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ARTICLE INFO ABSTRACT
Keywords: Due to the delayed and vague symptoms, it is difficult to early diagnose mesenteric ischemia injuries in the
Mesenteric ischemia dynamics of acute illness, leading to a 60-80 % mortality rate. Here, we found plasma fluorescence spectra can

Plasma fluorophores

rapidly assess the severity of mesenteric ischemia injury in animal models. Ischemia-reperfusion damage of the
Ultrahigh performance liquid chromatography

intestine leads to multiple times increase in NADH, flavins, and porphyrin auto-fluorescence of blood. The
fluorescence intensity ratio between blue-fluorophores and flavins can reflect the occurrence of shock. Using
liquid chromatography and mass spectroscopy, we confirm that riboflavin is primarily responsible for the
increased flavin fluorescence. Since humans absorb riboflavin from the intestine, its increase in plasma may
indicate intestinal mucosa injury. Our work suggests a self-calibrated and reagent-free approach to identifying
the emergence of fatal mesenteric ischemia in emergency departments or intensive care units.

Abbreviations: NADH, Reduced nicotinamide adenine dinucleotide; FAD, Flavin adenine dinucleotide; FMN, Flavin mononucleotide; MODS, Multiple organ
dysfunction syndrome; ICU, Intensive care units; AMI, Acute mesenteric ischemia.
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1. Introduction

Multiple organ dysfunction syndrome (MODS) results from uncon-
trolled host immune responses of cytokine storms [1] or ischemic/
reperfusion injuries [2]. To facilitate the management of MODS in
intensive care units (ICUs), doctors employed various medical devices
and biochemical assays for the time-course monitoring of six major
organ systems [3]—the cardiovascular, respiratory, renal, neurological,
hematological, and hepatic systems. Based on these operational pa-
rameters of organ physiology, the sequential organ failure assessment
(SOFA) score has been developed as a prognostic indicator for the
clinical management of sepsis patients [4]. The gut system is not listed as
the major organ in the assessment of MODS. This is partly due to the
delayed & vague pathophysiological manifestation and the lack of
promising biomarkers in the evaluation of gut dysfunction [5]. Besides,
the intestine can tolerate hypoperfusion at 20 % of maximal blood flow
[6]. The gut may still maintain normal function in the early stage of
MODS or bowel ischemia. Therefore, it's hard to identify the deadly
injury of the intestinal mucosal barrier in the pathophysiology of bac-
terial translocation, MODS [7-9], acute respiratory distress syndrome
[10], and sepsis [11-13]. For severe conditions like acute mesenteric
ischemia (AMI), the delayed diagnosis of intestinal necrosis can lead to
very high (60-80 %) mortality [14-16]. To manage the risk of gut
dysfunction in critical illness, doctors need a sensitive and easily
measured biomarker to detect early injury of the intestinal mucosal
barrier [17]. Evidence from medical imaging like X-ray computed to-
mography is usually too late to intervene.

The metabolic fluorophores or pigments in the blood are usually
treated as the source of interfering background in biochemical assays.
Luminescent molecules include cofactors like reduced nicotinamide
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adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), and porphyrins. Another major category of
blood fluorophores is nutritional or commensal-derived vitamins like
riboflavin (vitamin B). Since mammals cannot synthesize riboflavin, a
large part of riboflavins is from dietary food, including plant foods
(cereals, carrots, broccoli, collard greens) as well as animal sources
(organ meats, fish, eggs, milk) [18]. Small amounts of riboflavin are
produced by gut microbiota, such as Bacteroides fragilis, prevotella copri,
clostridium difficile, lactobacillus plantarum, and lactobacillus fermentum
[19]. They are predominantly absorbed from the intestine. Because the
serum level of blood fluorophores is easily affected by diet, they are not
considered reliable markers in cross-sectional clinical studies. But the
acute systemic inflammation or cytokine storm in critical illness may
injure tissues and disturb the homeostasis of metabolic fluorophores
longitudinally. For example, damage-associated molecular patterns
(DAMPs) [20], together with fluorescent cofactors in cells, may be
released into the blood circulation and thus increases the level of blood
fluorescence. The ischemic injury of the mucosal barrier in the intestinal
lumen may enhance the leakage of water-soluble vitamins into the
portal vein. Then the fluorescent vitamins could enter the systemic cir-
culation via the liver. These scenarios in acute illness may lead to
soaring blood fluorescence (Fig. la-b). In this work, we found that
endogenous plasma fluorophores [e.g. NADH, porphyrin, and flavin
(FAD/FMN/Riboflavin)], originally considered as interfering back-
ground, can serve as sensitive fluorescence reporters to indicate
mesenteric ischemia injury in vivo and in vitro. Unlike physiological
monitoring or in vitro diagnosis kits, this plasma fluorescent metab-
olomic approach provides a new evaluation modality in critical care
medicines (Fig. 1c-d). This work paves the way for detecting mesenteric
ischemia injuries in the emergency department or ICU.

Fig. 1. (a) Riboflavin (RF) uptake and metabolism in healthy physiological conditions. Large parts of RFs are from dietary foods and small amounts of RFs are
produced by gut microbiota. Partial RF is converted to FAD and stored in different organs for meeting daily needs. Small amounts of RFs finally enter the systemic
circulation (SC) via the hepatic portal vein. (b) RFs uptake and metabolism under AMI condition. Damaged intestinal mucosa resulting from the mesenteric ischemia
triggers neutrophile infiltration, macrophage activation, and cytokines release. The increased RFs enter SC. (c) Multi-dimensional approaches report the fatal in-
testinal injury in AMI; (d) Fill the gap in managing the risk of multiorgan dysfunction syndrome (MODS). IEC: Intestinal Epithelial Cells, RFVT3: Riboflavin vitamin
transporter 3, NO: Nitric Oxide, EEG: Electroencephalogram, GCS: Glasgow Coma Scale, ECG: Electrocardiogram, RR: Respiratory Rate, SpO,: Oxygen Saturation,

CO,: Carbon Dioxide, ALT: Alanine Transaminase, AST: Aspartate Transaminase.
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2. Results
2.1. Acute mesenteric ischemia (AMI) increases the plasma fluorescence

In AMI experiments, the blood pressure (BP) and heart rate (HR) of
rats were stable during anesthetization (Fig. S1). Under long-term
ischemia-reperfusion, some rats had mild (<20 %) hypotension right
after the reperfusion but gradually returned to normal. Histopatholog-
ical results showed evident necrosis and immune cell infiltration in the
intestine villi of 70-minute ischemia rats (070 group), while the villi of
sham rats (S70 group) were maintained intact (Fig. 2). The tissue
damage hallmark, lactate dehydrogenase (LDH), significantly rose to 6.8
and 13.4 times the baseline level after 70 min of ischemia and following
30 min of reperfusion (Table 1). Besides, the plasma nitric oxide
significantly increased 1.86 times over the baseline (Table 1). These
results validate that our AMI model caused tissue damage and increased
the free radicals in the blood.

Analyzing the excitation wavelength-dependent fluorescence spectra
of rat plasma (Fig. S2), we set three excitation wavelengths to highlight
three significant categories of plasma fluorophores. The 385 nm light
excites blue fluorophores (Apmax = 445-460 nm), which may come from
vitamin Al, B1 derivative, or NADH. Excitation at 405 nm could emit
porphyrin fluorescence with a sharp peak of 620 nm and a broad 680 nm
shoulder. The flavins' fluorescence (Apax = 515-530 nm) could be
selectively excited using 488 nm light. It majorly comes from FAD, FMN,
and riboflavin. Their increase of concentrations in blood will lead to
elevated 488 nm excited yellow fluorescence and vice versa. Although
the fluorescence of bilirubin also emits at the same wavelength range as
flavin, it has a much lower fluorescence quantum yield (Q.Y. = 0.001)
[21] than riboflavins (Q.Y. = 0.27) and FMN (Q.Y. = 0.22) [22].
Moreover, we compared the fluorescence lifetime traces of plasma, fla-
vins, and bilirubin (Fig. S3). We found the shorter lifetime components
(t1) of plasma were responsible for the bound-flavin (300- 500 ps)
rather than bilirubin (~125 ps) [23]. The longer components (t3) in BL
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Table 1

Nitric oxide (NO) and lactate dehydrogenase (LDH) plasma levels in rats.
Plasma level BL (n =10) 170 (n = 3) 170-R30 (n = 3)
NO (pM) 17.99 + 3.73 24.74 £ 5.76 33.54 £ 4.28
LDH (mU/ml) 3.32 £ 0.64 22.6 £ 2.34 44.5 + 2.05

plasma and IR plasma were ascribed to the free-FAD (2400- 2500 ps)
and free-riboflavin (4800- 5100 ps), respectively (Fig. S3). The fluo-
rescence lifetimes of the bound-flavin and free-flavin also agree well
with previous literature [22]. As a result, we excluded the contribution
of bilirubin in 488 nm excited fluorescence. For the background sub-
traction and system calibration, we used the Raman spectra of water
molecules' vibration mode (v = 3400 cm™ 1) as the internal control
(Fig. S4). Under this measurement and calibration scheme, we obtained
plasma fluorescence spectra of rats in groups S70 (Fig. 3a-c) and 070
(Fig. 3d-f). All the fluorescence intensities become significantly higher
after 70 min of ischemia (red curves in Fig. 3d-f) and more than tripled
after 30 min of reperfusion (gray curves in Fig. 3d-f). In contrast, the
fluorescence levels of the sham group S70 didn't change a lot at the same
time points (Fig. 3a-c).

Statistically, the baseline intensities (n = 29) of the three fluores-
cence bands (Ipiue, Iporphyrin, Iflavin) have normal distributions with mean
+ standard deviations (SD) of 121 + 31, 7.02 & 2.47, and 12.5 &+ 3.1
kilo-counts, respectively (black boxes in Fig. 3g-i). Then, they showed a
significant increase after 70 min of ischemia, and the reperfusion further
[raised them 2-5 times higher] (Fig. 3g-i). The flavin fluorescence has
the most prominent elevation and smallest coefficient of variation
among these fluorophores.

Then, we chose flavins as in vivo indicators and performed time-
course two-photon fluorescence (TPF) and second harmonic genera-
tion (SHG) microscopy excited at 920 nm (Supplementary Movie S1). As
we expected, we observed a significant increase in blood fluorescence
(green color) at the reperfusion after 70-minute mesenteric ischemia

Fig. 2. Representative histological images of rat intestine: (a) Whole villi are observed in S70. Scale bar: 250 pm. (b) High power field of (a). A small amount of
goblet cells and macrophages are observed in villi. Scale bar: 50 pm. (c) Villi exhibit massive necrosis, hemorrhage, and inflammatory cell infiltration in O70. Scale
bar: 250 pm; High power field of (c). Disorganized necrotic enterocytes with hypereosinophilic cytoplasm and pyknotic nuclei/karyorrhexis are observed in the upper
right. There are a mild number of cells: macrophages engulfing erythrocytes, eosinophilic granulocytes (eosinophils), small numbers of lymphocytes and scant plasma
cells. The crypts in the lower left are mildly elongated with high mitotic activity. Scale bar: 50 pm.
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Fig. 3. Representative plasma fluorescence spectra of rats in the S70 sham group (a)-(c) and in the 70-minute ischemia-reperfusion 070 group (d)-(f). Each plasma
sample was excited at 385 nm (top row), 405 nm (middle row), and 488 nm (bottom row). Three sampling time points are baseline before ischemia (BL, black
curves), ischemia for 70 min (I70, red curves), and 30 min reperfusion after 70 min of ischemia (I70 + R30, gray curves). The sham group sampled the blood at the
same time point without artery clamping. (g-i) Statistical plots of blue fluorescence intensity (g), porphyrin fluorescence (h), and flavin fluorescence (i) of plasma
samples in 70-minute ischemia-reperfusion groups. Data points represent the fluorescence intensities of plasma in BL (n = 29), 170 (n = 8), and 170 + R30 (n = 8)
samples. Mann-Whitney U test is used for hypothesis testing. Statistical significance *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) In vivo two-photon image (A.x = 920) mapped collagens (SHG, blue color) and yellow fluorescence (TPF, green color) in a rat's ear. Scale bar: 10 pm. (b)
and (c) are time-course flavin fluorescence intensities measured from the vessel area (red rectangle in (a)) of two rats. Blue dashed lines indicate the baseline in-
tensities of each rat. The arrows indicate the starting time of reperfusion. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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(Fig. 4b and c). Since the plasma levels of cytokines (IL-1, IL-6, etc.) were
not significantly different from the baseline (Table S1), the sudden in-
crease in blood fluorescence should be irrelevant to cytokine storms.
These results suggest that the collective fluorophores increase might
result from a sudden release of intracellular fluorophores after tissue
damage.

2.2. Plasma fluorescence intensity depends on the injury severity

Then, for each rat, we normalized the plasma fluorescence intensities
at the ischemia phase (IS) and reperfusion phase (IR) over their corre-
sponding baseline samples to calibrate the individual variance and
enhance the sensitivity of injury detection. The self-calibrated
enhancement ratio (IS/BL and IR/BL) of porphyrins and flavins can
report similar trends (Fig. 5b and c) to the plasma LDH level (Fig. S5).
Longer ischemia duration and reperfusion after ischemia aggravate tis-
sue damage and lead to higher plasma fluorescence. Interestingly, slight
but noticeable fluorescence enhancement in the 30-minute ischemia
group (030) appeared, while the difference in LDH levels was insignif-
icant. This performance suggests both flavin and porphyrin fluorescence
intensity can reflect the severity of the intestinal injury. Considering
future in vivo applications, we need a longer excitation wavelength to
acquire signals from deeper vessels. The flavin fluorescence is a better
choice for assessing intestinal injury.

2.3. The plasma fluorescence ratio reflects the condition of shock

Blood reperfusion after long mesenteric ischemia may lead to
hypovolemic shock [24]. Extending the ischemic time to 120 min
(0120), all rats had severely decreased systolic blood pressure (SBP)
right after the reperfusion (Fig. S6¢) and without recovery of blood
pressure. The sharply reduced SBP after the reperfusion also occurred in
groups 090 (Fig. S6b) and O70 (Fig. S1b), but the blood pressure in
these groups gradually returned to the baseline range. We employed the
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shock index, which is the heart rate divided by systolic blood pressure,
to evaluate the presence of hypovolemic shock [25]. The shock indices
of shock rats (0120, n = 6) were larger than 5 (Fig. S7), which were well
above the rats (SI < 3) in group 090 (n = 6) and group S120 (n = 6).
Then we calculate the ratio of flavin fluorescence over blue fluorescence
(R¢p) of BL, IS, and IR samples. For each rat, we divided the R¢, of IS
and IR by that of BL to form the self-calibrated ratio RR¢/,. We found the
RR¢/p, of IS/BL had no big difference among groups 0120, 090, and S120
(Fig. 4d), but RR¢/p values of IR/BL in the shock rats were significantly
lower than that of 090 and S120 (Fig. 4e) (Mann-Whitney U test with p
= 0.0328). This result implies that the self-calibrated RR¢/, index could
be a potential indicator to reflect the occurrence of shock.

2.4. Riboflavin is responsible for the increase of flavin fluorescence

We used ultra-performance liquid chromatography with mass spec-
trometry (UPLC-MS) to identify the molecules contributing to the
plasma flavin fluorescence. In the fluorescence-based UPLC (Aex = 450
nm and Aey, = 520 nm), we separated the FAD, FMN, and riboflavin
standards at different elution times of 2.74, 2.91, 3.90 min (Fig. 6a). We
confirmed their corresponding mass values at m/z 786.5, 457.4, 377.4,
respectively (Fig. S8). We ensured the precision and accuracy of quan-
tification in the fluorescence-based UPLC system (Table S2). In the
baseline plasma, riboflavin elution time showed a prominent peak with
a much stronger signal than FMN and FAD (Fig. 6 a-b). By normalizing
the fluorescence intensity of metabolites, the peak value of riboflavin
was kept unchanged after 70-minute ischemia and almost doubled after
the following 30-minute reperfusion.

With the serial dilution of 400 nM standards, we made the standard
curves of concentration versus peak area (Fig. S9). In group 070, the
FAD concentration in BL, 170, and 170 + R30 plasma was fixed at around
36 nM (Fig. 6¢). The FMN's concentration decreased from 47.3 + 14.3
nM to 30.8 + 7.4 nM after 70-minute ischemia. The FMN didn't show an
apparent increase after 30-minute reperfusion (Fig. 6d). The

Fig. 5. Individually normalized fluorescence enhancement ratio of ischemia samples (IS/BL, red columns) and ischemia-reperfusion samples (IR/BL, gray columns)
over baseline ones in the blue fluorescence (a), porphyrin fluorescence (b), and flavins fluorescence (c). Damage severities of groups O30 (n = 5), 050 (n = 3), and
070 (n = 5) were compared with that of sham group S70 (n = 3). Box plots of RRy/,-IS/BL (d) and RR¢;,-IR/BL (e) in sham group S120 (n = 6), 090 (n = 6), and 0120
(n = 6). Mann-Whitney U test is used for hypothesis testing. Statistical significance *p < 0.05, **p < 0.01; ns indicated that there was no significant difference
between groups. The definition of groups is described in the Methods section. The Mann-Whitney U test couldn't be applied on 050, due to the limitation of case
number (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) The UPLC elution curve of solution with mixed FAD, FMN, and riboflavin standard. (b) The UPLC elution curves of plasma samples from a rat in group
070. BL: baseline (gray); 170: ischemia for 70 min (red); I70 + R30: ischemia for 70 min and then reperfusion for 30 min (blue). The plasma concentrations of (c)
FAD, (d) FMN, and (e) riboflavin were quantified by the UPLC. The plasma samples were from the rats in group 070 (n = 6). Mann-Whitney U test is used for
significant analysis. Statistical significance *p < 0.05, **p < 0.01. ns indicated that there was no significant difference between groups. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

concentration of 170 plasma riboflavin was not significantly different
from BL (51.2 + 8.6 nM v.s. 42.8 &+ 9.0 nM), but I70 + R30 plasma
riboflavin increased substantially to 83.0 & 23.2 nM after the following
30-minute reperfusion (Fig. 6e).

3. Discussion

The human body cannot synthesize riboflavin, and the intestinal
mucosa is the only route to absorb it [26]. Since riboflavin absorption is
carrier-mediated and regulated by the intestinal mucosa, once damaged
by ischemia-reperfusion injury, the nutritional and commensal-derived
riboflavin [27] may passively cross the dysfunction barriers and
massively diffuse into blood circulation. Such dysregulated absorption
could increase the level of blood riboflavin in AMI rats. As for the effects
of riboflavin on the pathology of acute illness, it is worth further
exploration. Many research groups have found that flavin supplements
could suppress nociception [28-30], remarkedly diminish the level of
inflammatory cytokines [31-34] in sepsis, inhibit the cisplatin-induced
apoptosis [35], and reduce systemic oxidative stress in inflammatory
bowel diseases patients [36]. Therefore, we speculate that the elevation
of riboflavin concentration in plasma may play a protective role against
inflammatory tissue damage in AMI.

Practically, our results demonstrate plasma fluorescence as a sensi-
tive and rapid method to assess the severity of an intestinal injury or to
report changed riboflavin metabolism in different contexts of acute
illness. For instance, it may serve as an early screening indicator for
deadly AMIL The early symptoms of AMI are mainly abdominal pain,
distention, and vomiting, which are similar to those of other acute
abdominal illnesses. It is difficult to diagnose AMI because of non-
specific clinical signs. Usually, it's too late when medical doctors vali-
date AMI with computed tomography (CT) imaging. To achieve early
diagnosis, scientists proposed many serum biomarkers, including L-
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lactate, D-lactate, D-dimer [37], and intestinal fatty acid binding protein
(I-FABP) [38]. So far, I-FABP has the best performance of 80 % pooled
sensitivity and 85 % specificity [38]. Although the elevation of I-FABP
concentration is the most specific hallmark among these early-stage
markers, its quantification accuracy was poor and not consistent
among different studies. Besides, within the same study, the individual
baseline level of I-FABP varied a lot (from 533 to 1488 pg/ml) [39]. In
contrast, our plasma fluorescence technique has the advantages of self-
calibration and constant monitoring. If doctors have ruled out the pos-
sibility of other abdominal acute illnesses, a soaring flavin fluorescence
of plasma could indicate the presence of AMI. Doctors may further
confirm the diagnosis with the I-FABP level. The cooperation of plasma
flavin fluorescence with I-FABP may achieve a more reliable AMI
diagnosis at its early stage.

Plasma flavin fluorescence could also indicate the biochemical
deficiency of riboflavin [40] in ischemic stroke patients with gastroin-
testinal complications [41]. Moreover, 46 % of critical illnesses are
accompanied by intestinal damage due to hypoperfusion [42]. Those
ICU patients with intestinal damage have a high risk of systemic in-
flammatory response syndrome (SIRS) and MODS. The mortality rate of
these patients is 31 % higher than that of patients without intestinal
injury [42]. That is because the intestine is one of the biggest immune
organs and whose damage often triggers remote liver injury [43] and
lung injury [44]. Moreover, by measuring plasma FAD, FMN, and
riboflavin of 119 healthy subjects and 125 critically ill patients, criti-
cally ill patients had higher levels of plasma FMN and riboflavin [45].
Thus, if we have this modality to early detect latent intestinal injury,
doctors could give intervention like fluid resuscitation to reduce the
mortality of ICU patients.

In addition, the profile of plasma fluorophores could provide extra
information about the potential risk of critical illness conditions such as
shock. In this study, the plasma of shock rats showed a significantly
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lower calibrated ratio RRg/p, of flavin fluorescence over the blue fluo-
rescence, which resulted from the increase of NADH and, thus, the
decrease of RR¢/p,.

Lastly, ischemic damage to other organs may also release organ-
specific metabolic fluorophores. For example, plasma bilirubin, a clin-
ical liver function index, increases in rats with hepatic ischemia-
reperfusion [46]. As in our previous study, bilirubin dimer has charac-
teristic red fluorescence in liver hepatocytes [23]. Therefore, ischemic
liver damage could increase the bilirubin dimer fluorescence in plasma.

However, there are still hurdles for riboflavin fluorescence to serve
as a robust marker in clinical diagnosis. Firstly, whether the elevated
riboflavin level is a specific marker of intestinal mucosa injury needs
further validation in other animal models and clinical studies. We need
to investigate the dynamic change of blood fluorescence in other acute
illnesses like sepsis or acute organ injury. Combination with serum I-
FABP may achieve better specificity. Secondly, it will be more difficult to
transdermally measure the vascular flavin fluorescence beneath the
thick human skin. For real-time monitoring, we might need to develop
an invasive blood-vessel catheterization with a fiber-optic-based fluo-
rescence spectrometer. Based on this design, the blood fluorophores
features could be evaluated in vivo without the necessity of blood
sampling. In the future, this technique has a high potential to be
developed as a label-free and quick screening tool for AMI, MODS, or
specific organ dysfunction.

4. Materials and methods
4.1. Animals and experiment design

All the protocols were approved by the Institutional Animal Care and
Use Committee of Medicine, National Taiwan University, under case
number 20140147, and also approved by the Animal Research Core of
the University of Macau and Ethics Committee, approved protocol ID:
UMARE-024-2018. All procedures followed the guide for the care and
use of laboratory animals. Male Wistar rats from BioLASCO Taiwan Co.,
Ltd. or Animal Research Core of the University of Macau at ages between
8 and 12 weeks, weighing 350 + 50 g, were used in this study. The
animals were kept in a facility with room temperature at 24 + 2 °C and
relative humidity at 60 + 10 % and 12-12 h of the dark-light cycle.
Reverse osmosis water and standard diet chow (LabDiet No0.5010) were
accessed ad libitum. To avoid the diet-induced change of blood fluo-
rescence, all the rats underwent overnight fasting before the experiment.
In our experiment design, rats were randomly divided into five opera-
tion groups and two sham control groups. For operation groups, the AMI
model clamped the superior mesenteric artery (SMA) for 30, 50, 70, 90,
and 120 min, followed by reperfusion for 30 min. They are denoted as
030, 050, 070, and 090, 0120, respectively. The sham control groups
(870, S120) underwent laparotomy but made no clamping on SMA for
70 and 120 min, respectively.

When conducting experiments, animals were anesthetized by
inhaling 5 % isoflurane at 1000 ml/min oxygen flow followed by 1-2 %
at 600 ml/min oxygen flow for maintenance. A heating pad was applied
to keep the core temperature at about 37 °C. The femoral artery was
catheterized for blood sampling and arterial pressure measurement. For
each rat, we sequentially collected blood samples (1 ml for each) at three
different time points, which are the baseline sample before SMA
clamping, the ischemic (IS) sample before clamp removal, and the
ischemia-reperfusion (IR) sample at 30 min after clamp removal. The
same volume of normal saline was infused via a femoral vein catheter
after blood sampling. Blood pressure, heart rate, respiration rate, and
electrocardiography (ECG) were recorded by MP45 data acquisition
system (BIOPAC System Inc.) with a suitable pressure transducer and
probes. After performing laparotomy by 3 to 4-cm incisions, the SMA
was clamped with a bulldog clamp at the aortic bifurcation in the
experimental groups. Then we closed the wounds with 3-0 surgical su-
tures. The sham control groups underwent laparotomy without SMA
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clamping. The blood sampling time points of S70 and S120 were the
same as those in 070 and 0120, respectively.

After the last blood sampling, the rats were euthanized under over-
dose carbon dioxide. Macroscopic overviews of rats were examined
within 5 min after euthanasia. About 1 cm of intestinal segments was
harvested and immersed into 10 % buffered formaldehyde, embedded
with paraffin, cut into a 5-mm section, and stained by hematoxylin and
eosin. A veterinary pathologist studied the histopathology of intestine
tissues to determine the alterations caused by ischemia and reperfusion.

4.2. Plasma preparation and storage

All the blood samples were collected in tubes with heparin for
anticoagulation. Rat blood plasma was prepared through double-
centrifuging at 10 °C (Ist run: 500 xg for 5 min and 2nd run: 3000
xg for 20 min) and stored at —80 °C until the completion of all of the
below tests.

4.3. Biochemical assays

The enzymatic activities of lactate dehydrogenase (LDH) in blood
plasma were measured by colorimetric assay kits (K726, BioVision); The
kit can detect 1-100 mU/ml LDH in plasma samples. The mU/ml is
defined by the amount (nmol) of NADH generated per minute per ml of
the sample under the enzymatic reaction of LDH. The total Nitric Oxide
(NO) in the plasma was measured by the Nitric Oxide assay kit (USA,
Thermo Fisher Scientific, Cat# EMSNO). The relative levels of nitrite
and nitrate in a system can vary substantially. Therefore, the most ac-
curate determination of total NO production requires the measurement
of both nitrate and nitrite.

4.4. Absorption spectra measurement

The absorption spectra of the blood plasma were taken by the
spectrometer HITACHI U-3010. For each measurement, a 100 pl plasma
sample was diluted with 700 pl phosphate-buffered saline (PBS), and the
total 800 pl solution was filled in the quartz cuvette. The measurement
ranges of the absorption spectra were 350-700 nm at a 1 nm spectral
resolution.

4.5. Fluorescence spectra measurement

Single-photon fluorescence spectra of blood plasma were measured
by a sensitive fluorescence spectrometer equipped with two mono-
chromators (FLS 920, Edinburgh Instruments). The first monochromator
selected the excitation wavelength from a 450 W Xenon lamp. Tuning
the exit slit size, we set the line width of excitation at around 1 nm. The
excitation light was focused on the cuvette, and the plasma fluorescence
signals were collected in a perpendicular direction. Before entering the
entrance slit of the second monochromator, we put a 420-nm (or 496-
nm) long-pass filter to block the side-scattered excitation light. Then
the fluorescence signal was coupled to a 0.4-mm sized entrance slit and
dispersed by the grating of the second monochromator. Finally, the
fluorescence intensity at each wavelength was selected by an exit slit
and sequentially detected by a photomultiplier tube (PMT) cooled down
to —19 °C. The resolution of fluorescence spectra measurement was 0.5
nm and the dwell time at each wavelength was 0.2 s. To calibrate the
varied excitation intensity or collection efficiency in each measurement
batch, we measured the Raman scattering spectrum of water corre-
sponding to the 3400 cm™! vibration mode. All the fluorescence in-
tensities of blood plasma were normalized according to the water Raman
peak. The representative intensities of blue fluorescence (Iblue),
porphyrin fluorescence (Iporphyrin), and flavin fluorescence (Iflavin)
were calculated from the mean spectral intensities around 440-470 nm,
610-630 nm, and 510-540 nm, respectively (Fig. 3g-i).

To real-time monitor the effects of AMI on the blood flavin
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fluorescence in vivo, we used 920 nm femtosecond laser pulses to
perform multiphoton angiography imaging in a rat's ear. At a 30 Hz
frame rate, we could locate the vessels from the flowing red blood cells
carrying the two-photon flavin fluorescence. Then we took the time-
course two-photon fluorescence image of blood plasma and blood cells
every 30 s. At the same time, the rat underwent the 70 min ischemia-
reperfusion procedure. We recorded the time-course multiphoton im-
ages from the 50th-minute post-SMA ligation to the endpoint of
reperfusion.

4.6. Chromatography analysis

The UPLC-FLR-MASS analysis was performed by a WATERS Xevo
TQD triple-quadrupole mass spectrometer coupled with an ACQUITY
UPLC H-class system and an FLR fluorescence detector (Waters, USA).
Compounds were separated on ACQUITY BEH C18 column (100 x 2.1
mm) containing 1.7 pm particles (Waters, USA) with a VanGuard.
Chromatographic separations were performed by using a binary
gradient mobile phase composed of mobile phase A (3.85 g/l Ammo-
nium Acetate in distilled water) and mobile phase B (3.85 g/1 Ammo-
nium Acetate in Water/Acetonitrile 7:3(v/v)). The gradient program for
the UPLC-FLR was as follows: 0-2 min, 20-40 % B; 2-3 min 40-99 % B;
3-3.5 min 99-99 % B; 3.5-4.5 min 99-20 % B, 4.5-6 min 20-20 %, and
the flow rate was 0.4 ml/min. The injection volume was 10 pl. The
column oven temperature was set at 40 °C, and the total run time was
6.0 min. The ionization mode is ES+, and a mass spectrum in the m/z
range of 100-1500 was obtained. The FAD, FMN, and Riboflavin were
detected by an FLR detector with an excitation wavelength of 450 nm
and an emission wavelength of 520 nm.

4.7. Data statistics

All scale bars are presented as mean + SD unless indicated. A four-
parameter algorithm provides the best standard curve fit for biochem-
ical and ELISA detection. Mann-Whitney U test was used for significant
analysis, and the level of significance was set at p < 0.05.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.thromres.2023.01.032.
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