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Abstract 21 

Polyfluoroalkyl phosphate esters (PAPs) have been used in many commercial and industrial 22 

applications due to their grease and water repellency, and surfactant properties. However, these 23 

compounds yield transformation products such as fluorotelomer alcohols (FTOHs) and perfluorinated 24 

carboxylic acids (PFCAs) that are environmentally persistent, bioaccumulative, and potentially toxic. 25 

Given that PAPs metabolize to bioactive products, it is important to understand the sites and kinetics of 26 

this metabolism. This research compares the biotransformation of a representative PAP, the 8:2 27 

monosubstituted polyfluoroalkyl phosphate (8:2 monoPAP) in typical host biotransformation sites, the 28 

liver and intestine, to the mammalian microbiome. The 8:2 monoPAP was incubated in human and rat 29 

(male Sprague-Dawley) liver and intestine S9 fractions, and its immediate hydrolysis products, 8:2 30 

fluorotelomer alcohol (8:2 FTOH) was monitored by GC-MS. Human and rat fecal samples were also 31 

collected, used as a surrogate for the gastrointestinal microbiome. Enzyme hydrolysis kinetics were 32 

measured and compared. Results show that the rat and human gut phosphatases have 2-fold and 1.3-fold 33 

more affinity for 8:2 monoPAP transformation, respectively (KM (rat) = (1.2 ± 0.3) ×103 nM; KM (human) = 34 

(1.6 ± 0.4) ×103 nM) compared to liver (KM (rat) = (4.0 ± 1.5) ×103 nM; KM (human) = (4.9 ± 3.3) ×103 nM). 35 

Results also show the microbiome contributes to 8:2 monoPAP hydrolysis. While the liver and intestine 36 

are the primary sites for metabolism, the microbiome plays a role and should not be overlooked. This 37 

may impact the relative risk of PAP exposure, given that levels of bioactive products, including PFCAs, 38 

may fluctuate depending on environmental and genetic factors leading to microbial diversity across 39 

individuals.  40 
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1.0 Overview 225 

 Per- and polyfluoroalkyl substances (PFAS) are chemicals used in many industrial applications 226 

and household products, including fire extinguisher foams, textiles, household cleaning agents, non-stick 227 

cookware, and food packaging materials 1,2. Their manufacturing and use has also led to their detection 228 

in drinking water 3, wastewater sludge 4, household dust 5, and human blood serum 6. A total of 4730 229 

different types of PFAS compounds are currently identified in manufacturing and environment 230 

occurrences 7. PFAS are environmental and health concerns given that some classes are persistent, 231 

bioaccumulative, and resistant to environmental and biological transformation 8–10. For example, 232 

perfluorosulfonates (PFSAs) compounds have been shown to be more bioaccumulative than 233 

perfluorocarboxylates (PFCAs) 11. Although there is no explanation as to why PFSAs are more 234 

bioaccumulative than PFCAs, it has been shown that longer bioaccumulation potential and persistency is 235 

correlated with increased chain length 11. PFAS are aliphatic compounds that contain a hydrophobic 236 

fluorinated tail and a hydrophilic head 1. PFAS can be categorized into perfluoroalkyl substances and 237 

polyfluoroalkyl substances 1. The hydrophobic tail of perfluoroalkyl substances have fluorine atoms 238 

attached to all of the carbon atoms, while the hydrophobic fluorinated tail of polyfluoroalkyl substances 239 

have at least one carbon attached to hydrogen atoms 1, illustrated in Figure 1.1. The goal of this thesis 240 

was to examine the transformation of a commercial fluorinated surfactant commonly found in human 241 

blood. Specifically, the contribution of hepatic and non-hepatic biotransformation (e.g. intestine, 242 

microbiome) are examined to characterize the relative kinetics involved in forming bioactive and 243 

persistent per- and polyfluorinated metabolites. Table 1.1 lists the names, structures, and abbreviation of 244 

various PFAS that are of interest to this work. 245 

 246 
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Perfluoroalkyl substances 

 

Polyfluoroalkyl substances 

 

Figure 1.1: General structure of per- and polyfluoroalkyl substances. Where R1 can be several polar 247 

functional groups, including -OH, -PO4, -COOH, -SO3. 248 

 249 

 250 

 251 
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 256 
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Name Acronym Structure 

Monosubstituted polyfluoroalkyl 

phosphates 

X:2 monoPAPs CF3(CF2)x‐1CH2CH2O‐P(O)(OH)2, x = 8 

Fluorotelomer alcohol X:2 FTOH CF3(CF2)x‐1CH2CH2OH, x = 8 

Fluorotelomer secondary alcohol X:2 sFTOH CF3(CF2)x‐1CH(OH)CH3, x = 7 

Fluorotelomer aldehydes  X:2 FTAL CF3(CF2)x‐1CH2C(O)H, x = 8 

 7:3 β-keto 

Aldehyde 

CF3(CF2)6C(O)CH2C(O)H 

Fluorotelomer unsaturated aldehydes X:2 FTUAL  CF3(CF2)x‐2CF = CHC(O)H, x = 8 

Fluorotelomer ketone X:2 Ketone CF3(CF2)x‐1C(O)CH3, x = 7 

Fluorotelomer carboxylic acid X:2 FTCA CF3(CF2)x‐1CH2COO‐, x = 8 

 X:3 FTCA CF3(CF2)x‐1CH2CH2COO‐, x = 7 

Fluorotelomer unsaturated 

carboxylic acid 

X:2 FTUCA CF3(CF2)x‐2CF = CHCOO‐, x = 8 

 X:3 FTUCA CF3(CF2)x‐1CH = CHCOO‐, x =7 

Perfluoroalkyl carboxylic acid  PFCA CF3(CF2)x‐1COO‐, x = 7,8,9 

Perfluorononanoic acid PFNA CF3(CF2)7COO‐ 

Perfluoroheptanoic acid PFHpA CF3(CF2)5COO‐ 

Table 1.1: Names, structures, and abbreviation of various PFAS of interest to this work. Name, acronym 258 

and structural formula were obtained from Butt et al. 12.    259 

 260 

 261 
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1.1 Polyfluoroalkyl phosphate esters (PAPs) 262 

One class of PFAS are the polyfluoroalkyl phosphate esters (PAPs), which are applied to food 263 

packaging materials to impart grease-resistance 13,14. PAPs have been found in popcorn bags 13,15, fries 264 

and burger boxes 13, baking papers 13, and pizza grease proof papers 13. The PAPs can be further divided 265 

into subclasses based on the number of ester functionalities and length of their fluorinated chain, as 266 

shown in Figure 1.2. PAPs have a chain length nomenclature of X:2, where X indicates the number of 267 

fluorinated carbons and 2 indicates the hydrogenated carbon atoms 1. These PAPs are commonly found 268 

in the 4:2−12:2 form 16,17. Furthermore, PAPs can have   mono-, di-, or tri-substituted polyfluorinated 269 

chains (monoPAP, diPAP, and triPAP, respectively) 1,15–17.  270 

While PAPs have been detected as monoPAP, diPAP, and triPAP in consumer products 15, the 6:2 271 

and 8:2 diPAP  are congeners found at highest levels in both food packaging materials 13 and human 272 

serum 18. For example, the 6:2 and 8:2 diPAP have been found at 0.67 ng and 0.32 ng in popcorn bags 273 

13. Levels of 6:2 and 8:2 diPAP ranged from < 0.018 − 0.14 ng/mL and < 0.009 − 0.11 ng/mL in a study 274 

looking at 61 human serum samples collected in the Norway 18. These food packaging materials may be 275 

sources of dietary PAP exposure given their propensity to migrate into consumer’s foods 19.   276 

 277 

 278 

 279 

 280 

 281 

 282 
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 283 

Name Structure 

monoPAP 

 

diPAP 

 

triPAP 

 

Figure 1.2: Structures of X:2 mono-, di-, or tri-substituted polyfluoroalkyl phosphates (PAPs), where X 284 

represents the number of fluorinated carbons, commonly ranging from 4-12. 285 

 286 

 287 

 288 

 289 

 290 

 291 
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1.1.1 The chemical stability of PFAS 292 

The hydrophobic tail and hydrophilic head of PFAS make these compounds favourable for 293 

commercial and industrial applications 1,2. Specifically, the unique thermal stability of PFAS is due to 294 

the fluorine element 2. The high electronegativity and low polarizability of fluorine allows it to form a 295 

strong covalent bond with carbon 2. In fact, the carbon-fluorine bond (116 kcal/mol) is one of the 296 

strongest covalent bonds compared to the carbon-hydrogen bond (99.5 kcal/mol) 2,20. Another factor 297 

contributing to the stability of PFAS are the many fluorine atoms within the hydrophobic tail 2. Because 298 

of the valence electrons surrounding the fluorine atom, this makes the hydrophobic tail very bulky and 299 

sterically hindered, which is unfavourable for nucleophilic attacks to the carbon 2,21, as illustrated in 300 

Figure 1.3. 301 

 302 

Figure 1.3: Steric hinderance around the fluorine atom. 303 

Although PFCAs and PFSAs are the most stable surfactants, not all PFAS are thermally stable 2. Even 304 

with the grease-resistant properties of PAPs 13,14, they have been shown to have reduced stability and can 305 

undergo abiotic and biological transformations due to the electrophilic nature of their polar head group, 306 

making them susceptible to phosphate ester hydrolysis.1,16,17,22.   307 

 308 

 309 
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 Biotransformation pathway of 8:2 monoPAPs  310 

 The biotransformation pathway of PAPs has been well established (Figure 1.4). The PAPs 311 

undergo transformation first through hydrolysis of the phosphate ester to form a fluorotelomer alcohol 312 

(FTOH), then intermediate metabolites fluorotelomer carboxylic acid (FTCA) and fluorotelomer 313 

unsaturated carboxylic acid (FTUCA), followed by α- and  β-like oxidation mechanisms to form PFCAs 314 

16,22,23. Lee et al. explored the biodegradation of 8:2 monoPAP in a simulated waste water treatment 315 

plant (WWTP) environment and observed primarily 8:2 FTOH in the headspace of the bottle while the 316 

aqueous phase consisted of 8:2 FTCA followed by 8:2 FTUCA and perfluorooctanoic acid (PFOA) 22. 317 

The degradation of 4:2, 6:2, and 10:2 monoPAP in WWTP sludge yielded analogous products 318 

corresponding to their respective chain lengths. 22. Biotransformation of 4:2−10:2 mono and diPAPs, 319 

was also investigated in rats, where their respective FTOH, FTCA, FTUCA, and PFCA metabolites were 320 

observed in the blood 16,17. In addition, the 6:2−10:2 mono- and diPAPs were observed in feces after oral 321 

gavage, suggesting that a fraction of these compounds do not undergo transformation and are eliminated 322 

17. A follow up study by Jackson and Mabury demonstrated that monoPAPs can undergo extrahepatic 323 

transformation,  by hydrolyzing to FTOHs in the presence of gut phosphatase enzymes in approximately 324 

1.5 minutes 24.   325 
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 326 

Figure 1.4: General biotransformation pathway of 8:2 monoPAP. 327 

 328 
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Elimination and half life of PAPs 329 

In recent years, industries have phased out longer chain PFAS (≥ 8 carbons) to shorter chain 330 

PFAS (≤ 6 carbons) due to reduced bioaccumulation 25,26 and toxicity 4,27. While their mechanism of 331 

toxicity is similar to longer chain PFAS 28, short chain PFAS are considered less toxic due to the shorter 332 

in vivo half lives 29 and increased clearance rates 30. In WWTP microbial environment, the rate of FTOH 333 

production decreased as the length of monoPAP chain increased;the number of days for monoPAP to be 334 

fully transformed to FTOH was lower for short chained monoPAP than long chained monoPAP, 335 

illustrated in (Table 1.2) 22.  336 

Table 1.2: Number of days required for the various chain length monoPAPs to fully transform into 337 

FTOH in a WWTP microbial environment 22.   338 

Substrate (X:2 monoPAP) Transformation product 

(X:2 FTOH) 

Number of days required for full 

transformation of substrate to product 

4:2 monoPAP 4:2 FTOH 1 day 

6:2 monoPAP 6:2 FTOH 40 days 

8:2 monoPAP 8:2 FTOH 50 days 

 339 

While transformation was reported in WWTP microbial environment 22, high concentrations of 340 

diPAP are found in the blood serum and a similar trend can be seen in a rat model examining PAPs 341 

chain length and half life 16,17. Nonetheless, both monoPAP and diPAP are transformed into PFCAs 342 

which is concerning because PFCAs tend to have a longer half life compared to their parent compounds, 343 

illustrated in Table 1.3 17. For example, in rats the 8:2 diPAP half life is about 5-times less than the 344 

major PFCA metabolite, PFOA 17. In human, PFOA has a half life of about 3.8 years 31. Although there 345 
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is no available data regarding the half life of diPAP in humans, we can predict with similar trends that 346 

PFCAs will have longer half-lives than diPAPs.  347 

 348 

PAPs 

precursor 

Rats 

(T1/2) 

Hydrolysis 

product 

Rats 

(T1/2) 

Major 

PFCA 

product 

Rats 

(T1/2) 

Humans 

(T1/2) 

4:2 diPAP 1.6 days 17 4:2 FTOH 1.1 - 1.7 hours 32 PFBAa 3.3 days 17 74 hours 33 

6:2 diPAP 2.1 days 17 6:2 FTOH Undetermined PFHxAa 1.8 days 17 32 days 34 

8:2 diPAP 4.8 days 17 8:2 FTOH Undetermined PFOAa 23 days 17 3.8 years 31 

10:2 diPAP 3.3 days 17 10:2 FTOH Undetermined PFDAa 10 days 17 n/a 

Table 1.3: Half-lives of various PAPs and their oxidation products in rat and human 15,29,30,31,32. 349 

Note: aPerfluorobutanoic acid (PFBA), Perfluorohexanoic acid (PFHxA), Perfluorooctanoic acid 350 

(PFOA), Perfluorodecanoic acid (PFDA). 351 

 352 
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1.1.2 Metabolism in the S9 fraction 353 

The S9 cellular fraction is often used to model the biotransformation of xenobiotics as it contains 354 

many of the phase I and phase II enzymes responsible for metabolism 35. The hepatic S9 fraction can be 355 

obtained by low speed centrifugation (at 9000 x g) from liver homogenate to separate the mitochondria 356 

and the lyposomes 35,38. Further high speed centrifugation (e.g. 100 000 x g) of the S9 fraction can yield 357 

the cytosol (containing soluble enzymes) and microsomes (containing membrane bound enzymes) 35,38 358 

(Figure 1.5). The microsome fraction contains CYP450 enzymes that are responsible for phase I 359 

metabolism, while the cytosol fraction consists of enzymes responsible for phase II metabolism 35. 360 

Because the S9 fraction is comprised of microsome and cytosol, it can provide a comprehensive 361 

environment to monitor both phase I and II metabolism 36.   362 

Aside from the liver, S9 fractions can also be obtained from the intestine 37. Because first pass 363 

metabolism in the intestinal wall can affect the bioavailability of drugs entering the liver, the possibility 364 

of intestinal metabolism cannot be excluded 38. Literature has reported that the intestine contains phase I 365 

and II enzymes that also contribute to metabolism and transport 39.  366 

 367 

 368 
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 369 

Figure 1.5: Separation of S9, microsome, and cytosol fractions from liver homogenate. Figure obtained 370 

from Dennis et al. 40 371 

 Following absorption, the drug or toxicant is transported to the liver for detoxification 41. The 372 

purpose of phase I metabolism is to transform the drug or toxicant into a chemically reactive 373 

intermediate more susceptible towards phase II metabolism, and/or more polar and readily excretable41. 374 

The biotransformation reactions that occur in phase I metabolism include oxidation (hydroxylation, 375 

deamination, dealkylation, and dehydrogenation), reduction, and hydrolysis 41. In phase II metabolism, 376 

the goal is to make the reactive intermediate in phase I more polar and water soluble for excretion 377 

through conjugation 41. Common conjugation reactions include glucuronidation, sulphation, acetylation, 378 

and glutathione addition 41. Following phase II metabolism, hydrophilic conjugated products can be 379 

excreted through the kidney into urine 41. Lipophilic conjugated products can be excreted into the bile, 380 

where they can be reabsorbed by the intestine for further metabolism, or directly excreted into the feces 381 

41 (Figure 1.6). 382 
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 383 

Figure 1.6: Phase I and II metabolism pathways 384 

1.2.3 Fecal microbiome biotransformation 385 

As described above in section 1.2, PAPs undergo microbial and mammalian (gut and liver) 386 

biotransformation. They also do not fully transform and have been found in their unchanged form in 387 

feces 17. Given the presence of PAPs in rat feces, a proxy for their presence in the large intestine, it is a 388 

reasonable hypothesis that PAPs may also be substrates for microbiota within the gastrointestinal (GI) 389 

tract. The human gastrointestinal tract is a complex system estimated to contain over 1000 types of 390 

microbial species 42. Due to this diversity, several studies have examined the contribution of the human 391 

microbiome to xenobiotic metabolism, where mechanisms include hydrolysis 43–45, nitro-reduction 45,46, 392 

hydroxylation 45,47, and methylation 45,48. Furthermore, gut microbiome based therapeutics have been of 393 

particular interest in drug industries 49 as the gut microbiome can activate and deactivate drugs, and 394 

generate reactive intermediate drug metabolites 50. For example, Famciclovir, Roxatidine acetate, and 395 

Vilazodone are activated upon hydrolysis of their ester or amide group by Bacteroidetes in the human 396 
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microbiome 51. Given that microbes present in our gastrointestinal tract can hydrolyze drugs, we 397 

hypothesize that the microbiome plays an important role in the transformation of PAPs.  398 

1.2 Biochemistry 399 

The biochemistry of enzyme kinetics allows us to determine the rates at which 8:2 monoPAP is 400 

biotransformed into 8:2 FTOH, and compare the rates between liver, intestine, and fecal microbes in 401 

both the rat and human.  402 

1.2.1 Enzymatic reactions  403 

An enzyme is a catalytic protein that contains an active site, allowing a substrate to bind and 404 

transform into a product, sometimes aided by a co-factor 52, as illustrated in Figure 1.7. Initially, the 405 

enzyme will contain an open active site which allows a substrate of interest to bind to the catalytic site, 406 

forming an enzyme-substrate complex 52. This enzyme-substrate complex will undergo a reaction to 407 

form a enzyme-product complex 52. Lastly, the product is released from the enzyme active site 52. 408 

  409 

Figure 1.7: Enzyme catalyzed reaction of substrate to product. Adapted from Liu 2012 52.  410 

 411 

 412 
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1.2.2 Michaelis Menten Kinetics  413 

The enzymatic reaction diagram above can be expressed in the following reaction equation 414 

scheme below, where E, S, ES, and P are enzyme, substrate, enzyme-substrate, and product, respectively 415 

52. K1, K-1, and K2 are the rate constants for the enzymatic reaction 52.  416 

 417 

The rate of product formation can be expressed in the following term 52.  418 

𝑉𝑜 =  𝐾2[𝐸𝑆] 419 

With the steady state approximation, we can assume that the rate of enzyme-substrate formation is in 420 

equilibrium with the rate of enzyme substrate dissociation 
52.  421 

𝐾1[𝐸][𝑆] = (𝐾−1 + 𝐾2)[𝐸𝑆] 422 

Following further complex mathematical derivatization from the enzymatic reaction equation, we 423 

generate the Michaelis-Menten equation below, where 𝑉𝑜, Vmax, KM, and [S] are the velocity (or rate), 424 

maximum velocity achieved by the system, Michaelis-Menten constant, and substrate concentration, 425 

respectively 52. 426 

𝑉𝑜 =
𝑉𝑚𝑎𝑥 [𝑆]

[𝑆] +  𝐾𝑀
 427 

We can express the Michaelis-Menten equation using a Michaelis-Menten kinetic plot (Figure 1.8).  428 
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 429 

Figure 1.8: Michaelis-Menten kinetic plot. 430 

Vmax is the maximum velocity in which the enzyme catalytic site is occupied with the maximum number 431 

of substrate molecules and KM is the substrate concentration which is required to reach half Vmax. A low 432 

KM indicates that a small substrate concentration is required to reach half Vmax as there is a high binding 433 

affinity between the enzyme and substrate to form the enzyme-substrate complex 53. Conversely, a large 434 

KM indicates that a large substrate concentration is required to reach half Vmax as there is a low binding 435 

affinity between the enzyme and substrate to form the enzyme-substrate complex 53. 436 

1.2.3 Kcat/KM and Vmax/KM 437 

The Vmax is also used to determine the Kcat value, which is the turnover number of an enzyme 53. 438 

The turnover number is defined as the maximum number of substrates that one enzyme is capable of 439 
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catalyzing into products per unit time 53. Under the assumption of when the substrate concentration is 440 

below the KM value,  the Kcat/KM value describes how efficient the enzyme is capable of catalyzing the 441 

substrate, which can be described in the following equation below 53.  442 

𝑉𝑜 =
Kcat

KM

[S][E]Total 443 

Because the substrate concentration is very low and the number of unoccupied enzymes approximate the 444 

total enzyme in the system, [E]Total, the Kcat/KM ratio is the rate constant that can be used to describe the 445 

enzyme efficiency 53. This Kcat/KM value is also defined as the catalytic efficiency 53. The Kcat/KM value 446 

is particularly important when comparing the kinetics of different substrates metabolized by the same 447 

enzyme. 448 

In an in vitro kinetic model, enzyme efficiency can be described in the intrinsic clearance of a 449 

drug (CLint), which is a ratio between Vmax/ KM 
54. This ratio provides a better prediction of enzyme 450 

metabolism for the total organ such as the liver 54. The CLint is particularly important when comparing 451 

the kinetics of a single substrate metabolized by different enzymes.  452 

1.4 Study objective 453 

 The objective of this study was to determine whether 8:2 monoPAP biotransforms to 8:2 FTOH 454 

within the rat and human microbiome. Using 8:2 monoPAP as a probe substance, we examine the 455 

relative contribution that fecal microorganisms play in PFAS metabolism, comparing the metabolic rates 456 

to enzyme catalysis from liver and intestine.  457 

 458 

 459 
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2.0 Materials and Methods   460 

2.1 Ethics 461 

 The human ethics application was approved by the Carleton University Research Ethics Board-B 462 

(Clearance #112094). Participants were aged 18 years or over, without history of gastrointestinal 463 

disorders, and were free from antibiotics within the past three months from collection point. 464 

2.2 Chemicals 465 

 Mono[2-(perfluorooctyl)ethyl] phosphate (8:2 monoPAP) and the 2-(Perfluoro-7-466 

methyloctyl)ethanol (9ME 8:2 FTOH) internal standard were obtained from Toronto Research 467 

Chemicals (97% pure; CAS# M566820) and Oakwood Products Inc (98.9% pure, CAS# 31200-98-3) 468 

respectively. Methanol (≥ 99.8% pure; HiPerSolv Chromanorm), and ethyl acetate (≥ 99.8% pure; ACS) 469 

were purchased from VWR. Sodium dihydrogen phosphate monohydrate (99% pure; biotechnology 470 

grade) and sodium phosphate dibasic anhydrous (99.5% pure; biotechnology grade) were purchased 471 

from Bioshop Canada Inc. Pooled male Sprague-Dawley rat liver S9 fractions were purchased from 472 

Sigma-Aldrich. PMSF-free pooled male Sprague-Dawley rat and mixed gender human S9 intestine 473 

fractions, and pooled mixed gender human liver S9 fractions were obtained from Sekisui XenoTech. The 474 

bicinchoninic acid assay kit for protein quantification was obtained from Thermo Fisher Scientific.   475 

2.3 Incubation of 8:2 monoPAP in rat and human liver and intestine S9 fractions 476 

 The S9 incubation method was obtained from Butt et al. with minor modifications 55. The 8:2 477 

monoPAP stock solution was prepared in methanol (5 mg/mL) and diluted in water such that the final 478 

concentration of methanol was ≤0.1% of the total incubation volume. Phosphate buffer (0.1 M, pH 7.4) 479 

was added to 1.5 mL microcentrifuge tubes in a water bath at 37 °C and preheated for 5 minutes. An 480 

aliquot of S9 (0.5 mg/mL) was then added to each microcentrifuge tube, incubating for 1 minute. 481 
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Reactions were initiated with 8:2 monoPAP (concentrations ranging between 400 – 7000 nM) and 482 

incubated up to 2.5 mins (time points were taken 0, 0.5, 1, 1.5, 2, and 2.5 mins). The final reaction 483 

volume containing buffer, S9, and 8:2 monoPAP was 500 µL. The reactions were terminated at each 484 

time point with ethyl acetate (500 µL) containing 1 µM of the 9ME 8:2 FTOH internal standard, 485 

vortexed for 2 minutes, and centrifuged at 5000 rpm for 5 minutes at room temperature. The ethyl 486 

acetate layer was removed from the aqueous layer, transferred to GC-MS amber glass vials, sealed and 487 

stored at -20 °C until GC-MS analysis.  488 

2.4 Incubation of 8:2 monoPAP in rat and human feces 489 

 Rat and human feces were used to investigate the microbiome contribution to PAPs metabolism 490 

as the majority of the bacteria are situated in the large intestine 56. Examining metabolism within feces 491 

was a proxy for the endogenous metabolism that occurs in the large intestine 57, as it contains the same 492 

microflora that are present in the large intestine 56,57. The collection and incubation procedures were 493 

obtained from McCabe et al. with minor modifications 57. Male rat fecal samples were donated by the 494 

University of Ottawa Animal Care and Veterinary Service and stored at -80 °C until use. Human fecal 495 

samples were collected from 1 male and 1 female participants, pooled, and brought to anaerobic 496 

conditions within 2 hours after collection to prolong bacterial lifetime 58. Samples were added to 497 

phosphate buffer (0.1 M, pH 7.4) to a final concentration of 0.1 g wet weight/mL. This mixture was 498 

homogenized, then centrifuged at 500 rpm for 5 minutes to remove particulates. The supernatant was 499 

transferred to a new 50 mL falcon tube.  500 

 The rat fecal experiment was performed aerobically to demonstrate a proof of concept that fecal 501 

microbes can metabolize 8:2 monoPAP to 8:2 FTOH. While loss of viable bacteria content can occur 502 

under aerobic conditions 58,59, rapid freezing to -80 °C or refrigerated fecal storage immediately 503 
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following sample collection will not significantly alter bacterial composition if used within an hour 504 

59,60,61.  505 

For the rat fecal assay, the 8:2 monoPAP stock solution was prepared in methanol (5 mg/mL) 506 

and the working stock was diluted in water such that the final concentration of methanol was ≤0.1% of 507 

the total incubation volume. The fecal supernatant was diluted to 50 mg/mL with phosphate buffer (0.1 508 

M, pH 7.4) in 1.5 mL microcentrifuge tubes, warmed to 37°C, and preheated for 5 minutes. Reactions 509 

were initiated with 8:2 monoPAP (concentrations ranging between 400 – 7000 nM) and incubated up to 510 

50 mins (0, 20, 30, 40, and 50 min time points). The final reaction volume was 500 µL. Reactions were 511 

terminated with 500 µL ethyl acetate containing 1 µM of the 9ME 8:2 FTOH internal standard, vortexed 512 

for 10 minutes, and centrifuged at 10000 rpm for 10 minutes at room temperature. The ethyl acetate 513 

layer was removed from the aqueous layer, transferred to a amber glass GC-MS vial, sealed and stored 514 

at -20 °C until GC-MS analysis. 515 

 Incubation of 8:2 monoPAP in human fecal samples was performed in a vinyl anaerobic chamber 516 

maintained at 37°C (5% H2/95% N2) from Coy Laboratory Products. The 8:2 monoPAP stock solution 517 

was prepared in methanol (5 mg/mL) and the working stock was diluted in water such that the final 518 

concentration of methanol was ≤0.1%. The fecal supernatant was diluted to 50 mg/mL with phosphate 519 

buffer (0.1 M, pH 7.4) in 1.5 mL microcentrifuge tubes, warmed to 37 °C, and preheated for 5 minutes. 520 

The reactions were initiated with 8:2 monoPAP (concentrations ranging between 400 – 7000 nM) and 521 

incubated up to 60 minutes (0, 45, 50, 55, and 60 minute time points) to ensure 8:2 FTOH peak signals 522 

were quantifiable. The final reaction volume was 500 µL. Reactions were terminated with 500 µL ethyl 523 

acetate containing 1 µM of the 9ME 8:2 FTOH internal standard, vortexed for 10 minutes, and 524 

centrifuged at 10000 rpm for 10 minutes at room temperature. The ethyl acetate layer was removed from 525 
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the aqueous layer, transferred to an amber glass GC-MS vial, sealed and stored at -20 °C until GC-MS 526 

analysis.  527 

2.5 GC-MS analysis 528 

 The GC-MS method was obtained from Lahey et al. 62. Extracted ethyl acetate layers were 529 

analyzed using an Agilent 6890A gas chromatograph coupled with an Agilent 5973 mass spectrometer 530 

operating in EI mode. An Agilent J&W HP-5 GC column (30 m x 0.25 mm x 0.25 µm) was used. The 531 

GC inlet had an injection temperature of 240 °C, operating in spitless mode, an average velocity flow of 532 

25 cm/s, and a high-pressure injection of 1.5 psi. The column temperature program was as follows: 60 533 

°C (2 min) → (ramp 10 °C/min) to 120 °C → (ramp 50 °C/min) to 250 °C (3min). The MS had an ion 534 

source temperature and interface temperature of 200 °C and 150 °C respectively. The 8:2 FTOH and 535 

9ME 8:2 FTOH internal standard were monitored in SIM mode with 463 and 131 m/z (Figure 2.1). The 536 

131 m/z was used to quantify both 8:2 FTOH and 9ME 8:2 FTOH internal standard, while 463 m/z was 537 

used for 8:2 FTOH peak referencing.  538 

 539 

 540 

 541 

 542 
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 543 

Figure 2.1: GC-MS chromatograms of 8:2 FTOH and 9ME 8:2 FTOH internal standard in A) active rat 544 

fecal suspensions spiked with 0 nM 8:2 FTOH and 1000 nM 9ME 8:2 FTOH B) inactivated rat fecal 545 

suspensions spiked with 1000 nM of 8:2 FTOH and 1000 nM 9ME 8:2 FTOH. All analytes were 546 

monitored at 463 m/z and 131 m/z.  547 

 548 
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2.6 Bicinchoninic acid (BCA) assay 549 

 Rat and human fecal protein concentrations were determined using a BCA assay kit, following 550 

instructions as described by the manufacturer. Briefly, 25 µL of bovine serum albumin (BSA) standards 551 

and fecal supernatant (N = 1) were each pipetted into wells in a 96-well plate. The BCA working reagent 552 

(200 µL) was added to each well and the plate was mixed thoroughly for 30 seconds on a platform 553 

shaker. To maintain temperature, the 96-well plate was covered and incubated at 37°C for 30 minutes. 554 

The plate was cooled to room temperature and measured at an absorbance of 563 nm on a Molecular 555 

Devices SpectraMax 340 PC 384 Microplate Reader. Protein concentrations were determined by 556 

comparing the absorption response with respect to the BSA standards. The actual protein concentration 557 

was determined to be 30 ± 7 mg/mL and 37 ± 3 mg/mL for the rat and human fecal samples, 558 

respectively and were normalized in all subsequent analyses.  559 

2.7 Quality control and data analysis 560 

 All samples were collected in triplicate from at least 6 different experiments to generate enzyme 561 

kinetic values. The instrumental LOD and LOQ were calculated by 3*(SD/m) and 10*(SD/m) 562 

respectively, where SD is the standard deviation and m is the slope of the regression line 63 (Table S1). 563 

The relative recovery of 8:2 FTOH in extracted S9 fractions and fecal samples was also determined by 564 

spiking 8:2 FTOH (500 or 1000 nM) in heat-inactivated S9 fractions (65°C for 30 minutes) and fecal 565 

samples (100°C for 60 minutes). Mean recoveries from triplicate analysis ranged from 60-100% and can 566 

be found in Table S1. Analyte responses were not corrected for recovery. To determine the contribution 567 

of abiotic, non-enzymatic hydrolysis, heat-inactivated S9 fractions and fecal samples were spiked with 568 

the highest 8:2 monoPAP concentration, and incubated at 37 °C for the longest time within each set of 569 

experiment. No abiotic hydrolysis was observed in any of the enzyme assays, indicating that the 570 
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formation of 8:2 FTOH was due to enzymatically mediated transformation in all samples. Data analysis 571 

and statistical comparisons were performed using Systat Software SigmaPlot Version 14. Multiple 572 

comparisons were done using one-way ANOVA coupled with the Holm-Sidak method. 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 
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3.0 Results and Discussion 590 

3.1 Biotransformation rates of 8:2 monoPAP in rat & human liver, intestine, and feces  591 

The biotransformation of 8:2 monoPAP has been previously demonstrated in mammals both in vivo in 592 

the rat 16,17 and using  purified commercial bovine intestinal phosphatase 24. In our study, we noted that 593 

the 8:2 monoPAP was metabolized rapidly, with 8:2 FTOH production first observed as early as 0.5 594 

minutes in the rat and human liver and intestine (Figure 3.1). These results were similar to the findings 595 

of Butt et al. 55 and Jackson and Mabury. 24. Butt et al. used a similar precursor to 8:2 monoPAP, the 8:2 596 

fluorotelomer acrylate, which hydrolyzed to form 8:2 FTOH in rainbow trout liver and stomach S9 as 597 

early as 0.50−1.0 minutes 55. Jackson and Mabury reported that extrahepatic metabolism in the digestive 598 

system was capable of hydrolyzing 8:2 monoPAP in 1.5 minutes 24. In feces, we observed 8:2 FTOH 599 

metabolite formation as early as 20 minutes but cannot eliminate the possibility of 8:2 FTOH formation 600 

in shorter time periods as LOD and LOQ were limiting factors in detecting earlier time points.    601 

 602 

 603 
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 604 

Figure 3.1: Representation of the concentration of 8:2 FTOH formation versus time via incubation of 605 

750 nM 8:2 monoPAP in A) rat liver S9 fraction B) rat intestinal S9 fraction C) rat fecal suspension D) 606 

human liver S9 fraction E) human intestinal S9 fraction F) human fecal suspension (anaerobic) G) 607 

human fecal suspension (aerobic). All concentration time points were performed in triplicates (n = 3) 608 

and the biotransformation rate was determined by plotting a regression line against the mean of each 609 

concentration time points.  610 

 611 

 612 

 613 

 614 
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3.2 Interpretation of the Michaelis Menten kinetics between rat and human liver and intestine 615 

 Michaelis Menten kinetics plots of 8:2 monoPAP biotransformation in rat and human liver, 616 

intestine, and feces are presented in Figure 3.2. To generate the points in the Michalis Menten kinetics 617 

plot, formation of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations 618 

was plotted and can be found in Table S2−S8. Nonlinear regression analysis was plotted against the 619 

concentration points in each Michaelis Menten kinetics graph, and the Vmax and KM values were 620 

calculated. From the Michaelis Menten kinetics plots, the associated Vmax and KM values are listed in 621 

Table 3.1.  622 

 A low KM value indicates a low substrate concentration is needed to form a product as there is a 623 

high binding affinity between the substrate and enzyme to form the enzyme substrate complex 53. 624 

Conversely, a high KM value indicates a high substrate concentration is needed to form a product as there 625 

is a low binding affinity between the substate and enzyme to form the enzyme substrate complex 53. In 626 

addition to this fundamental concept, kinetic parameters of low KM and high Vmax in an organ is 627 

indicative as the major site of metabolism, given its high metabolic efficiency for that substrate 64. For 628 

example, Poet et al. demonstrated that two organophosphate pesticides, Chlorpyrifos and Diazinon, 629 

could be metabolized in rat liver and intestinal microsomes where the liver compartment had lower KM 630 

and higher Vmax compared to the intestine, resulting in a higher metabolic efficiency 64. In this study, the 631 

rat and human intestinal fractions had approximately 2-fold lower KM  values compared to the liver 632 

fractions, despite having similar Vmax values. Despite the similar Vmax, the smaller KM values in 633 

intestine suggest that the intestine has a slightly higher metabolic efficiency and might be the primary 634 

target organ for 8:2 monoPAP metabolism, followed by the liver. Theses results may be due to the 635 

increased microvilli surface area allowing greater absorptive and metabolic capabilities 64, and also 636 

supports the postulation by Jackson et al., that the small intestine contains high number of hydrolytic 637 
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enzymes (ie. alkaline phosphatase enzymes) that are able to efficiently metabolize 8:2 monoPAP 24. 638 

Furthermore, the liver and intestine KM and Vmax values were not significantly different between rat and 639 

human, indicating the target organ specificity for 8:2 monoPAP was species independent. In contrast, 640 

KM and Vmax values between rat and human microbiome were notably different. To better compare this 641 

potential species difference, as well as the differences between microbiome-mediated versus host 642 

biotransformation, we used  CLIntr  values, which is described in the next section.  643 

 644 

  645 



 
 

38 
 
  

 646 

Figure 3.2: Steady-state hydrolysis of 8:2 monoPAP in rat and human liver (A,B), intestine (C,D), and 647 

feces (E,F). For reactions, 0.5 mg/mL of S9 or 37 mg/mL fecal suspension, and 8:2 monoPAP (varied 648 

from 100-7000 nM) was incubated in phosphate buffer (0.1 mM) at 37 C at pH 7.4. Michaelis constant 649 

(KM) and maximum reaction rate (Vmax) was obtained from nonlinear regression analysis. Reported 650 

values represent the mean average from three experimental replicates ± standard error. 651 
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Table 3.1: Associated Vmax, KM, and CLIntr values for the different rat and human fractions. Errors are 652 

reported in ± standard error.  653 

 Vmax (nmol/min.mg) KM (nM) CLIntr (mL/min.mg) 

Rat Liver (11 ± 2.1) ×10-2 (4.0 ± 1.5) ×103 (2.8 ± 1.6) ×10-2 

Rat Intestine (6.4 ± 0.7) ×10-2 (1.2 ± 0.3) ×103 (5.5 ± 1.7) ×10-2 

Rat Feces (3.0 ± 0.3) ×10-4 (6.4 ± 1.2) ×103 (4.7 ± 0.6) ×10-5 

Human Liver (18 ± 7.2) ×10-2 (4.9 ± 3.3) ×103 (3.7 ± 2.9) ×10-2 

Human Intestine (8.3 ± 0.9) ×10-2 (1.6 ± 0.4) ×103 (4.9 ± 1.3) ×10-2 

Human Feces (Anaerobic) (1.9 ± 1.0) ×10-3 (9.5 ± 7.3) ×103 (2.0 ± 1.9) ×10-4 

Human Feces (Aerobic) (2.9 ± 1.9) ×10-3 (2.1 ± 1.7) ×104 (1.4 ± 1.5) ×10-4 

 654 

Comparison of intrinsic clearance levels  655 

For in vivo studies, the clearance of a drug or toxicant can only be determined through renal 656 

excretion or blood concentration and therefore, in vitro clearance prediction is needed to determine 657 

clearance from other organs such as the liver 65. The use of intrinsic clearance levels (CLIntr) is used to 658 

measure the total enzyme activities in the organ that are responsible for metabolism 54,65, and excludes 659 

physiological factors such as blood flow and drug/toxin binding abilities 65. In this study, the CLIntr 660 

values for rat and human liver, intestine, and feces are shown in Table 3.1 and Figure 3.3. The CLIntr for 661 

each fraction was calculated by dividing the Vmax by KM value 54,65. The CLIntr was not statistically 662 

different in the rat intestine compared to the rat liver. For the human model, the same trend was 663 

observed. This suggests that there are high levels of hydrolytic enzymes (e.g. alkaline phosphatase 664 

enzymes) found in the small intestine mucosa and the liver, responsible for transformation of 8:2 665 
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monoPAP and supports the findings by Jackson et al 24. After oral exposure to 8:2 monoPAP, the GI 666 

tract is the first site of possible metabolism 17, we predict that most of the 8:2 monoPAP transformation 667 

occurs within the intestinal tract, before reaching the liver for further transformation.. In addition, the 668 

CLIntr ratios between the rat and human intestine and liver were not statistically significant, suggesting 669 

that there were limited species differences. Overall, these results were consistent with the findings 670 

reported by D’eon et al., which hypothesized monoPAP to be metabolized to FTOH in the gut, followed 671 

by absorption of FTOH into the bloodstream for further transformation 17.  672 

The rat microbiome contribution to 8:2 monoPAP transformation was approximately 600-fold 673 

and 1100-fold less than the rat liver and intestine respectively. The human microbiome contribution to 674 

8:2 monoPAP transformation was 200-fold and 250-fold less than the human liver and intestine 675 

respectively. Together, these results demonstrate that fecal bacteria play less of a role in clearing the 676 

monoPAP from systemic circulation. This might be because the liver and intestine are the primary sites 677 

for 8:2 monoPAP metabolism while the fecal microbes in the lower GI tract are passive contributors. 678 

Microbial diversity in these feces collected from individuals may also impact the CLIntr of 8:2 monoPAP, 679 

given that diet, environment, and genetics factors could alter the number of active microbes 66,67, 680 

possibly altering the ability to metabolize these PFAS compounds.  681 

When comparing between human fecal incubation conditions, CLIntr in anaerobic condition was 682 

no different compared to those from the aerobic conditions, supporting other studies that demonstrated 683 

the viability of bacteria when stored at -20 °C and used in an 1-hour assay at 37 °C 56,59,60,61. Given that 684 

these fecal microbes are found in highly anaerobic regions of the lower GI tract 56 and were stripped out 685 

of their natural environment, the CLIntr may be greater in anaerobic conditions during a longer time 686 

course (i.e. > 1 hour) compared to aerobic conditions as more active functional microbes will be able to 687 
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metabolize these 8:2 monoPAP. This has been shown by others, where loss of viable anaerobic bacteria 688 

occurs in collected fecal samples over time 58,61. 689 

 690 

 691 

 692 

 693 

 694 

 695 
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 696 

Figure 3.3: Comparison of clearance level intrinsic (CLIntr) between rat and human liver, intestine, and 697 

feces, calculated from Systat Software SigmaPlot Version 14 using one-way ANOVA with Holm-Sidak 698 

method (p<0.05). *Denotes significant clearance level intrinsic differences between that versus rat and 699 

human liver and intestine. Error bars are reported as ± standard error.  700 

 701 
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Limitations and future outlooks 702 

 In this present study, we have monitored the metabolism of 8:2 monoPAP to 8:2 FTOH with the 703 

use of GC-MS. While many published studies report product formation as a method to calculate kinetics, 704 

monitoring both the depletion of 8:2 monoPAP with LC-MS/MS alongside the formation of 8:2 FTOH 705 

would provide additional information regarding substrate fate and transformation. Monitoring 8:2 706 

monoPAP loss with 8:2 FTOH formation would allow us to understand the total mass balance of the 707 

reaction, establishing the fraction of 8:2 monoPAP transforming to 8:2 FTOH, compared to the 708 

unreacted fraction, whether there may be other products, and/or 8:2 monoPAP loss due to adsorption 709 

onto the plastic vial.  710 

We have also demonstrated the fecal microbes have the capability of metabolising 8:2 monoPAP 711 

to 8:2 FTOH. With the diversity of microbial species  42, further investigation is needed to identify the 712 

specific bacteria or bacterial enzyme responsible for these 8:2 monoPAP transformations. For example, 713 

Zimmermann et al. have looked at the drugs containing ester group functionalities and determined 714 

Bacteroidetes in human microbiome to be a contributor in this metabolic pathway 51. Furthermore, Poet 715 

et al. showed that A-esterase (PON1) found in enterocytes can metabolize ester containing drugs 716 

Chlorpyrifos and Diazinon to trichloropyridinol and 2-isopropyl-4-methyl-6-hydroxypyrimidine 64. The 717 

use of antibiotics has been shown to alter the microbiota functions by killing or inhibiting their 718 

mechanisms 68. Using these antibiotics, we can select specific antibiotics to target bacteria or bacterial 719 

enzymes of interest that are contributing to 8:2 monoPAP metabolism.  720 

 With the diverse microbial species in the large intestine 42, future experiments should be 721 

conducted to examine whether 8:2 monoPAP can yield downstream carboxylic acid metabolites, 722 

including the 8:2 FTCA, 8:2 FTUCA and PFOA (Figure 3.4). Lee et al. and Zhang et al. both observed 723 
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metabolite products of 8:2 FTCA, 8:2 FTUCA, and PFOA in WWTP sludge from the biodegradation 724 

from 8:2 monoPAP and 8:2 FTOH respectively 22,69. Zhang et al. also reported higher levels of 8:2 725 

FTCA than 8:2 FTUCA and PFOA 64 while Lee et al. noted longer chain PAPs (i.e. 8:2−10:2 monoPAP) 726 

had degradation stop at 8:2 FTCA and 8:2 FTUCA 19, and is possibly due to the increased steric 727 

hinderance of these longer chained compounds that are resistant to further degradation 19. This is 728 

important since 8:2 FTCA and 8:2 FTUCA can be several orders of magnitude more toxic than PFOA 70. 729 

Given these WWTP microbial studies as well as the variety of possible xenobiotic biotransformation 730 

mechanisms the human microbiome is capable of (i.e. hydrolysis 43–45, nitro-reduction 45,46, 731 

hydroxylation 45,47, and methylation 45,48), we suspect that microbes in the human GI can perform similar 732 

monoPAP transformations, yielding fluorotelomer acids (i.e. FTCAs, FTUCAs) and perfluorinated acids 733 

(i.e. PFCAs).  734 

 Lastly, this study looks at the fecal microbiome transformation of a long chain polyfluoroalkyl 735 

phosphate ester compound, the 8:2 monoPAP. As industries phased out longer chain PFAS and moved 736 

towards short chain PFAS compounds 27, future investigation should look at the biotransformation of 737 

shorter chain 4:2−6:2 monoPAPs as they will be more relevant to the industry. In addition, the 738 

metabolism of different chain length diPAP and triPAP should also be investigated. As Lee et al and 739 

D’eon et al. reported that the half life of PAPs increase with increase chain legnth 17,22, we predict that 740 

the rate of FTOH formation in fecal microbiome will be greater for shorter chain PAPs compared to 741 

longer chain PAP.  742 

 743 

 744 
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 745 

Figure 3.4: Fecal microbial transformation of 8:2 monoPAP precursor to other carboxylic acid products. 746 

 747 

 748 

 749 

 750 
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4.0 Conclusion  754 

 In conclusion, our current study illustrates that 8:2 monoPAP can be metabolized in the liver, 755 

intestine, and by fecal microbes in rats and humans. This is the first study to demonstrate that the rat and 756 

human microbiome are contributors in metabolizing 8:2 monoPAP and should not be overlooked, even 757 

if the liver and intestine are the predominate organs for metabolism and detoxification. We reported that 758 

the metabolism of 8:2 monoPAP to 8:2 FTOH in intestine was approximately similar to the liver in rat 759 

and human. However, metabolism in rat and human feces were significantly lower compared to the liver 760 

and intestine. This suggests that fecal bacteria in the GI tract play a reduced role in monoPAP 761 

metabolism.  762 

 In future studies, experiments should examine the possibilities of fecal microbiome metabolism 763 

of 8:2 monoPAP (or other short chain PFAS) to other transformation products, given the diversified 764 

strains of microbial species.  We are currently conducting a collaborative study with Dr. Alex Wong 765 

(Department of Biology, Carleton University) to identify the bacteria present within the pooled human 766 

fecal sample, to shed light on those bacteria potentially responsible for PFAS transformation. In 767 

addition, future experiments should look at the metabolism of shorter chain 4:2−6:2 monoPAPs and the 768 

di/triPAP will be more industrial relevant.  769 

 770 

 771 
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Supplementary Information Data 

  

Table S1. Limit of detection, limit of quantification, and spike and recovery of 8:2 FTOH in heat inactivated rat & human liver S9 

fraction, intestine S9 fraction, and fecal suspension.  

 Rat Liver Rat Intestine Rat Fecal Human Liver Human 

Intestine 

Human Fecal 

(Anaerobic) 

Human Fecal 

(Aerobic) 

Instrumental 

LOD (nM) 

Instrument A 

4 

Instrument B 

75 

Instrumental 

LOQ (nM) 

Instrument A 

14 

Instrument B 

251 

Percent 

Recovery 

(%) 

 

95 ± 12%* 

 

100 ± 10%** 

 

76 ± 5%** 

 

98 ± 5%** 

 

90 ± 15%** 

 

63 ± 6%** 

Note: Limit of detection (LOD), Limit of quantification (LOQ), and nanomolar (nM). *Spiked with 500 nM of 8:2 FTOH and 

**Spiked with 1000 nM of 8:2 FTOH. Percent recoveries are reported in ± relative standard deviation. 
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Table S2. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in rat liver S9 fraction.   

Concentration of 8:2 monoPAP 

incubated (nM) 

0.5 min 1 min 1.5 min 2 min 

400 25 ± 1* 24 ± 4* 27 ± 4* 28 ± 1* 

500  24 ± 2*  24 ± 1* 27 ± 5* 29 ± 1* 

600 24 ± 3* 27 ± 3* 31 ± 7* 32 ± 0.2* 

750 30 ± 8* 33 ± 8* 39 ± 14* 39 ± 11* 

1000 30 ± 5* 38 ± 3* 46 ± 1* 48 ± 1* 

3500 110 ± 23* 116 ± 37* 143 ± 20* 152 ± 19* 

7000 372 ± 80* 399 ± 80* 402 ± 88* 426 ± 51* 

Note: *Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. 

 

 

 

 



 
 

58 
 

 

 

 

Table S3. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in rat intestinal S9 fraction.   

Concentration of 8:2 monoPAP 

incubated (nM) 

0.5 min 1 min 1.5 min 2 min 

400 22 ± 4* 25 ± 6* 27 ± 9* 31 ± 7* 

500 28 ± 2* 29 ± 2* 33 ± 1* 40 ± 1* 

625 30 ± 2* 34 ± 1* 37 ± 3* 44 ± 1* 

750 21 ± 4* 26 ± 4* 34 ± 1* 40 ± 7* 

1000 31 ± 3* 39 ± 7* 51 ± 7* 60 ± 5* 

3500 80 ± 17* 93 ± 23* 103 ± 31* 118 ± 30* 

6000 124 ± 45* 135 ± 23* 155 ± 41* 159 ± 39* 

Note: *Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. 

 

 

 



 
 

59 
 

Table S4. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in rat fecal suspensions 

(aerobic).   

Concentration of 8:2 monoPAP 

incubated (nM) 

20 min 30 min 40 min 50 min 

500 25 ± 5* 34 ± 4* 38 ± 4* 39 ± 12* 

625 31 ± 5* 37 ± 11* 43 ± 7* 53 ± 9* 

750 42 ± 2* 56 ± 5* 69 ± 8* 75 ± 6* 

875 30 ± 2* 43 ± 9* 59 ± 6* 66 ± 2* 

1000 88 ± 7* 91 ± 9* 114 ± 9* 132 ± 3* 

7000** 201 ± 20*   210 ± 7* 226 ± 18*  231 ± 20* 

Note: * Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. **Incubation time for that concentration 

was 22, 24, 26, and 28 minutes instead of 20, 30, 40, and 50 minutes. 
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Table S5. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in human liver S9 fraction.   

Concentration of 8:2 monoPAP 

incubated (nM) 

0.5 min 1 min 1.5 min 2 min 

500 16 ± 2*   17 ± 2*   19 ± 4*   21 ± 2*   

750 31 ± 9*   38 ± 6*   39 ± 11*   47 ± 10*   

875 33 ± 7*   37 ± 5*   49 ± 9*   48 ± 4*   

1000 33 ± 6*   39 ± 4*   42 ± 27*   55 ± 5*   

1125 35 ± 12*   52 ± 5*   55 ± 13*   58 ± 12*   

3500 132 ± 48* 178 ± 27* 171 ± 24* 221 ± 68* 

6000 117 ± 47*   151 ± 42*   145 ± 75*   191 ± 51*   

Note: * Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. 
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Table S6. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in human intestinal S9 

fraction.   

Concentration of 8:2 monoPAP 

incubated (nM) 

0.5 min 1 min 1.5 min 2 min 

500 23 ± 1*   24 ± 7*   26 ± 7*   32 ± 6*   

750 41 ± 6*   45 ± 16*   58 ± 10*    58 ± 6*   

875 29 ± 7 *   34 ± 10 *   45 ± 6*   48 ± 8*   

1000 23 ± 3*   31 ± 7*   31 ± 5*   50 ± 2*   

1125 52 ± 12*   66 ± 26*   77 ± 24*    83 ± 3*   

3500 193 ± 46* 217 ± 80* 235 ± 58* 231 ± 33* 

6000 218 ± 61*   223 ± 59*   235 ± 28*   270 ± 79*   

Note: * Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. 
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Table S7. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in human fecal suspension 

(anaerobic).   

Concentration of 8:2 monoPAP 

incubated (nM) 

45 min 50 min 55 min 60 min 

500 271 ± 15* 271 ± 22* 276 ± 23* 282 ± 16* 

750 367 ± 63* 400 ± 72* 406 ± 14* 431 ± 99* 

875 340 ± 22* 379 ± 43* 392 ± 30* 397 ± 9* 

1000 381 ± 5* 383 ± 80* 409 ± 36* 471 ± 45* 

1100 355 ± 77* 433 ± 13* 482 ± 73* 534 ± 67* 

6000 2703 ± 98* 3101 ± 814* 3019 ± 116** 3178 ± 436* 

Note: * Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. **One value was < LOD and was excluded 

from calculations for better regression (R2) analysis. 
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Table S8. Levels of 8:2 FTOH versus time with the incubation of various 8:2 monoPAP concentrations in human fecal suspension 

(aerobic).   

Concentration of 8:2 monoPAP 

incubated (nM) 

45 min 50 min 55 min 60 min 

500 319 ± 65* 324 ± 18* 326 ± 53* 326 ± 42* 

750 357 ± 88* 378 ± 6* 387 ± 105* 404 ± 89* 

875 573 ± 255* 620 ± 150* 641 ± 47* 629 ± 5* 

1000 586 ± 83* 615 ± 360*,** 659 ± 213* 649 ± 105* 

1100 545 ± 50* 508 ± 67* 580 ± 59* 642 ± 120* 

6000 2741 ± 340* n/a*** 2884 ± 612* 3140 ± 491* 

Note: * Concentration of 8:2 FTOH in nM and errors are reported as ± standard deviation. **One value was < LOD and was excluded 

from calculations for better regression (R2) analysis. ***One value was <LOD and calculation based off n=2 greatly skewed the 

regression (R2) analysis, and thus time point was excluded.  
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Figure S1. Michaelis Menten kinetics plots of 8:2 monoPAP (nM) versus biotransformation rate (nmol/min•mg) of protein in human 

feces (aerobic). Vmax and KM values were calculated from Systat Software SigmaPlot Version 14. All concentration points were 

performed in triplicates and error bars are reported as ± standard error.  


