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Department of Pharmaceutics 

 

Proinflammatory cytokines, elevated during inflammation caused by infection and/or 

autoimmune disorders, result in reduced clearance of drugs eliminated primarily by cytochrome 

P450 enzymes (CYPs). However, the effect of cytokines on hepatic drug transporter expression 

or activity has not been well-studied. Here, using plated human hepatocytes (PHHs; n=3 lots), 

we investigated the effect of interleukin (IL)-6, IL-1β, tumor necrosis factor-α (TNF-α), and 

interferon-γ (IFN-γ), on the mRNA expression and activity of hepatic drug transporters. PHHs 

were incubated for 72 hours at their pathophysiologically relevant plasma concentrations, both 

individually (0.01, 0.1, 1, 10 ng/mL) or as a cocktail (i.e., when each was combined at 0.1 or 1 

ng/mL). Following cytokine cocktail exposure (1 ng/mL), significant downregulation of mRNA 

expression of organic anion transporting polypeptide 1B1 (OATP1B1), OATP1B3, sodium/ 

taurocholate cotransporting polypeptide (NTCP), breast cancer resistance protein (BCRP), P-

glycoprotein (P-gp), multidrug and toxin extrusion protein 1 (MATE1), multi-drug resistance 

protein 2, 3, and 4 (MRP2/3/4) was observed. While the mRNA expression of organic anion 

transporter 2 (OAT2) and organic cation transporter 1 (OCT1) was downregulated in two lots, it 

was upregulated in one lot. In agreement (mostly), the 1 ng/mL cytokine cocktail reduced 

OATP1B1/3, OATP2B1, OAT2, OCT1, and NTCP activity by 75%, 44%, 82%, 47%, and 80%, 

respectively. Interestingly, upregulation of OAT2 and OCT1 mRNA in one donor did not translate 

into the same directional change in activity. Although significant inter-lot variability was 

observed, in general, the above effects, using individual cytokines, could be attributed to IL-1β 

and IFN- γ.   
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1.1 Altered Drug Pharmacokinetics in Patients during Inflammation 

Inflammation stemming from autoimmune diseases or infections is associated with 

altered drug pharmacokinetics (PK) [1]. Such alterations in PK could lead to the need 

for dose adjustment. For instance, in patients with rheumatoid arthritis (RA), the area 

under the plasma concentration-time curve (AUC) of S-verapamil after an oral dose of 

racemic verapamil (80 mg) was approximately 7-fold higher than that in healthy 

individuals (Figure 1) [2]. Since S-verapamil is mostly eliminated by the cytochrome 

P450 enzyme 3A (CYP3A), this result suggests that the activity of CYP3A was 

downregulated in patients with RA.  

 

 

 

 

 

 

Similarly, patients with active acute pyelonephritis had a significantly lower renal 

secretory clearance (CLsecrection) of furosemide compared to that after remission 

following intravenous antibiotic treatment (Figure 2) [3]. Since furosemide is primarily 

Figure 1. Serum S-Verapamil 
concentration-time profile in healthy 
control subjects (open circles) and patients 
with rheumatoid arthritis (solid circles) after 
receiving a single 80 mg oral dose of 
verapamil. Error bars represent S.E. mean 
(n=8). Reproduced with permission of 
British Journal of Clinical Pharmacology. 

Figure 2. Secretory clearance of furosemide in the 
presence of (Phase 1) and absence (Phase 2) of 
acute pyelonephritis in 7 subjects after a single 
dose (40 mg, p.o.). Data are presented for each 
individual and the bars represent the geometric 
mean. The difference in the indicated parameter 
between Phase 1 and 2 was evaluated using the 
paired Student’s t-test (p>0.05).  
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eliminated from the body by secretion through organic anion transporter 1 and 3 (OAT1 

and 3)-mediated transport and by glomerular filtration [4], these data suggest that OAT1 

and 3 are downregulated in patients with acute pyelonephritis. For drugs with a narrow 

therapeutic window, which are candidates for therapeutic drug monitoring, inflammation-

induced elevation in drug exposure could lead to deleterious side effects [5].  

1.2 Elevated Production of Pro-inflammatory Cytokines During Inflammation  

Pro-inflammatory cytokines are small soluble signaling proteins (<40 kDa) that are 

secreted by immune cells with rather short in vivo half-lives ranging from 20 minutes to 

6 hours [6]. They are key mediators of inflammatory responses and among these 

cytokines, interleukin-6 (IL-6), interleukin-1 beta (IL-1β), tumor necrosis factor alpha 

(TNF-α) and interferon-gamma (IFN-γ) act as the principal “conductors” within the 

cytokine signaling network [7], [8]. Their plasma concentrations are markedly higher in 

patients with various infectious and autoimmune diseases (Table 1). For acute 

inflammation, this elevation in plasma pro-inflammatory cytokines promotes the 

migration of neutrophils and macrophages to the area where the inflammation occurs, 

which helps with fighting off the infection in the short term [9]. However, failing to resolve 

acute inflammation will lead to chronic conditions, such as systemic lupus 

erythematosus (SLE) or Crohn’s disease, which could cause permanent tissue damage 

and fibrosis [10].  
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Table 1:  Range of proinflammatory cytokines plasma concentrations (pg/mL) in adults 

with acute and chronic inflammatory conditions.  

Disease/ 

Condition 
IL-6 IL-1β TNF-α IFN-γ References 

HIV Type 1 1.5-2754.2 1.5-478.6 1.5-389.1 1.5-1862.1 [11] 

COVID-19 

(severe) 
98.7-240.1 30.4-51.2 22.0-121.2 2.9-60.3 [12], [13] 

Rheumatoid 

Arthritis 
2.8-177.8 1.6-113.8 1.6-179.85 0.9-17.3 [14] 

 

1.3 Dysregulation of Drug Metabolizing Enzymes (DMEs) by Major Pro-

inflammatory Cytokines  

In vitro studies have been conducted to investigate the mechanism behind reduced in 

vivo enzyme-mediated drug clearance during inflammation. Pro-inflammatory cytokines 

downregulate the expression and activity of cytochrome P450 (CYP) enzymes in human 

hepatocytes (Table 2). Among all the CYP enzymes involved in drug metabolism, 

CYP3A4 appeared to be most sensitive to cytokine exposure. Additionally, IL-6 and IL-

1β seemed to be the main perpetrators of the downregulation in CYP mRNA expression 

and activity. Although in general CYP activity was less affected than the corresponding 

mRNA expression, these data indicate altered regulation at the transcriptional level.  

Table 2: The impact of proinflammatory cytokines (10 ng/mL) on CYP enzyme 

expression and activity [15].  

 

IL-6 IL-1β TNF-α IFN-γ 

mRNA Activity mRNA Activity mRNA Activity mRNA Activity 

CYP3A4 ↓98% ↓76% ↓95% ↓90% ↓87% ↓70% ↓75% NS 

CYP1A2 ↓27% ↓22% ↓73% ↓65% ↓45% ↓72% NS NS 

CYP2C9 ↓63% ↓65% ↓79% NS NS ↓17% NS NS 

CYP2C19 ↓72% ↓35% ↓58% NS NS ↓82% NS NS 
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CYP2D6 ↓41% ↓39% ↓75% NS ↓40% ↓42% NS NS 

 
 

1.4 Perturbation of Hepatic Drug Transporter Activity by Major Proinflammatory 

Cytokines 

In vivo evidence suggests that both metabolism and transport-mediated drug clearance 

are altered during inflammation. However, compared to the substantial evidence of 

proinflammatory cytokines eliciting significant effect on CYP enzyme activity, their effect 

on hepatic drug transporter activity is not well characterized. Although a few in vitro 

studies have investigated individual cytokine effects on drug transporter activity and/or 

mRNA expression, they employed supraphysiological concentrations of cytokines [16]–

[18]. In addition, the conditions employed did not replicate those encountered in vivo, 

where plasma concentrations of multiple cytokines are simultaneously elevated. 

Therefore, the goal of this study was to comprehensively characterize the effects of pro-

inflammatory cytokines, both individually and as a cocktail, on the mRNA expression 

and activity of hepatic transporters using plated human hepatocytes (PHHs). 
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2.1 Introduction 

        Inflammation caused by autoimmune disorders or infection is associated with altered 

drug pharmacokinetics (PK) [19]–[23]. These changes, when clinically significant, 

necessitate a change in the patient’s drug dosing regimen [5]. For example, in patients 

with sepsis, the plasma area under the curve (AUC) of atorvastatin (20 mg PO), a 

substrate of hepatic OATPs and eliminated primarily by hepatic CYP3A metabolism, 

was 15-fold higher than that in healthy adults [24]. Such a marked increase in drug 

exposure will likely increase the risk of myopathy, a side effect that can be fatal without 

dose reduction [25], [26].  

The reduced clearance (CL) of drugs in the presence of inflammation is thought to be 

mediated by proinflammatory cytokines secreted by innate and adaptive immune cells, 

including interleukin-6 (IL-6), interleukin-1 beta (IL-1β), tumor necrosis factor alpha 

(TNF-α) and interferon-gamma (IFN-γ) [23]. The plasma concentrations of these 

cytokines are significantly higher in patients with inflammation or infections than in 

healthy populations [8]. For example, in patients with acute COVID-19 infection, the 

plasma concentrations of IL-6 and IL-1β are 200-fold (98.7-240.1 pg/ml) and 50-fold 

(30.4-51.2 pg/ml), respectively, of those in non-infected controls (Table 1) [13]. Similar 

patterns have been observed for chronic autoimmune disorders and other infectious 

diseases [27]–[30]. These elevated cytokine plasma concentrations are associated with 

reductions in drug metabolizing enzyme (DME) activity (in vitro and in vivo), presumably 

as a consequence of decreased mRNA and protein  expression [5], [19]. While much is 

known about the dysregulation of hepatic DMEs by inflammatory cytokines, their impact 

on hepatic drug transporter activity, either in vitro or in vivo, is poorly studied.  
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A few in vitro studies have shown that the mRNA expression and activity of human 

hepatic drug transporters is downregulated by individual proinflammatory cytokines 

[16]–[18], however, these studies were conducted at supra-pathophysiological plasma 

concentrations for only a few cytokines (IL-6: 10 ng/mL; IL-1β: 1 ng/mL; TNF-α: 100 

ng/mL; IFN- 10 ng/mL), and not in combination. Importantly, cytokine exposures tested 

in vitro do not replicate those found in vivo, where plasma concentrations of multiple 

cytokines are simultaneously elevated (Table 1)  [8], [31]. Therefore, the goal of this 

study was to comprehensively characterize the effect of IL-6, IL-1β, TNF-α and IFN- on 

mRNA expression of the major influx (e.g. OATPs) and efflux (e.g. P-gp, BCRP) hepatic 

transporters, followed by quantitation of the activity of the most affected uptake 

transporters.  We accomplished this goal using plated human hepatocytes exposed to 

the individual cytokines or their fixed combinations (i.e., cocktail) at concentrations 

which encompass their pathophysiologically relevant plasma concentrations. 

2.2 Material and Methods 

2.2.1. Chemicals and Reagents 

Cytokines, IL-6, TNF-α, IL-1β, and IFN- were purchased from R&D systems 

(Minneapolis, MN). Cryopreserved human hepatocytes, INVITROGRO CP media 

INVITROGRO HI media and INVITROGRO HT media, were obtained from BioIVT 

(Westbury, NY). 24-well, 48-well collagen I-coated plates were purchased from Corning 

(Kennebunk, ME). 96-well collagen I-coated plates and Pierce™ BCA Protein Assay Kit 

were purchased from Thermo Fisher Scientific (Rockford, IL). Quantikine QuicKit ELISA 

assays for human IL-6, TNF-α, IL-1β or IFN-γ were obtained from R&D Systems 

(Minneapolis, MN). RNA Mini-Kit was purchased from Qiagen (Germantown, MD), and 
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High-Capacity RNA-to-cDNA™ Kit was obtained from Applied Biosystems (Carlsbad, 

CA). Universal PCR Master Mix and TaqMan probe were purchased from Thermo 

Fisher Scientific (Rockford, IL). cDNA probes were as follows: OATP1B1 

(Hs00272374_m1), OATP1B3 (Hs00251986_m1), OATP2B1 (Hs01030343_m1), OAT2 

(Hs00198527_m1), OCT1 (Hs01552829_m1), NTCP (Hs00161820_m1), BCRP 

(Hs01651967_m1), P-gp (Hs05638872_s1), MATE1 (Hs00217320_m1), MRP2 

(Hs00960489_m1), MRP3 (Hs00978452_m1) and MRP4 (Hs00988721_m1). [3H] 

Estrodial-17β- glucuronide, [3H] estrone-3-sulfate, [3H] cyclic guanosine 

monophosphate, [3H] taurocholic acid and [14C] metformin were purchased from 

American Radiolabeled Chemicals, Inc (St. Louis, MO). Universal PCR Master Mix and 

TaqMan probe were purchased from Thermo Fisher Scientific (Rockford, IL). 

2.2.2 Primary Human Hepatocyte (PHH) Culture 

Cryopreserved PHHs (ADR, YND and ZKF; see Table 3 for demographics) were thawed 

with INVITROGRO HT medium and seeded into 24-well (for analysis of mRNA), 48-well 

(for analysis of transporter activity) or 96-well (for cytokine depletion studies) collagen I-

coated plates at the density of 0.6 × 106 cells/mL in INVITROGRO CP medium. The 

medium was switched to INVITROGRO HI medium, with or without cytokine treatment 

after the cells attached (> 5 hours after seeding).  

Table 3: Demographic characteristics of the hepatocyte donors. 
 

Donor Age Sex Race 
Hispanic or 

Latino 
Cause of 

Death 
Alcohol 

Use 
Tobacco 

Use 

ADR 38 F Caucasian No Trauma No No 

YND 37 F Caucasian No 
Anoxia 2nd to 

SAH* 
Yes Yes 

ZKF 38 F 
African 

American 
Yes Anoxia Yes Yes 

SAH- Subarachnoid hemorrhage  
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2.2.3 Proinflammatory Cytokine Exposure 

Cytokine stocks (IL-6, TNF-α, IL-1β, and IFN-) were prepared according to the 

manufacturer’s instructions. Briefly, the cytokine powder was reconstituted in PBS at a 

concentration of 100 g/mL, aliquoted, and stored at -20C. On the day of treatment, the 

cytokine stock was diluted in the INVITROGRO HI medium to yield the target cytokine 

concentrations (cocktail, 0.1 and 1 ng/mL and individual, 0.01, 0.1, 1, and 10 ng/mL). 

The final PBS concentration in the culture medium was < 0.1%.  Hepatocytes were 

incubated in HI medium (24-well, 500L; 48-well, 200L, 96-well, 100L) with and 

without cytokines (n=3 wells per cytokine concentration) for a total of 72 hours, at 37°C 

in 5% CO2, with daily replacement of medium containing freshly diluted stock cytokines. 

2.2.4 Isolation of RNA and Quantification of Relative mRNA Expression of 

Transporters 

At the end of the cytokine treatments, total RNA (~ 2.5 g) was extracted from PHH 

using RNA Mini-Kit according to manufacturer’s instructions, followed by reverse 

transcription to cDNA. Transporter mRNA expression (OATP1B1, OATP1B3, OATP2B1, 

OAT2, OCT1, BCRP, P-gp , MATE1, MRP2, MRP3, MRP4 and NTCP) was quantified 

using qPCR reaction and analyzed as previously described [32]. GUSB mRNA was 

quantified as the housekeeping control. Where there was low abundance of mRNA (Cq 

value > 33), the data were not included in analyses. Since plated hepatocytes are not 

amenable to measurement of efflux transporter activity, only the uptake transporters, 

where the mRNA expression was downregulated  50% or induced  2-fold, were 

investigated for their change in transporter activity by the 1 ng/mL cytokine cocktail.   

2.2.5 Quantification of Drug Uptake Transporter Activity 
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At the end of cytokine treatment, cells were washed twice with prewarmed Hank’s 

balanced salt solution (HBSS) buffer containing calcium and magnesium. Uptake 

studies were performed in triplicate with the respective transporter selective substrate, 

in the absence and presence of the corresponding inhibitor. All the selective substrates 

± inhibitors were chosen based on published literature: OATP1B1/3, 25 nM [3H] 

estrodial-17β- glucuronide ± 200 µM bromsulfthalein (BSP); OATP2B1, 20 nM [3H] 

estrone-3-sulfate + 5 µM rifampicin (to inhibit OATP1B1/3) ± 200 µM BSP; OAT2, 80 nM 

[3H] cyclic guanosine monophosphate ± 200 µM ketoprofen; OCT1, 2 µM [14C] 

metformin ± 500 µM quinidine [33], [34]. NTCP activity was determined by the uptake of 

20 nM [3H] taurocholic acid in the presence and absence of Na+ where the absence of 

Na+ was interpreted as equivalent to the presence of an inhibitor. Since OATP1B1 

activity cannot be distinguished from OATP1B3 activity, their combined activity was 

measured. The cells were co-incubated with individual substrate ± inhibitor (in HBSS 

buffer containing calcium and magnesium) for 15 min (preliminary studies indicated that 

this time point was within the linear range) before washing 3 times with ice-cold HBSS 

buffer to terminate uptake. Then, 200 µL of 1M NaOH was added to lyse the cells at 

37°C for one hour before the lysate was neutralized with 200 µL 1M HCL. Lysate (300 

µL) was used for quantification by liquid scintillation counting (PerkinElmer, Waltham, 

MA). The uptake amount was normalized to the total protein content in each well 

measured by the BCA assay. Active uptake was calculated by subtracting the passive 

uptake (with inhibitor) from the total uptake (without inhibitor). 

2.2.6 Cytokine Depletion in PHH 
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Medium was sampled (100 L) at various time points up to 24 hours after cytokine 

exposure. The cytokine concentration in each sample was determined using an ELISA 

kit as per the manufacturer’s instructions. Calibrators and quality control samples were 

prepared using the standards provided in the kit. 

2.2.6 Statistical Analyses 

Unless otherwise stated, data are presented as mean ± S.D. Unpaired Students’ t test 

and one-way analysis of variance (ANOVA), followed by post-hoc test (Dunnett’s test to 

correct for multiple comparisons against a single control group or Fisher’s LSD test to 

evaluate differences between individual cytokines relative to their control group) was 

performed. A p-value less than 0.05 was considered statistically significant. All statistical 

analyses were performed using GraphPad Prism 10 (GraphPad Software, La Jolla, CA). 
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2.3 Results 

2.3.1 Cytokine Cocktails Significantly Regulated Hepatic Drug Transporter mRNA 

Expression 

Following cytokine cocktail exposure, the mRNA expression of major hepatic 

transporters was significantly downregulated in all three lots of hepatocytes tested 

(except in lot YND where OAT2 and OCT1 were up-regulated) (Fig.5A) with a greater 

effect, in general, at 1 ng/mL vs. 0.1 ng/mL.  The 1 ng/mL cytokine cocktail 

downregulated mRNA expression of OATP1B1, OATP1B3, and NTCP by 91%, 63% and 

82%, respectively (Fig.5A). Downregulation of OATP2B1 mRNA expression was not 

significant at either 0.1 or 1 ng/mL cytokine cocktail. While the mRNA expression of 

OAT2 and OCT1 was downregulated in lot ZKF and ADR at both cytokine cocktail 

concentrations, it was significantly upregulated in lot YND (Fig.5A). The 1 ng/mL 

cytokine cocktail also downregulated BCRP, MATE1, MRP2/3/4 and P-gp mRNA 

expression by 68%, 75%, 65%, 67%, 73% and 58%, respectively by (Fig.5B). The 0.1 

ng/mL cytokine cocktail did not significantly reduce mRNA expression of the 

transporters studied, except OATP1B1, OATP1B3, NTCP, OAT2/OCT1 (in only two lots) 

and P-gp. In general, the downregulation of mRNA expression of uptake transporters 

was greater than that of the efflux transporters at 0.1 ng/mL cytokine cocktail.  

 

 

 

 

Figure 3 
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2.3.2 Downregulation of Hepatic Drug Uptake Transporter Activity by the 1ng/mL 

Cytokine Cocktail.  

The 1 ng/mL cytokine cocktail downregulated the activity of OATP1B1/3  OAT2  

NTCP > OATP2B1  OCT1 by 75%, 82%, 80%, 44%, and 47% respectively (Fig. 4). 

The degree of downregulation of activity and mRNA expression was generally similar. 

For example, mRNA expression of OATP1B1 and OATP1B3 was downregulated by 

91% and 63%, respectively, resulting in 75% decrease in their combined activity (Fig. 

4). Although downregulation of OATP2B1 mRNA was not significant at 1 ng/mL (Fig. 5), 

its activity was significantly reduced.  

Figure 4 

 

2.3.3 Individual Cytokines Differentially Dysregulated Hepatic Drug Transporter 

mRNA Expression 

Considerable inter-lot variability in the regulation of mRNA expression was observed 

following exposure to each cytokine. For example, IL-1 downregulated the mRNA 
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Moreover, within each lot, each cytokine elicited a variable effect on transporter mRNA 

expression with no clear pattern emerging. For example, in lot ADR, 1 ng/mL of IL-6 

downregulated mRNA expression of OATP1B1, OATP1B3, OATP2B1, OCT1 and NTCP 

by up to ~75% but induced mRNA expression of OAT2 by ~50% (Fig. 5). Comparable 

results were reported in a previous study using the same IL-6 concentration (Vee et al., 

2009). For IL-1, all tested drug uptake transporters were markedly down-regulated at 

0.1, 1 and 10 ng/mL and appeared to reach near maximal effect at around 0.1 ng/mL. In 

contrast, TNF- had either no significant effect (OATP1B1) or a modest effect 

(OATP1B3/2B1) on mRNA expression of the OATP transporters (Fig. 5). In general, 

amongst all the four cytokines, IL-6, IL-1 and IFN- appeared to be most potent in 

down-regulating mRNA expression of transporters, while TNF- elicited a lesser effect. 

Furthermore, in only a few cases was the effect of the cytokine on mRNA expression 

concentration-dependent, such as the effect of IL-6 on OATP1B1 mRNA in lot ADR and 

YND. The highest degree of downregulation was seen with IFN- (10 ng/mL) where the 

mRNA expression of OAT2 was downregulated by up to 90% in lot ADR. Comparing the 

results of individual cytokines and cytokine cocktail in all three lots, due to the variability, 

it is difficult to draw a conclusion – which cytokine is the perpetrator of the effect 

produced on the transporters by the cytokine cocktails. Multiple cytokines likely 

contribute. For example, within the 1 ng/mL cocktail, IL-1 and IFN-γ appear to be the 

perpetrator of the downregulation of OATP1B1 mRNA expression.  
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Figure 5 
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2.3.4 Hepatic Drug Uptake Transporter Activity is Differentially Affected by 

Individual Cytokines 

Similar to the mRNA data, significant inter-lot variability was observed when examining 

the effect of individual cytokines on hepatic transporter activity. For example, while IFN- 

downregulated the activity of OATP1B1/3 in lot ADR and YND, it induced their combined 

activity in lot ZKF (Fig. 4). In addition, each cytokine showed differential effect on the 

transporters. In lot YND, TNF- downregulated OCT1 activity by >50% but showed no 

significant effects on OATP1B1/3 activity (Fig. 6B). Amongst the four cytokines tested, 

IL-1 was most potent in down-regulating transporter activity, and thus appeared to be 

the main perpetrator of the downregulation of activity observed with the 1 ng/mL 

cocktail. The magnitude of change in activity by the individual cytokines (1 ng/mL) was 

similar or less than that observed with 1 ng/mL cytokine cocktail. For example, the 

downregulation of OAT2 activity by IL-1 ranged from 60 to 85% across all three lots, 

similar to the extent of downregulation caused by the cytokine cocktail at the same 

concentration (81%). In addition, although the 1 ng/mL cytokine cocktail downregulated 

all uptake transporter activity, some cytokines individually induced the activity of 

transporters. For instance, IL-6 and IFN- induced the activity of OAT2 by approximately 

5-fold in lot ZKF (Fig. 6C), but the cocktail downregulated OAT2 activity by more than 

80% in the same lot at the same concentration (Fig. 4). In general, reductions in mRNA 

expression translated into a corresponding decrease in uptake activity, but to a lesser 

extent. An exception was in lot ZKF where we observed around 50% and 70% 
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downregulation in the mRNA expression of OATP1B1 and OATP1B3 by IFN- 

respectively, but their combined activity was induced by up to 2-fold (Fig. 6C).  

Figure 6 
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2.3.5 Cytokines were Differentially Depleted When Incubated with PHH.  

To conserve the available hepatocytes, lot ADR and YND were used to test for depletion 

of the cytokines (in the cocktail or individually) cultured at 1 ng/mL. In all instances, little 

to no depletion of IL-6 and IL-1β was observed over 24 hours (Fig. 7).  In contrast, TNF-

α and IFN-γ were depleted by ~50%. Thus, the average concentration (AUC/24 h) of 

cytokines (as cocktail or individually) that the PHH were exposed to remained ~0.5-1 

ng/mL (Fig. 7 and Table 4).   

Figure 7 
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Table 4: Cytokine depletion in cultured PHH.  Shown are the estimated average (AUC/ 

24h) TNF- and IFN- concentration when incubated with PHH over 24 hours either as 
part of the cocktail or individually. The nominal (starting) concentration of each cytokine 
was 1 ng/mL.      
 

 AUC*/ 24h (ng/mL) 

 ADR YND 

 TNF-α IFN-γ TNF-α IFN-γ 
Cocktail 0.69 0.61 0.62 0.77 

Individual 0.51 0.63 0.47 0.81 

 

*- AUC was calculated by the trapezoidal rule; data for IL-6 and INF- are not shown as 
they were not depleted.  
 
 
 

2.4 Discussion  

2.4.1 Overall Results 

To our knowledge, this is the first study to investigate the dysregulation of hepatic drug 

transporters, at the transcriptional and protein activity level, by multiple proinflammatory 

cytokines (individually or as a cocktail) at their pathophysiologically relevant 

concentrations. IL-6, TNF-, IL-1 and IFN- were selected in this study as they 

orchestrate the cytokine network responses of numerous infectious and autoimmune 

diseases [35]–[39]. However, in these diseases, multiple cytokines are simultaneously 

elevated, such as IL-6, IL-1, TNF-, and IFN- in sepsis, and IL-6 and TNF- in HIV 

[40]–[42]. Thus, the main focus of our study was the effect of cytokine cocktails on 

hepatic transporter mRNA expression and activity. Individual cytokines were studied to 

determine which cytokine(s) was the most likely perpetrator of cocktail effects. Also, 

previous studies did not measure the in vitro depletion of cytokines by hepatocytes and 

assumed that the nominal concentration was operative. However, if there is severe 

depletion of the cytokines, the nominal concentration would need to be adjusted to take 
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such depletion into consideration. We chose to study hepatocytes from premenopausal 

donors (Table 2) as we are ultimately interested in the combined impact of cytokines 

and pregnancy-related hormones on the regulation of hepatic transporters. Our study 

showed that: 1) mRNA expression and activity of the major hepatic drug transporters 

was significantly altered by exposure to the 1ng/mL cytokine cocktail; 2) among the drug 

uptake transporters, downregulation in mRNA expression generally translated to a 

reduction in transporter activity. Parenthetically we note that because selective 

substrates OAPT1B1 and OATP1B3 are not available, their combined activity was 

determined;  3) cytokines (cocktail or individually) can not only downregulate but can 

also upregulate the mRNA expression and activity of transporters, as noted for 

OATP1B1/3, OAT2 and OCT1; 4) mRNA expression and activity of transporters is 

differentially sensitive to the effects of individual cytokines, and IL-1 seems to be the 

major perpetrator; 5) there is substantial inter-donor variability in the effect of cytokines 

on mRNA expression and activity of transporters; and 6) the depletion of IL-6 and IL-1 

by hepatocytes was little to none, while that of TNF- and IFN- was significant, but 

insufficient to alter the interpretation of our data using the nominal concentration.   

2.4.2 Mechanism of Cytokines’ Regulatory Effect on Drug Transporters 

We found that mRNA expression of drug uptake transporters was, in general, more 

sensitive to cytokine cocktail exposure than was efflux transporters. Similar findings 

have been shown with individual cytokine treatments such as IL-6, IL-1 and TNF- by 

Le Vee et al [18]. At 0.1 or 1 ng/mL, OATP1B1, OATP1B3, OAT2 (in only two lots), 

OCT1 (in only two lots), and NTCP mRNA expression was significantly downregulated 

by more than 50% or induced by more than 2-fold (Fig. 1). In addition, considerable 
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inter-lot variability in response was observed, especially for the effect of the cocktails on 

mRNA expression of OAT2 and OCT1 (Fig 1c and d).  Of the uptake transporters, the 

average downregulation of mRNA was largest for OATP1B1 (1 ng/mL cytokine cocktail).  

In contrast, the downregulation of BCRP, MATE1, MRP2, MRP3, MRP4, and P-gp 

exceeded the 50%/2-fold cut-off only at the higher cytokine concentration (1 ng/mL).  

We chose this cut-off values because mRNA expression, in general, is a more sensitive 

readout than activity [43]. Thus, we postulated that a change in mRNA expression that 

was less than the 50%/2-fold cut-off would not translate into any meaningful change in 

activity. For this reason, and because the activity of efflux transporters is best studied 

using sandwich-cultured hepatocytes (not PHH), all subsequent activity studies were 

focused on the uptake transporters.  

There is no clear mechanistic explanation for the differential effect of the cytokines 

(cocktail or individual) on the mRNA expression of the uptake vs. efflux transporters or 

the observed significant inter-lot variability (e.g., YND vs ADR or ZKF on the effect on 

mRNA expression of OAT2 and OCT1). We speculate that lot differences are likely due 

to differences in gene regulation by epigenetic factors or variation in nuclear 

transcription factor response elements in the 5-flanking region of the genes. There may 

also be differences between lots in the ratio of hepatocyte and Kupffer cells; the latter 

are the “macrophages of the liver” and are capable of producing cytokines. In general, 

drug and endobiotic transporters are primarily regulated by transcriptional factors, such 

as nuclear receptors [44]. The increased production of proinflammatory cytokines during 

inflammatory reactions activates NF-κB [45], which in turn could suppress downstream 

signaling pathways that regulate transporter gene transcription [44]. Interestingly, with 
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regard to differential effects on uptake and efflux transporters, OATP1B1, OATP1B3, 

OATP2B1, and OCT1 all share a regulation mechanism mediated by hepatic nuclear 

factor HNF4 or HNF1, while the efflux transporters are subjected to regulation by 

other nuclear factors [44]. This interplay between cytokines and nuclear receptors 

warrants additional studies to elucidate the underlying mechanism(s) of the effect of 

cytokines on transporter mRNA expression and activity. Of particular interest, inherent 

protective mechanisms of the liver may limit the uptake of toxins via transporters to 

avoid further stress during inflammatory events [46].  

2.4.3 Individual Cytokines vs. Cytokine Cocktail; mRNA expression vs. Activity 

Whether the effect of the individual cytokines on mRNA expression was additive, 

synergistic or antagonistic cannot be readily discerned from our data. To do so, more 

detailed studies using the method of isoboles would be needed [47]. However, in some 

instances, the effect appeared to be additive. For example, in lot ADR, the mRNA 

expression of OATP1B1 by the 1 ng/mL cytokine cocktail was downregulation by >90% 

while it was downregulated by ~60%, ~50% and ~85%, by the individual cytokines, IL-6, 

IL-1 and IFN- (1 ng/mL), respectively. In some cases, the effect on transporter mRNA 

expression by the cytokines in the cocktail deviated from additivity. For example, in lot 

YND, at 1 ng/mL, the mRNA expression of OCT1 was significantly downregulated by IL-

1β or TNF-α by ~80%, but it was upregulated (~2-fold) by IL-6. In contrast, the 1 ng/mL 

cocktail produced ~4-fold upregulation of OCT1 mRNA expression.  

We quantified the activity of uptake transporters in the presence of 1 ng/mL cytokine 

cocktails to determine if the above mRNA changes translated into a change in activity. 

In general, it did, with some exceptions. For instance, 1 ng/mL of cytokine cocktail 
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upregulated the mRNA expression of OAT2 and OCT1 in lot YND, but not their 

functional activity; in fact, the average transporter activity across all three lots for these 

two transporters were decreased following cytokine cocktail exposure (Fig. 4). It is 

possible that despite upregulation of mRNA expression, potentially dominating post-

translational regulation or reduction in trafficking to the plasma membrane may have 

resulted in the observed decrease in OAT2 and OCT1 activity. As was the case for the 1 

ng/mL cytokine cocktail, changes in mRNA expression in response to the individual 

cytokines generally resulted in corresponding (but lesser) changes in transporter 

activity. However, there were exceptions. IL-6 downregulated the mRNA expression of 

OAT2 in lot YND by ~75% but had no effect on its activity; Interestingly, although IFN-γ 

transcriptionally downregulated OATP1B1 and OATP1B3 in lot ZKF (Fig. 5C), it 

significantly upregulated their combined activity (2-fold) (Fig. 6C). This opposite trend 

was observed in only lot ZFK, but not in the other two tested lots (ADR and YND). 

Additionally, the activity of other transporters (e.g., OATP2B1, OAT2) was upregulated 

by several cytokines in only lot ZKF (Fig. 6C). The underlying mechanism for this 

significant variability between lots in the regulation of transporters is not known. To note, 

this is the first time that cytokines have been documented to upregulate OAT1B1/3, 

OAT2B1, OAT2 and OCT1 transporter activity, which could potentially result in 

increased hepatic drug CL and decreased therapeutic efficacy for certain drugs during 

inflammation. However, as noted above, these differences could be due to the in vitro 

cell culture system or due to genetic variability in regulatory regions of the affected 

genes. 
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Comparing the transporter activity data in the presence of the individual cytokines vs. 

the cocktail, provided some insights into the cytokine(s) responsible for the changes 

observed with the cocktail. Of all the transporters tested, IL-1β, followed by IFN-γ, 

appeared to be the major perpetrators of the observed downregulation in transporter 

activity observed in the presence of 1 ng/mL cytokine cocktail (Fig. 4).  Except in lot 

ZKF, NTCP was significantly downregulated by all cytokines.  

In vivo data are in general agreement with our main findings. During an influenza B 

outbreak in children, a usual dose of theophylline, an OAT2 substrate [48] which is 

cleared from the body primarily by CYP1A2 metabolism [49], resulted in toxicity 

including vomiting and seizures due to decreased clearance of the drug [50]. Although 

CYP1A2 activity is downregulated during inflammation [51], given that theophylline is a 

hydrophilic molecule (log P= -0.02), the decrease in OAT2 activity may also have 

contributed to the observed toxicity. In critically ill sepsis patients receiving oral 

atorvastatin, an OATP and CYP3A4 substrate, a 15-fold increase (vs. healthy 

participants) in atorvastatin AUC (for the same dose) was observed [24]. In addition, 

although 50% of the sepsis patients received concomitant therapy with a CYP3A4 

inhibitor, there was no difference in plasma AUC between those that received the 

inhibitor vs. those that did not. These data suggest that hepatic uptake of atorvastatin by 

OATPs is the rate-determining step in its hepatic clearance and that this uptake is 

downregulated during sepsis. 

2.4.4 Study Limitations 

Our study has some limitations. We conducted it with three hepatocyte lots (from 

premenopausal females) which demonstrated considerable inter-lot variability. This 
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hinders our ability to extrapolate to the wider female population or to other populations. 

Since PHH are not amenable to quantify the activity of the efflux transporters, they were 

not studied further.  We studied only 4 major proinflammatory cytokines, however, there 

are other cytokines including anti-inflammatory cytokines, such as IL-10, that are also 

produced during inflammation. Interestingly, IL-10  has been shown to decrease CYP3A 

activity in vivo [52]. Also, we studied the cytokines at their fixed concentration in 

combination. In vivo, the ratio of the plasma concentration of each cytokine to another 

will vary depending on the time-course of infection or inflammatory condition [53]–[56].  

Since our focus was on the effect of cytokines at 1 ng/mL, we studied the depletion of 

cytokines (for both the cocktail and individual cytokines) at only 1 ng/mL. We assumed 

that the depletion data obtained at this concentration also applies to the other 

concentrations. 

2.4.5 Summary 

In summary, we demonstrated for the first time that proinflammatory cytokines, both 

individually and as a cocktail, cause significant dysregulation of mRNA expression 

(influx and efflux) and activity (influx) of major hepatic drug transporters at their 

pathophysiologically relevant plasma concentrations. In addition, this is the first time 

that some cytokines have been shown to upregulate the mRNA expression of certain 

transporters. The mechanism(s) underlying the cytokine-transporter dysregulation is 

unclear and needs further study but is likely to involve reduced (or increased) mRNA 

synthesis. However, because a change in mRNA expression did not always translate 

into altered activity, we conclude that change in in vitro transporter activity should be the 

preferred parameter for in vitro to in vivo extrapolation. Our data further cements the 
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notion that altered regulation of transporters by proinflammatory cytokines plays a major 

role in the observed pharmacokinetic changes (through metabolism and transport) seen 

in people with inflammation. The magnitude of these changes can be predicted by 

physiologically based pharmacokinetic models populated by data such as those 

generated here. The performance of such models can then be evaluated by comparison 

to the in vivo pharmacokinetic observations. 
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