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Abstract
Compounds	that	induce	5-	aminolevulinic	acid	[ALA]	synthase-	1	and/or	cytochromes	
P-	450	may	 induce	 acute	 porphyric	 attacks	 in	 patients	with	 the	 acute	 hepatic	 por-
phyrias	[AHPs].	Currently,	there	is	no	simple,	robust	model	used	to	assess	and	predict	
the	porphyrogenicity	of	drugs	and	chemicals.	Our	aim	was	to	develop	a	fluorescence-	
based in vitro assay for this purpose. We studied four different hepatic cell culture 
models:	HepG2	cells,	LMH	cells,	3D	HepG2	organoids,	and	3D	organoids	of	primary	
liver	cells	from	people	without	known	disease	[normal	human	controls].	We	took	ad-
vantage	of	the	fluorescent	properties	of	protoporphyrin	IX	[PP],	the	last	intermediate	
of	the	heme	biosynthesis	pathway,	performing	fluorescence	spectrometry	to	meas-
ure the intensity of fluorescence emitted by these cells treated with selected com-
pounds	of	importance	to	patients	with	AHPs.	Among	the	four	cell	culture	models,	the	
LMH	cells	 produced	 the	highest	 fluorescence	 readings,	 suggesting	 that	 these	 cells	
retain more robust heme biosynthesis enzymes or that the other cell models may have 
lost	their	inducibility	of	ALA	synthase-	1	[ALAS-	1].	Allyl	isopropyl	acetamide	[AIA],	a	
known	potent	porphyrogen	and	inducer	of	ALAS-	1,	was	used	as	a	positive	control	to	
help	predict	porphyrogenicity	for	tested	compounds.	Among	the	tested	compounds	
(acetaminophen,	acetylsalicylic	acid,	β-	estradiol,	hydroxychloroquine	sulfate,	alpha-	
methyldopa,	D	 (-	)	 norgestrel,	 phenobarbital,	 phenytoin,	 sulfamethoxazole,	 sulfisox-
azole,	 sodium	valproate,	 and	valsartan),	 concentrations	 greater	 than	0.314	mM	 for	
norgestrel,	 phenobarbital,	 phenytoin,	 and	 sodium	valproate	produced	 fluorescence	
readings	 higher	 than	 the	 reading	 produced	 by	 the	 positive	 AIA	 control.	 Porphyrin	
accumulation	was	also	measured	by	HPLC	to	confirm	the	validity	of	 the	assay.	We	
conclude	that	LMH	cell	cultures	in	multi-	well	plates	are	an	inexpensive,	robust,	and	
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1  |  INTRODUC TION

Hepatic	5-	aminolevulinic	acid	synthase-	1	[ALAS-	1],	an	enzyme	that	
converts	glycine	and	succinyl	coenzyme	A	into	5-	aminolevulinic	acid	
[ALA],	 is	a	tightly	regulated,	rate-	determining	enzyme	in	the	heme	
biosynthesis pathway.1,2	Conditions,	including	hypoxia	and	oxidative	
stress,	and	compounds,	such	as	alcohol,	barbiturates,	diverse	xeno-
biotics,	progesterone,	and	hydantoins,	may	 induce	ALAS-	1	activity	
and	 upregulate	 cytochromes	 P450,	 stimulating	 the	 production	 of	
the	end	product,	heme.2–	6 The size of the regulatory heme pool in 
hepatocytes	plays	a	major	role	in	ALAS-	1	regulation	by	decreasing	
transcription	of	the	ALAS-	1	gene,	reducing	the	rate	of	transport	of	
ALAS-	1	 into	the	mitochondria	at	higher	concentrations,	upregulat-
ing	ALAS-	1	at	lower	concentrations,	and	increasing	the	breakdown	
of	 the	 mature	 enzyme	 in	 mitochondria	 by	 the	 action	 of	 LONP1	
protease.7–	13

If	a	step	distal	to	that	of	ALAS-	1	is	defective	in	the	heme	biosyn-
thesis	pathway,	for	example,	due	to	an	inherited	or	acquired	enzyme	
deficiency,	a	 relative	deficit	 in	a	small	but	critical	 regulatory	heme	
pool	may	occur,	leading	to	marked	upregulation	of	ALAS-	1	and	over-
production	of	ALA.	This	overproduction	is	thought	to	be	the	major	
cause	of	acute	neurovisceral	attacks,	autonomic	abnormalities,	and	
other	 neuromuscular	 features,	 which	 are	 hallmarks	 of	 acute	 por-
phyric	attacks.2,3,14	Patients	with	acute	hepatic	porphyrias	[AHPs],	
including	ALA	dehydratase	deficiency	porphyria,	acute	intermittent	
porphyria,	hereditary	coproporphyria,	and	variegate	porphyria,	may	
experience	acute	porphyric	attacks	with	marked	induction	of	ALAS-	
1.15	Thus,	 it	 is	 important	and	clinically	relevant	to	test	for	porphy-
rogenicity of common and novel medications to determine whether 
they	have	the	potential	to	trigger	or	exacerbate	acute	porphyric	at-
tacks	in	patients	with	the	AHPs.

Currently,	there	is	no	standard	accepted	model	to	assess	for	por-
phyrogenicity	of	drugs	or	other	chemicals.	Historically,	a	standard	of	
cell models in human hepatology has been the utilization of primary 
human	hepatocytes	[PHHs];	however,	due	to	many	limitations	to	the	
use	of	PHH,	such	as	rapid	de-	differentiation	and	slow	proliferation	
in	vitro,	limited	supply,	and	high	costs,	alternative	cell	culture	models	
have been developed and tested with the general goal of providing 
a physiologically relevant model system.16 Two notable hepatic cell 
lines	with	ALAS-	1	inducibility	are	LMH	cells,	which	are	a	hepatocel-
lular	carcinoma	cell	line	that	arose	in	a	male	leghorn	chicken	treated	
with	diethylnitrosamine,	and	HepG2	cells,	which	are	a	human	hepa-
toma cell line originally derived from a hepatocellular carcinoma that 

arose	in	a	15-	year-	old	boy	with	chronic	hepatitis	B	infection.10,17–	21 
Similarly	to	heme	synthesis	in	humans,	ALAS-	1	transcription	activity	
in	LMH	cells	is	mediated	by	heme-	dependent	regulation,	which	can	
repress	both	drug-	mediated	and	basal	induction	of	ALAS-	1,	support-
ing	 the	 fact	 that,	although	LMH	cells	are	not	derived	 from	human	
hepatocytes,	they	are	relevant	to	human	heme	biosynthesis.10 There 
have	been	 several	 reports	of	 the	use	of	 LMH	and	HepG2	cells	 to	
study	porphyrogenicity,however,	it	is	unclear	which	cell	line	has	re-
tained	 the	 capacity	 for	 upregulation	 of	ALAS-	1	 and	 for	 porphyrin	
accumulation	 to	 facilitate	 facile	 detection	 and	 quantification	 via	
fluorospectrometry.10,21,22

3D	 hepatic	 spheroids	 have	 recently	 been	 emerging	 as	 newer	
models	 to	 study	 drug-	induced	 liver	 injury-	related	 pathologies	 and	
liver	 toxicology	studies	purported	to	exhibit	higher	sensitivity	and	
specificity in comparison to 2D models.23–	25 They can be derived 
from	 primary	 human	 hepatocytes	 or	 human	 hepatic-	like	 cells	 and	
are	phenotypically	stable,	viable,	and	can	be	co-	cultured	with	non-	
parenchymal	 cells,	 allowing	 this	 in	 vitro	 model,	 perhaps,	 to	 more	
closely resemble in vivo hepatic tissue.23,26	 Little,	 if	 anything,	 is	
known	of	their	usefulness	in	detecting	and	assessing	the	porphyro-
genicity	of	drugs	and	chemicals.	Thus,	in	this	study,	we	studied	LMH	
cells,	HepG2	cells,	HepG2	spheroids,	and	human	liver	organoids	to	
determine	which	model	produced	results	that	are	most	likely	to	be	
pathophysiologically	relevant	to	the	AHPs.

We added selected drugs and chemicals to each cell line or 
spheroid	preparation	in	clinically	relevant,	escalating	doses,	mea-
sured	fluorescence	emitted	from	porphyrin	accumulation,	mainly	
protoporphyrin	 IX	 [PP],	 and	 compared	 them	 to	 the	 fluorescence	
produced	 by	 known	 ALAS-	1	 inducers	 and	 porphyrogenic	 chem-
icals	 [AIA,	 phenobarbital,	 and	 phenytoin].	 To	 mimic	 the	 effects	
of	 the	 porphyrias,	 deferoxamine	 [DFO],	 a	 potent	 iron	 chelator	
that	blocks	 the	conversion	of	PP	 to	heme,	was	added	with	each	
drug.27,28 This also made it possible to have a greater accumulation 
of	fluorescent	PP,	improving	the	sensitivity	of	a	high-	throughput,	
microplate-	based	assay	procedure.28	The	addition	of	ALA,	which	
bypasses	the	need	for	upregulation	of	ALAS-	1,	provides	informa-
tion regarding the functional status of the biosynthetic pathway 
from	ALA	to	PP	in	each	cell	model.	Acetaminophen	and	acetylsal-
icylic	acid,	which	have	been	used	without	causing	acute	porphyric	
attacks	or	upregulation	of	ALAS-	1	in	patients	for	decades,	served	
as negative controls. β-	estradiol,	 alpha-	methyldopa,	D	 (-	)	 norge-
strel,	sulfamethoxazole,	sulfisoxazole,	sodium	valproate,	and	val-
sartan were also tested as they have been hypothesized to induce 

simple	system	to	predict	the	porphyrogenicity	of	existing	or	novel	compounds	that	
may	exacerbate	the	AHPs.

K E Y W O R D S
cytochromes	P-	450,	delta-		[or	5-	]	aminolevulinic	acid	[synthase],	heme,	liver	cell	cultures,	liver	
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acute	 porphyric	 attacks.	Hydroxychloroquine	 sulfate	was	 tested	
as	well	because,	while	we	were	completing	 this	 study,	 this	com-
pound gained significant popularity due to its claimed benefits for 
treating	COVID-	19	infections	and	because	our	patients	with	AHP	
asked	about	its	safety.

2  |  MATERIAL S AND METHODS

2.1  |  Cells and chemicals

The	HepG2	cells	were	supplied	by	ATCC	and	maintained	in	DMEM	
(Thermo	 Fisher	 Scientific)	 supplemented	 with	 10%	 FBS	 and	
penicillin-	streptomycin.	 The	 LMH	 cells	 were	 supplied	 by	 ATCC	
and	maintained	in	Waymouth	medium	(Thermo	Fisher	Scientific)	
supplemented	 with	 10%	 FBS	 and	 penicillin-	streptomycin.	 The	
working	solutions	for	collagen	I,	rat	tail	(Thermo	Fisher	Scientific)	
and	 gelatin	 (Thermo	 Fisher	 Scientific),	 were	 50-	µg/ml collagen 
diluted	 in	20-	mM	acetic	 acid	 and	0.1%	gelatin	diluted	 in	 sterile,	
distilled	 water,	 respectively.	 The	 HepG2	 organoids	 were	 pre-
pared	by	dispensing	1200	HepG2	cells	per	well	of	a	96-	well	 low	
adhesion	 plate	 and	 allowing	 them	 to	 self-	aggregate	 in	 complete	
Hepatocyte	 Culture	Medium	 (Lonza)	 for	 2–	3	 days.	Multicellular	
human	liver	organoids	were	similarly	constructed	using	a	cell	mix-
ture	of	 primary	human	hepatocytes,	Kupffer	 cells,	 stellate	 cells,	
and	endothelial	cells	at	80%,	10%,	5%,	and	5%,	respectively.23,26 
All	 cell	 lines	 were	 incubated	 in	 a	 37°C	 and	 5%	 CO2 incubator. 
Mycoplasma	 was	 checked	 in	 all	 cell	 lines	 using	 the	 MycoAlert	
Mycoplasma	Detection	Kit	(Lonza),	and	all	were	confirmed	to	be	
Mycoplasma-	free.

ALA,	 DMSO,	 and	most	 of	 the	 compounds	 assessed	 for	 por-
phyrogenicity	were	purchased	from	Sigma-	Aldrich.	The	exception	
was	AIA,	which	came	from	Novation	Chemicals.	All	working	solu-
tions	contained	0.1%	DMSO	and	master	stocks	were	diluted	in	ei-
ther	DMSO	or	water.	The	BioTek	Synergy	H1	Hybrid	Multi-	Mode	
plate	 reader	 and	 the	 software	 program,	 BioTek	Gen5	 (Software	
Version:	2.09.2),	were	used	to	measure	fluorescence	and	lumines-
cence readings.

2.2  |  Fluorescence- based in vitro drug 
screening assay

LMH	cells	and	HepG2	cells	were	seeded	in	a	black,	clear	bottom	96-	
well	plate	coated	with	0.1%	gelatin	for	the	LMH	cells	(1.5	× 104 cells 
per	well)	and	with	collagen	 for	 the	HepG2	cells	 (1.5	× 104 cells per 
well).	 The	HepG2	 spheroids	 and	 human	 liver	 organoids	 (100)	were	
seeded	in	clear	bottom	96-	well	low	adhesion	plates	(Corning	Inc.)	and	
cultured	overnight	at	37°C.	Various	compounds	ranging	in	concentra-
tions	from	0	to	1	mM	in	half-	log	increments	in	the	presence	and	ab-
sence	of	250-	μM	DFO	were	added	to	the	HepG2	and	LMH	cells	and	
were	incubated	for	18–	24	h.	Specific	concentrations	were	selected	for	
the	organoids.	In	addition,	each	trial	had	three	replicates	of	0.314-	mM	

AIA,	as	a	positive	control,	as	already	described.	Plates	were	then	cov-
ered	to	prevent	exposure	to	light	and	were	read	at	an	excitation	wave-
length	of	410	nm	and	an	emission	wavelength	of	625	nm.	Background	
noise was corrected by deducting each fluorescence measurement by 
the	 fluorescence	produced	by	DMSO	 in	 the	 absence	of	DFO.	Data	
were	analyzed	with	the	aid	of	the	software,	GraphPad	Prism	8.

2.3  |  Cytotoxicity assay

LMH	and	HepG2	cells	were	seeded	in	white,	solid	bottom	96-	well	
plates (1.5 × 104	cells	per	well)	 coated	with	0.1%	gelatin	 for	LMH	
cells	and	collagen	for	HepG2	cells	and	were	prepped	concurrently	
with	the	fluorescence-	based	in	vitro	drug	screening	assay	for	each	
compound.	Cells	were	harvested	18–	24	h	after	the	addition	of	the	
compounds	to	measure	luminescence,	and	samples	were	processed	
using	the	ATPLite	cytotoxicity	assay	(PerkinElmer).	CC50 values were 
calculated	with	the	aid	of	the	software,	GraphPad	Prism	8.

2.4  |  Preparation of samples for 
HPLC of porphyrins

LMH	 cells	 were	 seeded	 in	 0.1%	 gelatin-	coated,	 60-	mm	 dishes	
(4	 × 106	 cells	 per	 plate)	 and	 were	 incubated	 overnight	 at	 37°C.	
Afterward,	1-	mM	ALA	and	AIA	in	the	presence	and	absence	of	250-	
μM	DFO	were	added	to	the	cells	and	were	incubated	for	18–	24	h.	
Cells	were	then	scraped,	transferred	into	5	ml	of	media	in	a	15-	ml	
Falcon	tube,	placed	on	ice,	and	kept	in	the	dark.	Samples	were	soni-
cated	using	the	Branson	Sonifier	250	with	a	microtip	for	5	s;	750	μl 
of	the	cell	sonicate	was	transferred	to	a	2-	ml	Eppendorf	tube;	750	μl 
of	 acetone/conc.	 HCl	 (97.5%/2.5%,	 v/v)	 was	 added	 to	 each	 soni-
cate;	samples	were	vortexed	for	30	s	and	centrifuged	at	1000g for 
10	m.	Then,	900	μl	of	the	supernatant	was	transferred	to	a	new	2-	ml	
Eppendorf	tube	and	the	pH	was	adjusted	to	between	3	and	5	using	
4-	M	NaOH	and	pH	paper.29

2.5  |  HPLC assessment of porphyrins extracted 
from cultured cells

The	conditions	for	HPLC	of	porphyrins	were	essential	as	described	
in	Ref.	[29].

2.6  |  Data handling and statistical analysis

Results are presented as mean values ±	SEM	(n =	3).	Data	were	an-
alyzed	with	 the	GraphPad	Prism	8.0	 software.	 Statistical	 analyses	
were calculated by comparing the fluorescence ratios between the 
negative	and	positive	controls	in	the	presence	of	DFO	to	the	ratios	
between the negative control and the drug concentration that pro-
duced	the	greatest	fluorescence	reading	in	the	presence	of	DFO.	If	
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the	latter	ratio	is	greater	than	the	former,	then	porphyrogenicity	is	
indicated	at	that	concentration	for	the	given	compound.	A	two-	sided	
Student's	t-	test	was	used	to	assess	the	statistical	significance	of	the	
two ratios.

3  |  RESULTS

3.1  |  Determination of the lower limit of 
fluorescence quantification from protoporphyrin IX

Solutions	of	PP	ranging	from	0	µM	[0	μg]	to	325	µM	[18.3	μg/ml]	
were	prepared	in	DMSO	and	distilled	water	in	black,	clear	bottom	
96-	well	plates	to	detect	the	lower	limit	of	quantification	with	the	
BioTek	Synergy	H1	Hybrid	Multi-	Mode	plate	reader.	Fluorescence	
readings	 below	400	RFU	were	not	 high	 enough	 to	 be	differenti-
ated	 from	 the	 background.	 Thus,	 fluorescence	 readings	 above	
500	RFU	are	more	likely	to	produce	more	accurate	and	precise	re-
sults	(Figure	S1).	From	this	standard	curve,	an	estimated	amount	of	
PP	 can	 be	 extrapolated	 from	 fluorescence	 readings	 produced	 by	
different drugs via linear regression models. In these early stud-
ies	of	the	BioTek	Synergy	H1	Hybrid	Multi-	Mode	plate	reader,	we	
observed	 that	 the	 standard	 curve	was	 not	 strictly	 linear,	 so	 two	
linear	 regression	 equations	 were	 established,	 depending	 on	 the	
fluorescence measurement range. When fluorescence readings are 
between	680	and	4700	RFU,	PP	mass	can	be	extrapolated	using	
y =	701	×	−2701.4,	where	x = μg/ml and y =	RFU.	When	readings	
are	between	4700	and	16	420	RFU,	PP	mass	can	be	extrapolated	
using y =	2779.4x–	23	034.

3.2  |  Fluorescence detection in each cell model 
after 5- aminolevulinic acid [ALA] administration

In	LMH	cells,	exposure	of	the	cultures	for	18–	24	h	to	ALA	concen-
trations	above	0.314	mM	led	to	fluorescence	readings	greater	than	
those	produced	by	exposure	to	AIA	[positive	control].	For	example,	
fluorescence	readings	above	10	000	RFU	were	observed	in	cultures	
exposed	to	1-	mM	ALA	and	DFO	after	18–	24	h	(Figure	1A).	In	HepG2	
cells,	 ALA	 concentrations	 above	 0.0314	 mM	 led	 to	 fluorescence	
readings	as	high	as	those	produced	by	the	AIA	control;	fluorescence	
readings	above	5000	RFU	were	observed	in	HepG2	cells	incubated	
with	1-	mM	ALA	 in	 the	presence	of	DFO	after	18–	24	h	 incubation	
(Figure	1B).	Both	LMH	and	HepG2	cells	displayed	an	increase	in	flu-
orescence	intensity	in	a	dose-	dependent	manner.	In	approximately	
200	HepG2	spheroids,	0.5-	mM	ALA	exceeded	the	reading	produced	
by	the	AIA	control	with	values	above	6000	RFU	in	the	presence	of	
DFO	after	18–	24	h.	These	results	indicate	that	the	2D	hepatic	cell	
lines and the spheroids have retained the enzymes and cofactors 
necessary	for	the	stepwise	conversion	of	ALA	to	PP.

In	contrast,	phenytoin	and	phenobarbital	failed	to	produce	fluores-
cence	readings	above	background	in	the	HepG2	organoids	(Figure	1C),	
implying	 that	 these	 spheroids	have	 lost	 their	 inducibility	of	ALAS-	1.	
Similarly,	approximately	100	human	liver	organoids	produced	a	fluo-
rescence	reading	of	above	1600	RFU	in	the	presence	of	0.5-	mM	ALA	
and	DFO	after	18–	24	h;	however,	all	other	compounds	did	not	produce	
a	fluorescence	reading	above	background	(Figure	S2).	Thus,	among	the	
four	cell	models	tested,	the	LMH	cells	treated	with	AIA	produced	the	
highest	fluorescence	readings	above	the	background.	Thus,	LMH	cells	
were selected to test the other compounds studied.

F I G U R E  1 Fluorescence	produced	in	
various	cell	models	after	18–	24	h	AIA	or	
ALA	treatment.	Porphyrin	accumulation	
produced by increasing concentrations 
of	ALA,	ranging	from	0	to	1	mM	or	with	
0.314	mM	AIA,	all	in	the	presence	and	
absence	of	250-	μM	DFO	is	displayed	
in	(A)	LMH	cells	and	(B)	HepG2	cells.	
(C)	Fluorescence	readings	produced	
in	the	presence	of	0.5-	mM	AIA,	ALA,	
phenobarbital,	and	phenytoin	with	
and	without	DFO	are	shown	in	HepG2	
spheroids.	All	fluorescence	readings	
were	corrected	by	deducting	background	
readings. Data are presented as mean 
values ±	SEM	of	three	independent	
replicates.	A	two-	sided	Student's	t-	
test was used to assess the statistical 
significance between the two ratios
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3.3  |  Porphyrogenicity and cytotoxicity of 
selected compounds

In	 LMH	 cells,	 the	 positive	 controls,	 AIA,	 ALA,	 phenobarbital,	 and	
phenytoin,	produced	high	fluorescence	readings	as	expected.	In	the	
AIA	dose-	response	assay,	0.314	mM	produced	the	highest	fluores-
cence	 readings,	 so	 this	concentration	was	selected	as	 the	positive	
control	(Figure	2).	Among	the	selected	compounds,	only	norgestrel,	
phenobarbital,	phenytoin,	and	sodium	valproate	produced	fluores-
cence	 readings	 above	 the	 0.314-	mM	AIA	 control	 in	 the	 presence	
of	DFO.	 The	 fluorescence	 readings	 produced	 by	 0.314-	mM	norg-
estrel,	 1-	mM	 phenobarbital,	 0.314-	mM	 phenytoin,	 and	 1-	mM	 so-
dium	valproate	were	6890	±	106	RFU,	7513	±	48,	5913	±	190,	and	
4301	±	38	RFU,	respectively	(Figure	2).	None	of	the	other	selected	
compounds	 produced	 fluorescence	 readings	 above	 the	 0.314-	mM	
AIA	control	at	any	concentration	in	the	presence	of	DFO.

Among	 the	 compounds	 used,	 β-	estradiol,	 hydroxychloroquine,	
alpha-	methyldopa,	and	sulfamethoxazole	showed	clear	cytotoxic	ef-
fects within the concentrations used in each assay with CC50 values 
of	0.071,	0.381,	0.164,	and	0.528	mM,	respectively,	in	the	presence	
of	DFO	(Figure	3).	CC50	values,	which	are	the	drug	concentrations	
that	cause	50%	cell	death,	are	similar	to	those	selected	compounds	
in	 the	 absence	 of	 DFO.	 Although	 the	 CC50 values of these com-
pounds	may	not	be	the	same	as	cytotoxic	concentrations	in	humans,	
the	cytotoxicity	data	in	this	in	vitro	screening	assay	provide	an	ex-
planation for the variations in fluorescence and for the decrease 
in	 fluorescence,	we	observed	 at	 higher	 concentrations	 for	 certain	
compounds.

The	fluorescence-	based	in	vitro	drug	screening	assay,	along	with	
the	 ATPLite	 cytotoxicity	 assay,	 was	 also	 performed	 with	 HepG2	
cells.	Due	to	the	lower	amounts	of	PP	accumulation	in	HepG2	cells	
(Figure	1B),	fewer	compounds	were	tested.	AIA	and	phenobarbital	
served	as	positive	controls	since	they	are	known	inducers	of	ALAS-	1	
in	 humans,	 other	 mammals,	 and	 diverse	 species.	 Concentrations	
above	0.0314	and	0.314	mM	of	ALA	and	phenobarbital,	respectively,	
produced	 fluorescence	 readings	 above	 the	 0.314-	mM	 AIA	 con-
trol,	while	no	concentrations	of	acetaminophen	and	acetylsalicylic	
acid	produced	readings	above	the	AIA	positive	control	 (Figure	S3).	
None	of	these	compounds	produced	significant	cytotoxic	effects	in	
HepG2	cells	at	the	concentrations	tested	(Figure	S4).	Regardless	of	
the	expected	results,	all	fluorescence	readings,	except	for	the	ones	
produced	by	ALA,	were	near	the	lower	detection	limit	of	the	fluo-
rospectrometer	used,	limiting	the	usefulness	of	the	assay	in	this	cell	
line.

3.4  |  HPLC separation and quantification of 
porphyrins from LMH cells

Porphyrin	mixtures	were	extracted	from	cultured	LMH	cells	treated	
with	AIA	and	ALA	in	the	presence	and	absence	of	DFO	with	an	ac-
etone/conc.	HCl	 (97.5%/2.5%,	 v/v)	 solution.	 The	pH	of	 the	 super-
natant	was	adjusted	to	between	3	and	5	with	5-	M	NaOH	and	was	

injected	into	the	HPLC	column	(Figure	S5).	The	main	peaks,	from	left	
to	right,	are	8—	[uro],	7-	,	6-	,	5-	,	4-		[copro],	3-	,	and	2-		carboxyl-	[proto]	
porphyrins.	HPLC	confirmed	that	the	most	abundant	porphyrin	in	all	
AIA	and	ALA	treatments	was	PP,	which	confirms	the	use	of	detecting	
fluorescence	measurements	 from	PP,	 instead	of	 the	other	 fluores-
cent porphyrin intermediates.

4  |  DISCUSSION

In	this	work,	we	found	that	LMH	cells	have	the	most	robust	inducible	
ALAS-	1	from	known	porphyrogenic	drugs	and	chemicals,	in	compar-
ison	to	HepG2	cells,	HepG2	organoids,	and	human	 liver	organoids	
derived	from	non-	porphyric,	healthy	human	donors.	ALA	is	the	in-
termediate	produced	by	 the	 rate-	determining	enzyme,	ALAS-	1,	 so	
bypassing	this	step	by	adding	ALA	to	the	cultures	facilitated	the	as-
sessment	of	steps	in	the	pathway	of	PP	synthesis	distal	to	ALAS-	1.	In	
order	to	block	the	conversion	of	PP	to	heme,	we	added	DFO	to	some	
cultures.	Although	1-	mM	ALA	in	the	presence	of	DFO	showed	mild	
cytotoxic	 effects,	 this	 condition	 produced	 approximately	 2.1-	fold,	
1.9-	fold,	and	7-	fold	higher	readings	in	LMH	cells	than	in	HepG2	cells,	
HepG2	 organoids,	 and	 human	 liver	 organoids,	 respectively.	 Thus,	
the	steps	distal	to	ALAS-	1	are	also	better	maintained	in	LMH	cells	
than	 in	 the	other	model	 systems	 that	we	 tested,	 including	human	
liver	cell	organoids.	Due	to	a	more	robust	heme	synthesis	pathway,	
LMH	cells	were	selected	as	the	primary	cell	model	for	testing	other	
drugs and chemicals for porphyrogenicity.

Recently,	 liver	 organoids	 have	 been	 shown	 to	 have	 utility	 in	
liver	toxicology	studies	due	to	the	organoids’	promising	properties	
to	retain	normal	hepatic	characteristics,	mimicking	in	vivo	environ-
ments.24,25,30 There are still many applications that have not here-
tofore	been	 reported,	 such	 as	 screening	 for	 porphyrogenicity	 and	
diseases	involving	fibrosis	and	hepatitis,	due	to	multiple	limitations,	
including	genomic	instability,	expression	of	immature	or	fetal	mark-
ers,	and	 limited	cell	maturation.31,32	Our	 results	show	that	HepG2	
organoids and human liver organoids do retain the ability to convert 
ALA	to	PP,	however,	under	the	conditions	of	our	studies,	neither	or-
ganoid	system	showed	any	inducibility	of	ALAS-	1,	which	is	the	key	
biochemical	hallmark	that	underlies	porphyrogenicity	and	drug	risk	
in	the	AHPs.	Perhaps,	more	complicated	systems,	such	as	perfused	
“liver on a chip” may prove to retain such inducibility.33	Fluorescence	
readings	from	the	organoid	studies	might,	perhaps,	be	increased	if	
the	 cells	were	 treated	 for	 a	 longer	 period	 of	 time,	 but	 this	would	
reduce	the	practicability	of	the	system	for	use	in	a	rapid,	screening	
assay.	The	main	goal	of	this	assay	is	to	develop	a	quick	and	affordable	
method	 to	 detect	 porphyrogenicity,	 thus	 there	 is	 no	much-	added	
benefit from increasing the length of incubation just to obtain higher 
fluorescence	 readings,	 especially	when	 compared	with	 the	 results	
from	the	LMH	cells.

In	the	heme	biosynthesis	pathway,	uroporphyrin,	coproporphy-
rin,	and	PP	are	maximally	fluorescent	at	somewhat	different	wave-
lengths	in	the	red	part	of	the	visible	light	spectrum,	but	in	most	cell	
types	exposed	to	ALA	or	with	induction	of	ALAS-	1,	PP	is	the	principal	
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F I G U R E  2 Porphyrogenicity	of	selected	compounds	in	LMH	cells	after	18–	24	h	treatment.	Fluorescence	readings	produced	by	the	
positive	and	negative	controls,	0.314-	mM	AIA	and	0.314-	mM	acetaminophen,	respectively,	represent	clear	levels	of	porphyrogenicity	
and	non-	porphyrogenicity,	respectively,	in	LMH	cells.	Among	all	the	compounds,	higher	concentrations	of	ALA,	norgestrel,	phenobarbital,	
phenytoin,	and	sodium	valproate	produced	fluorescence	readings	greater	than	the	readings	produced	by	AIA.	Data	are	presented	as	mean	
values ±	SEM	of	three	independent	replicates.	All	results	are	representative	of	three	independent	experiments.	A	two-	sided	Student's	t-	test	
was used to assess the statistical significance between the two ratios
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F I G U R E  3 Cytotoxicity	of	compounds	in	LMH	cells	after	18–	24	h	treatment.	A	parallel	plate	with	the	same	treatment	as	the	
fluorescence-	based	in	vitro	drug	screening	assay	was	assayed	for	cytotoxicity	with	the	ATPLite	cytotoxicity	assay.	CC50 values were 
calculated	using	the	software,	GraphPad	Prism	8.	Data	are	presented	as	mean	values	±	SEM	of	three	independent	replicates.	All	results	are	
representative	of	three	independent	experiments
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porphyrin	that	accumulates.	This	is	especially	true	when	DFO	is	pres-
ent,	which	prevents	the	conversion	of	PP	to	heme	by	chelating	iron,	
which	is	required	for	the	activity	of	ferrochelatase.27,28,34,35 This was 
confirmed	after	quantification	of	these	intermediates	via	HPLC	after	
ALA	and	AIA	treatment	in	LMH	cells	(Figure	S5).	PP	was	in	greater	
abundance	than	the	other	porphyrins	[8-		to	3-	carboxyl-	porphyrins].

The	complexities	of	biological	in	vivo	models	make	it	challenging	
to	interpret	results	from	in	vitro	assays,	such	as	this	in	vitro	porphy-
rogenic	drug	screening	assay,	and	to	translate	them	for	clinical	use.	
Currently,	in	the	clinical	drug	development	process,	pharmacokinetic	
and	pharmacodynamic	studies	are	required	for	the	three	phases	of	
drug approval.36 Since thorough and rigorous studies are needed 
to	be	completed	for	novel	drugs	before	they	can	enter	the	market,	
these	 required	 in	 vivo	 studies	which	 can	 help	 determine	maximal	
drug	concentrations	in	the	plasma	and	various	organs,	including	the	
liver	and	brain,	and	other	helpful	information	that	can	provide	more	
value	 to	 the	 results	 of	 the	 in	 vitro	 drug	 screening	 assay.	Maximal	
drug	 concentrations	 can	be	extrapolated	 from	pharmacodynamic/
pharmacokinetic	studies,	which	can	then	be	used	in	assays	as	herein	
described to determine if those concentrations lead to high fluores-
cence	values,	 taken	as	evidence	of	porphyrogenicity	and	potential	
danger	to	patients	with	AHP.

Aspirin	and	acetaminophen	have	been	used	for	decades	 in	pa-
tients	with	 the	AHPs	because	 these	compounds	have	been	 found	
to be safe for use and not lead to the accumulation of significant 
PP,37,38	 http://www.drugs	-	porph	yria.orgpo	sitive).	 In	 a	 study	 by	
Nagelschmitz	 et	 al.,	 an	 intravenous	 and	 oral	 500-	mg	 aspirin	 dose	
led	to	maximal	plasma	concentrations	of	54.25	mg/L	[0.30	mM]	and	
4.84	mg/L	[0.027	mM],	respectively.39	From	a	study	by	Hong	et	al.,	
an	 oral	 1000-	mg	 acetaminophen	 tablet	 led	 to	 a	maximum	plasma	
concentration	of	approximately	8.79	mg/L	[0.058	mM].40 Our data 
support	 that	 even	 at	 these	 maximal	 plasma	 concentrations	 after	
typical	 aspirin	 and	 acetaminophen	 doses,	 these	 compounds	 are	
not	porphyrogenic,	supporting	the	validity	of	the	assay.	In	contrast,	
phenobarbital	 is	 known	 to	 be	 unsafe	 in	 patients	with	 the	 hepatic	
porphyrias	because	it	upregulates	cytochromes	P-	450	and	ALAS-	1	
activity by decreasing the heme pool and ultimately preventing 
the	negative	 feedback	mechanism	 in	 the	heme	biosynthesis	 path-
way.41,42	 In	a	study	by	Nelson	et	al.,	a	2.9-	mg/kg	oral	phenobarbi-
tal	 dose	 led	 to	 a	 maximal	 serum	 concentration	 of	 approximately	
5.5	 mg/L	 [0.024	mM].43 Our data confirm that concentrations of 
phenobarbital	 around	 0.024	 mM	 produced	 fluorescence	 read-
ings	 close	 to	 the	AIA	positive	 control,	 indicating	porphyrogenicity	
(Figure	 2).	 The	 positive	 and	 negative	 controls	 of	 this	 experiment	
support	the	validity	of	our	LMH	model	and	assay.	Thus,	it	is	reason-
able	to	surmise	that	higher	concentrations	of	norgestrel,	phenytoin,	
and	sodium	valproate	are	also	porphyrogenic	and	risky	for	patients	
with	AHP,	as	has	been	observed	in	clinical	practice.2,3	According	to	
Suthisisang	et	al.,	an	oral,	300-	mg	phenytoin	sodium	dose	led	to	a	
maximal	serum	concentration	of	approximately	1.98	µg/ml	[7.22	µM]	
in	 humans,44	 which,	 according	 to	 our	 data,	 indicates	 worrisome	
porphyrogenic	 potential	 of	 phenytoin	 (Figure	 2.	 Studies	 of	 norge-
strel	 and	 valproic	 acid	 reported	maximal	 serum	 concentrations	 of	

approximately	14.1	ng/ml	[0.451	mM]	and	approximately	1271	mg/L	
[8.81	mM],	respectively,	in	humans45,46 administered typically used 
oral	doses,	which	also	suggests	porphyrogenicity	and	risk	of	these	
drugs	(Figure	2).

β-	estradiol	and	norgestrel	were	used	to	represent	the	estrogen	
and	progestogen	classes,	respectively,	and	we	found	that,	at	higher	
concentrations,	both	led	to	a	notable	accumulation	of	PP,	especially	
in	 the	presence	of	DFO	 (Figure	2).	Norgestrel,	however,	produced	
greater fluorescence readings than β-	estradiol,	which	 is	 in	keeping	
with clinical impressions and observations in human subjects.2,47–	52 
We	also	tested	alpha-	methyldopa	because	it	continues	often	to	be	
used to control systemic arterial hypertension in pregnant women. 
Although	the	drug	had	a	low	CC50	of	0.164	mM	in	the	presence	of	
DFO,	 it	 did	 not	 lead	 to	 an	 appreciable	 accumulation	 of	 PP	 below	
concentrations	that	 led	to	appreciable	cytotoxicity.	We	also	found	
that	valsartan,	another	widely	used	antihypertensive,	did	not	show	
evidence of porphyrogenicity. This is reassuring for clinicians treat-
ing	 patients	 with	 AHP,	 in	 whom	 systemic	 arterial	 hypertension	 is	
common,	especially	during	acute	attacks,	and	often	continuing	be-
tween	attacks.	These	results	extend	results	from	earlier	studies	 in	
our	laboratory,	which	also	showed	the	safety	of	losartan,	captopril,	
and lisinopril.35

We	 also	 tested	 hydroxychloroquine	 because,	 while	 we	 were	
doing	this	study,	this	compound	gained	significant	popularity,	for	a	
time,	due	to	 its	claimed	benefits	for	treating	COVID-	19	infections.	
Our	 results	 indicate	 that	 hydroxychloroquine	does	not	 upregulate	
hepatic	ALAS-	1	and	is	not	risky	for	patients	with	AHPs;	however,	it	
did	show	cytotoxicity	with	a	CC50	of	0.381	mM	in	the	presence	of	
DFO.	We	also	note	that,	in	recent	studies,	hydroxychloroquine	had	
no	added	benefit	in	treating	COVID-	19.53–	55

Sulfonamide-	containing	 antibiotics,	 such	 as	 sulfamethoxazole	
and	sulfisoxazole,	have	been	considered	 to	be	 risky	 for	use	 in	pa-
tients	with	AHP	according	 to	 the	American	Porphyria	 Foundation	
Drug	 Database	 [https://porph	yriaf	ounda	tion.org/drugd	ataba	se/];	
however,	in	our	LMH	cell	system,	neither	of	these	drugs	led	to	excess	
PP	accumulation,	even	 in	 the	presence	of	DFO	 (Figure	2).	 Indeed,	
our	recent	[November	3,	2021]	PubMed	searches	on	“sulfisoxazole	
AND	acute	porphyria”	yielded	only	one	citation,56 which concluded 
that	sulfisoxazole	did	not	affect	the	activity	of	hydroxymethylbilane	
synthase	 in	 human	 erythrocytes	 or	 rat	 livers.	 A	 search	 on”	 sulfa-
methoxazole	AND	acute	porphyria”	did	not	yield	any	citations.	The	
Norwegian	 Porphyria	 Centre	 [https://www.drugs	-	porph	yria.org/]	
drug	database	does	not	 list	 either	 sulfisoxazole	or	 sulfamethoxaz-
ole	 individually	 as	 porphyrogenic	 or	 risky	 for	 patients	 with	 AHP,	
although it does list the combination of trimethoprim and sulfame-
thoxazole	[Bactrim]	as	porphyrogenic,	suggesting	that	the	agent	of	
concern	is	more	likely	trimethoprim.	Thus,	based	on	our	results	and	
our	review	of	published	 literature,	we	are	unconvinced	that	either	
sulfisoxazole	 or	 sulfamethoxazole	 without	 trimethoprim	 is	 truly	
risky	for	use	in	patients	with	AHPs.

In	 summary,	 among	 several	 in	 vitro	model	 systems	 tested,	 the	
LMH	cell	model	was	the	best	system	to	predict	the	porphyrogenicity	
of	various	drugs	 in	our	 fluorescence-	based	 in	vitro	drug	screening	

http://www.drugs-porphyria.orgpositive
https://porphyriafoundation.org/drugdatabase/
https://www.drugs-porphyria.org/
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assay.	The	positive	controls,	AIA,	ALA,	phenobarbital,	and	phenyt-
oin,	showed	significant	accumulation	of	protoporphyrin,	as	expected,	
and	 the	negative	controls,	 acetaminophen	and	acetylsalicylic	 acid,	
showed	significantly	less	effect.	Norgestrel,	phenobarbital,	phenyt-
oin,	and	sodium	valproate	all	produced	fluorescence	readings	higher	
than	 the	 AIA	 control	 at	 concentrations	 above	 0.314	 mM,	 which	
indicates	 that	 these	 compounds	 may	 likely	 induce	 or	 exacerbate	
acute	 porphyric	 attacks.	 Pharmacodynamic	 and	 pharmacokinetic	
studies and years of clinical observations support this conclusion; 
these	drugs	should	best	be	avoided	by	patients	with	AHP.	Since	such	
studies	are	required	in	the	drug	approval	process	and	as	more	novel	
medications	enter	the	market	with	the	unknown	potential	to	exac-
erbate	 the	hepatic	porphyrias,	 it	would	be	 ideal	 for	 the	quick	and	
inexpensive	assay	herein	described	to	be	 included	 in	the	batteries	
of	tests	now	routinely	performed	for	new	candidate	drugs.	Patients	
with	AHP	and	their	health-	care	providers	would	benefit	from	such	
knowledge.
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