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SUMMARY:  29 
The access of nutrients, microbiota metabolites and medicines to the circulation is controlled by 30 
the gut-blood barrier (GBB). We describe a direct method for measuring the GBB permeability in 31 
vivo, which, in contrast to commonly used indirect methods, is virtually not affected by liver and 32 
kidney functions. 33 
 34 
ABSTRACT:  35 
The gut-blood barrier (GBB) controls the passage of nutrients, bacterial metabolites and drugs 36 
from intestinal lumen to the bloodstream. The GBB integrity is disturbed in gastrointestinal, 37 
cardiovascular and metabolic diseases, which may result in easier access of biologically active 38 
compounds, such as gut bacterial metabolites, to the bloodstream. Thus, the permeability of the 39 
GBB may be a marker of both intestinal and extraintestinal diseases. Furthermore, the increased 40 
penetration of bacterial metabolites may affect the functioning of the entire organism. 41 
 42 
Commonly used methods for studying the GBB permeability are performed ex vivo. The accuracy 43 
of those methods is limited, because the functioning of the GBB depends on intestinal blood flow. 44 
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On the other hand, commonly used in vivo methods may be biased by liver and kidney 45 
performance, as those methods are based on evaluation of urine or/and peripheral blood 46 
concentrations of exogenous markers. Here, we present a direct measurement of GBB 47 
permeability in rats using an in vivo method based on portal blood sampling, which preserves 48 
intestinal blood flow and is virtually not affected by the liver and kidney function.  49 
 50 
Polyurethane catheters are inserted into the portal vein and inferior vena cava just above the 51 
hepatic veins confluence. Blood is sampled at baseline and after administration of a selected 52 
marker into a desired part of the gastrointestinal tract. Here, we present several applications of 53 
the method including (1) evaluation of the colon permeability to TMA, a gut bacterial metabolite, 54 
(2) evaluation of liver clearance of TMA, and (3) evaluation of a gut-portal blood-liver-peripheral 55 
blood pathway of gut bacteria-derived short-chain fatty acids. Furthermore, the protocol may 56 
also be used for tracking intestinal absorption and liver metabolism of drugs or for measurements 57 
of portal blood pressure. 58 
 59 
INTRODUCTION:  60 
The gut-blood barrier (GBB), also known as the intestinal barrier, is a complex multilayer system 61 
that separates the gut lumen from the bloodstream in order to limit the passage of harmful 62 
compounds while allowing the absorption of nutrients1. It consists of the three main layers: the 63 
mucus layer, epithelium and lamina propria.  64 
 65 
Numerous factors may affect the GBB integrity and function2. It has been shown that GBB is 66 
disturbed in both gastrointestinal and extraintestinal diseases, including cardiovascular and 67 
metabolic diseases3, which may lead to an increased passage of gut bacterial metabolites to the 68 
bloodstream4. An increased penetration of gut bacterial metabolites may affect the functioning 69 
of the entire organism. For example, recent studies show a significant impact of bacterial 70 
metabolites, such as indoles, H2S, short-chain fatty acids (SCFA), and trimethylamine N-oxide, on 71 
the circulatory system functions5-9. Finally, it has been proposed that an increased GBB 72 
permeability may serve as a marker of cardiovascular and metabolic diseases which are 73 
associated with morphological and functional alterations in the intestines10. Therefore, tracking 74 
the gut-portal blood-liver-systemic blood pathway of bacterial metabolites may be of interest for 75 
both basic and clinical sciences.  76 
 77 
Commonly utilized experimental methods for the evaluation of GBB permeability are performed 78 
in vitro using resected intestinal segments, fragments of mucosa, or artificial membranes11,12. The 79 
accuracy of those methods is compromised by the fact that proper functioning of the GBB 80 
requires constant intestinal blood flow. On the other hand, the available in vivo methods are 81 
based on the evaluation of urine or peripheral blood concentrations of exogenous markers13. 82 
However, peripheral blood and urine concentration of exogenous compounds is influenced by 83 
kidney function, i.e., glomerular filtration rate and tubular excretion, as well as by liver 84 
metabolism, i.e., first pass metabolism. Both parameters may differ significantly between study 85 
subjects independently of the GBB function. 86 
 87 
This paper describes a direct measurement of the GBB permeability in rats using portal blood 88 



   

sampling. This in vivo method preserves the intestinal blood flow and is virtually not influenced 89 
by liver and kidney function. The described approach is not commonly used, possibly because of 90 
some methodological difficulties. We describe in detail the catheterization of the portal vein and 91 
inferior vena cava just above the hepatic vein confluence. Blood sampling from the portal vein 92 
and inferior vena cava allows evaluation of the GBB permeability and liver clearance as well as 93 
tracking of gut-portal blood-liver-systemic blood pathway of molecules of interest, such as gut 94 
bacterial metabolites or medicines. We also present several applications of the method that were 95 
tested in our laboratory. These include the evaluation of the colon permeability to TMA, a gut 96 
bacterial metabolite, evaluation of liver clearance of TMA, and evaluation of a gut-portal blood-97 
liver-systemic blood pathway of SCFA. 98 
 99 
To evaluate gut-blood barrier permeability, the following protocol steps should be followed, in 100 
order: 1 (insertion of the line for intraintestinal administrations), 3 (portal vein catheterization), 101 
4 (portal vein blood sampling), 6 (administration of a gut permeability marker), 4. 102 
 103 
To evaluate liver clearance and a gut-portal blood-liver-systemic blood pathway, the following 104 
protocol steps should be followed, in order: 1 (insertion of the line for intraintestinal 105 
administrations), 2 (inferior vena cava catheterization), 3 (portal vein catheterization), 4 (portal 106 
vein blood sampling), 5 (inferior vena cava blood sampling), 6 (administration of a gut 107 
permeability marker), 4, 5, 7 (calculation of liver clearance). 108 
 109 
PROTOCOL:  110 
 111 
The experiments were performed on male Wistar Kyoto rats according to Directive 2010/63 EU 112 
on the protection of animals used for scientific purposes and were approved by the I Local 113 
Bioethical Committee in Warsaw.  114 
 115 
1. Insertion of the Line for Intraintestinal Administration 116 
 117 
Note: Here we propose intracolonic administration of a marker using a catheter. It may be 118 
modified by oral administration or gavage at various levels of the digestive tract e.g. stomach or 119 
duodenum. Remember to use disposable surgical clothing, including surgical gown, hood and 120 
gloves, and ensure to follow the safety precautions related to the sharp tools used in surgery 121 
(needles, etc.) during procedures 1-6. 122 
 123 
1.1. Fast animals overnight before the procedure. Perform all procedures during general 124 
anesthesia, i.e., obtained by injection of urethane 1.5 g/kg bw i.p. Assess proper anesthetization 125 
by the lack of palpebral and corneal reflexes, and by toe-pinch and tail-pinch method.  126 
 127 
1.2. Use a pediatric Foley catheter (10F or 8F) as a colonic catheter. Mark the catheter to indicate 128 
the part that will be inserted into the colon (approximately 8 cm). 129 
 130 
1.3. Check the anal region and the stool content in the rectum before inserting the catheter into 131 
the colon. If stool is present, empty the rectum by massaging the rectal area. 132 



   

 133 
1.4. Put a lubricant (e.g. glycerin or petrolatum) along the catheter. Moisten the anus and its 134 
surroundings with the lubricant.  135 
 136 
1.5. Insert the catheter with a guide wire approximately 8 cm through the external anal sphincter. 137 
Make slow forward-backward and circular movements. 138 
 139 
Note: Keep on checking the location of the catheter by abdominal palpation while inserting the 140 
catheter. 141 
 142 
2. Inferior Vena Cava Catheterization 143 
 144 
2.1. Shave fur in the groin. Alternately disinfect the skin with alcohol and povidone iodine 3 times 145 
and cover the groin area with surgical drapes. 146 
 147 
2.2. Try to feel the pulse on the femoral artery and cut the skin longitudinally for the length of 148 
about 2.0 cm in the place where the pulse is palpable. 149 
 150 

2.3. Dissect the fascia and muscles to visualize the neurovascular bundle. 151 
 152 
2.4. Dissect the femoral vein from the neurovascular bundle: first nerves, then the femoral 153 
artery, and then the vein. 154 
 155 
Note: Be careful during the dissection of the neurovascular bundle, since tiny branches of the 156 
femoral vein may easily be damaged, producing bleeding. 157 
 158 
2.5. Put two ligatures on the femoral vein. Do not tie the knots yet. Catch the ends of the proximal 159 
ligature with a needle holder.  160 
 161 
2.6. Carefully pull the ligature ends with the holder upwards to close the proximal part of the 162 
vein. Wait until the vein is filled with blood and tie the distal knot. 163 
 164 
2.7. Make a small incision (ca. 1 mm) on the vein between the knot and proximal ligature, using 165 
microsurgical scissors. Insert the catheter using tweezers or the needle with the curved end.  166 
 167 
Note: Puncture the vein and use the bended tip of the needle as a guide for the catheter. Loosen 168 
the proximal ligature while inserting the catheter. Insert the catheter for 6-7.0 cm. 169 
 170 

2.8. Secure the catheter in the femoral vein with two single surgical knots. Tie the proximal 171 
ligature as well. 172 
 173 
2.9. Check the patency of the catheter by attempting to draw blood with a syringe. Rinse the 174 
catheter with 0.3 mL of the heparinized saline (100 units/mL). 175 
 176 



   

2.10. Close the surgical wound with two layers of single stitches. 177 
 178 
3. Portal Vein Catheterization 179 
 180 
3.1. Prepare the portal catheter according to Figure 1. 181 
 182 
[Place Figure 1 here] 183 
 184 
3.1.1. Insert the cut end of the needle (OD: 9 mm) into the polyurethane catheter OD: 0.025". 185 
 186 
3.1.2. Tie the ligature 3/0 at the junction of the needle and catheter.  187 
 188 
Note: Ensure that the longer part of the ligature is at least 6 cm long. 189 
 190 
3.1.3. Insert the end of the catheter OD: 0.025" into the polyethylene catheter OD: 0.040". 191 
 192 
3.1.4. Close the catheter with a metal or plastic plug. 193 
 194 
3.2. Midline laparotomy 195 
 196 
3.2.1. Shave fur in the abdomen, alternately disinfect the skin with alcohol and povidone iodine 197 
3 times, and cover the area with surgical drapes. 198 
 199 
3.2.2. Cut the skin longitudinally from the xiphoid of the sternum to the navel. 200 
 201 
3.2.3. Cut the muscles of the abdominal wall along the white line. 202 
 203 
3.2.4. Expand the cut rostrally in the Y shape so that the xiphoid cartilage is between two cuts. 204 
 205 
3.3. Portal vein dissection 206 
 207 
3.3.1. Moisten the surgical swabs with saline. 208 
 209 
3.3.2. Exteriorize the cecum, ascending and transverse colon, and small intestine loop. Put the 210 
intestines on the left side to expose the root of the mesentery. 211 
 212 
Note: Cover the intestines with gauze moistened with a physiological saline to protect the 213 
intestines from drying. 214 
 215 
3.3.3. To expose the portal vein, carefully move the hepatic lobes to the sides or upwards 216 
towards the diaphragm with the moistened swabs. 217 
 218 
3.3.4. Localize the part of the portal vein that is not covered with the mesentery (in the hepatic 219 
hilum, about 5 mm long) and pass the ligature 3/0 (15 cm long) under the portal vein.  220 



   

 221 
Note: To protect tissues from damage while placing the ligature, moisten the ligature with a 222 
physiological saline solution. 223 
 224 
3.3.5. Clamp the ends of ligature with forceps and tighten it gently to stabilize the vessel. 225 
 226 
3.4. Insertion and stabilization of the catheter 227 
 228 
3.4.1. Pass the longer part of the portal catheter’s ligature under the free part of the portal vein 229 
and pull it so that the catheter is located just next to the portal vein. 230 
 231 
3.4.2. Insert the needle into the upper mesenteric vein 3 mm below the junction of upper 232 
mesenteric vein and the portal vein. Hold the needle at a 30° angle and, after entering into the 233 
vein, reduce the angle and advance the needle almost horizontally, in parallel to the portal vein.  234 
 235 
Note: Insert the needle for a length of approximately 6-7 mm. The stabilizing ligature should 236 
gently tighten the portal vein while inserting the catheter.  237 
 238 
3.4.3. Apply 1-2 drops of tissue glue at the place where the needle is inserted. Remove the swabs 239 
that cover the liver. 240 
 241 
3.4.4. Put the intestines back into the abdominal cavity. 242 
 243 
3.4.5. Moisten the intestines with a warmed up saline solution and cover it with moistened sterile 244 
gauze.  245 
 246 
3.4.6. Check the patency of the catheter and rinse the catheter with 0.3 mL of the heparinized 247 
saline (100 units/mL). 248 
 249 
Note: Venous blood spontaneously backflows in the catheter. 250 
 251 
3.5. Ending of the surgery 252 
 253 
3.5.1. After 5 minutes, check the color of the intestines and peristaltic movements, make sure 254 
that the proper mesenteric blood flow is maintained. 255 
 256 
3.5.2. Close the abdominal cavity with 3 stitches: wall peritoneum with the inner layer of the 257 
abdominal wall muscles - a continuous, absorbable suture; remaining muscles of the abdominal 258 
wall – a continuous, absorbable suture; skin and subcutaneous tissue – single, non-absorbable 259 
sutures. 260 
 261 
Note: Exteriorize the distal part of the catheter around the navel. 262 
 263 
4. Portal Vein Blood Sampling 264 



   

 265 
4.1. Sample portal vein blood at times according to the specific testing protocol used; see Table 266 
1. 267 
 268 
[Place Table 1 here] 269 
 270 
Note: The time between consecutive blood sampling depends mainly on the bioavailability of the 271 
tested substances and the site of administration (colon, stomach, etc.). 272 
 273 
4.2. Open the portal catheter plug and let the blood flow freely. 274 
 275 
4.3. Use syringe (vol. 2 mL) and blunt needle OD: 0.9 mm. Collect no more than 0.7 mL of blood. 276 
 277 
4.4. Rinse the catheter with 0.3 mL of heparinized saline (100 units/mL) and close the catheter 278 
plug. 279 
 280 
5. Inferior Vena Cava Blood Sampling 281 
 282 
5.1. Sample inferior vena cava blood at times according to the specific testing protocol used; see 283 
Table 2. 284 
 285 
[Place Table 2 here] 286 
 287 
5.2. Open the inferior vena cava catheter plug and let the blood flow freely. 288 
 289 
5.3. Collect no more than 0.7 mL of blood using syringe (vol. 2 mL) and broken needle OD: 0.9mm. 290 
 291 
5.4. Rinse the catheter with 0.2-0.3 mL of heparinized saline (100 units/mL) and close the 292 
catheter plug. 293 
 294 
6. Administration of a Gut Permeability Marker 295 
 296 
6.1. Remove the guide wire and inflate the colonic catheter balloon, using adequate volume of 297 
sterile water (usually 1 mL but check actual balloon size before insertion). 298 
 299 
Note: The balloon diameter should not exceed 1 cm. 300 
 301 
6.2. Place the rat head down (inclination about 15%) to minimize the risk of the outflow of the 302 
administered solution from the colon. 303 
 304 
6.3. Slowly administer the tested substance (e.g. trimethylamine, 100 mg/kg bw) using a drainage 305 
port in colonic catheter.  306 
 307 
Note: Do not exceed the volume of 0.75 mL of the administered solution and the feeding speed 308 



   

of 0.5 mL/min to prevent the outflow of the administered solution from the anus.  309 
 310 
6.4. After 10 min deflate the catheter balloon. 311 
 312 
6.5. Sample blood from the inferior vena cava and the portal vein according to the specific testing 313 
protocol used; see Table 1 and Table 2. 314 
 315 
6.6. Euthanize animal via approved method. 316 
 317 
7. Calculation of Liver Clearance 318 
 319 
7.1. Express liver clearance, understood as hepatic extraction, by the difference between portal 320 
blood concentration and inferior vena cava blood concentration or by the ratio of inferior vena 321 
cava to portal blood concentration, (1 – (inferior vena cava concentration/portal vein 322 
concentration)). 323 
 324 
8. Evaluation of the Test Substance Concentration n Blood Samples 325 
 326 
8.1. Depending on the test substance and test methodology, subject the sample to appropriate 327 
laboratory procedures (centrifugation, etc.). In the proposed protocols, we evaluate TMA/TMAO 328 
and SCFA concentration using liquid chromatography coupled with triple-quadrupole mass 329 
spectrometry. Please find a detailed description of the method in Supplemental Material. 330 
 331 
REPRESENTATIVE RESULTS:  332 
We have successfully measured the GBB permeability and liver clearance of TMA in rats. We have 333 
demonstrated that hypertensive rats have an increased colon permeability to TMA in comparison 334 
to normotensive rats (Figure 2)4. In another study we found that high salt intake does not affect 335 
the GBB permeability and liver clearance of TMA (Figure 3)14.  336 
 337 
Measuring the concentration of SCFA in stools, portal blood, and peripheral blood, we traced the 338 
path of the molecules from the intestine to the peripheral blood. The exemplary results for those 339 
experiments are presented in Table 3.  340 
 341 
Figure Legends: 342 
 343 
Figure 1: Portal catheter. The portal catheter consists of a needle OD: 0.9 mm with a length of 344 
about 25.0 mm [A], a flexible polyurethane catheter OD: 0.025", length about 100.0 mm [B], a 345 
flexible polyethylene tip of the catheter OD: 0.040", approximately 15.0 mm long [C], a plug [D], 346 
and a ligature 3/0 with a length of 100.0 mm [E]. 347 
 348 
Figure 2: Hypertension-associated changes in gut-blood barrier permeability. Intracolonic 349 
administration of TMA produced a significant increase in portal blood TMA in each group (n=12 350 
for each group). The increase in portal blood TMA in the hypertensive (SHR) group was 351 
significantly higher than in normotensive (WKY) group. We used the long protocol consisting of 352 



   

blood sampling 30 min and 60 min after TMA administration (IC TMA). Values are means, + SE, 353 
*p < 0.05 vs baseline, #p < 0.05 WKY vs SHR. This figure has been modified from Jaworska et al.4 354 
 355 
Figure 3: Gut-blood barrier permeability and liver clearance after high salt intake. (A) 356 
Intracolonic administration of TMA produced a significant increase in portal blood TMA. The size 357 
of the increase was similar between the groups (n=7 for each group). We used a simplified 358 
protocol, taking blood samples at baseline (0) and 15 min after administration of TMA (IC TMA). 359 
(B) TMA liver clearance was similar between the groups at baseline, and 15 min after the 360 
intracolonic administration of TMA. Values are means, + SE. *p < 0.05 vs baseline. This figure has 361 
been modified from Bielinska et al.14 362 
 363 
Table 1: Portal blood sampling protocols for gut permeability assessment. 364 
 365 
Table 2: Protocol of blood sampling for liver clearance measurement and tracking the gut-366 
portal blood-liver-systemic blood pathway. 367 
 368 
Table 3: SCFA concentration in stool, portal blood, and peripheral blood (n=7). 369 
 370 
Table 4: Exemplary test substances with possible applications.  371 
 372 
DISCUSSION: 373 
 374 
The described direct, in vivo, method of measuring the GBB permeability maintains 375 
close-to-physiological conditions in the gastrointestinal system (preserves the intestinal blood 376 
flow), and is virtually not influenced by liver and kidney function.  377 
 378 
The critical step of this technique is the insertion of the portal catheter. This must be done gently 379 
and decisively at the same time. A mild, short bleeding may occur from the correctly performed 380 
puncture of the portal vein; however, it stops when the needle is inserted into the vessel. 381 
Persistent bleeding indicates that the portal vein is perforated. To facilitate the catheter 382 
insertion, the portal vein should be well exposed. After exteriorizing the intestines, when the 383 
mesenteric root is well exposed, the upper mesenteric vein should also be visible (mesenteric 384 
vein enters cranially into the portal vein). The portal vein is usually covered by the hepatic lobes, 385 
which have to be moved to the sides. Also, the proper stabilization of the portal catheter is crucial 386 
for a successful procedure, since the catheter’s movement may produce portal vein rupture and 387 
bleeding, especially in longer experiments. Additional stabilization of the catheter may be 388 
achieved by attaching the catheter to mesentery by sticking it to a mesentery with tissue glue or 389 
by applying two single stitches (thread 6/0). After closing the abdominal cavity to secure the 390 
placement of the catheter, a purse-string suture may be applied on the catheter. 391 
 392 
There are several minor difficulties that may occur during the experiment. After catheterization 393 
of the femoral vein, if the venous blood does not backflow in the catheter, try the following 394 
solutions: flush the catheter with heparinized saline, gently pull the catheter 1-2 mm from the 395 
vein, remove the surgical knots, and tie a new one, pull the catheter out and reinsert, or replace 396 



   

with a new catheter. Remember to confirm the proper placement of the catheter after the 397 
experiment. The catheter should be inserted for 6-7 cm, depending on the size of the animal, to 398 
place the proximal tip of the catheter in the inferior vena cava just above the hepatic vein 399 
confluence. When it comes to colon catheterization, if you have problems with advancing the 400 
catheter you may inject 0.3-0.5 mL of saline or leave the catheter in the colon for 5-10 minutes, 401 
and try again. Do not use force while inserting a catheter to avoid perforation of the intestine.  402 
 403 
In our studies, we used a gut bacteria-derived molecule, trimethylamine (TMA), as a marker of 404 
the colon GBB permeability, as TMA is produced mostly by colonic bacteria. However, many other 405 
substances, including classic permeability markers like FITC-dextran or sugars, may be used as 406 
well (see Table 4). When preparing a solution of the test substance, take into account its irritating 407 
effect on the intestinal mucosa and appropriately choose the concentration of the substance. 408 
Further laboratory procedures of the blood samples must be adjusted to the selected marker. 409 
 410 
In our protocol, we propose intracolonic administration of a marker; however, it may be modified 411 
by oral administration or gavage at various levels of the digestive tract. The variable speed of 412 
peristalsis and possible interactions with enzymes and gastric acid should be taken into account 413 
while administering a marker into upper parts of the gastrointestinal tract e.g. stomach or 414 
duodenum. Accordingly, time of blood sampling after administration of a marker needs to be 415 
adjusted. 416 
 417 
There are several limitations of the presented method, including adverse effects of anesthesia 418 
and fasting overnight, that may both influence GBB function. It should be taken into account as 419 
the procedure is terminal and involves blood sampling during not fully physiological conditions. 420 
However, as mentioned before, it has still many advantages over other experimental methods 421 
assessing GBB permeability, especially performed in vitro11. For example, an Ussing chamber 422 
measures the conductance and particle flux through the intestinal epithelial cells. The main 423 
weakness of this technique lies in its excessive simplification. It is difficult to describe the complex 424 
physiological system of the intestinal mucosa using a small number of measurements on 425 
epithelial cell layer alone. Some researchers use whole-thickness intestine for Ussing chamber 426 
studies, but this procedure is accompanied by several methodological complications15. 427 
Furthermore, the accuracy of the method is compromised by a limited viability of tissues isolated 428 
from the organism. Some in vitro methods used in pharmacokinetic studies use artificial 429 
membranes as a model of the intestinal barrier12. However, those methods, similarly to the 430 
Ussing chamber, do not reflect the complexity of the GBB structure and functions.  431 
 432 
There are also in vivo permeability assays available in experimental and clinical studies. They are 433 
mostly based on urine or peripheral blood sampling after oral or colonic administration of various 434 
markers13. The widely used sugar test involves oral intake of mono- and oligosaccharides, which 435 
are not metabolized in mammalian organism, e.g. mannitol and lactulose. The method is non-436 
invasive and may be employed in both experimental and clinical use16,17; however, the results are 437 
affected by first-pass liver metabolism and kidney function, which may differ significantly 438 
between the study subjects. In contrast to the above mentioned indirect methods, collecting 439 
blood from the portal vein allows direct evaluation of the GBB permeability12. This method is not 440 



   

dependent on liver and kidney function and virtually preserves physiological conditions in the 441 
intestines which is an important advantage over ex vivo or in vitro methods.  442 
 443 
The techniques described in this paper also allow for a relatively accurate liver clearance 444 
evaluation, as the blood is collected from the portal vein and inferior vena cava just above the 445 
hepatic vein confluence. The representative results for the hepatic extraction are presented in 446 
Figure 3 (for TMA) and Table 3 (for SCFA). Our data suggest that three main SCFA, acetate, 447 
propionate, and butyrate, are characterized by different hepatic clearance, which is supported 448 
by previous studies, where Bloemen et al. shown that intestinal release of butyrate and 449 
propionate, but not acetate, is almost equaled by hepatic uptake18. Therefore, the presented 450 
protocol is suitable for tracking intestinal absorption and liver metabolism of drugs, which can be 451 
used in pharmacokinetic studies. 452 
 453 
The techniques may also be adjusted to other experimental purposes. Catheterization of the 454 
portal vein may be used to measure portal blood pressure or for administration of drugs directly 455 
to the portal vein, in order to study hepatic circulation. For instance, in our previous work, we 456 
administered hydrogen sulfide donors to the portal vein to assess its influence on hepatic 457 
circulation and portal pressure19.  458 
 459 
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Short protocol

t0 – baseline (before intracolonic administration)

t1 – 5 min after intracolonic administration

t2 – 30 min after intracolonic administration
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Long protocol

t0 – baseline (before intracolonic administration)

t1 – 30 min after intracolonic administration

t2 – 60 min after intracolonic administration



Portal vein

t0 – baseline (before intracolonic administration)

t1 – 30 min after intracolonic administration
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Inferior vena cava

t0 – baseline (before intracolonic administration)

t1 – 30 min after intracolonic administration



SCFA Stool concentration (µM)
Portal blood 

concentration (µM)

AA- acetic acid (C2) 15998.40 ± 4317.58 564.22 ± 155.34

IPA- propionic acid (C3) 5390.70 ± 1016.19 138.25 ± 55.50

IBA- isobutyric acid (C4) 191.20 ± 123.87 4.51 ± 1.60

BA- butyric acid (C4) 4159.80 ± 3141.68 143.14 ± 68.42

2MeB- 2 methylbutyric acid 

(C5)
80.90 ± 59.86 2.02 ± 0.88

IVA- isovaleric acid (C5) 109.10 ± 56.05 2.59 ± 1.07

VA- valeric acid (C5) 281.9 ± 158.20 8.55 ± 3.56

ICA- isocaproic acid/ 4-

methylvaleric acid (C6)
5.9 ± 2.95 0.61 ± 0.15

CA- caproic acid (C6) 287.00 ± 309.68 11.19 ± 4.94
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Peripheral blood 

concentration (µM)

149.89 ± 31.74

5.36 ± 3.25

1.14 ± 1.16

6.43 ± 4.18

1.14 ± 1.42

0.90 ± 1.22

0.72 ± 1.02

1.76 ± 0.87

1.12 ± 0.93



Test substance

Bacterial metabolites: 

trimethylamine (TMA), short chain fatty acids (SCFA), 

hydrogen sulfide, etc.

Classic permeability markers: 

FITC-dextran, polysaccharides, PEG, etc.
Drugs
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Possible application
GBB permeability studies

Tracking a gut-portal blood-liver-systemic blood 

pathway

Hepatic clearance studies

GBB permeability studies

absorption and hepatic clearance studies



Name of Material/ Equipment

Needle OD: 9 mm

Polyethylene catheter ID: 0.025", OD: 0.040" 

Polyethylene catheter ID: 0.012", OD: 0.025" 

C-Flex Tubing,Opaque White 1/50"ID x 1/12 " OD  

Pediatric Foley catheter (size 10F or 8F) 

Surgical ligatures 3/0

Absorbable surgical sutures - Polyglactine 910 4/0

Tissue glue - Loctite 454Cyanoacrylate Adhesive

Povidone iodine

Heparin - Heparinium WZF 

Glycerin 86%

Xylocaine 2%

Urethane

Trimethylamine solution 45%

Syringes 2 mL

Saline 250 mL

Surgical scissors, straight, length 115 mm, 4 1/2 "blunt ends

Artery forceps type Micro-Adson bent, length 140 mm 5 1/2 "

Anatomic forceps, lenght 95 mm, 3 3/4" sharp 0.7x0.55

Micro Scissors type Vannas,  straight, lenght 85 mm, 3 3/8 " the length of the blades 6 mm

Towel clamps type Backhouse, lenght 130 mm, 5 1/8" 

Needle holders, lenght 150 mm, 6" t=0.4 1/2 

Delicate Scissors, lenght 110 mm , straight, 4 3/8” sharp 

Anatomic forceps, lenght 95 mm, 3 3/4" sharp
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Company Catalog Number Comments/Description

Becton Dickinson  S.A. 301300

Scientific Commodities, Inc. #BB520-40

Scientific Commodities, Inc. #BB520-25

Cole-Parmer Instrument Co. 06424-59

Sigmed 0000 80305

Yavo Sp. Z o.o. P48JE

KRUUSE Polska Sp. Zo.o. 152336

Loctite 1370127

EGIS Pharmaceuticals PLC 4449 11

WZF Polfa S.A. 02BK0417 Dilute 10 times with physiological saline

Laboratorium Farmaceutyczne Avena 5.90999E+12 Serves as a lubricant in colon catheterization

AstraZenca 9941342

Sigma-Aldrich (Merck) U2500-500G

Sigma-Aldrich (Merck) 92262-1L

B.Braun Melsungen AG 4606027V

Fraesenius Kabi Polska Sp. Z o.o. 15LL707WL

Braun NS-010-115-PKM

Braun KN-008-140-ZMK

Braun PO-001-007-ZMK

Braun NO-010-085-PMK

Braun HO-128-130-PMK

Braun IM-927-150-PZMK

Braun NO-052-110-PMK

Braun PO-022-001-PMK



Dilute 10 times with physiological saline

Serves as a lubricant in colon catheterization
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Editorial and production comments 

 

Dear Editorial Board, 

Thank you for the formatting changes and valuable remarks that will improve the quality of our 

Video and the Manuscript. Please find bellow our response to your comments. 

 

Note that some formatting changes have been made to better fit JoVE standards, in particular in the 

protocol. 

1. There is some flickering in the video from around 2:36 to 2:48; if practical, could you fix this? 

We are very sorry about that flickering effect. However, it is not seen in preview in our video making 

program and though we tried, we are not able to correct that. 

 

2. The order of protocol steps is somewhat confusing-the general order is to sample blood, 

administer, and sample after set time points, correct? If so, this isn’t mentioned in step 6 (and in fact 

you say to euthanize the animal after step 6). Can you clarify this a bit more in step 6? 

Thank you for this remark. We have clarified the proper order (blood sampling also after marker 

administration) lines 320, 321. 
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SUPPLEMENTAL MATERIAL 
 
1. Evaluation of TMA, TMAO and indoxyl sulfide concentration using liquid chromatography coupled 

with triple-quadrupole mass spectrometry. 
 
Chemicals  
Following chemicals were used: LC-MS grade - acetonitrile, 25% ammonium hydroxide and formic acid, 
HPLC gradient grade Acetone, trimethylamine N-oxide dihydrate (TMAO), trimethylamine 
hydrochloride (TMA), indoxyl sulfate potassium salt, trimethylamine-13C3, 15N hydrochloride (TMA-13C3, 
15N IS for TMA), indoxyl-4,5,6,7-D4 sulfate potassium salt (IS for indoxyl sulfate). Trimethylamine N-
oxide D9 (TMAO-D9 IS for TMAO) solution was prepared in methanol and stored at -20o C. Ultra-pure 
water was obtained from water purification system. 
 
Sample praparation   
Sample preparation was performed as follows: 10 μL of sample (plasma, urine, stool extract, 
calibrators) was transferred into 1.5mL test tube, then 100 μL of acetone containing internal standards 
was added for protein precipitation and analytes extraction. After the mixture was vortexed and 
centrifuged. A 10 μL of aliquot was injected into apparatus. 
 
Analyzes 
The instrumentation consisted of a Waters Acquity Ultra Performance Liquid Chromatograph coupled 
with Waters TQ-S triple-quadrupole mass spectrometer. For the instrument control and data 
acquisition Waters MassLynx software was used. Waters TargetLynx was used to processed data.  
Chromatographic separation was performed using a Waters HILIC column (1.7 µm, 2.1 mm x 50 mm) 
thermostatted at 70 ⁰C. Mobile phase A was Mili-Q water with addition of 1 mL of 25% NH4OH per 
1000 mL of water, and mobile phase B was pure acetonitrile. The flow rate of mobile phase was set at 
0.5 mL/min. The gradient scheme is presented in Supplemental Table 1. The total time of separation 
was 1.7 min. The injection volume was 10 µL. The chromatogram is presented in Supplemental Figure 
1. 
 
Supplemental Table 1. LC gradient 

Time [min] Flow [mL/min] %A %B 

- 0.5 5.0 95.0 

1.2 0.5 98.0 2.0 

1.3 0.5 5.0 95.0 

 
 

Supplemental Figures and MS protocol Click here to access/download;Supplemental File (Figures,
Permissions, etc.);SUPPLEMENTAL MATERIAL.docx

http://www.editorialmanager.com/jove/download.aspx?id=892396&guid=082b9e38-1c45-4ac5-a902-f83b6aac2fa1&scheme=1
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Supplemental Figure 1. Chromatograms of TMA, TMAO, indoxyl sulfate and corresponding internal 

standards 

 
The mass spectrometer operated in multiple-reaction monitoring (MRM)- negative electrospray 
ionization (ESI) mode for indoxyl sulfate and in multiple-reaction monitoring (MRM)- positive 
electrospray ionization (ESI) mode. Mass spectrometer optimized settings are presented in 
Supplemental Table 2. MRM transitions, cone voltages, collision energies and retention times used in 
described methods are presented in Supplemental Table 3. The first MRM transition of each compound 
served as a quantitative transition, the second as a confirmation transition. 
The calibration curve ranges were 0.02-20 µg/mL for TMAO, 0.1-120 µg/mL for TMA and 0.1- 50 µg/mL 
for indoxyl sulfate.  Mean R2 coefficients of a calibration curves from 6 calibrators was not lower than 
0.99. 
 
Supplemental Table 2. Mass spectrometer parameters 

Parameter ESI (-) ESI (+) 

Capillary voltage [kV] 1.5 2.5 

Source temperature [⁰C] 150 150 

Desolvation temperature [⁰C] 380 380 

Cone gas flow [l/h] 150 150 

Desolvation gas flow [l/h] 300 300 

Nebuliser gas pressure [Bar] 7.0 7.0 

 

 

Supplemental Table 3. Monitored transitions, cone voltages, collision energies, retention times of 

analyzed compounds 

Analyte MRM transition 
Cone 

voltage 

Collision 

energy 

Retention 

time [min] 

TMAO 76,076>57,97 (*) 

76,076>41,95 

15 

15 

20 

20 

0.94 

TMAO- D9 (IS) 85,13>68,2 (*) 20 10 0.93 



85,13>66,2 20 14 

TMA 60,08>45,05 (*) 

05760,08>44,05 

20 

20 

10 

34 

0.91 

TMA- 13C3, 
15N  (IS) 

64,09>48,04 (*) 

64,09>47,05 

20 

20 

18 

18 

0.91 

Indoxyl 

sulfate 

212,0>79,96 (*) 

212,0>132,04 

30 

30 

20 

20 

0.23 

Indoxyl 

sulfate – D4 

216,11>135,76 (*) 30 20 0. 23 

 

 
2. Evaluation of short chain fatty acids (SCFA) concentration using liquid chromatography coupled 

with triple-quadrupole mass spectrometry. 
 

Chemicals  
Short fatty acids standards (acetic acid-AA (C2), propionic acid- PA (C3), butyric acid-BA (C4), isobutyric 
acid-IBA (C4), valeric acid- VA (C5), isovalareic acid-IVA (C5), 2-methylbutyric acid- 2MBA (C5), caproic 
acid- CA (C6), 3-methylvaleric acid- 3MVA (C6), 4-methylvaleric acid- 4MVA (C6)), short fatty acids 
isotope-labeled standards (acetic acid-13C2, propionic acid-D6, butyric acid-13C2, isobutyric acid-D7, 

valeric acid-D9), pyridine anhydrous, 2-nitrophenylhydrazine (3NPH‧HCl),  N-(3-dimethylaminopropyl)-

N′-ethylcarbodiimide (EDC‧HCl). All SCFAs stock solutions were prepared in 50% acetonitrile and 
stored in -20 oC. LC-MS grade acetonitrile, HPLC grade acetonitrile, HPLC grade methanol, and formic 
acid. Ultra-pure water was produced by a water purification system. 
 
Sample praparation   

Solutions of 400 mM 3NPH and 240 mM EDC-6% pyridine were freshly prepared in 50% aqueous 

acetonitrile. Derivatization procedure was as follows: 40 µL of plasma, stool extract and calibration 

samples were mixed with 80 µL methanol (containing internal standards) on 96-well 2 mL sample plate. 

After, 20 µL of 3NPH solution and  and 20 µL of EDC- pyridine solution were added. The mixture was 

incubated in room temperature for 30 min. Next, solution was diluted to 1 mL with 15% aqueous 

acetonitrile, centrifuged and aliquot was injected into apparatus. 

 

Analyzes  
The instrumentation consisted of a Waters Acquity Ultra Performance Liquid Chromatograph coupled 
with Waters TQ-S triple-quadrupole mass spectrometer. For the instrument control and data 
acquisition Waters MassLynx software was used. Waters TargetLynx was used to processed data.  
The analytes separation were performed using a Waters BEH C18 column (1.7 µm, 2.1 mm x 50 mm) 
and Waters BEH C18 guard column (1.7 µm, 2.1 mm x 5 mm). Mobile phase A consisted of 1 mL of 
formic acid in 1 L  of water, and mobile phase B consisted of 1 mL of formic acid in acetonitrile. The 
flow rate of mobile phase was set at 0.6 mL/min. The column temperature was 60 ⁰C, the autosampler 
was kept at 5 ⁰C. The gradient scheme is presented in Supplemental Table 4. The injection volume was 
10 µL. The chromatogram is presented in Supplemental Figure 2. 
 
Supplemental Table 4. LC gradient 



Time [min] Flow [mL/min] %A %B 

- 0.6 85.0 15.0 

2.0 0.6 80.0 20.0 

7.0 0.6 60.0 40.0 

7.5 0.6 0.0 100.0 

8.0 0.6 0.0 100.0 

8.5 0.6 80.0 20.0 

9.5 0.6 85.0 15.0 

 
 

 
Supplemental Figure 2. Chromatograms of ten SCFAs: 1- AA, 2- PA, 3- IBA, 4- BA, 5- 2MBA, 6- IVA, 7- 

VA, 8- 3MVA, 9- 4MVA, 10-CA 

 
The mass spectrometer operated in multiple-reaction monitoring (MRM) - negative electrospray 
ionization (ESI) mode. For all analyzed compounds mass spectrometer optimized settings were as 
follows: capillary voltage = 2.25 kV, desolvation temperature = 550 °C, desolvation gas flow = 550 L/h, 
cone gas flow = 150 L/h, nebuliser gas pressure = 7.0 bar, source temperature = 150 °C. MRM 
transitions, cone voltages, collision energies and retention times used in described methods are 
presented in Supplemental Table 5. The first MRM transition of each compound served as a 
quantitative transition, the second as a confirmation transition. 
 

Supplemental Table 5. Monitored transitions for SCFAs derivatives, cone voltages, collision energies, 

retention times of analyzed compounds 

Analyte MRM transition 
Cone 

voltage 

Collision 

energy 

Retention 

time [min] 

AA 194.1>137.1 (qt) 

194.1>152.1 

20 

20 

20 

20 

1.49 

AA-13C2 (IS for 

AA) 

196.1>137.1 (qt) 

196.1>152.1 

20 

20 

20 

20 

1.49 

PA 208.1>137.1 (qt) 

208.1>165.1 

20 

20 

15 

20 

2.29 

PA- D6 (IS for 

PA) 

212.1>137.1 (qt) 

212.1>165.1 

20 

20 

15 

20 

2.26 

BA 222.1>137 (qt) 

222.1>152.1 

20 

20 

20 

20 

3.54 



BA-13C2 (IS for 

BA) 

224.1>137.1 (qt) 

224.1>152.1 

20 

20 

20 

20 

3.53 

IBA 222.1>137 (qt) 

222.1>152.1 

20 

20 

20 

20 

3.31 

IBA- D7 (IS for 

IBA) 

229.1>137.1 (qt) 

229.1>152.1 

20 

20 

20 

20 

3.24 

2MBA 

IVA 

VA 

236.2>137.1 (qt) 

236.2>152.1 

20 

20 

20 

20 

4.88 

5.18 

5.54 

VA- D9 (IS for 

VA, CA, 

3MVA and 

4MVA) 

244.2>137.1 (qt) 

244.2>152.1 

20 

20 

20 

20 

5.45 

IVA-D9 (IS for 

IVA and 2 

MBA) 

245.2>137.1 (qt) 

245.2>152.1 

20 

20 

20 

20 

5.08 

3MVA 

4MVA 

CA 

252.2>152.1 (qt) 

252.2>137  

20 

20 

20 

20 

6.7 

6.89 

7.06 

 

The concentration of short fatty acids was calculated using calibration standard mix derived from a 
series of calibrator samples by spiking standard stock solutions into water. Calibration curves for SCFAs 
were generated by compared a ratio of the peak area of the analyzed compound to the peak of the 
internal standard against known analyte concentrations. Stool extract samples and plasma samples 
were compared with a obtained calibration curve. Mean R2 coefficients of a calibration curves from 6 
calibrators was not lower than 0.99. The linear ranges are presented in Supplemental Table 6. The 
method showed a good intra- and interassay precision below 10%. 
 

Supplemental Table 6. Linearity for stool (S) and plasma (P) samples 

Analyte Linear range [uM] 

AA P: 10-1000 

S: 250-5000 

PA P: 1-250 

S: 125-4000 

BA P: 1-250 

S: 50-4000 



IBA P: 0.1-10 

S: 5-1000 

2MBA 

 

P: 0.1-50 

S: 1-250 

IVA 

 

P: 0.1-10 

S: 5-500 

VA P: 0.1-50 

S: 5-1000 

3MVA 

 

P: 0.1-50 

S: 0.2-50 

4MVA 

 

P: 0.1-50 

S: 0.2-1000 

CA P: 0.1-50 

S: 0.2-1000 

 

 


