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Introduction
Aristolochic acids (AA), produced by plants of  the Aristolochiaceae family, have been used worldwide for 
medicinal purposes for more than 2,500 years, and this practice is still common in many cultures today. 
AA are the etiologic agents in the clinical syndromes known as Chinese herb nephropathy and Balkan 
endemic nephropathy, and they contribute to the global burden of  chronic kidney disease and urothelial 
cancer (1, 2). In China alone, 100 million people have taken Aristolochia herbal remedies, highlighting 
the potential morbidity and mortality associated with medicinal use of  these herbs. AA I (AA-I) is now 
recognized as a potent nephrotoxin that requires bioactivation to a reactive metabolite that forms DNA 
adducts, including 7-(deoxyadenosin-N6-yl) aristolactam I (dA-AL-I) and 7-(deoxyguanosin-N2-yl) aris-
tolactam I (dG-AL-I) (3). Aristolactam-DNA (AL-DNA) adducts in human tissues serve as biomarkers 
for AA-I exposure and play a critical role in the development of  upper tract urothelial cancers (4, 5).

Although numerous in vitro and in vivo animal models have been used in the investigation of  bio-
chemical pathways and mechanisms of  AL-DNA adduct formation and nephrotoxicity, the pathways 

Environmental exposures pose a significant threat to human health. However, it is often difficult 
to study toxicological mechanisms in human subjects due to ethical concerns. Plant-derived 
aristolochic acids are among the most potent nephrotoxins and carcinogens discovered to date, yet 
the mechanism of bioactivation in humans remains poorly understood. Microphysiological systems 
(organs-on-chips) provide an approach to examining the complex, species-specific toxicological 
effects of pharmaceutical and environmental chemicals using human cells. We microfluidically 
linked a kidney-on-a-chip with a liver-on-a-chip to determine the mechanisms of bioactivation 
and transport of aristolochic acid I (AA-I), an established nephrotoxin and human carcinogen. 
We demonstrate that human hepatocyte-specific metabolism of AA-I substantially increases 
its cytotoxicity toward human kidney proximal tubular epithelial cells, including formation of 
aristolactam adducts and release of kidney injury biomarkers. Hepatic biotransformation of AA-I 
to a nephrotoxic metabolite involves nitroreduction, followed by sulfate conjugation. Here, we 
identify, in a human tissue-based system, that the sulfate conjugate of the hepatic NQO1-generated 
aristolactam product of AA-I (AL-I-NOSO3) is the nephrotoxic form of AA-I. This conjugate can be 
transported out of liver via MRP membrane transporters and then actively transported into kidney 
tissue via one or more organic anionic membrane transporters. This integrated microphysiological 
system provides an ex vivo approach for investigating organ-organ interactions, whereby the 
metabolism of a drug or other xenobiotic by one tissue may influence its toxicity toward another, 
and represents an experimental approach for studying chemical toxicity related to environmental 
and other toxic exposures.
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responsible for AA-I bioactivation in vivo remain a matter of  debate, as data obtained from different exper-
imental systems revealed inconsistent results regarding the involvement of  sulphotransferases and nitrore-
ductases in AA-I metabolism. In addition to cytochromes P450 (CYPs), other important biotransformation 
enzymes, including nitroreductases and sulfotransferases (SULTs), are expressed in both liver and kidney 
(6, 7). Thus, the precise toxicological mechanisms of  hepatic and renal enzymes, particularly the role of  
SULTs, to activate or detoxify AA-I in humans remain unclear.

To clarify these toxicological mechanisms and to identify organ-organ interactions that might occur 
with human tissues in vivo, we utilized an approach involving microfluidic organs-on-chips or “micro-
physiological systems” (MPS). Such approaches have the advantage of  utilizing human-derived cell/tissue 
cultures in continuously perfused chambers designed to simulate organ and tissue function and response 
to injury (8). Thus, to evaluate the role of  hepatic metabolism in AA-induced kidney injury, we linked a 
human kidney-on-a-chip (MPS) that recapitulates the renal proximal tubule (9) to a MPS populated with 
human hepatocytes (Figure 1).

This is the first study to our knowledge to show that microfluidically linked organs-on-chips can be 
used to identify organ-organ interactions in response to chemical toxicants, combining expertise in synthet-
ic and analytical chemistry, molecular, and cell biology.

Results
Hepatic metabolism bioactivates AA-I toxicity in human MPS models. We first examined whether hepatic metab-
olism alters the nephrotoxicity induced by AA-I. Cytotoxicity assays demonstrated that AA-I treatment 
resulted in greater kidney cell death following prehepatic metabolism (liver → kidney) when compared with 
direct infusion of  AA-I into the kidney MPS, indicating that the overall effect of  hepatic metabolism is, 
surprisingly, to bioactivate, rather than to detoxify, AA-I (Figure 2, A and B; methods in Supplemental 
Figure 1; P < 0.05; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.95978DS1).

Immunocytochemical staining of  DNA and protein AL adducts in the kidney MPS (Figure 2C; 
negative control, Supplemental Figure 2) revealed more AL adducts following prehepatic metabolism 
than direct exposure to AA-I. The concentration of  kidney injury molecule-1 (KIM-1), a biomarker of  
kidney toxicity (10), was increased in effluents of  kidney MPS following prehepatic AA-I metabolism 
for 24 hours (Figure 2D, 2.5-fold compared with the vehicle control at 56.4 ± 13.7 pg/ml; 3.2-fold 
compared with the kidney-only group at 25 μM with 43.3 ± 12.2 pg/ml; P < 0.01). AA-I bioactivation 
by hepatic metabolism was also found using rat, rather than human, cells (Supplemental Figure 3). 
Collectively, our results demonstrate that hepatic biotransformation of  AA-I results in an approximate-
ly 5-fold net increase in toxicity to both human and rat proximal tubules when compared with direct 
proximal tubule exposure.

Cotreatment of  liver and kidney cells with the NQO1 inhibitor, dicumarol, attenuates AA-I nephrotoxicity. We 
cotreated cells in the MPS system with both AA-I and the nitroreductase inhibitor, dicumarol, to test the 
hypothesis that nitroreductase activity is involved in AA-I activation. NADPH:quinone oxidoreductase 
1 (NQO1) has previously been implicated in AA reduction to the reactive lactam (11). However, basal 
expression of  NQO1 is relatively low in normal hepatic tissues but can be induced by liver injury (12) and is 
known to be stimulated by AA-I ingestion in mice (13). Accordingly, we found that AA-I exposure induced 
NQO1 expression in human liver MPS (Supplemental Figure 4). Coincubation of  hepatocytes with 10 μM 
dicumarol attenuated AA-I–induced nephrotoxicity by 39% (Figure 3, P < 0.01). Although not statistically 
significant, dicumarol tended to decrease AA-I toxicity after direct infusion into the kidney MPS (P = 0.21), 
suggesting a minor role of  NQO1 for direct activation of  AA-I in the kidney.

Our results indicate that NQO1 in human hepatocytes is important for AA-I nephrotoxicity, through 
the formation of  N-hydroxyaristolactam I (AL-I-NOH). It remains possible that other nitroreductases, such 
as cytochrome P450 oxidoreductase and/or xanthine dehydrogenase could also be involved in the hepatic 
activation of  AA-I via nitroreduction.

Sulfate-conjugated AL-I metabolite is directly toxic to human kidney cells, and this is not modified by hepatic metab-
olism. Studies on the involvement of phase II metabolism in further bioactivation of AL-I-NOH via a sulfon-
ation step in vivo have revealed conflicting results in different model systems (6, 7, 14–16). To assess which 
metabolite of AA-I is the toxic form transported from liver to kidney, human kidney MPS were treated with 
synthetic sulfate-conjugated AL-I metabolite (AL-I-NOSO3) or AL-I-NOH. AL-I-NOSO3 treatment resulted in 
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a similar degree of cytotoxicity in the kidney MPS with and without prehepatic metabolism (Figure 4, A and 
B), whereas AL-I-NOH lacked nephrotoxic properties in either setting (Supplemental Figure 5). AL-I-NOSO3 
also induced similar levels of AL adduct in the kidney MPS at 10 μM AL-I-NOSO3 (Figure 4C), with and 
without prehepatic metabolism.

These results implicate AL-I-NOSO3, formed via hepatic conjugation of  AL-I-NOH by one or more 
hepatic SULTs, as the dominant nephrotoxic metabolite of  AA-I.

The OAT inhibitor probenecid attenuates AL-I-NOSO3 toxicity. Because AL-I-NOSO3 is water soluble 
and unable to diffuse across cell membranes, it is likely that facilitated membrane transport is neces-
sary for nephrotoxicity. Previous animal and in vitro studies suggested that organic anion transporters 
(OATs) are involved in the site-selective toxicity and renal elimination of  AA-I (17, 18). To test this 
hypothesis in a human MPS model, we designed experiments to determine whether membrane trans-
port is involved in the renal uptake of  AL-I-NOSO3. Human kidney cells in an MPS were treated for 
24 hours with AL-I-NOSO3 (with and without prehepatic metabolism) and the OAT inhibitor, probe-
necid. Cotreatment with 2 mM probenecid attenuated the cytotoxicity induced by 25 μM AL-I-NOSO3 
in human kidney cells by 50%–60% (Figure 5, A and B, 51.5% in the kidney-only group and 63% in 
the liver → kidney group), while 2 mM probenecid alone did not cause significant toxicity in kidney 
cells (data not shown).

Figure 1. Integrated liver-kidney microphysiological system model. (A) Individual liver and kidney microphysiological system (MPS) chips. Proximal 
tubular epithelial cells were injected into MPS filled with type I collagen (6 mg/ml) to form tubular structure as previously described (9, 43). Hepato-
cytes were seeded into the whole chamber with Matrigel (0.23 mg/ml) overlay. Liver MPS and kidney MPS were separately maintained, as described in 
the Methods. Gray dots represent cells. (B) Syringe pump-mediated flow of culture media through MPS chips. (C) Serial integration of liver and kidney 
MPS chips by direct coupling with C-Flex tubing.
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Since the human kidney MPS recapitulates the polarity of  the proximal tubule (9), apical OAT4 is the 
likely candidate for sulfoconjugate uptake, as it shares similar kinetics to such basolateral transporters of  
sulfoconjugates expressed in the kidney as OATP4C1 and OAT3 (19).

Additional studies with OAT4-transfected reporter cells confirmed that AL-I-NOSO3 is a substrate for 
the OAT4 transporter (Figure 5C). OAT1/3 was also found to transport AL-I-NOSO3 (Figure 5D).

AL-I-NOSO3 is likely transported into blood from liver hepatocytes by hepatic membrane transport proteins MRP3 
and MRP4. To understand how AL-I-NOSO3 gets into blood from the liver, we tested the hypothesis that 
AL-I-NOSO3 is transported into blood from the liver by the ABC efflux transporters MRP3 and MRP4. 
MRP3 and MRP4 were expressed on the basolateral membrane of  liver cells using inside-out plasma 
membrane vesicles. We first verified if  MRP3 and MRP4 mediate ATP-dependent uptake of  the known 
MRP substrate, estradiol-17-β-glucuronide, into membrane vesicles. Uptake of  estradiol-17-β-glucuron-
ide at 10 μM into the MRP3 and MRP4 membrane vesicles in the presence of  ATP was 50 and 8 times 
greater, respectively, than that in the presence of  AMP (data not shown), demonstrating that MRP3 and 
MRP4 in the membrane vesicle preparations are functional. Uptake of  AL-I-NOSO3 at 0.5 μM into the 
MRP3 and MRP4 membrane vesicles was 2.6 and 3.9 times greater, respectively, in the presence of  ATP 
than that in the presence of  AMP (Figure 6). The ATP-dependent uptake of  AL-I-NOSO3 was completely 
abrogated by the highly selective MRP inhibitor MK571. The results demonstrate that AL-I-NOSO3 is a 
substrate of  both MRP3 and MRP4 for hepatic efflux.

Discussion
Studies in mice and rats, designed to reproduce AA nephropathy in humans, showed remarkable inter-
strain and species-to-species differences in renal toxicity for AA-I (20–22). These observations are in 

Figure 2. AA-I human nephrotoxicity with or without hepatic metabolism. (A) Representative phase contrast and LIVE/DEAD images of human proximal 
tubular epithelial cells (PTECs) cultured in MPS after AA-I treatment for 24 hours. (B) Quantitative cytotoxicity of images in A. n = 5–8 per treatment 
group. (C) Representative immunocytochemistry staining of AL-I adducts in 0 and 10 μM AA-I–treated PTECs with or without hepatic metabolism. n = 3. 
(D) KIM-1 levels in human MPS effluents. n = 5–8 per treatment group. All experiments were independently repeated at least 3 times. Scale bars: 150 μm. 
Statistical significance was calculated using t test corrected with multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001. Graphs show mean ± SD.
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accord with findings in human populations, where only a small fraction of  AA-exposed individuals 
develop renal toxicity and/or urothelial cancer (4, 23, 24). The genetic basis for such relative suscepti-
bility is yet to be determined.

To set the stage for studies with human integrated liver-kidney organs-on-a-chip, we evaluated AA-I 
renal toxicity in MPS populated with cells obtained from Sprague-Dawley rats. With respect to the dosage 
required to elicit tubular damage, rats are the least sensitive rodent species (21). This has been attributed, in 
part, to the proficiency of  isolated rat kidneys perfused with AA-I in producing the primary detoxication 
products of  AA-I, namely, AA-Ia and its O6-conjugates (25). Murine kidneys lack this detoxication path-
way. Nevertheless, renal toxicity and forestomach cancers are prominent effects of  AA exposure observed 
in all species of  rats and mice tested to date (21).

Based on our results using this integrated MPS model, we conclude that overall biotransformation 
of  AA-I by liver enzymes increases, rather than decreases, toxic effects of  AA-I toward kidney cells, as 
indicated by an increase in cytotoxicity, increased formation of  AL adducts, and an increase in the release 
of  the organ-specific injury biomarker, KIM-1 (10), as well as alanine aminotransferase (ALT) (26). To 
confirm that the renal toxicity occurs due to AA-I metabolites but not proapoptotic factors produced by the 
liver, we compared the formation of  AL-I-DNA and AL-I-protein in kidney-on-a-chip in the presence and 
absence of  liver-on-a-chip. In integrated liver-kidney MPS, the levels of  adducted AL-I in renal cells were 
dramatically higher than those in the kidney MPS alone. Likewise, exposure of  the kidney MPS to sulfated 
metabolite of  AA-I induced AL-I adduction in renal cells. These observation suggest that the formation of  
active metabolites of  AA-I in the liver increases its genotoxicities toward the kidney. We then demonstrated 
that the initial step in the metabolic pathway by which AA-I is converted to toxic metabolites involves nit-
roreduction (Figure 7). Although several nitroreductases have this potential, NQO1 is considered the most 
important cytosolic nitroreductase required for AA-I activation (11). Dicumarol, an NQO1 inhibitor (27), 
reduces AA-I nephrotoxicity and AL-I formation in mice (28), while in rats it promotes AA-I genotoxicity 
presumably through the inhibition of  its detoxification mediated by CYP2C activity in hepatic tissue (29). 
Once AA-I has been reduced by NQO1 or other nitroreductase(s), the resulting N-hydroxyaristolactam I 
(AL-I-NOH) is the precursor for reactive cyclic nitrenium/carbenium species and AL-I-DNA adducts (30). 
Previous work has suggested that this metabolite may directly lead to the formation of  active species or 
undergo sulfonation catalyzed by SULTs (Figure 7) (6, 7).

A requirement for phase II metabolism in AA-I metabolism to produce a directly nephrotoxic chem-
ical species in vivo was previously uncertain. Here, we demonstrate conclusively that SULT involvement 
is required for complete AA-I bioactivation because direct exposure of  human kidney cells to AL-I-NO-
SO3 caused severe cytotoxicity in the absence of  prehepatic metabolism (kidney-only group), an effect not 
observed with AL-I-NOH. Furthermore, the organic anionic transporter inhibitor probenecid inhibited the 
toxicity of  AL-I-NOSO3 in human kidney MPS, supporting the hypothesis that formation and subsequent 
active transport of  the sulfate conjugate into proximal tubular epithelial cells (PTECs) is necessary for AA-I 
nephrotoxicity via the uptake of  OATs, particularly OAT1, OAT3, and OAT4 (Figure 7).

Figure 3. Attenuation of AA-I nephrotoxicity by dicumarol. Representative LIVE/DEAD staining of human proximal tubular epithelial cells cultured in 
MPS after dicumarol (10 μM) and AA-I (25 μM) cotreatment for 24 hours. Scale bars: 150 μm. Quantitative results are presented as average ± SD. n = 5 per 
treatment. Statistical significance was calculated using t test. ***P < 0.001.
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The observed lack of  renal toxicity of  AL-I-NOH is in accord with our unpublished observations. 
Thus, AL-I-NOH toxicity varies substantially depending on experimental systems and cell lines under 
investigation (V.S. Sidorenko et al., unpublished observations). The absence of  its toxic effects may 
occur due to (a) lack of  expression or appropriate isoforms of  SULTs and/or (b) deficiency of  transport 
of  this compound in cells. Thus, in murine kidney cortical slices, incubation with AL-I-NOH induces 
less AL-I-DNA in comparison to AL-I-NOSO3 and AA-I (K.G. Dickman and V.S. Sidorenko, unpub-
lished observations). Moreover, in kidney cortical slices incubated with H3-AA-I, AL-I-NOH competes 
for uptake with cold AA-I less efficiently than AL-I-NOSO3, although the observed difference was 
modest. Similarly, in mice treated with AL-I-NOH in vivo, only minor renal and hepatic AL-I-DNA 
adduction was found (V.S. Sidorenko and T.A. Rosenquist, unpublished observations). As AL-I-NOH 
is an excellent substrate for murine and human SULT (6), the absence of  renal toxicities of  AL-I-NOH 
in human MPS is most likely due to the lack of  its transport in liver and kidney cells.

Sulfate conjugation of  the hydroxylamine is electron withdrawing and the product may be cleaved via 
heterolytic processes, leading to highly reactive electrophiles that bind covalently to DNA and are muta-
genic and carcinogenic. Accordingly, sulfonyloxyaristolactam (AL-I-NOSO3), a product of  the sulfonation 
of  AL-I-NOH, is an unstable compound with a half-life of  approximately 40 minutes in aqueous media, 
which readily forms AL-DNA adducts upon incubation with DNA. Several lines of  evidence support 
human SULT1A1 and SULT1B1 as being crucial for activation of  AA-I and AL-I-NOH (6, 7, 15). SULTs 
are abundantly expressed in the liver but are found only at low levels in the kidney (31). In support of  this 
concept, one of  us recently demonstrated that murine hepatic cytosols are much more proficient than com-
parable renal fractions in converting AL-I-NOH into AL-I-NOSO3 and AL-I-DNA (6).

Although hepatic metabolism greatly accentuates AA-I nephrotoxicity, at high concentrations AA-I is still 
directly toxic to kidney cells, and, thus, the kidney can also activate AA-I conversion to toxic metabolites. Cells 
in the normal renal cortex express high levels of NQO1 (28). However, attenuation of renal NQO1 activity by 
dicumarol only slightly decreased AA-I toxicity in kidney MPS, suggesting that enzymes other than NQO1 
may participate in AA-I activation in kidney cells. Accordingly, AL-I DNA adduct levels in AA-I–exposed 
human cell lines with genetic knockdown of NQO1 remained unchanged, compared with cells expressing nor-
mal NQO1 levels (7). Other nitroreductases such as NADPH:CYP reductase (POR), prostaglandin H synthase 
and xanthine oxidase (XDH) could also potentially be involved in the activation of AA-I via nitroreduction 
in the kidney (11). Thus, our results suggest that NQO1-mediated nitroreduction occurring in hepatic cells is 
likely to be the most important pathway for AA-I bioactivation in vivo. In addition, these findings corroborate 
an early report on AL-I, rather than AA-Ia and AL-Ia, detection in humans (32), suggesting that in human 
liver nitroreduction of AA-I is more efficient than CYP-mediated oxidation of AA-I into nontoxic metabolites.

Figure 4. AL-I-NOSO3 (sulfate-conjugated AL-I metabolite) human nephrotoxicity in MPS. (A) Representative LIVE/DEAD staining of proximal tubular 
epithelial cells (PTECs) cultured in MPS after AL-I-NOSO3 treatment for 24 hours. (B) Quantitative results of images in A. n = 5–8 per treatment group. Sta-
tistical significance was calculated using t test (n.s., P = 0.769). Graph shows mean ± SD. (C) Representative immunocytochemistry results of AL-I adducts 
in 10 μM AL-I-NOSO3–treated PTECs in MPS without or with hepatic metabolism. n = 3. Scale bars: 150 μm.
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Conjugation is generally the final step of  biotransformation of  xenobiotics necessary to convert lipo-
philic xenobiotics into water-soluble metabolites that can be excreted in urine or bile, and it is traditionally 
associated with inactivation or detoxification. However, not all conjugation reactions result in fewer toxic 
products. For example, SULTs are known to enhance genotoxic effects of  polycyclic aromatic hydrocarbons 
and N-hydroxylamines through the formation of  sulfuric acid conjugates (reviewed in refs. 33, 34). These 
metabolites are chemically unstable and readily undergo solvolysis to produce reactive species (Figure 7).

Bioactivation of  xenobiotics by sulfonation in the liver with subsequent delivery of  preactivated species 
to other organs has been proposed for various carcinogens, including 4-aminobiphenyl and 1-methylpyrene 
(35–37), but the direct evidence on the existence of  this pathway in humans is lacking due to the lack of  
technology and/or instability of  active metabolites. Integrated organs-on-chips are perfectly suited to test 
this hypothesis. Our results provide what we believe to be the first evidence that, in human liver tissue, 
AA-I may be activated and thus converted to AL-I-NOSO3, which is then actively transported out of  the 
liver. MRP3 and MRP4 are ATP-binding cassette efflux transporters localized in the basolateral mem-
brane of  liver hepatocytes and are known to transport organic anion conjugates (reviewed in ref. 38). We 
demonstrated that MRP3 and MRP4 are likely the transporters that mediate efflux of  AL-I-NOSO3 from 
hepatocytes into the blood. However, other efflux transporters, such as MRP6, cannot be excluded, as we 
also found some AL-I-NOSO3 transport activity in control membrane vesicles with no MRP3 or MRP4 
overexpression, and this activity could be inhibited by the MRP inhibitor MK571 (data not shown).

Once in the bloodstream, the water-soluble AL-I-NOSO3 must then be actively transported into 
kidney cells. OAT1, OAT2, and OAT3 are localized in the proximal tubule basolateral membrane 

Figure 5. Inhibition of AL-I-NOSO3 nephrotoxicity by probenecid (OAT inhibitor). (A) Representative LIVE/DEAD staining of human proximal tubular 
epithelial cells cultured in MPS after probenecid (Pro, 2 mM) and AL-I-NOSO3 (25 μM) cotreatment for 24 hours. Scale bars: 150 μm. (B) Quantitative neph-
rotoxicity of images in A. n = 5–6 per treatment. (C) Uptake of 0.5 μM AL-I-NOSO3 in OAT4-transfected COS7 cells versus mock transfection in the presence 
of 2 mM probenecid. n = 4–5. (D) Uptake of 0.5 μM AL-I-NOSO3 in OAT1 or OAT3-transfected HEK cells versus mock transfection in the presence of 2 mM 
probenecid. n = 3. Statistical significance was calculated using t test. *P < 0.05, **P < 0.01, ***P < 0.001. Quantitative results are presented as average ± SD.
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(reviewed in ref. 39), whereas OAT4 is typically expressed in the apical membrane. The lumen of  
kidney cells in our MPS model is oriented such that AA-I and other compounds have direct exposure 
to the apical membrane of  the proximal tubule cells. Thus, our experimental design of  the linked liv-
er-kidney MPS involved apical exposure of  kidney cells to hepatic effluent, suggesting that OAT4 is 
the primary uptake transporter, whereas in vivo transport is likely a combination of  basolateral uptake 
from the blood and apical reabsorption from the glomerular filtrate (Figure 7).

Although this study has several strengths, there are also limitations to the current model. Both liver and 
kidney chips contain a single cell type (hepatic parenchymal cells and primary proximal tubular epithelial, 
respectively), whereas in vivo multiple cell types are present in each of these tissues. The two chips are connect-
ed directly via polyethylene tubing, in contrast to the in vivo situation, in which both organs have extensive, spe-
cialized vascular networks. Additionally, the perfusate we used is an artificial buffer medium that lacks proteins 
and other biological signaling molecules present in the bloodstream. However, these limitations, and more, are 
present in traditional 2D cell culture, and our data provide additional evidence that the 3S, microfluidic archi-
tecture of the Nortis device has substantial advantages over traditional cell culture techniques.

In conclusion, the liver appears to play a significant role in the activation of  AA-I, which clinically 
results in progressive kidney failure and concomitant uroepithelial carcinogenesis. AL adducts of  proteins 
and/or DNA in human kidney proximal tubule cells were found when AA-I was first metabolized by 
human liver cells. These data suggest that hepatic NQO1 and SULT work in concert to form the highly 
nephrotoxic metabolite, AL-I-NOSO3, which is then actively transported out of  the liver via MRP trans-
porters and then taken into the kidney via OATs.

Toxicity testing is central to the evaluation of risks from drugs and environmental exposures and serves 
as the basis for many public health and regulatory decisions. Strategies such as the Tox21 Initiative (40) are 
designed to improve the predictability of adverse outcomes and to reduce the use of animals in systems-level 
analysis in preclinical pharmacology and toxicology. Recent efforts have focused on developing in vitro models, 
such as in silico PK/PD modeling, high-throughput screening for nuclear receptor signaling and stress pathway 
assays, and adverse outcome pathway-based toxicity modeling (41). Finally, to our knowledge, this is the first 
example of microfluidically linked human organs-on-chips being applied to this type of investigation. While the 
ultimate role in organ-on-chips in human toxicology remains to be elucidated, such systems complement studies 
using animal models and, ultimately, may prove superior in predicting cellular response to injury in humans.

Methods

Animals
Adult male Sprague-Dawley rats, 40–60 days old, were used to obtain kidney and rat liver tissues (Charles 
River). Rat PTECs were isolated from rat kidneys using in vitro collagenase digestion. Primary rat hepato-
cytes were isolated by two-step collagenase digestion following isolation.

Isolation and culturing of PTECs in MPS chips
Human PTECs were isolated from surgically dissected kidney tissues from human donors (Him 20, Him 
23, Him 25, Bio 13, and Bio 26; demographic information of  PTECs donors is listed in Supplemental 
Table 1) using a protocol similar to that used for isolating rat PTECs. Isolated PTECs were grown in a 

Figure 6. Membrane transport of AL-I-NOSO3. Uptake of 0.5 μM AL-I-NOSO3 into inside-out plas-
ma membrane vesicles overexpressing MRP3 or MRP4 in the presence of 4 mM ATP or 4 mM AMP, 
with or without 100 μM MK571. n = 3. Statistical significance was calculated using t test. *P < 0.05, 
***P < 0.001. Quantitative results are presented as average ± SD.
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2D flask with PTEC culture media, including MEM/F12 media supplemented with 2.5 mM glutamine, 
1:100 diluted ITSA, 50 nM hydrocortisone, and 1:100 diluted Antibiotic-Antimycotic (Gibco). After 
expanding cells in a 2D monolayer culture, PTECs were resuspended using 0.01% trypsin and then 
injected into Nortis MPS chips filled with collagen type I (Figure 1A). After cell injection and stabili-
zation overnight in a 37°C, 5% CO2 incubator, the MPS chips were connected with C-Flex tubing, and 
flow was initiated with PTEC culture media at a flow rate of  0.5 μl/min, controlled by infusion syringe 
pumps (KD Scientific Inc., model KDS220). PTECs in MPS chips can be maintained for more than 2 
weeks prior to experimental treatments.

Source of hepatocytes and hepatocyte culture in MPS chips
Freshly isolated human hepatocytes or cryopreserved human hepatocytes were purchased from Trian-
gle Research Labs (HUM4096A and HUM4097B) or were received from the Liver Tissue Cell Distribu-
tion System (NIH service; donor 15-002) (demographic information of  hepatocytes donors is listed in 
Supplemental Table 1; Supplemental Table 2 lists the specific human liver and kidney cell preparations 
used in each of  the various experiments). All MPS chips were precoated with 0.1 mg/ml collagen type 
I in PBS with 0.1% acetic acid at 37°C, 5% CO2 incubator, for 1 hour. For plating hepatocytes into MPS 
culture, 0.1–0.2 ml of  a cell suspension at a density of  2 × 106 hepatocytes/ml was injected into each 
chip via the abluminal ports. William’s E media supplemented with 5% FBS, 100 mg/ml penicillin 
streptomycin, 100 nM dexamethasone, 1 μg/ml Gibco Fungizone in a 1:100 diluted of  ITS+ and 0.2 
mM glutaMAX was used for the hepatocyte plating media. After 4 hours of  plating, the hepatocytes 
were overlaid with Matrigel (Corning, 0.23 mg/ml) in maintenance media (plating media but without 
FBS) via abluminal ports. Following maintenance of  cells at 37°C, 5% CO2 incubator overnight, cells in 
MPS chips were held at 37°C with 5% CO2 in a sterile incubator, and were maintained in maintenance 
media with abluminal flow at flow rates between 5 and 10 μl/h via infusion/syringe pumps (KD Scien-
tific Inc., model KDS220). Hepatocytes in MPS chips were maintained with high viability for up to 5–7 
days prior to further treatment.

Figure 7. AA-I metabolic pathway illustrating the interaction of liver and kidney. The sulfate-conjugated metabolite of AA-I and AL-I-NOH, AL-I-NO-
SO3, is formed by hepatic enzymes, including reduction via NQO1, and conjugation with SULTs. AL-I-NOSO3 is then actively transported out of liver 
potentially via MRP3/4 and then taken into kidney via the OAT transporters. AL-I-NOSO3 forms DNA and protein adducts, leading to nephrotoxicity. 
(Liver and kidney may also produce nontoxic metabolites of AA-I, specifically AA-Ia and AL-I, and their conjugates.)
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AA-I treatment in cells cultured in MPS
AA-I and dicumarol were purchased from MilliporeSigma (catalog A5512 and M1390). AL-I-NOSO3 and 
AL-I-NOH were synthesized as described previously (42). Probenecid (water soluble) was purchased from 
ThermoFisher Scientific (catalog P36400).

PTECs cultured in MPS were checked for cell confluency and tubule morphology before AA-I treat-
ment. Only kidney MPS with 95%–100% confluence were used for further treatment. Two groups of  cells 
cultured in MPS were subjected to AA-I treatment: (a) a kidney-only group that has only 3D PTECs cul-
tured in MPS chips and (b) a liver → kidney group that has MPS chips with 3D cultured hepatocytes con-
nected upstream of  another MPS chip with PTECs. The MPS model connecting liver and kidney utilized 
C-Flex tubing (Figure 1C, flow is from abluminal liver chip into luminal kidney chip). Cells cultured in the 
MPS were treated with AA-I or AL-I-NOSO3, with and without dicumarol or probenecid in the treatment 
media (mixtures of  PTEC culture media) and hepatocytes in maintenance media utilized a volume ratio of  
50:50 for 24 hours at a flow rate of  1.5 μl/min. After AA-I treatment, LIVE/DEAD staining was used to 
analyze AA-I–mediated cell death in hepatocytes and PTECs (shown in Supplemental Figure 1). Quanti-
tative percentage cytotoxicity was calculated from the ratio of  dead cells (red fluorescent-stained cells from 
LIVE/DEAD staining) and detached cells to the total cell number (Hoechst 33342–stained cells) (Figure 2D, 
n = 5). Effluents were collected and stored in –80°C for later analysis of  organ-specific injury biomarkers.

LIVE/DEAD staining
The LIVE/DEAD viability/cytotoxicity kit and Hoechst 33342 (Life Technologies) were used to distin-
guish viable cells from dead cells according to the manufacturer’s specifications. Briefly, calcein AM (final 
concentration 2 μM), EthD-1 (final concentration 4 μM), and Hoechst 33342 (final concentration 0.1 μg/
ml) were diluted in prewarmed D-PBS. MPS chips were perfused at 5 μl/min via a lumenal port of  kidney 
MPS for 20 minutes and then incubated for 10 minutes at 37°C. After the staining procedure, chips were 
imaged using fluorescent microscopy (Nikon Eclipse Ti-S inverted microscope equipped with a spinning 
disk confocal apparatus, 3i-Intelligent Imaging Innovations) to calculate the numbers of  dead cells (red-
stained cells) and Hoechst 33342–stained cells. All results were repeated for 3–4 independent experiments 
(biological replicates), each of  which used 5–8 devices (technical replicates). Representative images from 
the various experiments and replicate devices are shown in Figures 2–5.

Immunocytochemistry staining for AL-I adducts in kidney MPS and NQO1 in liver MPS
Rabbit monoclonal anti-AL adduct antibodies were raised against a mixture of aristolactam adducted DNA 
and albumin (T.A. Rosenquist et al., unpublished observations). Antibodies were purified from hybridoma cell 
supernatant by protein-A affinity chromatography. Prior to staining, 4% formaldehyde-fixed kidney MPS were 
bleached with 0.3% H2O2 for 5 minutes under an antigen retrieval procedure (boiled 10 mM Tris-HCl, pH 9, 
1 mM EDTA buffer) for 10 minutes at a flow rate of 10 μl/min. Typical immunocytochemistry staining pro-
cedures, including blocking, primary antibody incubation, washing, and secondary antibody incubation, were 
performed using reagent-loaded syringes, controlled at flow rates between 5 and 10 μl/min via infusion-syringe 
pumps (KD Scientific Inc., model KDS220). Tyramide SuperBoost kits (goat anti rabbit IgG2 and Alexa Fluor 
647–labeled tyramide were included, ThermoFisher Scientific) were used to enhance the signal of AL adducts, 
following the manufacturers’ protocol. Diluted ProLong Gold Antifade Mountant with DAPI reagents (Ther-
moFisher Scientific, catalog P-36931) was used in the final mounting. Secondary antibody-stained (without 
primary antibody incubation) kidney MPS were used to check for nonspecific binding (Supplemental Figure 
2). Cells were imaged using fluorescent microscopy with a Nikon Eclipse Ti-S microscope. All immunocyto-
chemistry staining results were repeated in triplicate (n = 3). Representative images are shown in Figures 2–5.

Analysis of organ-specific injury biomarker- KIM-1 and ALT
Meso Scale Discovery immunoassay kits (Meso Scale Diagnostic Inc.) were used to measure KIM-1 
(rat and human) in effluents following the manufacturer’s suggested protocol. The levels of  ALT were 
measured by Phoenix Central Laboratory (Mukilteo).

Transport of AL-I-NOSO3 in OAT1/3-HEK or OAT4-COS-7 cells
Cell culture. Stably transfected COS-7/OAT4 cells and parent nontransfected COS-7 cells were provided 
by Guofeng You of  the Department of  Pharmaceutics, Rutgers University, New Brunswick, New Jersey, 
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USA. Cells were cultured at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (Gibco) supple-
mented with 10% FBS (VWR) and Antibiotic-Antimycotic (Gibco). COS-7/OAT4 cells were maintained 
in the presence of  additional G418 at a concentration of  200 μg/ml.

Uptake assay. For uptake measurements, HEK/OAT1 or OAT3 cells, COS-7/OAT4 cells, and mock 
control HEK and COS-7 cells were seeded on BioCoat collagen I–coated 24-well plates at a density of  5 
× 104 cells/well and cultured for 2 days. Cells were then washed once with 1 ml HBSS (Gibco) and prein-
cubated at 37°C with 0.5 ml HBSS in the presence or absence of  probenecid at a final concentration of  2 
mM for 10 minutes. Uptake was initiated by adding 0.5 ml HBSS containing AL-I-NOSO3 (0.5 μM) or the 
OAT4 model substrate estrone-3-sulfate (1 μM) in the presence or absence of  probenecid at a final concen-
tration of  2 mM, and incubation was continued for 6 minutes at 37°C. The uptake reaction was stopped by 
rapidly washing the cells with ice-cold HBSS. Cells were then lysed for 5 minutes with 0.5 ml acetonitrile 
containing 32 ng/ml estradiol-3-sulfate. Cell extracts were centrifuged at 22,000 g for 5 minutes, and the 
supernatant was evaporated to dryness immediately and kept on dry ice. The residuals were reconstituted 
in 100 μl methanol/water (1:1, vol/vol) immediately prior to LC-MS analysis. The estradiol-3-sulfate add-
ed in cell extracts was used as an internal standard. Cells used for BCA protein assay were solubilized with 
0.2 ml 0.1 NaOH. The amount of  AL-I-NOSO3 or estrone-3-sulfate in cell extracts normalized to protein 
content was presented as cellular uptake activity (Supplemental Figure 6).

LC/MS analysis. Chromatographic separation was achieved using a Waters Symmetry C18 (2.1 × 50 
mm, 3.5 μm) column (Waters) on an Agilent 1200 LC system. The elution was performed at a flow rate 
of  0.3 ml/min with the mobile phase containing methanol, acetonitrile, and 10 mM ammonium acetate 
(native pH) at a ratio of  30:14:56 (vol/vol/vol). Mass spectrum analysis was carried out using a negative 
mode electrospray ionization method on an Agilent 6410 triple quadrupole tandem mass spectrometer. 
The ionization and fragmentation parameters were set as follows: capillary voltage, 3,000 V; gas tempera-
ture, 350°C; gas flow rate, 11 l/min; nebulizer, 35 psi; fragmentor, 135 V. Single ion monitoring (SIM) 
at m/z 388 was applied for detection of  AL-I-NOSO3 (chromatograph in Supplemental Figure 7). Since 
isotopically labeled AL-I-NOSO3 was not available, estradiol-3-sulfate was used as an internal standard 
for quantification of  AL-I-NOSO3.

Inside-out plasma membrane vesicle transport of AL-I-NOSO3

Efflux of  AL-I-NOSO3 by MRP3 or MRP4 was investigated using inside-out plasma membrane ves-
icles isolated from HEK293 cells overexpressing MRP3 or MRP4 (MRP3-HEK-VT or MRP4-HEK-
VT, respectively) (SOLVO Biotechnology). ATP-dependent uptake of  substrates into inside-out plasma 
membrane vesicles was carried out using a 96-well rapid filtration method according to manufacturer’s 
instructions (SOLVO Biotechnology). Briefly, AL-I-NOSO3 (0.5 μM) or the probe substrate estradi-
ol-17-β-glucuronide (10 μM) was incubated with membrane vesicles (25 μg protein) in the presence of  
ATP or AMP (4 mM) in buffer solution (pH 7.4) containing 10 mM Tris/HCl, 10 mM MgCl2, and 250 
mM sucrose at 37°C for 5 minutes, with or without MK571 (100 μM). Transport was terminated by the 
addition of  175 μl of  an ice-cold washing buffer (10 mM Tris/HCl, 250 mM sucrose, and 0.02% BSA, 
pH 7.4), followed by immediate rapid filtration through a Millipore 96-well glass-fiber filter plate. Each 
well was then washed 5 times with the ice-cold washing buffer. The compound trapped in membrane 
vesicles that were retained on filters was finally released by the addition of  200 μl acetone containing 
internal standard estrodiol-3-sulfate (50 ng/ml). The membrane vesicle lysate was evaporated under N2 
flow, and the residual was reconstituted with methanol/water (50:50, vol/vol) and immediately subject 
to LC/MS analysis as described above.

Immunocytochemistry staining for NQO-1 in liver MPS
Anti-NQO1 antibody (rabbit polyclonal, ab34173, Abcam) was used. Cells were fixed with 4% formal-
dehyde in PBS. After antigen retrieval with warm citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 
6.0) for 20 minutes, samples were permeabilized with PBST (PBS plus 0.1% Tween 20) for 1 hour and 
blocked with 1% BSA and 10% serum in PBSG (10 mg/ml glycine, 0.1% Tween 20) for an additional 
1 hour. The samples were then incubated with primary and secondary antibodies followed by washing, 
using a standard immunocytochemistry protocol. Secondary antibodies used were goat anti-rabbit IgG 
(H+L) secondary antibody, Alexa Fluor 488 conjugate (ThermoFisher Scientific). Diluted ProLong 
Gold Antifade Mountant with DAPI reagents (catalog P-36931, ThermoFisher Scientific) were used in 
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the final step of  staining. Cells were imaged using fluorescent microscopy with the Nikon Eclipse Ti-S 
microscope for detecting the intensity of  green and blue fluorescence.

Statistics
GraphPad Prism 6 was used to plot and analyze results. All results of  MPS culture were from 3–4 inde-
pendent AA treatment experiments (3–4 times through experimental setup, including cell prep and MPS 
system setup; shown in Supplemental Table 2). The qualitative results of  graphs with error bars are repre-
sented as mean (average) ± SD. Nonparametric t test and multiple t test with correction for multiple com-
parisons were analyzed. A P value of  less than 0.05 was considered significant.

Study approval
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