots, which were cen-
trifuged at 130 g at room temperature for 7 min (Cytospin
3, Shandon Southern Products, UK). Cells were subse-
quently fixed on glass slides and then stained with Rapid
Panotic dye (Laborclin, Brazil). The results are reported as
the number of neutrophils in peritoneal cavity.

Characterization of organ dysfunction. Sepsis-induced
organ dysfunction was assessed by serum concentrations
of aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), creatine kinase-MB isoenzyme (CK-MB),
urea, and creatinine. Concentrations of AST, ALT, CK-MB,
and urea were determined using an analytical kit (Labtest,
Brazil), and creatinine concentration was measured by a
colorimetric method (Bioclin, Brazil).

Biomarkers of inflammation. Enzyme-linked immuno-
sorbent assay (ELISA) was used to measure serum and
peritoneal lavage fluid concentrations of interleukin (IL)-6,
tumor necrosis factor (TNF)-a, keratinocyte-derived che-
mokine (KC) (eBioscience Inc., USA), and macrophage
inflammatory protein (MIP)-2 (R&D Systems, Inc., USA)
according to manufacturers’ instructions.

Assessment of oxidative stress. Oxidative stress
occurs when there is increased production of reactive
oxygen species or impairment in the antioxidant systems.
However, direct measurement of reactive oxygen species
in biological samples is difficult due to their short half-life
and rapid reactivity. Hence, oxidative stress is usually
assessed by the measurement of products of oxidation
of cell components, such as lipids. Malondialdehyde
(MDA) is formed during peroxidation of polyunsaturated
fatty acids, as a product of free radical generation, and
is a marker of oxidative damage to cell membranes.
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Thus, MDA was used to estimate oxidative stress.
Serum concentrations of MDA were measured using the
thiobarbituric acid reactive substances (TBARS) method
(21,22).

Survival analysis. The animals were monitored twice
daily and the survival rate was assessed for 7 days. At the
end of this period, mice that survived were euthanized
with an anesthetic overdose.

Statistical analysis

Analysis was carried out using OpenBUGS software
(Free Software Foundation, Inc., USA) and the JAGS
package of the R 3.5.1 software (R Foundation for Statis-
tical Computing, Austria). Group means were compared
using linear regression models, which were adjusted
under the Bayesian approach, obtaining estimates of
differences between the means and 95% credible inter-
vals (95%Crl). When all observations in a group were
zero, it was not possible to perform data analysis. Survival
analysis was performed using the Kaplan-Meier method,
and statistical differences between curves were assessed
using the log-rank test.

Results

There was no significant difference between control
and study groups in bacterial counts in blood (95%Crl:
—0.34 to 2.87) or peritoneal lavage fluid (95%Crl: —0.9 to
0.85) (Figure 2A and B). Also, there was no significant
difference between control and study groups in neutrophil
migration to the peritoneal cavity (96% Crl —0.74 to 4.26).
However, the number of neutrophils in the peritoneal
cavity was greater in controls (95%Crl: —0.97 to —5.04)
and the study group (95%Crl: —8.2 to —3.4) compared to
the naive group (Figure 2C).

No significant difference was observed between con-
trol and study groups in serum concentrations of ALT
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Figure 2. Quantification of bacteria reported as log of colony-forming units (CFU)/mL in blood (A) and peritoneal lavage fluid (B) of
naive, control, and study groups (n=5 to 7 animals per group). C, Quantification of neutrophils reported as number of neutrophils x 10°
in peritoneal cavity of naive, control, and study groups (n=7 animals per group). The horizontal bars represent means. *Significant
difference between groups (linear regression models adjusted under the Bayesian approach).
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Figure 3. Serum concentrations of biomarkers of organ dysfunction in naive, control, and study groups (n=7 animals per group).
A, Alanine aminotransferase (ALT); B, creatine kinase-MB isoenzyme (CK-MB); C, urea; D, creatinine. The horizontal bars represent
means. *Significant difference between groups (linear regression models adjusted under the Bayesian approach).

(95%Crl: —6.6 to 11.5); nevertheless, they were signifi-
cantly higher in the control (95%Crl —23.4 to —5.8) and
study groups (95%Crl: —20.9 to —3.6) compared to the
naive group. Serum concentrations of CK-MB were
significantly higher in the study group compared to naive
(95%Crl: —144.4 to —37.5) and control groups (95%Crl:
—145.1 to —30.1). Moreover, serum concentrations of urea
were significantly higher in the study group compared to
naive (95%Crl: —112.8 to —12.9) and control groups (95%
Crl: —114.7 to —-15.1). The study group also had higher
serum concentrations of creatinine compared to the
control group (95%Crl: —1.14 to —0.01) (Figure 3).

There were no significant differences between control
and study groups in serum concentrations of IL-6 (95%Crl:
—0.35 to 0.44), TNF-o (95%Crl: —15.7 to 99.1), KC (95%
Crl: -0.13 to 0.05), or MIP-2 (95%Crl: —0.84 to 0.06)
(Figure 4). In addition, no significant differences between
control and study groups were observed in peritoneal
lavage fluid concentrations of IL-6 (95%Crl: —0.19 to 0.27),
TNF-o0 (95%Crl: —79.8 to 104.9), KC (95%Crl: -0.2 to
0.08), or MIP-2 (95%Crl: —0.31 to 0.37) (Figure 5).
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No significant difference was observed between con-
trol and study groups in serum concentrations of MDA
(95%Crl: —1.25 to 2.53) (Figure 6). Survival was also
similar in both groups (P=0.8) (Figure 7).

Discussion

In the present study, an experimental model of CLP
was used to assess whether the administration of ribo-
flavin to septic mice resulted in reduction of inflammation,
oxidative stress, organ dysfunction, and mortality com-
pared with placebo. Our data showed that 12 h after the
surgical procedure the animals had sepsis, since we
observed bacterial growth in blood and increased serum
concentrations of the inflammatory markers IL-6, TNF-a,
KC, and MIP-2 in mice submitted to CLP compared to
naive. However, there was no reduction in bacterial counts
in blood or peritoneal lavage fluid in mice treated with
riboflavin 6 h after the procedure compared to septic
animals in the control group. Also, treatment with riboflavin
did not affect neutrophil migration to the peritoneal cavity.
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Figure 4. Serum concentrations of biomarkers of inflammation in naive, control, and study groups (n=7 animals per group).
A, Interleukin (IL)-6; B, tumor necrosis factor (TNF)-alpha; C, keratinocyte-derived chemokine (KC); D, macrophage inflammatory
protein (MIP)-2. The horizontal bars represent means. There were no significant differences between control and study groups.
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Figure 5. Concentrations of biomarkers of inflammation in peritoneal lavage fluid in naive, control, and study groups (n=7 animals per
group). A, Interleukin (IL)-6; B, tumor necrosis factor (TNF)-alpha; C, keratinocyte-derived chemokine (KC); D, macrophage
inflammatory protein (MIP)-2. The horizontal bars represent means. There were no significant differences between control and study

groups.

In contrast, a previous publication showed a significant
reduction in bacterial counts in blood of mice that received
a bolus dose of riboflavin (20 mg/kg) 24 h before the
intravenous inoculation of Escherichia coli (15). However,
the therapeutic intervention was administered before the
septic insult, which precludes clinical applicability of these
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findings (23). Furthermore, studies based on intraperito-
neal or intravenous bacterial injection do not mimic human
sepsis, which usually has a continuous reservoir for
bacteria release (8,24). In this context, the CLP model
provides a better representation of human sepsis com-
pared with bacterial injection (6).
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Figure 7. Kaplan-Meier curves for survival analysis of C57BL/6
mice submitted to sepsis induced by cecal ligation and puncture
(n= 7 animals per group).

To assess whether treatment with riboflavin promoted
an anti-inflammatory action, with a consequent reduction
in the damage generated by the dysregulated response of
the immune system during sepsis, we performed the
quantification of the pro-inflammatory cytokines IL-6 and
TNF-o and the chemokines KC and MIP-2 in serum
and peritoneal lavage fluid of septic mice. We found no
significant differences between study and control groups
in serum and peritoneal lavage fluid concentrations of
inflammatory mediators. Therefore, riboflavin did not have
a local or systemic anti-inflammatory effect in our study.
This finding is in accordance with the neutrophil migra-
tion pattern observed in the present study, since the
chemokines KC and MIP-2 play an important role in the
recruitment of neutrophils to the infection site, being
considered functional homologs of IL-8 in mice (25). Our
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data disagree with those of previous studies of LPS-
induced sepsis that found decreased plasma concentra-
tions of IL-6, TNF-a, and MIP-2 in mice treated with
riboflavin 6 h after LPS injection (14—16). This discrepancy
may be due to the important differences inherent to the
experimental models (8). Previous studies comparing
models of sepsis induced by LPS injection with CLP-
induced sepsis demonstrate that the inflammatory medi-
ators such as IL-6, TNF-a, KC, and MIP-2 show different
time profiles. Their peak concentrations are greater, they
have a shorter duration and occur earlier in the LPS model
in contrast to the lower and more prolonged release of
cytokines in the CLP model, which is similar to what
occurs in human sepsis (8,26,27).

In the present study, markers of organ dysfunction
were assessed 12 h after CLP because organ dysfunction
usually occurs 6 to 12 h after sepsis initiation (28,29).
Previous studies showed increased concentrations of
AST, ALT, CK-MB, urea, and creatinine in CLP-induced
sepsis 8 to 12 h after the septic insult (29,30). In our study,
riboflavin did not reduce the concentrations of markers of
organ dysfunction. In fact, CK-MB, urea, and creatinine
were even higher in mice treated with riboflavin. Thus,
considering that inflammatory response is one of the
mechanisms that contribute to organic injury (31), the fact
that riboflavin treatment did not result in a reduction in the
concentrations of pro-inflammatory mediators in septic
mice could justify, in part, the lack of improvement in most
markers of organ dysfunction.

It has been consistently demonstrated that, during
sepsis, cellular energy failure related to mitochondrial
dysfunction, resulting from oxidative stress, is associated
with a worse outcome in critically ill patients (32-34).
However, we did not observe a reduction in MDA levels in
septic animals treated with riboflavin. The lack of an
antioxidant effect in our study could be due to insufficient
amounts of riboflavin reaching the mitochondria, since the
desired effect of a medicine targeting the mitochondria
can be achieved only if the bioactive molecule is absorbed
by the organ and/or target cell and accumulated in the
subcellular site (35). There is evidence in humans that
oxidative stress along with inflammation is involved in the
pathways that are activated during sepsis leading to organ
dysfunction and death. Indeed, in septic neonates, there is
a significant increase in circulating concentrations of TNF-
o and MDA, compared to healthy controls (36).

In our study, riboflavin had no benefit in survival. Our
results diverged from previous studies, which demon-
strated increased survival in mice treated with riboflavin
after LPS injection or as a pre-treatment before the
injection of Escherichia coli (14,15). However, we must be
cautious when comparing research carried out using very
different methodologies. The Minimum Quality Threshold
in Pre-Clinical Sepsis Studies (MQTiPSS) guidelines
recommend that the therapeutic interventions should be
started after the septic insult, replicating clinical care, and
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that the LPS model should not be used for reproducing
human sepsis (23). Thus, the contrast between our results
and the positive results of studies that used riboflavin
(14-16) probably occurred due to the fact that the
endotoxic shock induced by LPS and injection of bacteria
are models that do not reproduce the complexity of human
sepsis (29,37,38). These conflicting results emphasize the
importance of testing treatments for sepsis in different
animal models prior to proceeding to clinical trials (8).
Although the CLP model is considered the gold standard
for sepsis studies because it mimics the clinical course of
intra-abdominal sepsis (8,29), it has several limitations,
such as variation in the experimental procedure, including
the length of ligated cecum, the size and number of
punctures performed, the amount of stool that leaks into
the peritoneal cavity, and the age, sex, and strain of the
animals (24,27,29).

Limitations of the study

The animals were randomly allocated into groups, but
the study was not blinded. Moreover, there could have
been variations in the CLP experimental procedure,
although it was performed by highly-skilled researchers
(DCN and RGF). In addition, we used fixed time intervals
between the septic insult and the administration of the
antibiotic and riboflavin, and we collected blood and
peritoneal lavage fluid samples only 12 h after the surgical
procedure. However, in humans, the magnitude or timing
of immune response to the septic insult may be different,
even if the intensity of the insult is kept constant (8,38,39).
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The strength of this study is that we showed that the use of
riboflavin in an experimental model of CLP-induced sepsis
did not provide the benefits reported in other studies
based on the LPS model or bacteria injection. Similarly,
contrasting results have also been reported in studies on
TNF-a inhibitors, which initially showed impressive protec-
tion when tested in murine models of LPS-induced sepsis,
but subsequent human studies have failed to show any
benefit in mortality. This could have been predicted from
studies using murine models of CLP-induced sepsis,
which also demonstrated reduced survival with the use of
TNF-a inhibitors (8,40).

In conclusion, the use of riboflavin associated with
antimicrobial treatment in an experimental model of CLP-
induced sepsis did not provide anti-inflammatory or
antioxidant effects, did not reduce or even increased the
concentrations of some organ dysfunction markers, such
as CK-MB, urea, and creatinine, and did not reduce
mortality.
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