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� Resonance Raman spectroscopy was
applied to in vivo detection of the
mitochondrial redox state in septic
mice for the first time.

� Monitoring mitochondrial redox
states using resonance Raman
spectroscopy had higher prognostic
accuracy for mortality than the
lactate level during sepsis and could
be a novel diagnostic marker for
predicting septic outcomes at an early
time point.

� Resonance Raman spectroscopy could
detect mitochondrial dysfunction in
sepsis and provide a biomarker that
can be a specific target of adjunctive
treatment.
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Background: Sepsis remains an unacceptably high mortality due to the lack of biomarkers for predicting
septic outcomes in the early period. Mitochondrial redox states play a pivotal role in this condition and
are disturbed early in the development of sepsis. Here, we hypothesized that visualizing mitochondrial
redox states via resonance Raman spectroscopy (RRS) could identify septic outcomes at an early time
point. Sepsis was induced by cecal ligation and puncture (CLP). We applied RRS analysis at baseline
and 30 min, 1 h, 2 h, 4 h, and 6 h after CLP, and the mitochondrial redox states were identified. The levels
of blood lactate as a predictor in sepsis were assessed. Our study is the first to reveal the possibility of
in vivo detection of the mitochondrial redox state by using RRS in septic mice. The peak area for the
Raman reduced mitochondrial fraction, the indicator of mitochondrial redox states, fluctuated signifi-
cantly at 2 h after CLP. This fluctuation occurred earlier than the change in lactate level. Moreover, this
fluctuation had higher prognostic accuracy for mortality than the lactate level during sepsis and could
be a novel diagnostic marker for predicting septic outcomes according to the cutoff value of 1.059, which
had a sensitivity of 80% and a specificity of 90%.
Objectives: To explore an effective indicator concerning mitochondrial redox states in the early stage of
sepsis and to predict septic outcomes accurately in vivo using non-invasive and label-free Resonance
Raman spectroscopy (RRS) analysis.
Methods: Mitochondria, primary skeletal muscle cells andex-vivo muscles harvested from gastrocnemius
were detected mitochondrial redox states respectively by using RRS. Sepsis was induced by cecal ligation
and puncture (CLP). We applied RRS analysis at baseline and 30 min, 1 h, 2 h, 4 h, and 6 h after CLP, and
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the mitochondrial redox states were identified. The levels of blood lactate as a predictor in sepsis were
assessed. The predictive correlation of mitochondrial redox states on mortality, inflammation and organ
dysfunction was further assessed.
Results: Mitochondrial redox states were clearly recognized in ex-vivo gastrocnemius muscles as well as
purified mitochondria and primary skeletal muscle cells by using RRS. The peak area for the Raman
reduced mitochondrial fraction, the indicator of mitochondrial redox states, fluctuated significantly at
2 h after CLP. This fluctuation occurred earlier than the change in lactate level. Moreover, this fluctuation
had higher prognostic accuracy for mortality than the lactate level during sepsis and could be a novel
diagnostic marker for predicting septic outcomes according to the cutoff value of 1.059, which had a sen-
sitivity of 80% and a specificity of 90%.
Conclusions: This study demonstrated that monitoring mitochondrial redox states using RRS as early as 2
h could indicate outcomes in septic mice. These data may contribute to developing a non-invasive clinical
device concerning mitochondrial redox states by using bedside-RRS.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Sepsis is a life-threatening condition involving multiorgan dys-
function that has a rising mortality of approximately 6 million in
critically ill patients [1,2]. Increased awareness and early detection
of sepsis are important in reducing mortality with prompt use of
evidence-based interventions [3]. The pathogenesis of mitochon-
drial damage as a result of sepsis probably involves a complex ser-
ies of events [4–6]. Experimental evidence indicated that the
emergence of mitochondrial dysfunction, including oxidative
stress and energy metabolism, appeared early and was associated
with the outcomes of sepsis [7,8]. However, most knowledge of
mitochondrial function is hitherto derived from invasive labora-
tory examination by using isolated cells and mitochondria from
biopsy specimens [6,8], which has restricted the clinical
applications.

Resonance Raman spectroscopy (RRS) is a promising qualita-
tive tool to analyze molecule vibrations and to identify molecu-
lar functions with structural fingerprints, even at negligibly low
quantities [9–11]. Several studies have reported that RRS could
be used to detect mitochondrial function in both isolated cells
and tissues [11–13]. Takeshi et al. found that evaluation of mito-
chondrial function by using RRS displayed a similar sensitivity
with noninvasive interference compared with other common
mitochondrial function assays [12]. Recently, RRS has been used
as a versatile diagnostic tool for detecting cancerous tissues in
human patients [14]. Quantifying myocardial mitochondrial
redox states on the epicardial surface in vivo by using RRS might
permit the real-time identification of critical defects in organ-
specific oxygen delivery and improve the accuracy of cardiac
arrest prediction [11]. However, the application of RRS to detect
mitochondrial dysfunction and its predictive value in sepsis are
unclear.

Several researchers have noted that mitochondrial redox
states may play a pivotal pathophysiological role in the develop-
ment of sepsis-induced multiorgan dysfunction [6,15,16]. A
recent clinical study showed that persistent low mitochondrial
respiration was correlated with slower recovery from organ dys-
function in pediatric sepsis [15]. Mitochondrial function repre-
senting redox states in the skeletal muscle was severely
impaired in septic patients and showed a good correlation with
illness severity within 24 h after intensive care admission [16].
We hypothesized that visualizing mitochondrial redox status
via RRS could identify the severity and prognosis of sepsis at
an early stage. Therefore, we carried out an experimental study
to determine whether this RRS tool could be a more effective
indicator in monitoring mitochondrial redox states of gastrocne-
mius in sepsis and a more accurate predictor of septic outcomes
than current methods.
Materials and methods

Animals

Adult male C57BL/6 mice (6–8 weeks old, weighing 22–25 g)
were obtained from the Animal Center of Xi’an Jiaotong University
(Xi’an, China) in this study. Mice were housed in pathogen-free
cages under standardized conditions with a 12-hour light/dark
cycle (lights on from 8:00 am to 8:00 pm) and free access to food
and water. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at Xi’an Jiaotong University
(Xi’an, China).

Cecal ligation and puncture model

Cecal ligation and puncture (CLP) was performed as previously
described [17]. Briefly, laparotomy was performed, and the cecum
was gently exteriorized. Approximately 50% of the cecum was
ligated using a 4-0 silk and double-punctured using a 21-gauge
needle. A small amount (droplet) of feces was extruded from the
surface of the cecum, and the peritoneum was closed. Then, the
mice were resuscitated via subcutaneous injection of prewarmed
0.9% normal saline (5 ml/100g) and placed on a temperature-
controlled pad until they regained independent mobility. Survival
was continuously recorded for a total of 7 days. Blood pressure
was measured by the tail cuff method using a BP-2000 blood pres-
sure analysis system (Visitech Systems, Apex, NC, USA). Rectal
temperature was recorded using a rectal probe thermometer.

Animal experimental protocol

This study included three experimental stages. In the first stage,
mice (n = 7–29) were subjected to CLP to induce sepsis. Blood
serum lactate was measured 1 h before CLP (baseline) and 2, 6,
12 and 24 h after CLP. RRS spectra were recorded 1 h before CLP
(baseline) and 30 min and 1, 2, 4 and 6 h after CLP. Mitochondrial
redox states, such as oxidized nicotinamide adenine dinucleotide
(NAD+), reduced nicotinamide adenine dinucleotide (NADH), and
oxidized (GSSG) and reduced (GSH) glutathione, were detected.
Blood serum lactate, high mobility group box 1 (HMGB1), procalci-
tonin (PCT), and C-reactive protein (CRP) were measured at 24 h
post CLP. Correlations between RRS spectra and the parameters
of sepsis were analyzed. In the second stage, a separate group of
mice (n = 45) was subjected to CLP to induce sepsis. Raman spectra
and blood serum lactate were recorded at 2 h after CLP. Survival
was continuously recorded for a total of 7 days. The best cutoff
value of the indicator extracted from RRS spectra to discriminate
mortality was obtained using a receiver operating characteristic
(ROC) curve. In the third stage, mice that underwent CLP were
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divided into two groups (n = 5–8 per group) according to the cutoff
value of 1.059: the less than 1.059 group (L group) and the more
than or equal to 1.059 group (H group). The body weight, rectal
temperature and blood systolic pressure were measured. The
inflammatory response and multiorgan dysfunction were evalu-
ated between the L group and the H group.

RRS study

RRS spectra in the spectral range of 600–1800 cm�1 were
acquired using a Raman spectrometer (Horiba LabRAM HR Evolu-
tion, France) equipped with an Olympus BXFM open space optical
microscope and a charge-coupled device detector. Resonance
Raman spectra were recorded though an LWD50 � objective
(NA = 0.5, WD = 10.6 mm) with a 532-nm Yd: NVO4 laser. The spot
size of the analyzed area was approximately 1 lm in diameter. The
calibration was performed using the silicon wafer Raman band at
520.7 cm�1. The spectral resolution was 0.65 cm�1. The accuracy
of the wavenumber was ±0.03 cm�1.

RRS spectra of mitochondria

Mitochondrial isolation was performed with a previously pub-
lished method with slight modifications [18]. In brief, fresh mito-
chondria were obtained from the gastrocnemius of male C57BL/6
mice. The samples were washed with ice-cold relaxation buffer
(100 mM KCl, 5 mM EGTA, 5 mM HEPES adjusted with KOH to
pH 7.0) and then minced in the same buffer for 10 min. After resus-
pension with HES buffer (5 mM HEPES, 1 mM EDTA, 0.25 M
sucrose, pH 7.4), the samples were homogenized using a glass
dounce homogenizer and then centrifuged at 1000g for 10 min at
4 �C. The supernatant was collected and recentrifuged at 1000g
for 10 min. The resulting supernatant was then centrifuged at
9000g for 15 min at 4 �C and resuspended in FFA-free HES buffer
with 0.2% BSA. A small aliquot of purified mitochondria was
reduced after the addition of a small amount of sodium dithionate
(SDT, 10 mM, Sigma–Aldrich, MO, USA) to the mitochondrial solu-
tion. Raman spectra of the control (partially oxidized) and reduced
mitochondria (n = 3–5 per group) were recorded at least 5 times
with an acquisition time of 30 s and accumulation twice. The inci-
dent laser power on the samples was approximately 10 mW.

RRS spectra of skeletal muscle cells and tissues

Isolated primary skeletal muscle cells were prepared as previ-
ously described [19]. Mice were sacrificed by cervical dislocation.
Then, the gastrocnemius of male C57BL/6 mice was harvested
and minced in the culture medium. Primary skeletal muscle cells
were prepared by enzymatic dissociation. The cells were cultured
at 37 �C with a humidified atmosphere of 95% O2 and 5% CO2. For
the Raman spectrum of cells, the culture medium was quickly
removed and washed twice with HEPES-buffered Tyrode’s solution
(150 mM NaCl, 10 mM glucose, 10 mM HEPES, 4.0 mM KCl, 1.0 mM
MgCl2, 1.0 mM CaCl2, and 4.0 mMNaOH). Then, the cells were fixed
with 4 wt% paraformaldehyde in 0.1 M phosphate buffered saline
for 10 min. After fixation, the Raman spectra of the cells were
recorded. For the reduction-oxidation experiment, 10 mM SDT
was added to the medium for 10 min, and the reduced form of
the cell was observed with a Raman microscope. The Raman spec-
trummeasurements were carried out on at least ten random points
for each cell. For the control (partially oxidized) and reduced
groups (n = 3 per group), more than three cells were recorded with
an acquisition time of 20 s and accumulation once. The incident
laser power on the sample was approximately 5 mW. The men-
tioned Raman spectra of each group are expressed as the average
spectra.
For ex vivo measurement, the gastrocnemius muscle harvested
from the right leg of male C57BL/6 mice was performed as previ-
ously described [20]. Then, the muscles were placed into a sterile
dish with Krebs-Henseleit buffer (KHB) composed of 119 mM NaCl,
4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4 and
25 mM NaHCO3 (pH 7.4). Raman spectra of the ex vivo gastrocne-
mius muscle were measured from at least five random spots using
a laser power of approximately 25 mW. Signal collection was per-
formed for 30 s, and accumulation was performed twice. To reduce
ex vivo gastrocnemius muscle, we added a small amount of SDT
(10 mM) to KHB for 10 min, and the Raman spectra were collected
as described above.

RRS spectra in vivo

In the in vivo experiment, Raman spectra of the skeletal muscles
of mice were recorded 1 h before CLP (baseline) and 30 min and 1,
2, 4 and 6 h after CLP. To prepare the ‘‘muscle” site, we shaved the
right thigh and removed the hair, and the skin layer was cut and
folded back with a fixed length away from the ankle to expose
the gastrocnemius muscle, which was immediately detected by a
Raman microscope in the measuring field of 9 mm2. The laser
power on the sample stage was 25 mW with an acquisition time
of 15 s accumulating once. For each mouse, measurement was per-
formed with at least 5 random points. Mice were anesthetized with
inhalation of continuous low-dose isoflurane to allow a motionless
and reliable Raman scan with comfortable care on a warmed pad
(37℃) all the time. The ‘‘muscle” site was protected from injury
and treated via a slight suture after measurement.

Raman spectra data processing

Raman spectra were processed using LabSpec6 software (Hor-
iba JY) for each individual Raman spectrum. The mentioned Raman
spectra of each sample are expressed as the average spectra. A lin-
ear baseline correction was applied to subtract the fluorescence
background signal. The designed Raman peak from each spectrum
was processed and fitted, and the peak areas were calculated using
the LabSpec6 software suite.

Quantification of the bacterial burden of peritoneal lavage

The bacterial count was analyzed as previously described [21].
Twenty-four hours after CLP, 5 ml of sterile PBS was injected into
the peritoneal cavities of the mice. After gentle mixing, 4 ml of this
peritoneal lavage fluid was collected. Then, after serial dilutions,
bacterial counts were determined by incubating 100 ll of the sam-
ples with these dilutions on tryptic soy agar plates followed by
incubation at 37 �C for 24 h. Colony forming units were counted
and are expressed as log10 of units per milliliter.

Hematoxylin-eosin staining and analysis

The lung, kidney, liver, and heart were collected at 24 h post-
CLP. Then, the tissues were immediately fixed in 4 wt%
paraformaldehyde and dehydrated in a gradient ethanol series.
These tissues were sliced into sections at a thickness of 5 lm with
paraffin embedding and stained with hematoxylin-eosin (Boster
Bioengineering, Inc., Wuhan, Hubei, China). Histological examina-
tion was performed via an Olympus CX23 microscope (Olympus,
Shinjuku, Tokyo, Japan). Evaluation of the tissue pathological
severity was performed blindly and scored using a semiquantita-
tive scoring system as previously described [22,23]. The histology
injury scores are expressed as the sum of the individual scores.
In detail, the lung was scored on parameters including alveolar
congestion, hemorrhage, neutrophil or leukocyte infiltration, and
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cellular hyperplasia. The parameters of kidney injury were tissue
necrosis, tubular atrophy, leukocyte infiltration in the glomeruli
and tubular cast formation. Liver injury was scored on the presence
of hepatocyte vacuolization, cell necrosis and nuclear fragmenta-
tion. Heart injury was scored based on the presence of myocardial
fibers, obscure nucleus/karyopyknosis, interstitial lymphocyte
infiltration and lytic necrosis.

Lung wet-to-dry weight ratio

For quantification of the magnitude of pulmonary edema, lung
tissues were harvested, and the wet weight was immediately
recorded. The lung was placed in an oven at 60 �C for 48 h until
the weight was constant, and then, it was reweighed to determine
the dry weight. The lung water content was calculated as the ratio
of wet weight to dry weight as follows: W/D ratio = wet
weight � dry weight/dry weight.

Organ function analysis and cytokines/chemokines

Approximately 0.1 ml of blood was collected from the tail vein
at a defined time after CLP for every biochemical assay in this
study. After centrifugation (3000 rpm, 15 min, 4 �C), the serum
was removed and stored at �80 �C for analysis. Serum PCT, CRP,
cardiac troponin I (cTnI) (USCN Life Science, Inc., Wuhan, China)
and HMGB1 (Cusabio Biotech Co., Ltd., Wuhan, China) levels were
determined using specific enzyme-linked immunoassay (ELISA)
kits following the manufacturer’s instructions. The concentrations
of interleukin-6 (IL-6), interleukin-10 (IL-10) and tumor necrosis
factor-a (TNF-a) were quantified using ELISA kits (Arigo Biolabora-
tories, Hsinchu City, Taiwan, China). The serum levels of alanine
transaminase (ALT), aspartate transaminase (AST), blood urea
nitrogen (BUN) and creatinine (Cre) were used as indicators for
liver and kidney function and were measured with a biochemistry
automatic analyzer (Chemray 240, Rayto Life and Analytical
Sciences Co., Ltd., China). Serum lactate was detected using the
Lactate Assay Kit (Arigo Biolaboratories, Hsinchu City, Taiwan,
China).

NAD+/NADH and GSH/GSSG analysis

After Raman detection, the control and reduced forms of mito-
chondria (processed with SDT) were rapidly stored in liquid nitro-
gen for further experiments (n = 3–5 per group). For skeletal
muscle analysis, the gastrocnemius detected by Raman spec-
troscopy was quickly harvested and stored in liquid nitrogen
(n = 16 mice). The NAD+ and NADH contents were measured by
an NAD/NADH assay (BioAssay Systems, Hayward, CA) according
to the manufacturer’s instructions. GSSG and GSH were measured
in the mitochondria and homogenate of skeletal muscles using a
GSH/GSSG Ratio Detection Assay Kit (Abcam, Cambridge, MA,
USA).

Statistical analysis

All data analysis was performed using SPSS Statistics version
22.0 for Windows (IBM Co., Armonk, NY, USA) and GraphPad
Prism version 8.00 for Windows (GraphPad Software, Inc., La
Jolla, CA, USA). Unpaired two-tailed Student’s t test was per-
formed to compare mean values between two groups at a single
time point. In repeated measurements, one-way ANOVA tests
were performed followed by Dunnett’s multiple comparison
post-test. Two-way ANOVA with Sidak’s multiple-comparison
test was used to compare the parameters based on timing and
groups after sepsis. Pearson’s or Spearman correlation analysis
was used as appropriate to detect correlation coefficients. ROC
analysis was performed to assess the diagnostic performance.
Values are expressed as the mean ± SEM. Statistical significance
was set as p < 0.05.
Results

Visualizing mitochondrial redox states by resonance-enhanced Raman
bands

To determine whether RRS could identify mitochondrial redox
states, we used 532 nm laser excitation to obtain the RRS spec-
trum of major mitochondrial components within the fingerprint
region at the subcellular, cellular and tissue levels. We observed
significantly increased intensity near the characteristic redox
peak at 750 cm�1 in the RRS spectrum of the mitochondrial
reduced form (SDT group) compared with the partially oxidized
form (control group) (Fig. 1A, B; (1)). Increased Raman peak
intensity at 750 cm�1 was associated with reduced NAD+ and
GSSG concentrations (Fig. 1C). In addition, our analysis of RRS
spectra in ex vivo gastrocnemius as well as primary skeletal mus-
cle cells produced consistent results (Fig. 1A, B; (2), (3)). There
were also intensive peaks at 1128 and 1585 cm�1 showing similar
fluctuations compared to that at 750 cm�1 (Fig. 1A, B). Original
RRS spectra are shown in Suppl. Fig. 1A. Overall, we could identify
the changed mitochondrial redox states in muscle tissues directly
by RRS.

Changes in the mitochondrial redox states were detected early using
RRS in vivo

A moderate CLP model with an accumulated mortality rate of
58.9% within 7 days was used (Fig. 2A). As shown in Fig. 2B, the
blood lactate level had a slight trend of increase at 6 h and was
significantly elevated at 12 h (p < 0.05) post-CLP. Accordingly,
we attained RRS spectra at a series of intervals for early detection
of septic outcomes (Fig. 2D). The original RRS spectra are shown
in Suppl. Fig. 1B. Mitochondrial redox states were quantified by
normalizing the spectral peak area under 750 cm�1 to that under
the 1004 cm�1 peak, and this metric was summarized as the peak
area for the Raman reduced mitochondrial fraction (PA-2RMF).
Specifically, PA-2RMF showed a change as early as 2 h
(p < 0.05) and maintained this level after 4 h and 6 h in septic
mice (Fig. 2C). These results indicated that PA-2RMF yielded an
earlier change following CLP surgery than the blood lactate level
(Suppl. Fig. 1).

Because PA-2RMF changed 2 h after CLP, the ratio of PA-2RMF
from 2 h to baseline was chosen to evaluate the change in mito-
chondrial redox states during sepsis, defined as RPA-2RMF2h. As
shown in Fig. 2E–G, RPA-2RMF2h had a positive correlation with
NAD+ content and the ratios of NAD+/NADH and GSH/GSSG
(r = 0.6275, p = 0.0093; r = 0.5294, p = 0.0349; r = 0.5084,
p = 0.0443). Overall, RPA-2RMF2h could be a highly potent indicator
of mitochondrial redox states as early as 2 h after CLP.

Analysis of mitochondrial redox state to discriminate mortality in
murine sepsis

To determine the association between RPA-2RMF2h and param-
eters of infection or organ dysfunction, we assessed the statistical
correlations. RPA-2RMF2h showed a negative correlation with
blood lactate, HMGB1, PCT and CRP levels at 24 h after CLP (r = -
0.4298, p = 0.0406; r = -0.4792, p = 0.0114; r = -0.4006,
p = 0.0313; r = -0.4083, p = 0.0279; Fig. 3A–D). However, these
parameters were not correlated with the blood lactate level at
2 h post CLP (Suppl. Fig. 2A–D).



Fig. 1. Resonance Raman spectra during manipulation of the mitochondrial redox state, (A) Raman spectrum of (1) mitochondria, (2) primary skeletal muscle cells and (3)
ex vivo gastrocnemius muscles before and after adding the strong reductant sodium dithionate (SDT). Blue lines represent reduced species (SDT group), and red lines
represent normal species (control group). (B) Effect of redox reaction on the intensity of the mitochondrial peaks at 750, 1128 and 1585 cm�1 in (1) mitochondria, (2) primary
skeletal muscle cells and (3) ex vivo gastrocnemius muscles. n = 3 per group. (C) Comparisons of the NAD+ and NADH levels and the NAD+/NADH (n = 5 per group) and GSH to
GSSG ratios (n = 3 per group) in mitochondria between the control and SDT groups. Data are expressed as the mean ± SEM and analyzed by Student’s t test. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. NAD+ = oxidized nicotinamide adenine dinucleotide, NADH = reduced nicotinamide adenine
dinucleotide, GSSG = oxidized glutathione, GSH = reduced glutathione, ns = no significance.
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Then, a ROC curve was applied to determine the accuracy of
RPA-2RMF2h for predicting mortality. As illustrated in Fig. 3E,
the area under the curve of RPA-2RMF2h was 0.880 (95% CI:
0.736–1.000, p = 0003). However, the AUC for the blood lactate
level 2 h after CLP was 0.621 (95% CI: 0.374–0.869, p = 0.246,
Suppl. Fig. 2E). RPA-2RMF2h had higher prognostic accuracy of
mortality than lactate level during sepsis (p = 0.037). As noted,
the optimal cutoff of RPA-2RMF2h levels for predicting mortality
was 1.059 with a sensitivity of 80% and a specificity of 90%
(Fig. 3F).
Mitochondrial redox states associated with cytokine production and
bacterial loading in sepsis

Mice that underwent CLP were divided into two groups
according to the RPA-2RMF2h cutoff value of 1.059: the RPA-
2RMF2h < 1.059 group (L group) and the RPA-2RMF2h � 1.059
group (H group). The changes in body weight, rectal temperature
and blood systolic pressure were compared (Fig. 4A–C). Impor-
tantly, Fig. 4D shows that mice exhibited a higher peritoneal
lavage bacterial loading in the L group than in the H group at



Fig. 2. Changes in mitochondrial redox states were detected early using resonance Raman spectroscopy in vivo, (A) The survival rate was monitored between the CLP group
and the sham group. n = 16–19 mice per group. (B) Levels of serum lactate at baseline (1 h before CLP) and 2 h, 6 h, 12 h and 24 h after CLP. n = 7 mice per group. (C) Peak area
for the Raman reduced mitochondrial fraction (PA-2RMF) at the different time points (baseline, 30 min, 1 h, 2 h, 4 h, 6 h after CLP). n = 10 mice per group, 0.5 h = 30 min. (D)
Skeletal muscle position with respect to the objective and laser light for Raman spectrummeasurement in CLP-induced sepsis in vivo. The mouse was fixed in a warmed black
pad (37 �C). The Raman spectra were collected at baseline (1 h before CLP) and 30 min, 1 h, 2 h, 4 h and 6 h after CLP. Light field (scale bars, 10 lm). (E)-(G) Correlation
between the ratio of PA-2RMF from 2 h after CLP to baseline (RPA-2RMF2h) and the NAD+, NAD+/NADH or GSH/GSSG levels in the gastrocnemius muscle of septic mice. n = 16
mice per group. Data are expressed as the mean ± SEM. Comparisons between groups were analyzed by one-way ANOVA with Dunnett’s multiple comparison post-test. The
Pearson correlation coefficient was used to assess the correlation between PA-2RMG2h and mitochondrial redox status parameters. *p < 0.05, **p < 0.01 compared with the
baseline group. CLP = cecal ligation and puncture, NAD+ = oxidized nicotinamide adenine dinucleotide, NADH = reduced nicotinamide adenine dinucleotide, GSSG = oxidized
glutathione, GSH = reduced glutathione.
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24 h post CLP (p < 0.001). Compared with those at baseline, the
levels of IL-6 and TNF-a showed a substantial increase in the L
group (p < 0.05 or p < 0.001, Fig. 4E). In addition, significant dif-
ferences in the IL-6, IL-10 and TNF-a levels between the L group
and H group were observed at 24 h after CLP (p < 0.05 or p < 0.01,
Fig. 4E).
Mitochondrial redox states related to multiorgan dysfunction of sepsis

We further found that the HMGB1, CRP and PCT levels were sig-
nificantly higher in the L group than in the H group at 24 h after
CLP (p < 0.01, Fig. 5). In addition, histologic examination was per-
formed. As illustrated in Fig. 6A, the lung tissues showed alveolar



Fig. 3. Performance of mitochondrial redox states using resonance Raman spectroscopy for septic mortality, (A)-(D) Correlation between the ratio of PA-2RMF from 2 h after
CLP to baseline (RPA-2RMF2h) and the parameters of sepsis including blood serum lactate, high mobility group box 1 (HMGB1), procalcitonin (PCT), and C-reactive protein
(CRP) at 24 h post CLP. n = 23–29 mice per group. Pearson or Spearman correlation coefficients were used to assess the correlation between PA-2RMF2h and these parameters
of sepsis. (E) Receiver operating characteristic curve of RPA-2RMF2h (solid red, AUC = 0.88, n = 45) as a diagnostic test for predicting mortality in sepsis. (F) Sensitivity (dotted
red) and specificity (solid black) of the RPA-2RMF2h values for predicting mortality in sepsis within 7 days after CLP. CLP = cecal ligation and puncture, AUC = area under the
curve.
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congestion and inflammatory cell accumulation, as well as
impaired alveoli; interstitial lymphocyte infiltration, coagulative
necrosis and lytic necrosis were observed in the heart; the renal
sections revealed glomerular destruction, leukocyte infiltration in
the glomeruli and tubular cast formation; and liver histopathology
showed disappearance of sinus hepaticus, increased hepatocyte
vacuolization and cell necrosis in the L group. However, there were
mild histological changes in the H group. The histologic organ
injury scores were compared between the H group and the L group
(Fig. 6B). There was no significant difference in the serum concen-
trations of AST (Fig. 6E). However, sepsis-induced multiorgan
injury was indicated by the increased lung wet-to-dry weight ratio
and the cTnI, BUN, Cre and ALT levels in the L group versus the H
group at 24 h post CLP (Fig. 6C–E).

Discussion

In CLP-induced sepsis, our method provides a novel and poten-
tial indicator for early identification of the outcomes of sepsis via
the quantification of mitochondrial redox states by using RRS.
The redox state indicator of mitochondria extracted from RRS spec-
tra (RPA-2RMF2h) as early as 2 h after CLP injury could predict mor-
tality with high prognostic accuracy and identify the disturbed
inflammatory response and multiorgan dysfunction in septic mice.

Previous studies have shown that septic patients with disturbed
mitochondrial redox states had poor outcomes with high mortality
[15,16]. Similar results were observed in this study, in which the
mitochondrial redox state based on RRS indicated the outcomes
of sepsis, including inflammation, multiorgan dysfunction and
mortality of sepsis. As hypothesized, RRS allowed early detection
of mitochondrial redox states during sepsis in accordance with
common assays of mitochondrial redox state activity, such as
NAD+/NADH and GSH measurements, representing cellular redox
homeostasis.

Mitochondrial cytochromes can represent mitochondrial redox
states carrying out electron transport in the electron transport
chain [24,25]. RRS accurately identified the characteristic peaks
at 750 cm�1, 1128 cm�1 and 1585 cm�1, which are assigned to
symmetric vibrations of porphyrin, vibrations of Cb-CH3 side radi-
cals and vibrations of methine bridges (CaCm, CaCmH bonds), as pre-
viously described [26,27]. All of them are sensitive to the redox
state of cytochromes and mainly contribute to cytochrome (cyt)
c and cyt b [26]. In addition, the resonance-enhanced Raman band
at 750 cm�1 has already been used in the detection of mitochon-
drial redox states [12]. Moreover, the band 1585 cm�1 may overlap
the band of other proteins [13]. Therefore, the 750 cm�1 general
cytochrome band was chosen to visualize mitochondrial redox
states in this study. The Raman band located at 1004 cm�1 corre-
sponds to the breathing mode of phenylalanine [28]. Here, the area
under the 1004 cm�1 peak was set as a reference to quantify mito-
chondrial redox states, as it shows the stable conformational
changes of proteins to normalize spectra.



Fig. 4. Measurement of inflammatory cytokines and bacterial loading associated with mitochondrial redox states in septic mice, (A)-(C) Changes in the body weight, rectal
temperature and blood systolic pressure in the H group and the L group. (D) Colony-forming units (CFUs) in the peritoneal lavage were counted 24 h post CLP in mice from the
H group and the L group. n = 3 or 5 per group. (E) Concentrations of the inflammatory cytokines interleukin (IL)-6, IL-10 and tumor necrosis factor (TNF)-a in the serum
samples at baseline (1 h before CLP) and 24 h post CLP in the H group and the L group. n = 5–6 per group. Data are expressed as the mean ± SEM and were analyzed by
Student’s t test or two-way ANOVA with multiple-comparison testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the baseline group, #p < 0.05, ##p < 0.01,
###p < 0.001 compared with the H group at 24 h post CLP. H group = the ratio of PA-2RMF from 2 h after CLP to baseline (RPA-2RMF2h) was at or exceeded 1.0059, L
group = RPA-2RMF2h was below 1. 0059, ns = no significance, CLP = cecal ligation and puncture.

Fig. 5. Levels of high mobility group box 1 (HMGB1), C-reactive protein (CRP) and
procalcitonin (PCT) at baseline and 24 h post CLP in the H group and the L group.
n = 7 or 8 per group. Data are expressed as the mean ± SEM and were analyzed by
Student’s t test or two-way ANOVA with multiple-comparison testing. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the baseline group, #p < 0.05,
##p < 0.01, ###p < 0.001 compared with the H group at 24 h post CLP. H group = the
ratio of PA-2RMF from 2 h after CLP to baseline (RPA-2RMF2h) was at or exceeded
1.0059, L group = RPA-2RMF2h was below 1. 0059, ns = no significance, CLP = cecal
ligation and puncture.
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To date, measurement of mitochondrial dysfunction in sepsis
relies on tissue biopsies using common biochemical tools, which
may damage the mitochondria in vivo [6,29]. However, noninva-
sive monitoring of the redox states of intact mitochondria could
be achievable in vivo by RRS without any damage. In contrast,
blood lactate level has a confirmed relationship with mortality as
a bundle element for risk assessment and guides therapy according
to the Surviving Sepsis Campaign guidelines [30]. However, blood
lactate is a delayed surrogate index of hypoperfusion [31]. Septic
patients with normal lactate concentrations still suffer from poor
prognosis, and lactate clearance-guided therapy is not always suc-
cessful in the clinic [32]. Surprisingly, our results indicated that the
PA-2RMF value changed 2 h earlier than the blood lactate level in
septic mice and was a superior indicator of septic outcomes.

Conservatively, the mortality of CLP-induced sepsis in this
study was set to approximately 50% (actually 58.9%) within 7 days
after CLP. There were several reasons for this decision. First, it was
reported that the incidence of septic patient deaths in the intensive
care unit fluctuated from 20% to 60% [33]. To closely reproduce
clinical data and improve clinical translation, we chose CLP-
induced moderate sepsis to yield high-quality experimental data.
Second, mortality was a vital index of sepsis in our study. This
selection guaranteed an adequate number of both dead and alive
mice to avoid the bias caused by models and followed the goals



Fig. 6. Organ function assessment associated with mitochondrial redox states in septic mice, (A) Representative hematoxylin-eosin sections of the lung, heart, kidney and
liver in the H group and L group are shown at �200 original magnification, and the scale bars are 20 lm. In lung histology, the red arrow indicates alveolar congestion and
infiltrated inflammatory cells in the alveoli, the blue arrow indicates alveolar wall thickening, and the black arrow indicates enlarged interstitial space. In heart sections, the
red arrow indicates coagulative necrosis, the blue arrow indicates interstitial lymphocyte infiltration, and the black arrow indicates lytic necrosis. The kidney tissues
demonstrated leukocyte infiltration in glomeruli (black arrow), glomerular destruction (red arrow) and tubular proteinaceous casts (blue arrow). Histologic analysis of the
liver showed disappearance of the sinus hepaticus (red arrow), hepatocyte vacuolization (black arrow) and cell necrosis (blue arrow). (B) Quantification of the lung, heart,
kidney and hepatic injury scores are presented. n = 3 per group. (C) Lung wet-to-dry weight ratio analysis. (D), (E) Serum marker levels of organ injury at baseline and 24 h
post CLP in the H group and the L group were analyzed with the following: (D) cardiac troponin I (cTnI); (E) blood urea nitrogen (BUN), creatinine (Cre), alanine
aminotransferase (ALT) and aspartate aminotransferase (AST). n = 5–7 per group. Data are expressed as the mean ± SEM and were analyzed by Student’s t test or two-way
ANOVA with multiple-comparison testing. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the baseline group, #p < 0.05, ##p < 0.01 compared with the H group at 24 h post
CLP. H group = the ratio of PA-2RMF from 2 h after CLP to baseline (RPA-2RMF2h) was at or exceeded 1.0059, L group = RPA-2RMF2h was below 1. 0059, ns = no significance,
CLP = cecal ligation and puncture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the ‘‘Three Rs” to improve animal welfare by maximizing the
utility of mice. Finally, the predictive value of biomarkers might
be artificially enhanced in highly lethal CLP models [34].

Given that impulses arising from blood vessels could affect the
RRS measurement, a relatively small measuring field of 9 mm2

away from blood vessels in the muscle was chosen for screening,
and the RRS spectrum was collected at a minimum of 5 random
points with each operation focused on obtaining a rigorously
high-quality spectrum. The mice were in an unconstrained prone
position to allow extension of the right hind limb. The muscles
were directly exposed to conduct RRS measurement to completely
avoid the interference of skin and subcutaneous tissue in this
study. With the development of tissue transparency [35], visualiz-
ing the mitochondrial redox state of skeletal muscles at the surface
of skin using RRS is possible.

Further progress is still needed. First, RRS is currently used to
detect the reduced cytochromes, as the Raman scatter of the oxi-
dized cytochromes is negligible under 532 nm excitation [36].
However, constant extraction of oxidized cytochrome Raman
bands to further assess mitochondrial redox states is an impor-
tant issue. Furthermore, cyt c and cyt b are the major cyto-
chrome components in mitochondria by resonance-
enhancement effects using 532 nm excitation [26,37]. However,
it is difficult to distinguish which one is reduced during sepsis
because both are essential components of the respiratory elec-
tron transport chain. In addition, the 532 nm laser used here
allowed tissue penetration of no more than 2 mm, which made
it difficult to acquire further information in vivo and revealed
only partial mitochondrial function in the area of penetration
[38]. Finally, the in vivo evaluation in this study required opera-
tive exposure of the muscle evaluated, an intervention with
obvious limitations in clinical practice. However, RRS for nonin-
vasive and label-free measurement, which may reflect the in vivo
mitochondrial redox status for the evaluation of mitochondrial
function in sepsis, might be valuable for predicting septic out-
comes in the clinic and provide a biomarker that can be a speci-
fic target of an adjunctive treatment.
Conclusions

In conclusion, this study demonstrated that monitoring mito-
chondrial redox states using RRS as early as 2 h could indicate out-
comes in septic mice. This indicator was observed earlier than the
blood lactate level and had a good correlation with the inflamma-
tory response, multiorgan dysfunction and mortality of sepsis. In
addition, our study showed that RRS could detect mitochondrial
dysfunction in sepsis and provide a biomarker that can be a specific
target of adjunctive treatment. These data suggested that develop-
ing mitochondrial redox state monitoring systems using RRS may
potentially lead to a novel risk stratification and therapy manage-
ment of sepsis at the bedside.
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