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Background: Sepsis is one of the leading causes of death among hospitalized patients. At the onset of this condition,
there is an over-production of pro-inflammatory mediators that contribute to organ failure and death. The excess
production of pro-inflammatory mediators also impairs insulin signaling, which may be a pathophysiological tissue
marker of proinflammatory cytokine action before organ failure. Statins and diacerein have pleiotropic effects, such as
the blockage of inflammatory signaling pathways, suggesting that these drugs may be an attractive therapeutic or
prophylactic strategy against sepsis. The aim of the present study was to investigate whether a statin or diacerein can
improve insulin signaling, disease tolerance and survival in sepsis by inhibiting inflammatory pathways.

Methods: We investigated the effect of these drugs on survival, tissue insulin signaling and inflammatory pathways in
the liver and muscle of rats with sepsis induced by cecal ligation and puncture (CLP).

Results: The results showed that administration of medications, with anti-inflammatory ability, to septic animals
increased survival and improved disease tolerance and insulin resistance in the liver and muscle. The treatment also
attenuated ER stress, NF-kB, JNK activation and restored glucose-6-phosphatase (G6Pase) levels in the liver.

Conclusions: Our results indicate that atorvastatin and diacerein treatment can modulate inflammatory pathways and,
in parallel, attenuate insulin resistance in sepsis. Since these two drugs have safety profiles and minimal side effects, we
suggest that these drugs may be alternative therapies for the prevention or therapies for the treatment of insulin
resistance in sepsis, which could potentially reduce mortality in patients with sepsis.

Background

Sepsis, defined as a life-threatening organ dysfunction
caused by a dysregulated host response to infection [1], is
a prevalent disease and figures as one of the leading causes
of death among hospitalized patients [2]. During the onset
of sepsis, there is an over-production of pro-inflammatory
mediators [3], which contribute to organ failure, and
death. The excess production of pro-inflammatory media-
tors results in a significant pro-inflammatory state, which
in turn reduces insulin sensitivity [4—10]. This insulin
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resistance may be a pathophysiological tissue marker of
proinflammatory cytokine action before organ failure.

During sepsis, lipopolysaccharide-LPS (a bacterial
component) and endogenous cytokines may induce in-
flammation and insulin resistance, through endoplasmic
reticulum (ER) stress and activation of the NF-kB and
JNK pathways [8, 11, 12]. The molecular mechanism by
which insulin resistance is induced is through serine
phosphorylation of the insulin receptor substrate 1 (IRS-1),
thus impairing insulin action. This insulin resistance, in the
liver and muscle, characterized by a down-regulation of in-
sulin signaling may unveil the overreaction at the tissue
level, and may also be used to predict the effectiveness of
treatment.
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The pathologic outcome of sepsis is related to patho-
gen aggressiveness but is also a direct consequence of
the metabolic dysfunction and damage occurring in the
tissues. A defense strategy that does not directly inter-
fere with the pathogen load, but limits the pathologic
outcome of the infection is called disease tolerance. This
process works to maintain the homeostatic parameters
compatible with host survival.

Over the last few decades, the knowledge about sepsis, in-
flammation and organ failure has been increasing [13, 14],
but pharmacological interventions to induce disease toler-
ance are still not effective in reducing the high mortality
rate. Recently, a disappointing result from a phase 3 clinical
trial with an MD2-TLR4 antagonist [15] showed that this
antagonist did not provide beneficial effects in sepsis, when
compared to placebo. It is not easy to reconcile a clinical
study like this with a preclinical result in rats, but it is
important to mention that the time of treatment and the
specific or nonspecific blockage of a single inflammatory
pathway are critical in the interpretation of the results. In
this regard, we believe that there is a therapeutic window,
and the use of more broad anti-inflammatory drugs might
have beneficial effects in severe sepsis.

Recently, knowledge about statins, a class of hypolipid-
emic drugs with pleiotropic effects, such as anti-
inflammatory properties, suggest that these drugs are an
attractive therapeutic or prophylactic strategy for the
treatment of sepsis [2, 3, 16]. Epidemiological evidence
suggests that statins may reduce mortality rates in sepsis
[17-24]. However, the molecular mechanisms by which
statins induce this protective effect have not yet been
investigated. Another drug that has anti-inflammatory
effects is Diacerein (4,5-diacetoxy-9,10-dihydro-9,10-
dioco-2-anthracenecarboxylic acid), which is an anthra-
quinone [13] that has been used in the treatment of
osteoarthritis [25]. The active metabolite of diacerein —
Rhein — blocks the synthesis of TNF-a, IL-6, and IL-1f
[26-30]. There is also evidence that diacerein inhibits
the activation of the NF-kB pathway [31], suggesting that
this drug could improve insulin resistance in sepsis.

This study aimed to investigate whether a statin or
diacerein can improve insulin signaling, contribute to
disease tolerance and improve survival in sepsis, by
reducing inflammatory tissue pathways.

Methods

Materials

The antibodies used were anti-Akt (rabbit polyclonal,
#9272), anti-phospho-Akt (rabbit polyclonal, #9271), anti-
B-Actin (rabbit polyclonal, #4967), anti-IRS1 (rabbit
polyclonal, #2382) and anti-phospho-IRS1°"*%” (rabbit
polyclonal, #2381) from Cell Signaling Technology
(Beverly, MA, USA); anti-JNK (rabbit polyclonal, SC1648),
anti-phopho-JNK (mouse monoclonal, SC6254), anti-
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Goépase (goat polyclonal, SC 27198) and anti-a-Tubulin
(mouse monoclonal, SC8035) from Santa Cruz Technology
(Santa Cruz, CA, USA). Atorvastatin was obtained from
Pfizer (Loughbeg, County Cork, Ireland) and Diacerein was
kindly provided by TRB-Pharma (Campinas, Brazil).
Human recombinant insulin was from Eli Lilly and Co.
(Indianapolis, Indiana, USA). Routine reagents were
purchased from Sigma Chemical Co. (St. Louis, MO, USA)
unless specified elsewhere.

Animals

Male Wistar rats (8 weeks old; obtained from the State
University of Campinas Central Breeding Center) were
stored under a 12/12-h light/dark cycle in the controlled
room (humidity ~55+ % and temperature ~22 +3 °C)
with assess to food and water ad libitum. The animals
were randomly separated into the following groups:
sham-operated animals (Control group), placebo-treated
(saline) sepsis (Sepsis group), atorvastatin-treated sepsis
(Atorvastatin  group), and diacerein-treated sepsis
(Diacerein group). All animal protocols of this study
were approved by the Animal Care and Use Committee
at State University of Campinas (CEUA/UNICAMP
1267-1), and they are by international guidelines for the
care and use of experimental animals.

Surgical procedures

Cecal ligation and puncture (CLP) were executed, as de-
scribed before [32], to induce a sepsis model. The rats were
anesthetized by using ketamine (80 mg/kg) and xylazine
(15 mg/kg). The cecum was attached right below the ileoce-
cal valve carefully to prevent obstruction of either ileum or
colon. The cecum was exposed to a four “through-and-
through” punctures (20-gauge needle). The abdominal inci-
sion was closed in layers. The sham-operated rat underwent
the same procedure, except for ligation and perforation of
the cecum. All processes were carried out under sterile
conditions. Three hours after the induction of sepsis and
every 24 h, rats received atorvastatin (10 mg/kg/day) or
diacerein (100 mg/kg/day) or an equivalent volume of the
vehicle by oral gavage. The dose of atorvastatin was chosen
based on a previous study [33] and the higher metabolic rate
of the drug in rodents [34]. The diacerein dose was selected
based on a previous study [35].

Sepsis-survival studies

Wistar rats (n =20 per group) were induced to sepsis, as
previously described and allowed to recover. Then, these
animals were treated with diacerein, atorvastatin or
placebo 3 h after surgery and then once per day, and
were observed every 4 h for 1-week, than every 12 h
until death or for 15 days.



da Silva et al. Journal of Inflammation (2018) 15:8

Insulin tolerance test (ITT)

Insulin sensitivity was investigated through the insulin
tolerance test (ITT) at 24 h after surgery, as described
[36]. Insulin (1.5 U/kg) was administered by i.p. injection
and blood samples were collected at 0, 5, 10, 15, 20, 25,
and 30 min to determine serum glucose. The constant
rate of glucose disappearance (Kitt) was calculated as
previously described [37].

ELISA assays

Samples of blood were collected 24 h after surgery. To
prepare the serum, whole blood was directly drawn into
a centrifuge tube without anti-coagulant. The blood clot
was formed after 30 min at room temperature, and then
centrifuged, transferred and stored in separate tubes at
- 80 °C for further ELISA analysis. IL-6, and TNF-a
were determined using commercially available ELISA
kits (Pierce Biotechnology Inc., Rockford, IL, USA) in
serum. Part of the tissues (liver and muscle) obtained as
further described in section “Tissue Extraction and
Immunoblotting” was immediately frozen in liquid nitro-
gen and stored at — 80 °C until NF-«B nuclear extraction
and analysis using commercially available ELISA kit
(Thermo Fisher Scientific Pierce Biotechnology Inc.,
Rockford, IL) following the manufacturer’s instructions.

Tissue extraction and immunoblotting

After 24 h from surgery, rats were anesthetized by using
of sodium thiopental (40 mg/Kg) and used as soon as
anesthesia was guaranteed by the loss of pedal and
corneal reflexes. Saline (0.1 ml) or insulin were injected
(3.8 U/Kg IP) and the liver fragment removed after 30 s,
and muscle was obtained after 90 s of injection, and then
all tissues were minced coarsely and homogenized
immediately in extraction buffer, centrifuged (15.10% rcf
for 30 min at 4 °C) as done previously [38], and stored
at -80 °C until further use. The tissue extracts were
subjected to SDS-PAGE and immunoblotting, as previously
described [36].

qPCR

Part of the tissues (liver and muscle) obtained as described
in section “Tissue Extraction and Immunoblotting’ was
immediately frozen in liquid nitrogen and stored at -80 °C
until total RNA extraction. Total RNA was extracted
using the RNeasy Mini Kit (Germantown, MD, USA)
according to the manufacturer’s instructions. The qPCR
was performed in QuantStudio 6 Flex Real-Time PCR
System (Thermo Fisher Scientific) using SybrGreen PCR
Master Mix (Thermo Fisher Scientific, Carlsbad, CA,
USA), (Primers described in Additional file 1: Table S1)
and analyzed using the AACt method. Relative gene
expression was normalized to B-actin.
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Statistical analysis

Data are exhibited as a mean * standard error of the
mean (SEM). The results of blots are presented as direct
comparisons of bands and quantified by optical densi-
tometry (UN SCAN IT, Silk Scientific Inc., Orem, UT,
USA). Multiple comparisons were tested by one-way
ANOVA, followed by Tukey’s post hoc test, with the sig-
nificance level set at P < 0.05 using GraphPad Prism soft-
ware (La Jolla, CA, USA). The overall difference in
survival rate was determined by the Kaplan-Meier test
followed by a log-rank test.

Results

Atorvastatin and Diacerein improve survival in septic rats
To test the hypothesis that these two drugs with anti-
inflammatory activity can decrease sepsis mortality, we
monitored the survival in septic and sham-operated ani-
mals. The results showed a significant improvement in
the survival curves after atorvastatin (P < 0.0001) or dia-
cerein (P <0.0001) treatment in septic animals (Fig. 1a),
when compared to septic animals that received a pla-
cebo. However, no significant difference was observed
between the two treatments in the sepsis-induced or
sham-operated animals.

Effect of atorvastatin and diacerein on plasma glucose
levels, insulin tolerance test and serum levels of IL-6,
and TNF-a

Plasma glucose levels were higher in septic animals, and
both atorvastatin and diacerein normalized this parameter
(Fig. 1b). Along the same line, septic animals displayed a re-
duced Kitt, which is indicative of insulin resistance, and
both drugs improved insulin sensitivity (Fig. 1c). With
regards to cytokine levels, septic animals displayed higher
serum levels of IL-6 and TNF-a than the sham-operated
rats. After atorvastatin or diacerein treatment, a significant
decrease was observed in the circulating levels of all of the
cytokines evaluated (Fig. 1d-e). Taken together these results
demonstrated that both treatments were able to improve
the metabolic and inflammatory profile of septic animals.

Atorvastatin or diacerein improves insulin signaling in
septic animals

In the sepsis group, insulin-induced Akt serine phos-
phorylation in the liver and muscle was blunted when
compared with the sham-operated rats, and both atorva-
statin and diacerein were able to significantly increase
Akt phosphorylation in these tissues (Fig. 2a-d).
However, there was no significant change in the protein
expression levels of Akt observed in the liver or muscle,
among all of the groups studied (Fig. 2a-d).
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Fig. 1 Effect Atorvastatin and Diacerein survival in CLP sepsis model. Male Wistars rats, 8 weeks old, received saline (Sham/Sal, n = 20), (Sepsis/Sal,
n = 20) or atorvastatin 10 mg/kg (Sepsis/Ator, n = 20), or diacerein 100 mg/kg (Sepsis/Diac n = 20) 3 h after surgery and once a day following
CLP. Survival of the rats was monitored at intervals of 4 h for 1-week, than every 12 h until day 15. The overall difference in survival rate between
the groups with and without atorvastatin was significant (P < 0.0001). The overall difference in survival rate between the groups with and without
diacerein was significant (P < 0.0001) (a). Fasting blood glucose (b). Glucose disappearance rate (c). Serum levels of IL-6 (d) and TNF-a (e). Data are
presented as means + SEM of six rats per group (except for survival curve). *P < 0.05 (Sepsis saline vs. all others groups)

Atorvastatin and diacerein attenuate sepsis-induced
inflammatory changes

It is well known that the proinflammatory pathways are
activated in sepsis, including the IKKB/NF-kB and the
JNK pathways. Thus, we examined the anti-inflammatory
effects of atorvastatin and diacerein on the NF-kB path-
way using an activity assay. The results showed that NF-
KB was activated in sepsis, and both drugs were able to at-
tenuate this activation (Fig. 3a-b). Next, we evaluated JNK
phosphorylation levels, which is an indicator of its activity.
The results showed that in the liver and muscle of septic
rats there was an increase in JNK phosphorylation, and
the treatment with atorvastatin or diacerein blocked this
activation in both tissues (Fig. 4a-d). Since this serine
kinase can induce IRS-1 serine phosphorylation, we also

investigated the effects of atorvastatin or diacerein on
IRS-1°°"*"7 phosphorylation levels in the liver and muscle
of septic animals. The results showed that there was an
increase in IRS-1 serine phosphorylation levels in the liver
and muscle of septic rats, and treatment with both drugs
reduced the serine phosphorylation of IRS-1 (Fig. 4a-d).

Atorvastatin and diacerein treatment lowers

endoplasmatic reticulum stress in septic rats

It is well established that sepsis can induce ER stress and
the unfolded protein response (UPR). In this regard, we
investigated the effect of sepsis on genes that encode for
proteins that reflect the UPR response. Our data showed
that in sepsis there were increased mRNA levels of PKR-
like endoplasmic reticulum kinase (PERK) and inositol-
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requiring enzyme 1 (IRE1), and the treatment with ator-
vastatin or diacerein significantly reduced the expression
of these genes (Fig. 5a-d).

Atorvastatin and diacerein restores glucose-6-
phosphatase (G6Pase) in the liver of septic animals

The insulin resistance in the liver and peripheral tissues
in sepsis is an adaptive response accompanied, at least in
the initial phase, by mild hyperglycemia as observed in
the present study. However, during the evolution of
sepsis, the development of hypoglycemia should be

prevented to improve disease tolerance [39]. It is well
known that in septic animals there is an increase in
TLR4 and TLR2 signaling and that ER stress could
contribute to reduced insulin signaling in the liver. Our
data showed that the activation of the NF-kB and JNK
pathways, which are downstream from these TRLs, in
the liver of septic animals, is also accompanied by a
reduction in the protein expression of G6Pase. This
reduction in G6Pase protein expression is reversed by
atorvastatin or diacerein treatment (Fig. 6). Since this
enzyme has a crucial role in hepatic glucose output, we
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can suggest that atorvastatin and diacerein, by reducing
the downstream TLR4 signaling, can contribute to
restoring G6Pase tissue levels and in this regard hepatic
glucose production, thus preventing hypoglycemia and
improving disease tolerance.

Discussion

Our data demonstrated that administration of atorva-
statin or diacerein improved insulin sensitivity and
disease tolerance during peritoneal-induced sepsis.
Additionally, these drugs attenuated the increase of
inflammatory cytokines and enhanced insulin signaling
in the liver and muscle.

Previous studies have shown that there is a clear link
between immune and insulin signaling in insulin resist-
ance [40—43]. The activation of serine-kinases IKKp and
JNK occur in metabolic disorders and have an essential
role in insulin resistance [43, 44]. Enhanced NF-kB acti-
vation is also associated with a more unfortunate out-
come in sepsis [45—47]. Furthermore, NF-kB activation
increases the transcription of IL-1B, IL-6, and TNF-a
[48, 49] and hyperexpression of these mediators may
contribute to insulin resistance [50] . The inhibition of
NF-kB activation in drug-treated animals provides an
explanation for the reduced serum levels of TNF-a and
IL-6 and the improvement in the sepsis-induced insulin
resistance process.

In both in vitro and in vivo studies, ER stress can acti-
vate inflammatory signaling and JNK, resulting in the in-
duction of insulin resistance [11, 51, 52]. In addition to
JNK, ER stress also activates IKKpB and this may repre-
sent a standard mechanism for the activation of these
two counteracting insulin signaling pathways [5]. Our
data show that atorvastatin and diacerein reduce ER
stress and inhibits JNK phosphorylation and NFkB acti-
vation in the liver and muscle of septic rats, indicating
that different pathways mediate the beneficial effects of
these drugs in improving survival and reducing insulin
resistance. Due to the modulation of these inflammatory
pathways, these drugs also reduced IRS-1 serine phos-
phorylation, a tissue marker of insulin resistance. Our
data suggest that atorvastatin and diacerein, by attenuat-
ing inflammation and sepsis-induced insulin resistance,
may be a potential therapy for sepsis through the
improvement in insulin sensitivity and signaling in
peripheral tissues. On the other hand, a multicenter
randomized trial showed that atorvastatin did not result
in any differences in length of stay, Sequential Organ
Failure Assessment (SOFA) scores or mortalitity in pa-
tients with sepsis, when compared to placebo [53]. It is
important to emphasize that in this atorvastatin trial, the
drug was administered at a moderate dose of 20 mg/day
and only given to patients with severe sepsis, indicating
that this drug was initiated during a very advanced phase
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of sepsis. However, this trial did show that prior statin
use followed by continuation with atorvastatin during
sepsis was associated with improved survival [53].
Taking together these data with our data makes it tempt-
ing to speculate that statins may have a beneficial effect
in preventing sepsis, and should be continued during the
treatment of this condition. Since, in our animal models
for the study of sepsis we initiated the statin treatment
3 h after sepsis induction, it is possible that in order to
improve survival the atorvastatin should be administered
very early and at higher doses, especially in patients not
currently taking any type of statin.

The insulin resistance in the liver and peripheral
tissues in sepsis is an adaptive response accompanied by
mild hyperglycemia, in the early phase. Our data showed
that the increase in downstream TLR4 signaling and the
induction of ER stress could contribute to the reduced
ALkt activation and insulin signaling observed in the liver
and muscle. Insulin induced IRS/PI3k/Akt activation in
muscle has an important role in inducing glucose trans-
porter 4 (GLUT4) translocation and glucose transport in
this tissue, and a downregulation of this pathway may
explain why insulin resistance is observed in the muscle
of septic animals [54]. Along the same lines, the activa-
tion of this pathway in the liver reduces neoglucogenesis
and hepatic glucose output, and in sepsis, the downregu-
lation of IRS/PI3k/Akt may provide an explanation for
the observed increase in hepatic glucose production and
hyperglycemia [54].

However, during the evolution of sepsis, the develop-
ment of hypoglycemia should be prevented, in order to
improve disease tolerance [39]. The reduction in insulin
signaling in the muscle decreases glucose utilization,
towards the goal of preventing hypoglycemia, however
this is a limited mechanism. On the other hand, the
downregulation in insulin signaling in the liver may not
be sufficient enough in preventing hypoglycemia. This is
because the downstream TLR4 signaling in the liver,
despite its ability to impair insulin signaling, is also able
to reduce G6Pase levels, and in this regard decrease the
hepatic glucose output. Although we did not measure
Go6Pase activity in the present study, previous data using
heterozygous or homozygous mice with targeted dele-
tion of liver G6Pase showed a close correlation between
tissue protein levels and activity [55]. In these mice, this
enzymatic deficiency mimics glycogen storage disease
type la, which is associated with fasting hypoglycemia.
This suggests that the reduction in G6Pase protein
expression in the liver of septic animals was probably
accompained by a reduction in G6Pase activity. In
addition, another mechanism recently described [56]
that may contribute to induce hypoglycemia in sepsis is
an impairment in insulin clearence, also mediated at
least in part, by LPS-TLR4. In this regard, these two
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mechanisms, a decrease in G6Pase and impairment in
insulin clearence, probably were offuscated in the past
by the simultaneous and predominant effect of insulin
resistance. These two driven forces that can contribute
to hypglycemia should be prevented, and in this regard
our data showed that atorvastatin and diacerein, by
reducing lipopolysaccharides (LPS) downstream signal-
ing in the liver, can probably contribute to restoring
Go6Pase tissue levels and likely its activity, which will
ultimately restore hepatic glucose production, and
prevent hypoglycemia.

A recent report showed that fasting metabolism is pro-
tective against sepsis [57]. However, it is important to
maintain at least minimal glucose levels through gluco-
neogenesis. It is plausible that this fine balance in circu-
lating glucose levels involves opposing mechanisms
regulated by TLR4, such as: reduced food intake and
peripheral insulin resistance, and endogenous hepatic
glucose production. In addition to restoring G6Pase
levels and hepatic glucose output, and thus preventing
hypoglycemia, these drugs may also prevent hypergly-
cemia in septic animals by improving glucose utilization
in the peripheral tissues, contributing to improved
disease tolerance.

Previous data showed that blocking TLR4 signaling
with an MD2-TLR4 antagonist had no clear beneficial
effects in sepsis, when compared to placebo [15]. As pre-
viously mentioned, it is not easy to reconcile a clinical
study with patients with a preclinical result in animals,
but it is important to re-emphasize that time of treat-
ment and the specific or nonspecific blockage of a single
inflammatory pathway are key points in the interpret-
ation of the results. Since there are many inflammatory
pathways activated in sepsis, the strategy of merely
blocking a single component is likely to be insufficient
in controlling the process [58, 59]. Indeed, therapies
modulating multiple mediators seem to be more
efficacious [2, 58]. The reduced inflammatory response
induced by atorvastatin and diacerein improved insulin
signaling, and may have also contributed to the increase
in survival. The downregulated PI3K/Akt pathways
during sepsis may have a role in multiorgan failure, and
re-activation of this pathway may ameliorete cardiac
dysfunction and brain injury and increase survival in
patients with sepsis [53, 60] . Atorvastatin and Diacerein
may play a critical role in the protection against sepsis
through an improvement in the insulin-induced PI3K/
Akt pathway.

Conclusion

In conclusion, administration of atorvastatin and diacerein
to septic animals attenuated ER stress, NF-kB and JNK
activation, decreased serum levels of cytokines, increased
survival and improved insulin resistance in the liver and
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muscle. Our results indicate that atorvastatin and diacer-
ein treatments modulate inflammatory pathways and
improve disease tolerance through a fine balance in glu-
cose metabolism that might involve G6Pase. Since these
two drugs have safety profiles and minimal side effects, we
suggest that these drugs may be alternative therapies for
the prevention or therapies for the treatment of insulin
resistance in sepsis, which could potentially reduce
mortality in patients with sepsis.
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